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Foreword

The symposium on Testing Technology of Metal Matrix Composites was held 18-20
November 1985 in Nashville, Tennessece. ASTM Committee D-30 on High Modulus Fibers
and Their Composites sponsored the symposium. Peter R. DiGiovanni, Raytheon Company,
and Norman Ray Adsit, Rohr Industries, served as symposium cochairmen and coeditors
of this publication.
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Overview

While the use of Metal Matrix Composites (MMCs) has increased significantly in recent
years and there are many future applications, standard test procedures and an understanding
of the failure mechanisms have not kept pace. This symposium and the resulting book is a
first attempt to address this specific issue.

The keynote address given at the symposium by Jerome Persh, of the Office of the
Undersecretary of Defense for Research and Engineering, gave a clear prospective of the
need and the importance of MMCs. Mr. Persh dealt with the need to have standard methods
of evaluating competing systems so that one can arrive at the system with the most appro-
priate material.

A total of forty-one papers were initially scheduled for presentation. Eleven had to be
cancelled and two more were not included in this book. The resulting twenty-eight papers
are divided topically into:

Special Topics (Including High Temperature)
Theoretical Considerations

Nondestructive Evaluation and Physical Tests

Fracture Behavior and Nondestructive Evaluation
Mechanical Test Methods and Material Characterization

NA L=

Work included in this volume covers material systems from the continuous silicon carbon/
titanium system to the particulate reinforced aluminum system. The form of the material
varied from precast block to braided pieces. While the end applications of these systems
vary, the need to obtain accurate and reliable test data does not vary. Tests and test methods
are given for elevated temperature tests, dynamic modulus tests, coefficient of expansion
tests, compression and buckling tests, among others. In all cases there is a need for an
evaluation of the material before the destructive tests are conducted, that is, a need for
nondestructive evaluation.

N. R. Adsit
Rohr Industries, Chula Vista, Ca 92012; sym-
posium co-chairman and co-editor.
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Leonard J. Westfall' and Donald W. Petrasek’

Thermal-Mechanical Fatigue Test Apparatus
for Metal Matrix Composites and
Joint Attachments

REFERENCE: Westfall, L. J. and Petrasek, D. W., “Thermal-Mechanical Fatigue Test Ap-
paratus for Metal Matrix Composites and Joint Attachments,” Testing Technology of Metal
Matrix Composites, ASTM STP 964, P. R. DiGiovanni and N. R. Adsit, Eds., American
Society for Testing and Materials, Philadelphia, 1988, pp. 1-17.

ABSTRACT: Two thermal-mechanical fatigue (TMF) test facilities were designed and de-
veloped, one to test tungsten fiber reinforced metal matrix composite specimens at temper-
atures up to 1700 K (2600°F) and another to test composite/metal attachment bond joints at
temperatures up to 1030 K (1400°F). The TMF facility designed for testing tungsten fiber
reinforced metal matrix composites permits test specimen temperature excursions from room
temperature to 1700 K (2600°F) with controlled heating and loading rates. A strain-measuring
device measures the strain in the test section of the specimen during each heating and cooling
cycle with superimposed loads. Data are collected and recorded by a computer. The second
facility was designed to test composite/metal attachment bond joints and to permit heating to
a maximum temperature of 1030 K (1400°F) within 600 s and cooling to 420 K (300°F) within
180 s. A computer controls specimen temperature and load cycling.

KEY WORDS: metal matrix composites, composite tubes, root attachments, thermal fatigue,
thermal-mechanical fatigue

Tungsten fiber reinforced-superalloy matrix composites have demonstrated a potential for
use as high-temperature structural materials [/]. The use of these materials for turbine
applications often depends on their ability to withstand cyclic loading. Studies have been
performed on the mechanical and thermal fatigue of fiber reinforced metal matrix composites
[1-9]. However, combined effects of thermal and mechanical fatigue have not been fully
investigated. Thermal-mechanical fatigue, however, is one of the primary failure modes
considered in the design analysis of high-temperature components, and thermal-mechanical
failure data for these materials have not been obtained. In the testing of these materials it
is desirable to simulate, as closely as possible, the pertinent environmental conditions the
structure will experience in service.

The efficient joining of metal matrix composite components to supporting structures is
of major concern facing users of these materials. It is essential that the fatigue behavior of
bonded joints between composite material components be understood in order to have
available design principles and rationale to take advantage of the desirable characteristics
of composite materials. It is necessary to develop high efficiency joints so that load will be
transferred efficiently from the composite to the supporting structure. To date few experi-

! Materials engineers, National Aeronautics and Space Administration, Lewis Research Center,
Cleveland, OH 44135.

Copyright© 1988 by ASTM International www.astm.org



4 METAL MATRIX COMPOSITES

mental studies of composite/metal attachment bond joints have been conducted under cyclic
loading, and no cumulative damage theories have evolved. Data must be generated that
will permit designers to develop allowables for joints between advanced composites and
metals. The need to evaluate the thermal-mechanical fatigue behavior of fiber reinforced
metal matrix composites and composite/metal joint attachments and to simulate as closely
as possible the pertinent conditions the material will experience in service, stimulated the
design and development of fatigue test apparatus for this purpose.

The purpose of this paper is to describe two thermal-mechanical fatigue (TMF) test
facilities which were designed and developed at the National Aeronautics and Space Admin-
istration, Lewis Research Center. One TMF apparatus was designed to test fiber reinforced
metal matrix composite specimens and another was designed to test composite/metal at-
tachment bond joints. Test procedures and typical results obtained on tungsten fiber rein-
forced superalloys and composite attachment bond joints are also described in this paper.

Apparatus for Thermal-Mechanical Fatigue Testing of Composite Specimens
Design Considerations

A thermal-mechanical fatigue test facility was required in which tests could be conducted
that would simulate the pertinent loading and environmental conditions that a metal matrix
composite component might be exposed to during service. Consideration was given to the
following factors in the design capability of the test facility:

1. Testing in either an air or inert atmosphere.

2. Specimen test temperature excursions from room temperature to 1700 K (2600°F).

3. Heating rates on the order of 22 K (40°F)/s.

4. Varying the load on the test specimens during each heating and cooling cycle from a
zero load condition to a maximum load of 2270 kg (5000 Ib).

5. Varying the loading rates on the specimen from 1 kg (2 1b)/s to 18 kg (40 Ib)/s.

6. Measuring strain occurring in the specimen test section during loading and each heating
and cooling cycle.

Component Layout

A photograph of the test apparatus is shown in Fig. 1. The apparatus consists of a
commercially available high load capacity (9100 kg (20 000 Ib)) frame with a 20 to 1 lever
arm system to impose loads onto test specimens. Loads are applied to the lever arm through
a chain connected to a variable speed motor. The load applied by the motor is measured
by use of a strain gage attached to a metal bar in line with the test specimen as shown in
Fig. 1. An electrical signal is sent from the load strain gage to a control device having upper
and lower adjustable limits to control the minimum and maximum loads applied to the test
specimen. The load on the test specimen can be varied from 0 to 2270 kg (5000 Ib), and
loading rates can be also varied from 1 kg (2 1b)/s to 18 kg (40 1b)/s. Specimens can be
tested either in air or in an inert atmosphere.

The specimens which were tested consisted of hollow tubes with threaded ends that were
screwed into grip fixtures. The diameter of the tubes was approximately 0.017 m (0.67 in.)
with a wall thickness of 0.0014 m (0.55in.). Specimens are heated to the desired temperature
by direct resistance heating using a current transformer which is capable of generating
approximately 1000 A at 5 V. Large copper cables are connected to both ends of the test
specimen using water cooled copper connectors to carry the high currents required to heat
the specimen. The water cooled copper connectors served the dual purpose of maintaining
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FIG. 1—Photograph of thermal mechanical fatigue apparatus.
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a good electrical contact and cooling the ends of the specimen. The bottom grip fixture pull
rod connected to the lower portion of the load frame is insulated to ensure that all the
current passes through the specimen. The total power used to heat the specimen is controlled
by adjusting a variable resistor. An adjustable temperature controller enables the upper
temperature to be maintained for up to 3600 s. Specimen test temperature excursions from
room temperature to 1700 K (2600°F) can be obtained as well as rapid heating rates, on the
order of 22 K (40°F)/s.

Test Procedure

The test specimen is installed in grip fixtures which are attached to pull rods. The minimum
and maximum loads applied to the specimen are selected and set on the load control device.
The rates at which the motor will apply the load is also set. In normal operation the specimen
is loaded and heated at the same time with the specimen being cycled from zero to full load
in 30 s. During the load operation the specimen is heated to the desired temperature by
direct resistance heating. The total power used to heat the specimen is controlled by adjusting
a variable resistor. The proper variable resistor adjustment is selected by determining the
time required to heat the specimen to the desired temperature. Normal procedure was to
adjust the power settings to produce a 30-s specimen heating time. The specimen cooling
rate is not controlled. The power is shut off, and the specimen is allowed to cool. An
adjustable temperature controller having an upper and lower limit is used to establish the
specimen temperature limits for the heating excursion. Normal procedure was to cycle the
specimen temperature between 700 K (800°F) and 1360 K (2000°F). The upper temperature
limit was maintained, if desired, by using the upper limit switch to transfer the electrical
power signal to another circuit having a lower power setting. The switch in power level
causes the specimen to slowly cool. The second electrical circuit is designed to allow a small
specimen temperature drop of approximately 10 K (20°F) before the main power is returned
to the specimen. This procedure allows a fast heating rate without an accompanying tem-
perature overshoot. The temperature of the specimen is maintained at the upper temperature
limit setting by allowing the power to fluctuate and the temperature to vary within the 10
K (20°F) range. A timing device is connected to the upper temperature limit switch of the
temperature controller which enables the upper temperature to be maintained for intervals
up to 3600 s. In normal operation the high-temperature hold times were 120 to 300 s.

Several methods were evaluated to measure the temperature. Attempts to measure the
temperature of the specimen with a thermocouple attached to the hot section of the specimen
failed. Thermocouples spot welded to the hot section of the specimen were damaged by
diffusion of the thermocouple material into the surface of the test specimen. Oxidation at
the spot weld was another problem encountered during testing. After a number of thermal
cycles the oxidized thermocouple spot weld would fatigue, resulting in an insufficient bond
between the weld and the specimen to produce accurate temperature readings. This situation
caused the temperature to overshoot. Tying the thermocouple onto the specimen also was
not successful since the thermocouple junction could not be kept securely fastened to the
surface of the specimen. This resulted in a large error of up to 100 K. An attempt was made
to correct this error by insulating the area around the thermocouple with alumina wool.
The insulation caused the surface of the specimen to oxidize under the insulation which
resulted in premature specimen failure.

A procedure was developed to accurately measure specimen temperature which involved
the use of an optical pyrometer in conjunction with a control thermocouple spot welded to
the specimen. The optical pyrometer was calibrated using a dummy specimen that had two
thermocouples spot welded onto it, one spot welded to the hot section of the specimen and
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the other to the cooler region. The optical pyrometer reading was determined when the hot
section thermocouple was reading 1360 K (2000°F). The thermocouple reading in the cool
region was also determined at this time. The dummy specimen was cooled down to 700 K
(800°F) as indicated by the thermocouple situated in the hot test section. The temperature
of the cooler thermocouple was also recorded at this time. The actual test specimens only
had one thermocouple which was spot welded to the cool section and placed as accurately
as possible in the exact location that was used for the dummy specimen run. This thermo-
couple was connected to and operated the power controller which had an upper and lower
limit setting.

The test specimen was heated up to 1360 K (2000°F) by adjusting the upper limit on the
control thermocouple setting and reading the hot section temperature of the specimen with
the optical pyrometer until the desired temperature of the hot section was reached. The
thermocouple was used to control the power to the specimen on each cycle which produced
the desired maximum temperature on the specimen. The lower limit setting of the control
thermocouple for the cool-down of the specimen was determined previously from the trial
run on the dummy specimen. Cool-down to 700 K (800°F) was achieved by duplicating this
lower limit control setting on each specimen. This technique allowed the control thermo-
couples to be spot welded to a cool section of the specimen which resulted in long ther-
mocouple junction lives.

The optical pyrometer was used to establish the relationship between the test section
temperature and the cooler control thermocouple temperature. The control thermocouple
limits were set to the proper values to produce the desired temperature limits on the specimen
test section. The optical pyrometer was used to measure the temperature of the specimen
test section during the hold time. Small adjustments were made to the control thermocouple
setting to maintain the proper test section temperature.

The axial strain in the specimen was measured during the complete thermal cycle using
the strain measuring device shown in Fig. 2. The strain measuring device consists of a scissor
mechanisms with the pivot point located in the center of the scissor arms. The tips of the
device consist of ceramic points which contact the specimen surface. The ceramic tips prevent
the conduction of electricity and heat to the metal arms of the device. A linear variable
displacement transducer (LVDT) capable of producing an electrical signal that has a known
relationship with distance is located on the opposite end of the metal arms. A signal is sent
from the displacement device to a computer and a digital display. A simple system was
developed to calibrate the strain measuring device. A displacement standard was produced
by drilling several sets of small holes into a flat metal plate. The distance between holes
was within the range of the desired specimen gage length. The distance between the holes
was accurately measured and recorded. The tapered ceramic tips of the measuring device
were inserted into the holes, and the corresponding voltages produced by the displacement
device was recorded. This information was used to produce a plot of distance versus voltage,
and the equation of the displacement curve was determined by the computer. Subsequent
displacement voltages were converted to axial strain.

The strain measuring device was used in the following manner. The ceramic tips were
positioned on the specimen test section at a distance apart from one another of approximately
0.0175 m (0.7 in.) prior to starting the test. The voltage output was recorded which accurately
determined the exact distance between the tips. The test cycle was started and the voltage
variations produced by the straining of the test specimen could be recorded manually at the
high- and low-temperature limits of the cycle and later converted to distances. A computer
was installed in the test facility to be used as a high-speed recorder. The computer was
programmed to record the variation in load, temperature, and displacement in real time.
The software for the computer was developed to allow the data to be printed in a graphical
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FIG. 3—Typical load and heat cycle plot for thermal-mechanical fatigue test.

form if a significant change in displacement had occurred. This system produced a periodic
recording of data plus a recording of all of the data for cycles that produced a significant
change in displacement.

Test Results

A typical plot of temperature, load, and displacement for a tungsten fiber reinforced
superalloy matrix composite cycled between 700 K (800°F) and 1360 K (2000°F) under a
load of 70 MPa (10 000 psi) is shown in Fig. 3. The plot displays the load, temperature,
and strain that occurred in the specimen test section as a result of one loading and heating
cycle.

At the end of a specified number of cycles the data were graphically displayed. These
types of data representation displays the maximum temperature and load along with the
change in specimen strain as a function of the number of heating and cooling cycles. A
typical plot of a complete test is shown in Fig. 4.

Apparatus For Thermal-Mechanical Fatigue Testing Of Composite/Attachment
Bond Joints
Design Considerations

A thermal-mechanical fatigue test facility was required in which tests could be conducted
that would simulate the pertinent loading and environmental conditions that a metal matrix

1250 1200 —
8
\\
,, o 6o 9\ -MAXIMUM
2 *® s \ TEMPERATURE
o = H \—MAXIMUM LOAD
) Z
S g = o0
500 — g
2=
=
250 300 <
0 “MAXIMUM STRAIN
| _

0 1 2
CYCLES X1000

FIG. 4—Typical plot for completed thermal-mechanical fatigue test.
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composite/attachment bond joint might be exposed to during service. Consideration was
given to several factors in the design of the test facility. The test facility was designed to be
capable of the following:

1. Testing in either an air or inert atmosphere.

2. Specimen test temperature excursions from room temperature to 1030 K (1400°F).

3. Heating composite/metal attachment bond joint specimens from room temperature to
1030 K (1400°F) in 10 min and cooling to 420 K (300°F) in 3 min.

4. Varying the load on the test specimens during each heating and cooling cycle from a
zero load condition to a maximum load of 2270 kg (5000 1b).

Component Layout

The essential features of the test apparatus are shown in Fig. 5. The apparatus consists
of a commercially available high load capacity (9100 kg (20 000 1b)) frame with a 10 to 1
lever arm system to impose loads onto test specimens. Loads are applied to specimens by
a series of large metal plates that are connected to the lever arm which is connected to a
specimen load chain. A mechanically driven load elevator is positioned below the weights
and is used to apply and remove the load. The elastic deformation of the mechanical linkage
allows the load to be applied in a gradual manner. A computer installed in the test facility
was programmed to control the mechanically driven load elevator so that the maximum
load is applied at the start of the heating cycle and removed at the start of the cooling cycle.
Test specimens can either be tested in air or in an inert atmosphere.

A platinum wound resistance furnace is used to heat specimens to 1030 K (1400°F) within
600 s. The heating rate and temperature limits the specimen is exposed to is controlled by
a computer programmed to control the power input to the furnace. Nitrogen gas is blown
onto the surface of the specimen to rapidly cool the specimen to the minimum temperature
selected. The computer is programmed to activate a solinoid switch which allows the nitrogen
gas to be released onto the specimen. Specimens can be cooled from 1030 K (1400°F) to
420 K (300°F) within 180 s.

Conventional resistance furnaces were not available in which test specimens mounted in
grip fixtures could be heated and cooled at the required rate, or that could withstand the
heating and cooling cycle without the furnace components fatiguing after a very few cycles.
A furnace was designed that in some respects resembled a toaster as shown in Figs. 6 a and
b. A furnace shell was made that consisted of thin ceramic plates that surrounded the
specimen. Small ceramic pins were located in the top and bottom of the plates. A small
diameter coil of platinum was fabricated and wound vertically between the ceramic pins to
create a series of closely spaced heating coils. The furnace was constructed so that the
heating coils were positioned close to the grip fixture surface to allow maximum heat flux
to the grip and test specimen. This type of furnace design allowed specimens to be heated
at the required heating rate and cooling rate since there was less furnace mass to heat and
cool.

Test Procedure

Test specimen configurations were designed to simulate a potential component application
for metal matrix composites, namely, that of a turbine blade. Figure 7 illustrates a probable
construction for a metal matrix composite blade. The composite airfoil would be bonded
to a root block which in turn would be installed in an engine disk. The airfoil must be
securely bonded to the root block such that centrifugally induced loads and thermal loads
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do not cause failure at the composite/metal attachment bond joint interface. One design
consisted of a composite panel containing fibers oriented parallel to the load axis of the
specimen and bonded onto a metal root block attachment also parallel to the load axis as
shown in Fig. 8. Another design consisted of a composite panel in which the fibers were
flared out at an angle to the load axis of the specimen and bonded to a metal attachment
at an angle to the load axis as shown in Fig. 9. Specimen grip fixtures were designed to
match the contour of the two specimen designs. The grip fixtures were fabricated from a
strong nickel base alloy, Udimet 700, and had internal passages machined in them to allow
an inert cooling gas to be passed through the mass of the grip to permit high specimen
cooling rates. The specimens were installed in the grip fixtures as shown in Fig. 10.
Specimen test temperature were determined using chromel-alumel thermocouples which
were inserted into two holes machined in the grip fixtures. This test temperature measuring
procedure was used to eliminate the need to machine holes in test specimens to measure
internal temperatures. A dummy test specimen was machined to allow thermocouples to be
inserted into holes extending into the midsection of the test specimen so that the internal
temperature could be measured. The relationship between the grip thermocouple readings
and the dummy test specimen reading was determined when the specimen was at the selected
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test temperature. The grip thermocouples were subsequently used as the controlling ther-
mocouples for the temperature excursions used in these tests.

A predetermined load was then placed on the load elevator and the chamber closed and
double purged with an inert gas and then evacuated with a large mechanical vacuum pump.
Test conditions parameters were then inputted into a computer program to control the test
facility. Desired load, power to the furnace, and duration or number of cycles required for
the test were inputted into the computer. The computer then turned on the power supply
to the furnace. The power supply was previously set at an amperage selected to allow the
fastest specimen heating rate without overheating and failing the furnace coil. Load was
then gradually applied to the specimen during the heating cycle through a computer command
to the elevator motor which lowered the elevator stand. The test specimen temperature
reached 1030 K (1400°F) within 600 s after the start of heating. At this time the computer
sent a command to a power shut-off switch and load elevator which turned off the furnace,
removed the load from the specimen, and also activated a solinoid switch. The solinoid
switch allowed cool nitrogen gas to be forced through cooling passages machined in the grip
fixtures and also to be exhausted onto the composite specimen just above the point where
the composite panel was bounded to the root attachment. The grip fixture and test specimen
was cooled to 420 K (300°F) within 180 s. After the test specimen temperature reached 420
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FIG. 8—Root block attachment specimen.
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FIG. 9—Dovetail root attachment specimen.

K (300°F) the computer gave the necessary command to repeat the cycle until the number
of cycles initially inputted was attained. The test specimen was then removed from the grip
fixtures and examined for debonding or shearing at the joint interface.

Test Results

Typical types of test specimen failures for tungsten fiber reinforced Incoloy 903 composite
panels bonded to Udimet 700 attachments using the specimen designs described previously
and the thermal mechanical test facility are shown in Figs. 11 to 14. The test specimen shown
in Fig. 11 failed at the bond between the composite panel and root block attachment. The
disbond originated at the section of the test specimen exposed to an exhaust of cool nitrogen
gas. The test was stopped before complete disbonding occurred at the bond joint interface.
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FIG. 10—Root block thermal cycle test.
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FIG. 12—Typical composite panel delamination due to thermal-mechanical fatigue.
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FIG. 13—Typical combination panel and delamination failure due to thermal-mechanical
fatigue.
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FIG. 14—Typical failure due to thermal-mechanical fatigue.
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Figure 12 shows another type failure which can occur during thermal mechanical fatigue,
namely, delamination of the composite panel. The method of loading the test specimen
introduces a separation force perpendicular to the longitudinal axis of the composite panel
caused by a bending movement. The separation force was sufficient to cause delamination
of the panel. The bond joint between the panel and the root block remained intact. Figures
13 and 14 show a third type of failure observed due to thermal mechanical fatigue. In both
cases the composite panel completely fractured while the bond joint between the panel and
the root block attachment remained intact. Figure 13 shows a composite panel failure at
the highly stressed root fillet. Figure 14 demonstrates a composite tensile failure away from
the root attachment.

Concluding Remarks

The need to evaluate the thermal-mechanical fatigue behavior of fiber reinforced metal
matrix composites and joint attachments and to simulate as closely as possible the pertinent
conditions the material will experience in service stimulated the design and development of
fatigue test apparatus for this purpose.

Two thermal-mechanical fatigue (TMF) test facilities were designed and developed. One
TMF apparatus was used to test tungsten fiber reinforced super-alloy matrix composite
specimens and another was used to test composite/metal attachment bond joints.

Both test apparatus are designed to produce a thermal cycle that coincides with an in-
creasing load. Where possible, the strain of the specimen was measured. All data were
collected by a computer and represented graphically if possible. In both apparatus maximum
flexibility was maintained to allow a wide variety of test conditions. Reproducible test
conditions were also maintained.
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ABSTRACT: Metal matrix composite (MMC) use has been impeded because there is no well
qualified property data base. Elevated temperature compressive properties and laser absorp-
tivity data are in great demand in the design, modelling, and analysis of MMC structures in
elevated temperature applications and survivability assessment. Testing methods were devel-
oped for room-temperature and elevated-temperature compressive modulus and strength mea-
surements of single-ply unidirectional graphite-aluminum (Gr/Al) and graphite-magnesium
(Gr/Mg), and to generate laser absorptivity data for these two types of materials.

An effective gage length was established for valid compression tests to eliminate buckling
failure. The measured failure strength values for Gr/Al and Gr/Mg are approximately 50 to
60% lower than the material tensile strength. Small gage strain gages are being used to measure
the compressive modulus as a function of temperature.

The laser absorptivities of Gr/Al and Gr/Mg were measured by the use of an in-house
developed differential calorimeter. The calorimeter has been used to measure total hemi-
spherical emittance and normal laser absorptance of specimens as a function of temperature
from 200 to 700°C.

Test results indicated that the laser absorptances of Gr/ Al and Gr/Mg at 10.6 wm wavelength
remain more or less constant over most of the temperature range tested.

KEY WORDS: metal matrix composites, graphite-aluminum, graphite-magnesium, compres-
sive properties, laser absorptivity

The development of metal matrix composite (MMC) materials was initiated in the early
1950s. The goal of the development work was to fabricate composite materials that offer
characteristics such as high strength and modulus, light weight, and high temperature load
carrying capability. Early work included the investigation of boron aluminum, boron tita-
nium, silicon carbide aluminum, silicon carbide titanium, and alumina (Du Pont FP) rein-
forced composites [I-2]. Significant data have been presented over the past decades, es-
pecially for boron aluminum composites [3-13] because of the high modulus and strength
and low density of boron fibers.

Graphite fiber reinforced composites have been shown to have lower density, which is a
very important selection parameter for space applications. Furthermore, graphite fibers

! Research scientist, section manager, member of the technical staff, and member of the technical
staff, respectively, Materials Sciences Laboratory, The Aerospace Corporation, El Segundo, CA 90245.
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generally have a negative coefficient of thermal expansion (CTE) over the temperature
range of specific interest. Much work has been done to demonstrate that graphite fiber
reinforced composite materials can be fabricated with nearly zero thermal dimensional
growth [14,15]. Thus, it provides great dimensional stability to fulfill stringent distortional
requirements. The dimensional stability provided by graphite fiber reinforced composite is
unique and cannot be achieved by other known MMC materials.

Recent development of graphite fibers has resulted in higher stiffness fibers (P100, P120,
and P140) with 6.89 to 9.65 x 10° MN/m? (100 to 140 Msi) moduli. Unidirectionally rein-
forced MMC fabricated from these types of fibers offers greater axial stiffness for structure
components such as struts, booms, and tower structures. Thin-ply fabricability and the
feasibility of producing complex shapes have been demonstrated for graphite-aluminum (Gr/
Al) and graphite-magnesium (Gr/Mg). Mechanical properties, such as tensile moduli and
strengths, and thermal physical properties have been measured for these materials by various
investigators [15-17].

However, other basic properties such as compressive moduli and strengths, shear moduli
and strengths, fracture behavior, and optical absorptance and emittance for these materials
are at best very limited in the literature. Data to evaluate these properties for the design,
analysis, and modelling of MMC are useful to permit development of structural components
for room and high-temperature applications. The utilization of the potential of MMC will
be severely hindered unless these properties become available. Work has been performed
at The Aerospace Corporation to develop the testing methodology and to generate data for
some of the basic properties. These investigations have included the compressive properties
and laser absorptance for Gr/Al and Gr/Mg materials as a function of temperature. The
results of the work will assist the establishment of standard testing techniques, and the
broadening of the data base for design, modelling and analysis, and failure criteria.

Procedure

Two types of MMC were utilized in the project: 6061 graphite aluminum and AZ91C
graphite magnesium with AZ61A surface foils. The graphite fibers were P100 (VS-0054)
mesophase pitch fibers with an average axial modulus of elasticity of 7.24 x 10° MN/m?
(105 x 10° psi) and average density and ultimate strength of 2.15 g/cm? (0.078 1b/in.%) and
2.24 x 10° MN/m? (325 x 10° psi), respectively. The fibers were manufactured by Union
Carbide Corp. and the 6061 Gr/Al and AZ91C Gr/Mg wires were made by Materials
Concepts, Inc. (MCI), Columbus, Ohio. Two types of specimens were fabricated. Unidi-
rectional single layer Gr/Al and Gr/Mg plates were fabricated by DWA Composite Spe-
cialties, Inc., Chatsworth, California, with 0.089-mm (3.5-mil)-thick 6061 aluminum and
0.061-mm (2.4-mil)-thick AZ61A magnesium surface foils, respectively. The compressive
specimens were machined from these plates. Their nominal dimensions are 11.43 cm long
by 0.64 cm wide (4.5 in. long by 0.25 in. wide). The use of single-ply specimen was dictated
by the lightweight requirement in actual applications. For the laser absorptance tests, thicker
specimens were fabricated because of the design requirements of the apparatus employed.
The panels were diffusion bonded by DWA by stacking up ten single-layer unidirectional
layups. The fabrication parameters include: 588°C (1090°F) at 24 MN/m? (3.5 X 1(® psi)
for 20 min for Gr/Al; 477°C (890°F) at 24 MN/m? (3.5 x 10° psi) for 40 min for Gr/Mg.
Table 1 shows the fiber, matrix, and fiber volume of the fabricated panels. Since the thick
panels had the same diffusion bonding parameters, it is expected that they had surface
conditions similar to those of the single layer panels.

Thermooptical properties of engineering materials are generally not available. This is
particularly true for properties at elevated temperatures. Furthermore, such properties are
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TABLE 1—Panel Composition and Configuration of Unidirectional Gr/ Al and Gr/ Mg Materials.

Specimen
Surface Fiber Volume Thickness,
Materials Matrix Foil Fraction, % mm (in.) Remarks
Gr/Al 6061 0.089 mm 33.0 0.686 for unidirectional
(3.5 mil) (0.027) compression tests
6061 Al
Gr/Mg AZI91C 0.061 mm 37.0 0.655 for unidirectional
(2.4 mil) (0.026) compression tests
AZ6IA
Gr/Al 6061 0.089 mm 32.6 6.50 for emittance
(3.5 mil) (0.256) and laser
6061 Al absorptance tests
Gr/Mg AZ91C 0.076 mm 32.8 5.75 for emittance
(3.0 mil) (0.226) and laser
AZ61A absorptance tests

affected by handling and other environmental or processing conditions to such an extent
that direct measurements taken on specific materials of interest are often the only means
of obtaining data with which one can confidently model material response to thermal ra-
diation inputs. Total hemispherical emittance and directional laser absorptance of MMC
materials can vary considerably depending, among other things, on surface deformations
due to the underlying matrix, thermal diffusivity through the normal axis of the matrix, and
surface alloy composition.

Experimental Work
Compression Tests

All compression tests were performed with the use of a modified ASTM D3410 Celanese
fixture. The fixture had a smaller overall diameter so that it could be fit in a quad-elliptical,
high-intensity, infrared, radiant heating chamber for high-temperature testing. The fixture

FIG. 1.—Compressive test fixture with conical wedges.
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was fabricated from Inconel 625 alloy so that testing at temperatures over 500°C (~930°F)
could be performed. Figure 1 is a sketch of the compressive test fixture, and Fig. 2 is a
photograph of the fabricated fixture.

The modified D3410 fixture was selected for the testing because it was found by Adsit
[18] to give valid compression results. Although the pyramidal wedges [Illinois Institute of
Technology Research Institute (IITRI) method] appear to give equivalent modulus and
strength values for thin composite materials, such as graphite-epoxy, it may not have a
symmetric temperature gradient when heated in an annular clamshell-type heater.

Tabs made from hard file material were used to transfer the shear load from the shell
frustra to the specimens. Each of the four tabs was tapered at one end to produce uniform

(b)

FIG. 2.—Photograph of compressive test fixture (a) disassembled parts, (b) assembled
fixture.
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load transfer between the tabs and specimens. Moreover, the tabs acted as lateral supports
to reduce possible transverse deflections which can cause the specimens to fail in a buckling
rather than a compressive mode.

The compressive loads were applied using an Instron universal loading fixture, model
1135. Two Micro-Measurement Unidirectional EA-06-015-EH-120 strain gages were
mounted at the center of the two surfaces of each specimen. The small strain gages, which
have 0.38 mm (0.015 in.) gage length and 0.64 mm (0.025 in.) overall length, were chosen
because a short unsupported specimen length was required to give valid compressive strengths,
as discussed in the results section.

Absorptance and Emittance Tests

The normal spectral absorptance ax(\,7) and total hemispherical emittance e(2w,T) test-
ing of Gr/Al and Gr/Mg materials was performed as a function of temperature. The tests
were carried out using an Aerospace-developed dual calorimeter [19]. The Gr/Al and Gr/
Mg specimens tested were disks 5.08 cm (2 in.) in diameter and approximately 0.64 cm (1/
4 in.) (ten-plies) thick. A control specimen of 6061-T6 aluminum was also tested.

A schematic diagram of the calorimeter is shown in Fig. 3. The central part of the
calorimeter is an oxygen-free, high-conductivity (OFHC) copper housing that provides a
high-temperature environment for two specimen assemblies. The housing consists of a main
body and two end pieces. Each specimen to be tested is mounted against an OFHC copper
block in which two cartridge heaters are imbedded. The two specimen assemblies are then
positioned in the openings in both end pieces and are held in place by point contact with
threaded stainless steel rods. The specimen is mounted flush to the front surface of the end
piece. An annular gap of about 0.64 mm (0.025 in.) separates the specimen assembly from
the end piece. The housing is heated separately from the dual specimen assemblies by a
clamshell-type heater. The assembled calorimeter is encased in a gold-coated stainless steel
jacket. The temperatures of each specimen and of the housing of the calorimeter are con-
trolled independently. To allow the recording equipment to constantly monitor the power
output, the temperature and power controllers are current proportional rather than time

CLAM SHELL HEATER /JACKET
CUFF
SHIELD—_ | CERAMIC T
SPACER
END PIECE

HEATER BLOCK —
SAMPLE ——_|

STANDOFF ™~

FIG. 3.—Schematic diagram of calorimeter.
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FIG. 4.—Photograph of calorimeter.

proportional. Power transducers continuously monitor the output of the power controllers
and provide proportional voltage signals that are recorded. All electronic devices are hard-
wired into a single console. To track the temperature of critical areas the assembly is
instrumented with 20 thermocouples (Fig. 4).

During the experiment, the assembled calorimeter is placed in a vacuum chamber. The
interior of the chamber is surrounded with a cooling shroud. Calculations of the view factors
[19] show that of all the surfaces seen by the specimen, the largest view factor corresponds
to the one between the specimen and the shroud. To minimize the errors introduced by the
uncertainty in the emmittance of the shroud surface, the cooling passages in the shroud are
fitled with liquid nitrogen, and its temperature is measured with thermocouples.

Figure 5 shows the CO, laser beam path. A sodium chloride wedge splits the beam. One
reflection from the wedge is directed to a focusing mirror and into a power meter. The other
reflection is steered toward the test chamber. The last mirror in this optical path focuses
the beam onto the specimen. The calorimeter is positioned and aligned in the vacuum
chamber so that the beam is about the same size as the test specimen and incident on the
entire specimen. The advantage of a dual calorimeter design is that it provides a convenient
way of differentiating thermal damage from purely laser damage. If, when the absorptance
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FIG. 5.—Laser beam path.

is measured, the illuminated specimen degrades while the other specimen does not, then
degradation is due to the absorptance of the specimen at the particular wavelength of the

laser being used.
The equation used to determine the normal spectral absorptance at a particular laser
wavelength and a pre-determined temperature is

P, - P
av(\,T) = Z—P——l (1)
L
where

OLN()\,T)
P,

normal absorptance as a function of wavelength and temperature,

net electrical power delivered to the specimen heating block before illumi-
nation of the specimen with the laser,

P, = net electrical power delivered to the specimen while the specimen is being
illuminated by the laser, and

power delivered to the specimen by the laser.

i

it

P,

Equation 1 assumes that all three powers, P,, P,, and P, are measured at an equilibrium
temperature and the temperature is the same before and after illumination of the specimen
by the laser. A graphic derivation of this equation can be deduced from Fig. 6.

The equation used to determine the total hemispherical emittance is

2w, T) = n P, )

Ac > F (T! — €T}
i=2
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where
€(2w,T) = total hemispherical emittance as a function of temperature,

P, = net electrical power delivered to the specimen heating block,

A = area of emitting surface,

o = Stefan-Boltzmann constant,
F,; = view factors between specimen and surfaces seen by the specimen,
T, = temperature of specimen,

T, = temperature of the surfaces seen by the specimen, and

¢, = emittance of the surfaces seen by the specimen

The major uncertainty in this equation is in €;,. The uncertainty is negligible when 7, >>
T.. This condition can be attained by chilling the walls of the shroud as described previously.
For other surfaces, where it is not possible to lower the temperature, the view factors are
small, and the error remains negligible.

The preparation of the test specimens included several steps. Blind mounting holes were
drilled and tapped into the back of each specimen, and this surface was polished to ensure
good thermal contact with the heating block. The surface to be tested for emittance and
absorptance was cleaned with fine and very fine 3M Scotch Brite. Particular care was taken
to avoid altering the surface roughness. Acetone was used to remove any residue from the
cleaning process.

In addition to the two MMCs, a solid block of 6061-T6 aluminum was machined and used
as a baseline specimen. Its surface was cleaned in the same manner as the metal matrix
specimens. However, to eliminate machine oil, this specimen was degreased in a hot bath
of trichloroethane.

At the center of the back (nonexposed) surface of each specimen, a small blind hole was
drilled and a thermocouple inserted as near as possible to the front (exposed) surface. An
additional thermocouple was sandwiched between the specimen and the heating block. By
means of these thermocouples the temperature gradient between the front and back surface
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FIG. 6.—Expected behavior of power controllers’ output.
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of each specimen during testing was observed to be no larger than 1°C. The test specimen
disks were anchored with screws to the heating blocks and then assembled in the calorimeter.
The calorimeter was then placed in a vacuum chamber and the shroud of the chamber cooled
with liquid nitrogen. The operational pressure was about 200 mT at the low end of the
temperature scale, increasing to about 300 mT at the high end.

Results
Compressive Tests

Compressive tests were performed at 24, 149, and 260°C (75, 300, and 500°F) for com-
pressive modulus and strength measurements. A 2.5 mm (0.1 in.) unsupported gage length
between the tips of two tabs was used. This dimension was established after compression
testing at several different gage lengths. It was found that failure occurred prematurely in
buckling modes when the unsupported gage length was greater than 2.5 mm (0.1 in.) for
single layer unidirectional Gr/Al and Gr/Mg composites. Table 2 summarizes the com-
pressive modulus results, and Table 3 lists the results of the compressive strength. The room-
temperature tensile modulus and strength for specimens from the same panels as the com-
pressive specimens were also tested and are shown in the two tables for comparison purposes.
It can be seen from these two tables that the average room-temperature compressive modulus
for Gr/Al material is 2.12 x 10° MN/m?® (30.7 Msi) which is about 78% of the room-
temperature tensile modulus, and the room-temperature compressive strength is 272 MN/
m? (39.4 ksi) which is about 36% of the room-temperature tensile strength. The correspond-
ing ratios for Gr/Mg material are 89% for room-temperature modulus and 58.1% for the
room-temperature strength.

The compressive modulus of a single graphite fiber is almost impossible to measure since
it is only 7 ~ 10 pm (2.76 = 3.94 x 10~* in.) in diameter. It is believed to be similar to
the tensile modulus. In general, the compressive modulus of a unidirectional graphite fiber
reinforced composite is lower than the tensile modulus. The primary reason is that the
graphite fibers can never be straight. There are kinks, bends, or even off-angle layups which
would make the compressive modulus lower even if the fiber tensile and compressive moduli
were the same. In addition, the high-processing temperature of Gr/Al and Gr/Mg puts the
graphite fibers in compression as a result of cooling. This would either make the kinks and
bends more pronounced or create new kinks and bends due to weak lateral support which
would further lower the compressive modulus. Therefore, a compressive modulus of Gr/Al
and Gr/Mg composites lower than the tensile modulus is expected.

No elevated temperature tensile modulus and strength measurements were made on the

TABLE 2—Compressive moduli of unidirectional Gr/Al and Gr/Mg.

Room Temperature Temperature
Tensile Modulus, _ Compressive Modulus,

Material 10° MN/m? (Msi) °C CF) 10° MN/m? (Msi)
Gr/Al 2.71 (39.4) 24 (75) 2.12 (30.7)

149 (300) 2.51 (36.4)

260 (500) 2.71 (36.8)
Gr/Mg 2.90 (42.1) 24 (75) 2.58 (37.4)

149 (300) 2.47 (35.9)

260 (500) 2.63 (38.1)
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TABLE 3—Compressive Strength of Unidirectional Gr/Al and Gr/Mg.

Room Temperature Temperature
Tensile Strength, —_— Compressive Strength,
Material MN/m? (ksi) °C (°F) MN/m? (ksi)
Gr/Al 751.4 (109) 24 (75) 271.6 (39.4)
149 (300) 283.3 (41.1)
260 (500) 228.9 (33.2)
Gr/Mg 488.8 (70.9) 24 (75) 284.0 (41.2)
149 (300) 294.0 (42.2)
260 (500) 213.7 (31.0)

same lots of materials that were used for compression tests. However, tension tests were
performed for 30% fiber volume fraction of Gi/Al and 45% fiber volume fraction of
Gr/Mg fabricated by DWA using the same techniques. The data show a 9% tensile modulus
decrease from room temperature (RT) to 260°C (500°F) and an 18% tensile strength vari-
ation. The corresponding values for Gr/Mg are 3% tensile modulus decrease for RT to
300°C (572°F) and 2% tensile strength variation for RT to 313°C (595°F). The large variation
of tensile strength for Gr/Al was due to some failures in the grip areas which do not reflect
the tensile strength of the material. It is believed that both the tensile and compressive
modulus variations of Gr/Al and Gr/Mg material are small in the RT to 260°C (RT to
500°F) range. Thus, the 20% increase in the compressive modulus of Gr/Al from RT to
260°C (500°F) was surprising. More data are required to substantiate this observation.
During the test series, it was found that both the tensile and compressive moduli depend
upon the thermal and loading history. Two Gr/Al specimens were heat treated to T6 con-
dition for the aluminum matrix material and then were compressively tested at room tem-
perature. A 33% compressive strength increase was observed for the heat-treated specimens
over the average compressive strength for the as-received condition. The higher strength
was apparently due to a higher matrix contribution to the composite strength resulting from
the heat treatment. This may be the result of stronger lateral support for the graphite fibers.
The matrix heat treatment does not affect the tensile strength of Gr/Al to such an extent.
Thus, it is postulated that the matrix strength properties have much more influence on the
composite strength in compression than in tension. Two additional Gr/ Al specimens, which
were cooled to RT from a 260°C (500°F) preheating operation, had a measured tensile
modulus of 2.32 and 2.42 x 10> MN/m? (33.6 and 35.1 Msi) at RT, a 15 and 9% reduction,
respectively, from the average RT tensile modulus without any preheating operation. The
Gr/ Al compressive specimen, which had similar cooldown to RT from 260°C (500°F) pre-
heating, had a compressive modulus of 2.65 x 10° MN/m? (38.5 Msi) following an RT
tension retest. This value is much higher than the average compressive modulus of nonpre-
heated specimens and is closer to the tensile modulus. It is postulated that the residual
stresses in the filament and the aluminum matrix as a result of cooldown changes the
mechanical characteristics of the composites. Further investigation is needed in this area.

Absorptance and Emittance Tests

The results of the absorptance measurements as a function of temperature under CO,
laser illumination (10.6 wm) for all three specimens are shown in Fig. 7. The absorptance
for Gr/Al, Gr/Mg, and 6061 -T6 aluminum between 200 and 500°C (392 and 932°F) remains
constant at 0.06 to 0.08 with the exception that there is a dramatic increase in the absorptance
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FIG. 7.—Absorptance of 6061-T6 aluminum, graphite-aluminum, and graphite-magnesium
as a function of temperature.

FIG. 8.—Calorimeter partially disassembled after absorptance tests.
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of Gr/Mg (0.47) at 500°C (932°F). [When the calorimeter was disassembled, it was found
that the carbon fibers were no longer embedded in magnesium, and the calorimeter surfaces
closest to the specimen were coated with a coarse silvery substance (Fig. 8). This would
explain the anomalous last point].

The total hemispherical emittance measurements are shown in Fig. 9. The emittance for
Gr/Mg is 0.2 at 200°C (392°F) and gradually decreases to about 0.17 at 400°C (752°F). As
with the absorptance, there is a drastic change in the emittance (0.63) at 500°C (932°F).
The emittance of 6061-T6 aluminum remains approximately constant between 200 and 300°C
(392 and 662°F) at about 0.2. Between 300 and 500°C (572 and 932°F) there is a slight
increase to about 0.22. The emittance for the Gr/Al agrees with that of the 6061 aluminum
values at low temperature. At temperatures higher than 400°C (752°F), the emittance de-
creases. At 500°C (932°F) the emittance is 0.18.

Conclusions and Recommendations

It can be seen from Tables 2 and 3 that the compressive modulus and strength values for
Gr/Al and Gr/Mg differ from the tensile values. Room temperature compressive moduli
for as-received Gr/Al and Gr/Mg materials are approximately 78 and 89%, respectively,
of the tensile values. The corresponding room temperature compressive strength values are
approximately 36% for Gr/Al and 58% for Gr/Mg of the tensile strength. There seems to
have been a modulus increase at both 149 and 260°C (300 and 500°F) relative to room
temperature for Gr/Al, whereas the modulus differences between 149 and 260°C (300 and
500°F) are negligible. For Gr/Mg material, the modulus difference for all temperatures up
to 260°C (500°F) seems to be within the scatter band of the measurements.

The compressive strength values at 149°C (300°F) for Gr/Al and Gr/Mg are very close
to the room temperature values. At 260°C (500°F), however, there is a significant drop in
the compressive strength. The aluminum or magnesium matrices in either composite are
much softer at 260°C (500°F). It is postulated that the softening of the matrix reduces the
lateral support to the graphite fibers. Therefore, the fibers failed prematurely in buckling.

The values for the emittance and absorptance of Gr/Al, Gr/Mg, and 6061-T6 aluminum
are very similar and appear reasonable. Even though small blisters were noticed when the
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FIG. 9.—Total hemispherical emittance of 6061 aluminum, graphite-aluminum, and graph-
ite-magnesium as a function of temperature.
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Gr/Mg specimens reached 300°C (572°F), they appeared on both specimens, the one illu-
minated by the laser and the control specimen. The small blisters cannot be attributed to
laser damage, nor do they seem to have affected the overall experiment in any other way.
Because of the low eutectic temperature of the constituents in AZ91C and AZ61A (such
as zinc), the application of Gr/Mg at temperatures higher than 450°C is not recommended.
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ABSTRACT: The results of an on-going experimental study to characterize the mechanical
properties and failure mechanisms of a novel 3-D braided composite of a-alumina fiber (fiber
FP) in a matrix of aluminum +2.5% lithium have been presented. Quasi-static tension,
compression, and shear tests have been conducted. Acoustic emission data have been collected
during tension tests to provide additional information about failure. Fracture toughness and
drop-weight impact characteristics have been also evaluated and compared with those of
unidirectional FP/aluminum-lithium composites.

The 3-D braiding of fibers not only provides reinforcement in the thickness direction and
reduces or eliminates potential for interlaminar failure, but also appears to be an effective
approach to increasing the resistance of the composite to crack propagation under both static
and impact conditions of loading.

KEY WORDS: 3-D braided composites, a-alumina fiber, aluminum-lithium matrix, metal
matrix composites, mechanical properties

Metal matrix composites incorporating the new potentially low cost/high performance
ceramic reinforcements such as alumina (AlO;) or silicon carbide (SiC) whiskers, particles,
or filaments have recently received much attention on account of their outstanding corrosion
resistance, wear resistance, and high temperature capabilities. The state-of-the-art fabri-
cation and characterization of metal matrix composites has been recently published in a
general review of Chou, Kelly, and Okura [].

In this paper the mechanical characteristics and capabilities of an innovative 3-D braided
composite of fiber FP,2 a polycrystalline a-alumina fiber, in an aluminum +2.5% lithium
matrix have been explored. This composite has been manufactured by a novel braiding
process which allows fabrication of a nonorthogonal, fully integrated, 3-D fiber reinforced
structure directly to the shape of the component by multidimensional manipulation of fibers
in the loom. Technologically, the main advantages of 3-D integrated composites are their
superior damage tolerance and higher interlaminar strength and stiffness as compared with
conventional 2-D laminates.

The experimental and theoretical characterization of multidimensional fabric composites
is still in an infantile stage. The thermoelastic properties of these materials were recently
treated by Yang, Ma, and Chou using two different approaches and geometric models [6-

! Assistant professor, graduate student, and professor, respectively, Department of Mechanical En-
gineering and Center for Composite Materials, University of Delaware, Newark, DE 19716,
2 FP is a tradename of Du Pont Company, Wilmington, DE.
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10}. Their “fiber interlock model” [7] contains seven reinforcement axes within the unit
block of composite and takes into account interactions between the interlacing fiber bundles.
The “fiber inclination model” [8] assumes only four fiber orientations and does not consider
fiber interactions at the “interlocks.”

The focus of this paper is experimental characterization of the mechanical properties of
3-D braided FP/aluminum-lithium (Al-Li) composites. This work is part of an on-going
research to establish the basic thermo-mechanical properties and failure mechanisms of this
composite in tension, compression, and shear and to characterize its fracture toughness and
impact behavior. The results of logitudinal tension, compression, and in-plane and inter-
laminar shear tests have been already presented in a previous publication [1!]. In this paper,
detailed description of results are given for those properties not previously reported.

Experimental Procedures
Materials

The 3-D braided fiber FP preforms were prepared by Dr. Frank Ko at Drexel University,
Philadelphia, Pennsylvania. The preforms had a 1 by 1 braid structure with an average braid
angle of about 20° (the angle between the fiber bundle and the axis of braiding) and were
each fabricated to the final specimen dimensions along the width and thickness directions.
Each fiber bundle in the preform contained twelve yarns. The preforms were then infiltrated
with the aluminum matrix containing 2 to 3% lithium by means of the liquid metal vacuum
infiltration technique. The infiltration process was carried out at E. I. Du Pont Company
in Wilmington, Delaware. All specimens were tested in the as-cast condition and cutting or
machining was avoided as much as possible in order to maintain the integrated fiber structure.

The composites reported in this paper were the first batch of 3-D braided FP/AI-Li
specimens made; thus, due to the experimental nature of the fabrication process, they had
a low fiber volume percent, V}, of about 17%.

All specimens were examined prior to testing by ultrasonic C-scan technique and were
found to contain occasional flaws due to an insufficient infiltration of fibers.

Tensile, Compressive, and Shear Tests

The experimental procedures for tension, compression, and shear tests have been pre-
viously described [11]. Tension tests were conducted on parallel sided composite specimens
parallel and perpendicular to the braiding axis and on specimens of unreinforced matrix
material. Acoustic emission (AE) data were collected during tension tests with a Physical
Acoustics Corporation (PAC) Model 3000/3004 AE System to gain information about the
onset and perhaps the mechanism of failure.

Compressive tests were performed parallel to the braiding axis on specimens with reduced
width in the gage length. These were done in an Illinois Institute of Technology Research
Institute (ITTRI) fixture.

Shear testing of the braided composite proved difficult as discussed previously [11]. In-
plane shear tests were conducted both parallel and perpendicular to the braiding axis utilizing
the Iosipescu shear test method [14]. While the strength measurements obtained from the
TIosipescu test were quite reproducible, the strain readings were highly inconsistent, giving
questionable data for the shear modulus. The interlaminar shear strength was measured by
the double-slotted shear test described in ASTM Test method for In-Plane Shear Strength
of Reinforced Plastics (D 3846).
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Fracture Toughness Tests

Fracture toughness was measured in both longitudinal (crack running perpendicular to
the braiding axis) and transverse (crack running parallel to the braiding axis) directions. For
these, 6.3 mm thick compact tension (CT) specimens were used. The geometry and dimen-
sions of the compact tension specimens, shown in Fig. 1a, were in accordance with those
specified in the ASTM Test Method for Plain-Strain Fracture Toughness of Metallic Materials
(E 399) standard practice except that the machined crack was not sharpened by fatigue
loading. A standard clip gage was used to monitor the crack opening displacement (COD)
during the test. Tests were conducted on an Instron testing machine at a crosshead speed
of 0.008 mm/s.

Each specimen was loaded until a load drop was observed in the load-COD curve upon
which the material was unloaded, and the crack extension was measured under a rolling
microscope. This loading-unloading process was repeated several times for each specimen
until the crack length to specimen width ratio, a/w, became larger than 0.6. Some specimens
were broken in halves for microscopy.

In addition to the compact tension specimens, a few tests were also conducted on the
work of fracture (WOF) type of specimens [I5] shown in Fig. 1b. The specimen was broken
in halves in three-point bending and the total energy absorbed during the complete fracture
was measured by a weighing method.

Drop-Weight Impact Tests

Instrumented drop-weight impact tests were carried out on square plates of composites
with 76 by 76 by 6.3 mm dimensions. The impactor was a steel hemisphere of 12.7 mm
diameter, and the specimen was clamped to a circular support of 50 mm diameter. In addition
to the 3-D braided material, specimens of unidirectional FP/Al-Li with a fiber volume loading
of 34% and the unreinforced Al-Li matrix material were also tested for comparison. These
specimens had the same dimensions as the braided composites.

Impact tests for the braided composite and the unreinforced matrix material were con-
ducted on a “Dynatup” impact instrument at dart energies of 292 and 614 J, respectively.
The unidirectional composite was tested with an impact equipment designed and built by
the Imperial Chemical Industries Company in Wilmington, Delaware at a dart energy of
135 J.
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FIG. 1—Schematic of (a) compact tension and (b) work of fracture specimens.
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Microscopy

Some of the specimens were sectioned after failure and prepared for examinations by
scanning electron (SEM) and optical microscopes. Specimens for optical microscopy were
mounted in a cold setting resin and were ground and polished down to a 1 um finish with
diamond paste and minimum applied pressure to avoid further damage. Those for SEM
were given a thin coat of gold to enhance electrical conductivity.

Resuits
Tensile, Compressive, and Shear Properties

The mechanical properties are summarized in Table 1. Details of most of the results shown
in Table 1 can be found in Ref 11. Figure 2 shows the stress-strain curves and acoustic
emission data for the axial and transverse specimens in tension. For comparison, data for
the unreinforced Al-Li matrix are also shown in Fig. 3. In axial tension, the stress-strain
curve demonstrated a “knee” at about 0.03% strain. In spite of the considerable fiber
misalignment, the ultimate failure strain was only 0.3%, that is, almost identical to that
obtained for unidirectional FP/Al-Li composites [16,17]. Specimens were believed to fail

TABLE 1—Mechanical properties of FP/Al-Li Composites (V; = 17%).

3.D Braided®

+20° Angle Ply?  0° Unidirectional’
Property Experiment  Theoretical theoretical theoretical

TENSION

Ultimate strength (MPa)

axial’ 189 . 281.3 307.7
transverse 105 . 114.6 94.7
Young’s modulus (GPa)
axial” 97 113.4 114.3 135.0
transverse 87 97.6 97.7 87.1
Poisson’s ratio
axial’ 0.33 0.33 0.36 0.31
transverse 0.31 0.29 . 0.20
Ax1aL COMPRESSION
Ultimate strength (MPa)? 837.6 1482
Young’s modulus (GPa)* 106.0 115.6 114.3 153
Poisson’s ratio 0.30 0.33 0.36 0.31
SHEAR
Interlaminar strength (MPa)* 144.5 100.8
In-plane strength (MPa)
parallel to fibers 126.5 151.2 100.8
perpendicular to fibers 1423
In-plane modulus (GPa) 37.4 4.3 325

¢ Based on the “fiber inclination model” [8].

® Calculated from the classical lamination theory.

¢ The axial tensile strength and elastic moduli are predicted from the rule of mixtures; transverse
tensile and shear strengths are based on equations given by Chamis [19]; and compressive strength is
calculated from equation suggested by Rosen et al. [23].

4 Data from Ref 11.
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FIG. 2—Stress-strain behavior and acoustic emission output for braided FP/AI-Li composite
(Vi = 0.17) in the axial and transverse directions.

by a cumulative fiber fracture mechanism in which as soon as enough fibers in one fiber
bundle broke, catastrophic failure of the whole composite would occur. The fracture surface
did not show any fiber pullout indicating the presence of a strong fiber-matrix interface.
In transverse tension, the stress-strain curve was highly nonlinear. The onset of nonlin-
earity was at a strain of approximately 0.05%. While the Young’s modulus was only slightly
lower, the ultimate strength in the transverse direction was considerably lower than that for
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FIG. 3—Stress-strain behavior and acoustic emission response for the neat Al-Li matrix
material.
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: : s —

FIG. 4—Crack morphology in transverse tension depicting (a) crack initiation in the matrix
and (b) crack running through the fiber bundle in the braided FP/Al-Li composite.

the axial specimen and for that matter considerably smaller than that of the unreinforced
matrix material shown in Fig. 3. From the microscopic examinations after failure, it appeared
that transverse cracks had started within the matrix-rich areas between fiber bundles from
what seemed to be microscopic voids in the matrix, Fig. 4. Some of these cracks had extended
along the interface of the fiber bundles with the matrix. In contrast to the strength, the
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failure strain in the transverse direction (~1.3%) was much larger, by a factor of four, than
that in the axial direction.

The amplitude distribution of AE signatures, shown in Fig. 5, revealed some distinct
differences in the AE response of the three types of tension specimens tested. For the
unreinforced Al-Li material, the amplitude of events was in the range of 20 to 60 db with
maximum events occurring at around 20 db. The amplitude distribution for the transverse
tension specimen was very similar to that of the matrix material indicating that transverse
tensile failure was predominated by a matrix failure mode. It must be pointed up that the
threshold amplitude used for the matrix specimens was somewhat lower than that for the
composite materials. For the longitudinal tension specimen, however, the AE events had
significantly larger amplitudes between 50 to 90 db. It was noted that in all three specimens
events generated during initial stages of loading generally had lower amplitudes and that
the higher amplitude events began only after the initial rapid rise in the AE counts shown
in Figs. 2 and 3. For the axial tension specimen, the high amplitude events (>70 db) mostly
occurred just prior to the final failure.

Detailed descriptions of the compressive and shear properties have been previously re-
ported [11]. Briefly, the axial compressive stress-strain curve was considerably nonlinear,
and specimens broke at a strain of about 1.7%. Kinking was the prevailing mode of com-
pressive failure as also found for unidirectional FP/Al-Li composites [16,18].
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FIG. 5—Amplitude distribution of acoustic emission events obtained during tension testing
of (a) neat matrix material, (b) braided composite in transverse direction and () braided
composite in axial direction.
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FIG. 6—Typical load-COD curve obtained during repeated loading of compact tension
specimen of braided FP/AI-Li composite in the axial direction.

Fracture Toughness Results

The load-COD curves for repeated loading-unloading of axial and transverse compact
tension specimens demonstrated a significant amount of hysteresis. An example of this is
given in Fig. 6 for the longitudinal specimen. For the first loading cycle, the specimen had
a machined crack. The load-COD curve for the machined crack was highly nonlinear, and
COD increased rapidly as load approached its failure value. For the subsequent loading
cycles, the crack was naturally sharpened and the load-COD curve was much less nonlinear.
This decreased nonlinearity could be due to a number of factors including a higher stress
concentration at the tip of the sharp crack, crack tip work hardening of the matrix, and the
presence of damage from the previous loading event. Also, note that for subsequent loadings,
failure occurred at a load somewhat smaller than the original load from which the specimen
had been unloaded. Recent experiments employing AE measurements indicated that on
reloading, the onset of AE signals occurred at a load appreciably below the level from which
the specimen had been unloaded.

The stress-intensity factors for axial and transverse specimens are shown in Table 2. K-
values are calculated from the load P, which is determined by drawing a secant line with a
slope 5% less than the initial slope of the load-COD curve as specified in the ASTM E 399
standard procedure. The K,,,-values are based on the maximum load, P,.,, achieved during
each loading increment. Note that for the initial machined crack, K,-values are significantly
smaller than K,,,-values due to the highly nonlinear load-COD curves.

Figure 7 depicts the variation of K,,,, with a/w ratios, showing a reasonable amount of
scatter.

Crack propagation characteristics for both axial and transverse compact tension specimens
are shown in Fig. 8. In the axial case, there was a great deal of fiber fracture ahead of the
crack tip and crack propagated by tensile fracture of fiber bundles and shearing of the matrix.
These specimens showed some pullout of the whole fiber bundle to a length of 1 to 2 mm.
In the transverse specimen, crack propagation was mostly along the interface of fiber bundles
with the matrix.

Table 2 also reports the fracture surface energies obtained from CT and WOF specimens.
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FIG. 7—Variation of the stress intensity factor, K,..., with crack length to width ratio, alw,
for compact tension specimens of braided FP/AI-Li composite.

v; is the fracture surface energy for crack initiation calculated from the maximum load on
CT specimens, and v is the effective fracture surface energy obtained by dividing the total
energy absorbed during the complete separation of the two halves of the WOF specimen
by the surface area of the unnotched portion of the cross section.

Drop-Weight Impact Behavior

A typical load-deflection and absorbed energy curve obtained during the instrumented
impact testing of 3-D braided composite is shown in Fig. 9. The impact data are also given
in Table 3 for the case of through-the-thickness penetration of the impactor for the three
materials tested. In Table 3, the crack initiation energy is the amount of energy absorbed
by the specimen from the start of the impact up to the maximum load, and propagation
energy is that from the maximum load to the end of the impact event.

From the energies given in Table 3 and damage characteristics shown in Figs. 10 and 11,
it is clear that the 3-D braided composite has a greater damage tolerance than the unidi-
rectional laminate. The unidirectional composite fractured like a brittle material with cracks
propagating through the entire length of specimen; while, in the braided composite, damage
was restricted to a small region, and the material showed a ductile type of behavior. The
inferior impact properties of the unidirectional composite could be partly due to its higher,
by a factor of two, fiber volume fraction. Both composites showed considerably smaller
crack initiation energies than the unreinforced metal matrix; however, the energy for the
unidirectional composite was almost five times smaller than that for the braided material.
During the crack propagation stage, the braided composite absorbed more energy than the
unreinforced matrix, thus bringing its total impact energy close to that of the monolithic
material. The crack propagation and total energies reported for the unidirectional composite
could be somewhat overestimated because of the occurrence of circumferential cracks in
this material, Fig. 11. Circumferential cracks which develop in later stages of the impact
event lead to increases in the propagation and total impact energies. This secondary damage
mode, which often occurs during testing of brittle materials, was not observed for the 3-D
braided composite.
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FIG. 8—Crack morphology in compact tension specimens of the braided FP/Al-Li composite
in the (a) axial and (b) transverse directions. Note the broken fiber bundle ahead of the crack

tip in (a).
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FIG. 9—Typical load-energy-deflection curve obtained during instrumented drop-weight
impact testing of the braided FP/AI-Li composite for a through-the-thickness penetration.

Discussion and Conclusions

In both areas of damage tolerance and interlaminar shear strength where 3-D braided
composites are believed to out-perform the conventional 2-D laminates, the braided FP/
Al-Li composite displayed a strong performance. The interlaminar and in-plane shear
strengths of the composite with a fiber volume fraction of 17% tested in this work were
only slightly smaller than its axial tensile strength (Table 1). The instrumented drop-weight
impact tests also showed that the impact resistance of the braided composite is superior to
that of the unidirectional laminate in terms of both the amount of energy absorbed and the
size of damage zone. These data are presented in Table 3 and Figs. 10 and 11. While the
lower fiber volume fraction of the braided composite may have an important part in its
higher impact energy, there are clear indications from comparisons with monolithic Al-Li
material and damage characteristics of the two composites that the 3-D integrated structure
also has an effective role in providing crack arresting mechanisms that control the fracture
and increase the impact energy. The braided composite absorbed almost as much energy

TABLE 3—Drop-weight impact properties.

Impact Energy Absorbed, J

Maximum
Material Initiation Propagation Total Load, KN
3-D braided FP/Al-Li 68 196 264 25.6
v, =0.17)
Unidirectional FP/Al-Li 14 112 126 11.7
(V; = 0.39)

Al-Li alloy 173 145 318 28.9
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FIG. 10—Failure characteristics of braided FP/Al-Li composite (V; = 0.17) subjected to
drop-weight impact loading at (a) and (b) 126J and (c) 264] absorbed energy levels.
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FIG. 11—Failure due to drop-weight impact testing of unidirectional FP/Al-Li composite
(Vi = 0.34). Note circumferential cracking of the specimen.

as the unreinforced matrix material. This was resulted from the larger crack propagation
energy of the material even though it showed a considerably smaller crack initiation energy
than the unreinforced Al-Li matrix. The difference in impact energies of the braided and
unidirectional composites is expected to be even larger than that shown in Table 3 because
of the occurrence of secondary, circumferential cracks in the unidirectional composite.
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Circumferential cracks usually occur after the formation of main, radial cracks in a brittle
material and result in false increases in the crack propagation and, therefore, total energies.

The in-plane properties of the braided FP/Al-Li composite having an average braid angle
of 20° were very similar to those predicted for a +20° angle-ply laminate (Table 1) except
for the axial tensile strength and failure strain that were appreciably lower. The axial failure
strain (~0.3%) was almost identical to that for 0° unidirectional laminates [16,17]. In con-
trast, unidirectional FP/Al-Li composites tested at 22.5° with respect to the fiber axis have
shown a failure strain of 1.14% [I7]. One reason for the low failure strain of the braided
composite could be that fiber bundles go through 0° orientation as they change angle within
the braided structure. These 0° segments of fibers, therefore, fail first at a composite strain
equal to the failure strain of the 0° unidirectional laminate, and they thus trigger failure of
the whole composite. Another possibility for the poor axial strength is fiber damage and
bending induced by the braiding process. Fiber FP is very brittle and can be easily damaged
during handling. In addition to fiber damage, there were other process-related defects such
as flaws due to an inadequate infiltration and microscopic matrix voids that could further
reduce the strength of the composite. These material defects could also account for the
consistently lower experimental elastic moduli than those predicted by the “fiber inclination
model” [8] as shown in Table 1.

In transverse tension, the braided composite broke at a stress of 105 MN m™~? which is
considerably lower than the bulk matrix strength of 156 MN m~2 Transverse failure was
found to initiate in the matrix-rich regions from what appeared to be microscopic voids (Fig.
4). For unidirectional FP/Al-Li composites with a V; of 55%, a transverse tensile strength
of 213 MN m~2 has been reported [16]. It is possible that, in composites with high V; where
fibers are closely spaced, there is increased work hardening of the matrix leading to a higher
in situ matrix strength and, therefore, higher composite transverse strength. Calculating the
in situ strength of the matrix from the composite transverse strength of 213 MN m~? using
the equation given by Chamis [79] yields a value of 252 MN m~2; an increase of almost 40%
over the bulk matrix strength.

In addition to the matrix plastic deformation, fiber straightening in tension (or, deflection
in compression) due to initially curved fibers [20] and off-axis shear caused by fiber misa-
lignment may also contribute to the nonlinear behavior of braided composite. In axial
tension, however, these effects are not expected to be significant because of the low failure
strain of the material. The compressive strength is particularly sensitive to fiber curvature.
Failure may be expected to occur by local microbuckling of fibers once the matrix yields
under lateral stresses and fibers are more free to deflect. A simple model based on this
mechanism has been developed by Piggot [21] for the compressive strength of composites
with fibers having a sinusoidal shape. In the braided composite under investigation, fiber
bundles assume an almost helical configuration within the structure, and the situation is
therefore more complex particularly when fiber interactions are also taken into account.

The fracture toughness results shown in Table 2 indicate that the effective fracture surface
energy, v, obtained from WOF specimens is considerably larger than crack initiation energy,
v;, calculated from K,.-values of CT specimens. The higher v, shows that crack propagation
requires more energy than its initiation, thus meaning a slow crack growth. For CT specimens
in both axial and transverse directions, the load-COD curve (Fig. 6) was highly nonlinear
for the initial machined crack. K, was therefore considerably larger than K, for the first
load-COD curve. For subsequent loading cycles, the nonlinearity largely disappeared and
K, approached K,,,,. The rapid increase in COD as specimen approached failure denotes
extensive damage ahead of the crack tip such as fiber fracture, matrix plastic deformation,
and void extension. Fracture surface of the axial specimen showed frequent pull out of the
whole fiber bundle to a length of 1 to 2 mm.
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The braided composite had a lower fracture toughness (K.,,,) in the axial direction than
the unidirectional FP/Al-Li composite with 34% V, [22], that is, 24.85 MPa Vm versus 31.7
MPa Vm, respectively. In transverse direction, however, both materials showed virtually
similar values of K,,.

Finally, because of the low V; of FP/Al-Li composite tested, it is difficult to demonstrate
the full capabilities of braided metal matrix composites or to provide a meaningful com-
parison of the properties with those of the unidirectional composites. It is hoped that a
better understanding of the intricate nature of these composites and the advantages they
offer over the conventional laminates can be achieved by investigating braided composites
with a high fiber volume fraction.
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ABSTRACT: The adiabatic shear stability of unreinforced, unidirectionally reinforced and 3-
D braid reinforced aluminum-lithium were studied by static and dynamic blanking at various
deformation levels. Comparing to Hadfield steel, no apparent adiabatic shear was detected in
any of these materials. The failure mechanism of these structures were identified by micro-
structural analysis.

KEY WORDS: adiabatic shear, aluminum-lithium, unidirectional fiber reinforcement, metal
matrix composite, 3-D braid, static blanking, dynamic blanking, microstructural analysis

As part of a study on the failure behavior of braided 3-D composites, static and dynamic
blanking were used to characterize the penetration resistance of FP? Al,O,/Al-2.5Li com-
posites. The blanking process, used extensively to evaluate the shear behavior of metallic
materials, was also found to provide useful information on the through-thickness shear
resistance of 3-D braided metal matrix composites. Braided composites were tested under
an impact velocity of 44 m/s. The shear behavior of the composites is characterized and
compared to that of the unreinforced aluminum-lithium (Al-Li) matrix material and of FP
uniaxial tape reinforced Al-Li composites.

One important aspect of the response of these materials to dynamic shear loading examined
in this study is their respective susceptibilities to adiabatic shear localization.

Adiabatic shear bands are the most extreme manifestation of localized flow produced by
high strain rate deformation. In monolithic metals these bands tend to form during ballistic
penetration as well as high rate machining and forming processes. The two principal factors
contributing to dynamic flow localization are: (1) 95% of the work of plastic deformation
is converted to heat and (2) the flow stress of materials decreases with increasing temperature.
Thus, during high strain rates, the heat generated by localized plastic deformation cannot
be dissipated by thermal conductivity; the resultant adiabatic temperature rise weakens the
material locally stimulating further deformation localization [I-4]. Thus with many speci-
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Center, Drexel University, Philadelphia, PA 19104. Dr. Razavi is currently with Materials Engineering
Department, Wilkes College, Wilkesbarre, PA 18766.
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men/indenter geometries, a shear band in which the deformation is much greater than in
the surrounding microstructure is generated. Furthermore, the highly localized strain as-
sociated with an adiabatic shear band often leads directly to fracture of the impacted target.
At normal deformation rates, however, thermal conductivity permits only a modest increase
in temperature, thus reducing substantially the degree of strain localization in the specimen.
Accordingly, the objective of this study was to examine the usefulness of the blanking process
for the evaluation of the failure behavior of metal matrix composites. Specifically, the static
and dynamic response of Al-Li reinforced by unidirectional fiber and by 3-D braided fiber
were compared to that of pure Al-Li alloy. The microstructure of these composites were
examined to detect the occurrence of adiabatic deformation.

Experimental Procedure
Target Material and the Blanking Process

The target materials used for this study are the Al-Li alloy in the as-cast condition,
unidirectional FP fiber reinforced Al-Li and 3-D braided FP fiber reinforced Al-Li. These
target materials were selected so that the merit of various fiber reinforcements could be
assessed. Specifically, the effect of fiber architecture was examined. The reinforcing FP fiber
is a continuous polycrystalline a-alumina yarn produced by the Du Pont Co. Table I provides
a summary of its properties. The 3-D braided preforms were fabricated in our laboratory
with a 1 by 1 braid construction. The formation of this fabric preform has been detailed in
Refs 5 and 6. The composites were prepared at Du Pont by the vacuum infiltration process.
The Al-Li specimens and the unidirectionally reinforced FP/Al-Li composites were obtained
from Du Pont. The fiber volume fraction for the 3-D braid composites ranged from 17 to
40%, while it was approximately 34% for the unidirectionally reinforced Al-Li composite.
Square target specimens 25.4 by 25.4 by 6.25 mm, (1 by 1 by 0.25 in.) were cut from the
FP composites and homogeneous Al-Li alloy. For both unidirectional and 3-D fiber targets,
the edges of the specimens were cut perpendicular to the fiber orientation.

Blanking and similar industrial processes such as punching are by no means new. Chang
and Swift [7] carried out a comprehensive study of shearing. Later, Johnson and Slater [8]
carried out an extensive study of slow and fast blanking of homogeneous materials. This
work in particular provides a background for the current interest in the effects of the rate
of deformation, temperature, and stress wave propagation. Since blanking can be studied
using simple geometrical configurations, it is relatively easy to examine a number of im-

TABLE 1—Fiber FP filament properties.

Tensile strength 1380 MPa (200 ksi)

Tensile modulus 345 to 380 GPa (50 to 55 Msi)
Compressive strength 6900 MPa (1000 ksi)
Compressive modulus 345 to 380 GPa (50 to 55 Msi)
Tensile elongation 0.4%

Density 3.90 g/cm? (0.141 Ib/in %)
Specific strength 3.56 x 10°cm (1.4 x 10°in.)
Specific modulus 8.89 x 10®cm (3.5 x 10%in.)
Melting point 2045°C (3713°F)

Filament diameter 20 to 5 pm

Cross section round

Filaments/yarn 210
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FIG. 1—Schematic presentation of (a) the blanking process and (b, c) penetration steps.

portant fundamental aspects of fracture behavior during blanking. These include shear
instability, the initiation and propagation of cracks, and damage to the structure both at
low and high velocities.

The blanking test configuration used for both static and dynamic impact in the present
investigation is shown schematically in Fig. 1. The target materials were inserted into a
blanking die with a hole in the back support plate having a 12.5 mm (0.5 in.) diameter. The
projectiles used for static blanking had a step 4.0 mm in height and 6.25 mm in diameter.
Low velocity (static) blanking was carried out on an Instron testing machine at a crosshead
velocity of 0.5 mm/min. The depth of penetration as revealed in the sectioned specimens
provides a measure of the punch and projectile displacements. Close agreements were noted
between the measurements of the deformation shown in the sectioned specimen and the
autographic record.
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FIG. 2—Schematic presentation of the force-displacement diagram for the static and dynamic
blanking process.
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FIG. 4—Load-deformation relationships of various target materials under static blanking.

FIG. 5—SEM picture of the penetration side of the homogeneous Al-Li target after static
blanking.
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In addition, a schematic force-displacement diagram for both low and high velocity blank-
ing processes at ambient temperature is shown in Fig. 2 with the individual stages of the
process labeled. Although plastic deformation increases between A and C in Fig. 2, the
punch force attains its maximum at some intermediate displacement, B. This implies some
form of plastic instability phenomenon or cracking or both. During the post-instability phase
between B and C, plastic flow localizes, and microcracks may be initiated somewhere within
the initially crack-free body. Beyond C, the punch force drops dramatically as a result of
the coalescence of small cracks and subsequent propagation of the resulting macrocrack.
This terminates in the separation of the blank (plug) from the sheet.

Compressed Air Gun and Velocity Measurement

Stepped projectiles of hardened steel were fired at different velocities into composite
targets using a compressed air gun, shown schematically in Fig. 3. The velocity of a projectile
prior to target impact was measured by an opto-electronic system with the detectors posi-
tioned between the shotgun barrel and the target fixture (Fig. 3). The velocity was measured
by allowing the projectile to interrupt two light beams having a known separation. The
output from each of the two photodiodes illuminated by the beams was fed into a storage
oscilloscope, enabling the average time for the projectile to travel between light beams to
be calculated and hence the average projectile velocity.

15KV %22 . @812 196,60 DUNAT

F1G. 6—SEM picture of the back side of the homogeneous Al-Li target after static blanking.
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Results and Analysis
Static Blanking

The autographic load versus deformation test results are shown in Fig. 4. To study in-
stability and fracture under static blanking conditions, each target material was sectioned
after they were loaded beyond the maximum loading at 0.9 and 1.4 and 1.6% deformation
for unidirectional, 3-D braiding, and pure Al-Li, respectively. The Al-Li alloy, seen in Fig.
5, shows fracture propagation well inside the unsheared section of the target, parallel to the
penetration, Figure 6 shows the intergranular fracture on the back side of the target caused
by the bending strain imposed by the punch. An intergranular fracture mode was also
observed on the back side of the FP composite. The large grain size of the cast material is
the reason for this behavior. Figure 7 shows a severe double shear strain localization for a
unidirectional composite. Fiber failure within the shear zone is also evident. The 3-D FP

FIG. 7—SEM picture of the penetration side of the unidirectionally reinforced FP/AI-Li
composite.
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FIG. 9—Light microscope picture of the homogeneous Al-Li target and the plug formed by
dynamic blanking.
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composite behavior, shown in Fig. 8, demonstrates a more diffuse type of shear strain
localization. The statically blanked Al-Li alloy and FP composites were susceptable to shear
strain localization leading to instability and fracture. The severe shear strain localization
observed in the unidirectional composite could be the cause of its limited ductility under
static blanking and lack of intra- and inter-laminar reinforcement.

Dynamic Blanking

Under high velocity blanking conditions all three target materials showed little resistance
to plug formation. When impacted by a projectile having a 4.0 mm step height at 44.0 m/
s velocity, the step on the front of the projectile penetrated the impacted face of the target
completely, shearing out a plug from the back side of the target. As shown in Fig. 9, plug
formation was observed for all the target material. To further investigate the nature of
fracture initiation in the zone of adiabatic shear, these targets were impacted by projectiles
having step heights of only 0.7 mm but with the same impact velocity (44.0 m/s).

The deformed structures resulting from these small step projectiles are shown in Figs. 10
to 12 for the three types of target. Two indentation steps are observed for targets impacted
by projectiles having small step heights. The deeper indentation on the left side of each
picture is caused by impact of the shoulder of the projectile, whereas the shallower inden-
tation on the right side is produced by the full penetration of the shallow step. The defor-

FIG. 10—SEM picture of the deformation pattern of the homogeneous Al-Li target produced
by a small step projectile under dynamic blanking (note: step penetration is on the right hand
side).
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FIG. 11—SEM picture of the deformation pattern of the unidirectionally reinforced Al-Li
target produced by a small step projectile under dynamic blanking (note: step penetration is
on the right hand side).

mation pattern on the right side is the one that should be compared and analyzed with
respect to possible adiabatic shear localization. For comparison the microstructure of Had-
field steel, which had been studied previously [9] using the same projectile velocity and a
similar blanking die and which showed failure initiation by adiabatic shear localization, is
included here (Fig. 13) for identification of this mode of failure. The contrast between the
heavily deformed grains and the so-called “white band” which crosses many grains at the
corner of the indentation is obvious. The band has a much higher hardness and finer grain
size compared with the surrounding material.

This earlier study also showed that this localized shear zone was the locus of fracture
initiation and propagation. Figure 12 shows the general diffuse strain localization that occurs
in the Al-Li target under this impact mode. The unidirectional FP composite behavior,
shown in Fig. 13, exhibits double shear band localization and propagation parallel to the
penetration direction of the projectile. Conversely, the 3-D composite exhibits a diffuse type
of shear band behavior (Fig. 14). Thus none of the Al-Li FP composite targets, at least
under these impact conditions, exhibited the type of adiabatic shear localization reported
earlier for Hadfield steel.

Scanning electron micrographs of the fracture surface of plugs formed during impact by
4.0 mm step height projectiles are shown in Figs. 14-18. Figure 14 shows that the entire
surface of the Al-Li plug was created by ductile shear failure. This is similar to the failure
mode of homogeneous materials during dynamic blanking, reported previously [9]. Figures
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FIG. 12—SEM picture of the deformation pattern of the 3-D braid Al-Li target produced
by a small step projectile under dynamic blanking (note: step penetration is on the right hand
side).

15 1o 18 show the fracture surface of unidirectionally reinforced composites. Careful ex-
amination of the failure surface shows that this composite fractured with two different failure
modes. Figure 15 shows the portion of the plug that failed by shear which may have occurred
during the early stages of penetration. The observed pattern of grooves is produced by the
rubbing of the plug against the matrix during plug ejection. Figure 16 presents that portion
of the fracture surface of the plug closer to the back side of the target. The difference in
fracture appearance may be related to bending during the failure process. The same area
shown in Fig. 16 is shown in Fig. 17 at much higher magnification, illustrating the ductile
failure of the Al-Li matrix and the brittle fracture pattern of FP alumina fibers. The fracture
surface of a 3-D FP/Al-Li composite, shown in Fig. 18, reveals a similar groove pattern
plus the shear fracture surface of Al-Li matrix.

Conclusions

The blanking process is a valuable test method for evaluating the through-thickness prop-
erties of composite materials. It can be adapted for the study of shear fracture resistance
and fracture propagation under both low and high velocity modes. Static testing plus struc-
tural analysis for the three targets material tested (Al-Li, unidirectional and 3-D FP/Al-Li
composites) identified the main mechanism for instability and fracture as shear localization
following by shear failure. Unidirectionally reinforced FP alumina fiber composites showed
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severe shear localization and, hence, limited deformation before fracture. 3-D reinforcement
with similar fibers, however, postponed this shear localization to larger displacements by
spreading and diffusing the deformation. The specific displacement required for localization
is undoubtedly dependent on the specific fiber architecture employed in a particular com-
posite.

The fracture study of the plugs from the three different target materials showed clear
evidence that unidirectional composite is very sensitive to the bending strain produced by
the blanking process employed. The 3-D FP/Al-Li composite showed no sign of this bending
fracture mode on the surface of plugs from this target material. Structural analysis of the
indentation deformation caused by small step projectiles indicates that adiabatic strain lo-
calization is not a major factor in the initiation of fracture in any of the target materials
studied as was the case in Hadfield steel.

Finally, it should be cautioned that this study is preliminary in nature. A more conclusive
depiction of the shear failure behavior of the various composite systems will require more
extensive experimental work with several step heights and a recording of the stress-strain
response under dynamic blanking.

FIG. 13— Light microscope picture of a typical adiabatic band formation in a Hadfield steel
under dynamic blanking.
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FIG. 14—SEM picture of the fracture surface on the penetration side of the plug from the
homogeneous Al-Li target produced by a large step height projectile under dynamic blanking.
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FIG. 15—SEM picture of the fracture surface on the penetration side of the plug from the
unidirectionally reinforced Al-Li target produced by a large step height projectile under dynamic
blanking.
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FIG. 16—SEM picture of the fracture surface on the bending side of the plug from the
unidirectionally reinforced Al-Li target produced by a large step height projectile under dynamic
blanking.
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FIG. 17—A higher magnification of the same SEM picture shown in Fig. 15.
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FIG. 18—SEM picture of the fracture surface on the penetration side of the plug from the
3-D braid reinforced Al-Li target produced by a large step height projectile under dynamic
blanking.
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ABSTRACT: Methods, techniques, and models available for the measurement or estimation
of thermal conductivity, electrical conductivity, thermal diffusivity, thermal expansion, and
heat capacity, are reviewed with respect to their applicability to metal matrix composite
materials and systems.

Various factors influencing the choice of method used to obtain reliable properties infor-
mation are discussed. These include: (a) application and use of the material or system; (b)
continuous and discontinuous reinforcement of the matrix; (c) layered and other combination
of materials; (d) size and form; (e) anisotropy; and ( f) temperature and accuracy requirements.

Considering the unique problems represented by these materials and systems, recommen-
dations are made regarding the most appropriate means currently available to obtain reliable
thermal properties information. Areas are identified where further information and work are
required in order to improve existing models and measurement techniques.

KEY WORDS: anisotropy, continuous reinforcement, discontinuous reinforcement, electrical
resistivity, heat capacity, honeycombs, layered materials, models, rule of mixtures, structural
performance, thermal conductivity, thermal expansion, thermal resistance, thermal stresses

Reinforced metal composites offer a number of potential advantages over their polymer
counterparts, including:

(a) higher temperatures of operation;

(b) higher modulus of the matrix leading to higher moduli of the composite for stresses
below the maximum yield point;

(¢) higher ductility and strength of the matrix providing improved off-axis properties and
interlaminar shear strength;

(d) stronger joints due to more control of matrix;

(e) improved chemical, environmental, and erosion resistance; and

(f) higher thermal conductivity and electrical conductivity.

There are still a number of problems associated with the development of light weight,
strong, stiff metal matrix composites for temperatures in excess of 1000°C, especially high
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cost and degradation due to thermal cycling. However, a wide variety of such materials,
based on lower melting point metals such as aluminum, magnesium, and copper or their
alloys, are now becoming available in a variety of forms.

During the past decade, significant advances have been made in developing better, con-
tinuous, and more economic processes for the fabrication of metal matrix composites [7,2]
having improved and more reproducible properties. Weight critical applications, where the
high strength to weight ratio and other desirable property characteristics are utilized, have
continued to increase. This is particularly true for the areas of space structures, missile
components, and engines. Such factors now enable these types of materials to be considered
for other applications where the original high costs were considered to be prohibitive. As
a result, the use of both current and new metal matrix composites of various types is forseen
to increase during the next decade.

In the development of composite materials, most attention, quite justifiably, has been
directed towards the evaluation and understanding of their structural performance and their
integrity under the conditions of use. However, because of the anisotropic nature of many
of these materials, combined with their limited availability in forms suitable for evaluation
of properties along appropriate axes, the determination of various mechanical properties in
a reproducible manner in accordance with ‘‘standard” test criteria has proved to be a difficult
exercise. This has been compounded by the fact that even though “standard” tests were
used, specimen size and form, testing criteria, and experimental techniques have not been
consistent. In consequence, it has been very difficult to develop a totally reliable data base
[3] for these materials such that properties can be used for design purposes, and much work
is still on-going to assess the situation for structural properties.

For the case of thermal properties, there is little or no information available for any
current production material. Information is scattered and in most cases related to unchar-
acterized developmental materials and specimens, with little information provided on the
method of measurement. Alternatively, the data have been derived utilizing questionable
analytical approaches combined with uncertain values for the constituent materials, partic-
ularly the reinforcing medium. The concept of a data base for thermal properties is some
years away. In order to avoid similar problems and issues which developed during mea-
surements of the structural properties, consideration of factors which influence the deter-
mination of reliable thermal property data should be also given when undertaking programs
of work to characterize current materials.

Several promising candidate materials, including both continuous graphite and alumina
reinforced metals and alloys and discontinuous silicon carbide reinforced metals, are now
being produced in substantial quantities in different shapes and forms for use in various
applications where high-thermal conductivity is necessary. In addition, a variety of layered
metal composites, especially in the form of a honeycomb with metallic or reinforced plastic
facers, are being considered or used in a variety of applications where lower thermal con-
ductivity or conductance is more advantageous. The design and reliable operation of systems
utilizing such materials now becomes more dependent upon a knowledge of their thermal
properties, particularly thermal expansion, thermal conductivity, and thermal conductance.
These properties, while providing the required data base, may also provide a means of
determining and understanding behavior of reinforced materials and particularly how service
life of higher temperature components is affected by interactions between the metal and
the reinforcement [1,4].

The present discussion attempts to outline the various issues which have to be addressed
when considering how to obtain reliable properties information on the different types and
forms of metal matrix composites. The major properties emphasis will be placed on thermal
conductivity and thermal conductance, but thermal expansion and heat capacity will be also
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addressed where these properties are relevant to the issue. The major materials emphasis
will be placed on the fibrous reinforced systems.

Problem Definition

As indicated earlier, there are two major types of metal matrix composites. These are
the continuous fiber and the discontinuous fiber, whisker or other solid particle reinforced
matrix. These are supplemented with one other type, namely, the layered systems. These
consist of a metal matrix in forms varying from cellular, honeycomb, fiber, and solid sand-
wiched between other materials. These can include metals, ceramics, and plastics, any of
which may be reinforced composites.

The major thermal properties of current interest are:

(a) thermal conductivity (including electrical conductivity) and thermal conductance;
(b) thermal diffusivity;

(¢) thermal expansion; and

(d) heat capacity.

In addition, total hemispherical emittance and spectral emittance are other properties which
become necessary for future higher temperature applications. These properties are not
addressed in this paper.

Unlike heat capacity (C,), thermal conductivity (A) and thermal expansion (a) are prop-
erties which are influenced considerably by form, while thermal conductance is a unique
property for a particular component. Materials which can exist in forms ranging from highly
porous powders, particulates, and fibrous masses to high-density solids can have property
values, particularly of A, which differ by at least four orders of magnitude.

When two or more materials are combined, the ensuing composite may have properties
which cannot be modelled simply and which can be much different to those of the constituents
especially if the resultant composite has preferred orientation which induces anisotropy of
the property. Finally, current composite materials can in some instances be fabricated only
in limited forms and sizes such as thin-walled tubes or flat plates which are not suitable for
providing the best type of specimen configuration. These factors present challenges to those
trying to measure or model the properties of any or all of these materials.

In trying to derive or measure the thermal properties of metal matrix composites, there
are a number of factors which are found to influence the choice of model or measurement
technique which can be used [5]. These are:

(a) type and form of the material;

{b) property required:

(¢) measurement; and

(d) temperature and other external variables.

Those factors, which are often interrelated, are now discussed in relation to the desired
thermal property.

Thermal Conductivity

In general, M of fiber and whisker reinforced metal matrix composites will reflect the high
conductivity of the metal and, therefore, will be likely to be in excess of 10 W/m - K. The
absolute value will depend upon the matrix, the type and form of the reinforcement fiber
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or particle, the volume loading, and the orientation of the continuous fiber. The latter is
particularly true if it is not unidirectional but laid up in two or more directions in order to
try to obtain optimum strength and matched or low a characteristics.

A number of models [6-9] have been postulated to derive A for a composite utilizing
values of the individual constituents. Essentially, these are modified forms of the simple
rule of mixtures

A= Rfo + Rme

where V; and V,, are the volume fractions of the reinforcement and metal of appropriate A
and \,,.. This A is derived for the composite either if it is isotropic or for the direction of the
longitudinal reinforcement. Additional, more complex analyses are required to derive \ for
the transverse and other directions [10,11].

These models need reliable information for the properties of the constituents. In most
cases, such results for A,, are available from a prime source in the literature [12]. However,
little reliable information is available for many of the reinforcing fibers or materials. In most
cases, the assumption is made that A, is that for the monolithic bulk form. However, this is
not necessarily true since, for example, some reinforcing fibers and particles are amorphous
or partially crystalline, and A will be different than the assumed for the solid crystalline
form. In addition, some fibers such as carbon and graphite will have values of A which not
only are anisotropic but also depend on the type of fiber, its surface condition and the
degree of graphitization. Similar models [13-16] have been proposed for o and the same
reasons can be postulated to question their efficacy.

A major problem with these models for \ is the basic assumption that the thermal re-
sistances at the contacting surfaces between the matrix and reinforcement are zero or are
constant. This assumption may not be valid for a majority of cases since there may be often
good mechanical contact existing but relatively poor thermal contact. In addition, these
contact resistances may not be uniform throughout the system and will probably change
with temperature. This is due to the mismatch between the thermal expansion coefficients
of the constituents. This is a factor which also affects the models used to derive a. Finally,
a further complicating issue concerns the fact that different fiber types of one material, such
as carbon, have different surface morphologies which again lead to differing contact resist-
ances which can affect both A and a. Thus, while modelling can provide guidelines on
average or upper and lower limit values of A and o, in many cases it will be necessary for
measurements to be made.

Measurements on materials having A in excess of 10 W/m - K are normally made by a
guarded longitudinal heat-flow method such as the axial rod [17,18] or comparative cut-bar
technique [19,20]. The axial rod method, shown schematically in Fig. 1, is the technique
which is the most suitable for materials having high A-values and an accuracy of £2% is
obtainable. The major consideration is that the specimen should have a length to diameter
ratio which exceeds eight wherever possible. This can be normally attained with discontin-
uous reinforced matrices and where X is desired for the direction of heat flow along the
length of a continous reinforced fiber material in the form of a flat sheet or a tube. However,
it is less easy to attain for the heat flow normal to axial direction of the latter anisotropic
configurations or for heat flow in the circumferential direction for the case of the tubular
form.

The comparative method shown schematically in Fig. 2 is utilized in many cases due to
its ready adaptability to A-values in the range 1 to 200 W/m - K and to specimen configu-
ration. Its operation is absolutely dependent upon the availability of stable reference ma-
terials of similar values of A\ to those expected for the materials. A limited number of
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FIG. 1—Longitudinal guarded axial rod method: schematic arrangement.

ceramics, alloys, and pure metals are available [21] for the expected A range of the metal
matrix materials. The accuracy of the method is highly dependent on the material and the
specimen. Providing a specimen of the correct dimensions with flat parallel faces is available,
accuracies of +5% can be attained [22].

The basic criteria for measurements by this method is that a representative specimen of
suitable geometry having a length to diameter ratio which is large or at least 1 be available.
This is necessary in order to establish and measure a reasonable temperature gradient in or
across the specimen such that the inherent accuracy of the method is attained. The same
limitations regarding material form and availability for the axial rod method apply to a
somewhat lesser extent to this technique.

For materials in the form of thin sheets, or thin walled tubes, suitable specimens for the
axial direction can be fabricated in the form of a number of strips of the same width and
length clamped together tightly at each end to form a rod or bar specimen of appropriate
dimensions. For the axial rod, this can be up to 10 to 12 mm square and 100 mm long and
for the comparative 25 to 50 mm square and from 10 to 25 mm in thickness, as shown in
Fig. 3. If measurements are made on a tube form it is essential that the central hole be filled
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FIG. 2—Longitudinal guarded comparative method: schematic arrangement.

with a powder or other insulation in order both to eliminate convection and to minimize
cross radiation in the central hole within the specimen.

Since a major source of error can be incorrect measurement of temperature or temperature
difference, significant attention must be paid to this parameter [23]. In the axial rod method,
temperature sensors can be attached directly into or onto the exterior surfaces at suitable
positions along the length of a solid specimen or thick-walled tube. Alternatively, for the
strip form, the sensors can be clamped between the central two strips. For the comparative
method, sensors can be placed in small holes drilled into the specimen if the length is
sufficient or in fine grooves cut into the surfaces for thinner specimens.

If the thickness of the specimen is such that these grooves or holes are a significant
percentage of the total thickness, temperature measurements have to be obtained from
sensors in the reference materials alone. In this case, every effort has to be taken to ensure
that the contact resistances at the surfaces are eliminated or are minimized and remain
constant. This can be accomplished by using liquid indium, or other nonreacting metal film,
at the interfaces in conjunction with an applied load.

For the heat flow normal to reinforcement direction, there is a major problem because
A is high and the length of specimen, that is, thickness, is very limited. In such cases, one
can consider bonding a number of strips together to form a layered composite and use the
axial rod or comparative techniques. However, in this case, considerable uncertainties exist
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concerning the matter of such a specimen being representative of the bulk material. The
bonding medium may also affect the results unless the amount used is minimized. It must
be accepted that reliable measurements for this direction are difficult and alternative means
must be sought.

If accurate measurements can be made for one direction of reinforcement, it is possible
to consider measuring the anisotropy ratio and deriving A for the other direction. Providing
suitable flat plate type of specimens can be made available or fabricated, the old method
of Ingen-Hauz [24] and de Senarmont [25] modifications can be utilized.

The specimen can be cooled at its center by means of small pieces of solid carbon dioxide,
and once the specimen cools below the dew point, frost will appear in the form of a well-
defined ellipse. The major axes of the ellipse are proportional to square root of the thermal
conductivities for the two principal axes of the plate. This is a somewhat simple technique
and is suitable only for a limited temperature range, but it can be quite accurate [26].

Since metal matrix composites, in general, will be electrical conductors, it is recommended
that electrical conductivity or resistivity be measured. The measurement is more direct and
simple than that for A and requires a more simple specimen configuration. Measurements
in the axial and in various reinforcement directions can be also made more easily.

The four-point probe method is the most widely used [26] especially where relatively large
length-to-diameter ratios specimens are available. However, it is quite possible to undertake
measurements on a comparative basis on thin specimens using the same technique. For this,
reference specimens of the same order of dimensions cut from materials to provide specimens
of known electrical resistance are used to calibrate a four-point probe and to eliminate
contact resistance effects. If it is possible to cut cubical or rectangular specimens having
suitable cross sections, anisotropy in the properties can be measured directly on one spec-
imen.

For metals and alloys, there is a direct relationship between the thermal and electrical
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conductivities. This is usually in the form of the Lorenz Number, L, for electronic conduction
only [27], modified by Wiedemann-Franz to include a contribution due to lattice conduction
[28].

While it is not probable that a direct Wiedemann-Franz or Lorenz relationship will exist
for such materials, some empirical modifications of the relationship may be found to exist.
Under these circumstances, the easier measured electrical property can be used on a larger
number of specimens of each direction in order to help determine a more reliable value of
A\, especially for the through thickness direction.

Thermal Conductance

In a number of applications, metal matrix composites may have configurations with non-
uniform sections. Under such circumstances, the properties will be dependent, for example,
on the number, thickness, and type of layers or on the pore or honeycomb size. In addition,
they may be used for applications where specific conditions of temperature, gaseous envi-
ronment, and applied load are governing criteria.

In such cases, the measured property will be a thermal conductance (A/thickness) for the
specific conditions, and the value will apply only to the particular configuration and con-
ditions. In general, values for other configurations and conditions cannot be derived from
the results unless reliable information, and its parametric variation, is available for the
individual constituents.

Measurements of this type can be made by the comparative method or the guarded hot-
plate method [29]. The major criteria concerning the choice of method have been covered
previously [5] and are summarized as follows:

(a) ensuring that the test specimen is representative of that of the application;
(b) ensuring that the condition of test are those that apply for the application; and
(c¢) ensuring that the size of the test specimen is appropriate for the type of apparatus.

The guarded hot-plate method and its utilization for composites has been well documented
[30-31]. It is normally used where the higher accuracy is required and where the specimen
has a relatively low-thermal conductance value. In some cases, this can only be attained
with large specimen thicknesses which may necessitate the use of large apparatus. Such hot
plates especially for use at elevated temperatures are difficult to design and operate such
that one is assured that the basic design criteria needed to establish uniform heat flow and
zero or minimal lateral heat loss, etc. are attained. For metal matrix composite systems,
because of the relative high value of A of some components, it is essential that the central
metering section of the specimen is separate from the surrounding guard section and the
gap filled with a fibrous or particulate thermal insulation to minimize lateral conductive
heat flow as well as eliminating or minimizing convective and radiative heat transfer between
the two sections.

With materials having hard surfaces, large areas, and somewhat higher thermal conduct-
ance values than typical thermal insulations, there is always a tendency for thermal resistances
caused by air gaps to exist at contacting surfaces [32]. In addition, due to differential
expansion on heating, the test specimen may tend to warp, thereby increasing the effects
of such air gaps. An important experimental technique for such types of specimens is to
ensure that temperature sensors are attached to the surfaces of the specimen, preferably in
fine grooves, with no reliance placed on those in the surface plates of the apparatus for
calculation of the experimentally determined value.
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Thermal Diffusivity

For some applications, thermal diffusivity (D), defined as the ratio of thermal conductivity
to specific heat per unit volume (D = M\/pC,) is the parameter governing heat transfer. If
the three individual properties are known then D can be calculated. These are often not
known for metal matrix materials and direct measurement of the property is more desirable.
The property is potentially easier and quicker to measure and utilizes, in general, a smaller
and more simple specimen configuration than for determination of \ alone.

However, another attraction to the measurement of D is the fact that A can be calculated
from the results finding providing values of C, and p are available. If experimental results
for C, are unavailable, values are more readily calculated by method of mixtures, whole p
can be measured very simply and small temperature adjustments can be made if thermal
expansion, o, values are also available.

It must be pointed up that in the calculation of A from D, the basic analysis assumes that:

(a) the temperature distribution at any plane within the specimen is isothermal at any
time; and
(P) X\ is due only to solid conduction within a homogeneous specimen.

Most metal matrix composites are highly anisotropic while others, particularly the layered
and honeycomb types, are inhomogeneous, and for these the first assumption particularly
may not apply. Thus, some care has to be taken in deciding when the calculation of X is
appropriate. In addition, when a method which utilizes quite small specimens is used, such
specimens may not necessarily be representative of the bulk material especially for the
layered composites or for the application where a thermal conductance is required.

The attractive features of transient methods are based on the fact that they involve the
complete differential equation for heat flow with the time and space variables being of equal
importance. Thus, for any set of boundary conditions, there is a unique solution on which
to develop a method. Furthermore, heat losses can be handled easier by the inclusion of
an additional term either in the equation or in the choice of boundary conditions. This will
appear as a constant in the solution of the equation and can be eliminated by suitable choice
of measurement parameters.

Thus, the measurement of D has stimulated that ingenuity of many experimentalists such
that a profusion of methods and techniques have been developed. This is particularly true
during the past two decades where significant advances in instrumentation especially for
accurate measurement, recording, and analysis of the temperature with time relationship
has allowed measurement times to be reduced often to the subsecond level.

The basic details of the many and varied methods available and analyses on which they
are based have been well documented and assessed [33]. The major consideration becomes
one of choosing or adapting a technique which is the most suitable for the type or form of
the material for which D or A or both is desired at an appropriate accuracy. Alternatively,
a combination of both techniques can be used to determine D for continuous reinforced
materials in the form of sheets or thin plates.

Transient techniques fall into two categories, periodic temperature and transitory tem-
perature methods, respectively. Most of the current information on metals and metal matrix
composites have used one basic method from each category.

The most widely used method currently is a transitory temperature one generally described
as the “flash method.” In this, one face of a specimen usually a small flat disk of the order
of 6 to 12 mm in diameter and a thickness of 1 to 6 mm, depending on the thermal properties,
is subjected to a flash of thermal energy in a time interval which is very short compared to
the time during which the resultant thermal transient propagates through the specimen.
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The method is illustrated schematically in Fig. 4. During the past decade, the source most
widely used is a laser having an appropriate power density to provide sufficient response in
the material. The temperature response at the rear surface measured originally with a
thermocouple is now usually measured with a sensitive indium antimonide radiation detector.

The value of D is then calculated from a characteristic time obtained from the temperature
time response curve together with the specimen thickness: various characteristic time anal-
yses, based upon a function of the maximum temperature attained, have been developed
depending upon the technique and boundary conditions used or assumed.

The major advantages of the basic techniques are the utilization of thin specimens and
consequent short measurement times. The latter overcomes possible contamination problems
at high temperatures which can restrict the use of the more time consuming steady-state
methods. Accuracies of 5% or better for values of D can be obtained by this technique.
However, if \ is derived from such values its uncertainty will depend also upon those for
the values of C, and p used in the calculation.

This method obviously lends itself well to measurements on discontinuous reinforced
metal matrix composites and to continuous fiber reinforced materials where the anisotropy
may not be significant. However, it is less readily suited for more highly oriented fiber
reinforced materials unless suitable disk specimens can be fabricated from the materials with
their axes normal to the respective major fiber orientations. In addition, this specific method
requires significant modifications of technique for measurements to be carried out on highly
curved or very thin specimens such as those from metal matrix materials fabricated as thin-
walled tubes.

The periodic temperature method which has been used to a limited extent for metal matrix
materials [34] is based upon that developed originally by Angstrom [35] for long thin semi-
infinite rods. This involves essentially a long thin radiating specimen heated at one end with
a source having a sinusoidal variation of temperature and time.

The method is shown schematically in Fig. 5. The period of the heat source can be adjusted
to suit the capabilities of the temperature recording facilities and the dimensions of metallic
specimens should be of the order of 2 to 10 mm diameter and lengths of 50 to 300 mm.
Shorter specimens with thermocouple spacings 2 to 3 mm have been used for metals having
A <10to 15 W/m - K.

FURNACE 1
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FIG. 4—Transitory “flash” method for thermal diffusivity: schematic arrangement.
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FIG. 5—Periodic “Angstrom” method for thermal diffusivity: schematic arrangement.

The temperatures are sensed at the two positions along the length and the electromotive
forces (emfs) are opposed by d-c bucking potential such that the output corresponding to
the “ambient” temperature is eliminated. The residual small sinusoidal component is am-
plified and recorded on an X-Y system. The resulting ellipse produced by the X- and Y-
deflections due to the respective thermocouple is analyzed to yield D from a knowledge of
the phase angle between the X- and Y-displacements, the distance between the temperature
sensors and the absolute temperature.

This method is more suited for measurements on discontinuous reinforced materials and
on thin-walled tubes and other materials where D is required for the reinforcement parallel
to axial direction. It is less suited for the other directions unless suitable specimens can be
made available.

In deriving A from measurements of D, accurate values of C, and density are necessary.
As mentioned earlier, values of the former not available in the reliable literature [12] may
be calculated by the method of mixtures knowing the specific heat and volume fractions of
the components. However, in many cases, small specimens may not necessarily contain the
design volume fractions, and thus C, may be in error and measurements are required.

Specific Heat

In general, this property can be determined accurately by either drop or adiabatic calo-
rimetry. Both methods are well researched and documented [36,37] and need not be dis-
cussed here. Accuracies of £2% and better are attainable for large or high mass (>100 g)
specimens. More recently, differential scanning calorimetry [38] utilizing very small (mil-
ligram) specimens has become more widely used. However, the accuracy of this technique,
while often quoted to be better than 5%, is affected by a number of variables including
form of specimen, heating rate, and similarity of both D and emittance values of the test
specimen with those of the calibration material. In addition, since the specimens are very
small there is the possibility that they will be even less representative of the bulk material
than the relatively small specimen used to measure D.
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Thermal Expansion

Thermal expansion is the one thermal related property which has been studied on com-
posites including metal matrix systems and for which some information is available. It is
one of the necessary properties required in order for thermal stresses to be analyzed for
particular applications of a material.

One of the major advantages of fiber reinforced composites is the ability to tailor the
reinforcement of a matrix such that desired strength and expansion properties can be ob-
tained in components. Thus, metal matrix systems like their organic and carbon matrix
counterparts can have a wide range of o from small negative coefficients to those of the
basic metal. This range is of the order of —5 X 10-"to +15 x 10 K.

In general, expansion coefficients in the range above 1 X 1075 K~! can be measured to
required accuracies utilizing conventional single calibrated or double comparative push rod
techniques [39]. These are based on a carefully designed system of fused silica and utilizing
reference materials such as platinum, Invar, and a low expansion glass for calibration.

Typical specimen configurations are small rods or bars or tubes, of appropriate cross
section to remain rigid, with lengths of 25 to 75 mm and the ends machined flat or to a
desired radius. Such specimens are readily available for discontinuous reinforced materials
and for the continuous reinforced material for the reinforcement parallel to axis direction
of the sheet plate or tube. For other directions, specimens particularly of sheet or plate are
often fabricated in the form of a number of pieces stacked together. Accuracies for such
specimens are less easy to determine due to the fact thatit is highly unlikely that the individual
pieces will be perfectly flat. Thus, the initial length of the stacked specimen will be uncertain,
and the individual pieces may behave differently during the subsequent heating or cooling.

For measurements on very low expansion materials or on specimens of limited thickness
interferometric techniques as discussed by Wolff et al. [40] are necessary. These methods,
which are contactless, are attractive since they are not restricted by specimen size or shape.
Using a two channel Michelson interferometer, changes in dimension as low as 10~?m can
be detected, and the overall accuracy is stated to be of the order of £10~*m.

In measurements of a, there is another important experimental parameter which is often
neglected. This is the issue of maintaining and measuring the temperature uniformity of the
complete specimen at each of the temperatures of the interval over which the change in
length is determined. If there is any significant temperature gradient within the specimen
this will be reflected as an uncertainty in the temperature at which the length is measured.
Since a depends on measurements at two distinct temperatures such affects could be additive.
These uncertainties can contribute to significant errors particularly for low expansion ma-
terials.

In this context, it is recommended that the designed constant temperature zone of the
furnace or environmental chamber in which a specimen is placed be at least 1.5 times the
length of the test specimen. Furthermore, for most accurate determinations, it is recom-
mended that measurements be made at successive equilibrium temperatures rather than
utilizing a continuous slow heating or cooling rate.

Summary

Various factors which influence methods and techniques available to determine reliable
thermophysical properties of metal matrix composites are discussed for the different types
and forms of materials currently used. Recommendations on the choice of technique and
improvements which can be made in order to improve accuracy are suggested.
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ABSTRACT: Adiabatic elastic constants of a composite composed of 25 volume percent of
silicon carbide (SiC) whiskers in 2014 aluminum matrix are measured to 1.5 GN/m?. Whereas
the pressure derivative of bulk modulus of the composite exceeds those of its two constituents,
the pressure derivative of the shear modulus of the composite lie between those of its con-
stituents. Calculated values of the upper and lower bounds of these moduli of the composite
appear to be insensitive to the pressure derivative of the shear modulus of SiC. A new modified
and simple model of such a composite predicts the values of the elastic constants of this
composite fairly well at both the ambient pressure and 1.5 GN/m”.

KEY WORDS: composite material, whiskers, metal-matrix composite, elastic constants, an-
isotropy, pressure derivative of elastic constants, equation of state

The present work represents one part of a comprehensive research effort to determine
physical and mechanical properties of a composite fabricated from silicon carbide (SiC)
whiskers and 2014 aluminum alloy. This work deals with the variation in the elastic constants
of this composite at elevated pressures to 1.5 GN/m? (GPa). Obtaining the values of the
elastic constants of this composite at elevated pressure allows reseachers (1) to determine
the equation of state, and (2) to verify theoretical models which estimate the elastic constants
of this composite not only at ambient pressure but also at elevated pressures, from knowledge
of the pressure dependence of the elastic constants of its constituents SiC whiskers and 2014
aluminum alloy. As high-pressure elastic constants data are not available for SiC, use of
shock wave data for SiC was made to estimate the values of its elastic constants at high
pressures. These estimates of the elastic constants of SiC in conjunction with the high-
pressure elastic constants data of 2014-T6 aluminum were used to compute elastic constants
of the composite at elevated pressure.

To the best knowledge of the authors, this is the first time such calculations have been
done for any composite. Comparisons are made between a model due to Hashin and Shtrik-
man [I] and a model recently developed by Maewal and Dandekar [2] which is based on a
generalization of the method developed by Mori and Tanaka [3], Taya and Chou [4], Weng
[5], and Tandon and Weng [6] for composites in which inclusions are either spherical or
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oriented along some direction. Further we present in sequence (1) a description of the
composite, (2) the ultrasonic technique used to determine the elastic constants of the com-
posite, (3) results of the ultrasonic experiments, (4) a brief outline of technique to estimate
pressure derivatives of the elastic constants of SiC from the shock wave data, (5) calculations
of the elastic constants of the composite on the basis of the elastic constants of its two
constituents SiC and 2014-T4 aluminum, and (6) conclusions based on this research.

Material

The metal matrix composite used in the present investigation consisted of randomly
dispersed 25 volume percent SiC whiskers in a 2014 aluminum alloy matrix. The whiskers
were 0.2 to 0.5 pm in diameter and have a length-to-diameter ratio between 50 and 80.
These whiskers were obtained from ARCO. Materials with the previously mentioned starting
composition was fabricated by hot isostatic pressure (HIP) technique in the form of thick-
walled cyclinders. The HIP material was subsequently given the conventional heat treatment
which brings 2014 aluminum to the standard T4 condition. Fabrication of the SiC/2014-T4
aluminum composite hereafter also referred to as SiC/Al, when no confusion is likely to
arise, was done at Fiber Materials, Inc., Biddeford, Maine.

Right circular solid cylindrical specimens of SiC/ Al composite used for the measurements
of the elastic wave velocities had their faces either normal to the axis of the thick-walled
cyclinder (z-axis) or normal to the radial direction (r) of the thick-walled cylinders (Fig. 1).
The specimens of SiC/ Al with face normal in z- and r-directions are, respectively, identified
as SiC/Al(z) and SiC/Al(r) in this paper.

Elastic wave velocities in SiC/Al(z) and SiC/Al(r) were determined at room temperature,
that is, 295 = 2 K to detect presence of elastic anisotropicity in the material. Elastic wave
velocities at elevated pressures and at room temperature were measured only in SiC/Al(z)
because the room temperature measurements of the elastic wave velocities in SiC/Al(z) and
SiC/Al(r) failed to indicate elastic anisotropy in SiC/Al (see the section on Experimental
Results). The specimens of SiC/Al used for the elastic wave velocity measurements at the
ambient condition were right circular cylinders with a diameter of 25.5 = 0.5 mm and a
thickness of 38.06 = 0.01 mm. The specimen of SiC/Al(z) used for the measurements of
elastic wave velocities at elevated pressures was a right circular cylinder with a diameter of

em—— = o
oy
vy
U .

FIG. 1—A schematic of the orientations of the thick-wall cyclinders of SiC/ Al
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TABLE 1—Physical properties of SiC/2014-T4 aluminum as a function of orieniation of specimens.

Orientation®
Small

Physical Properties z R Specimen
Density, Mg/m? 2.908 + 0.028 2.904 + 0.006 2.906
Density range, Mg/m? 2.890 — 2.915 2.900 — 2.907
Elastic velocity, km/s

Longitudinal 7.284 = 0.050 7.329 + 0.02 7.381 = 0.015

Shear (1) 3.870 + 0.02 3.866 = 0.010 3.902 = 0.008

Shear (2) 3.885 + 0.02 3.918 + 0.014

° These values represent an average of measurements performed on 9 diffferent specimens of each
orientation.

12.5 = 0.1 mm and a thickness of 11.821 + 0.002 mm. It is identified as the small specimen
when necessary as in Table 1.

Experimental Technique

Elastic wave velocities in SiC/Al were measured by the pulse-echo overlap technique
developed by Papadakis [7]. In the Papadakis method the echoes are overlapped on the
cathode tube screen by triggering the oscilloscope at a frequency which corresponds to the
inverse of transit time between echoes. The correct cycle and hence the correct time for the
echo in the pulse echo overlap technique is difficult to discern, and the following method
was suggested based on the properties of a composite resonating system. The resonant
frequency of the transducer is found, and then a cycle overlap is chosen for the two echoes,
and the transit time is found. The frequency exiting the transducer is then reduced to nine-
tenths of the resonant frequency, and the transit time thus obtained for the same cycle
overlap is subtracted from the transit time obtained when the resonant frequency was used.
This procedure is followed when the cycle for cycle overlap between the two echoes is
switched by one cycle at a time. The differences in times thus obtained should change by a
constant amount as one progresses from cycle to successive cycle comparisons. The correct
cycle overlap can then be found by noting the spacing of the difference in transit times
obtained, as the cycles of overlap are changed by one at a time. The method of choosing
the correct cycle for overlap is further discussed in Ref 7.

We found, however, that some uncertainty is removed from the selection by repeating
the above procedure with a transducer of a different frequency. In that case, all the previously
mentioned intervals should change, but the correct cycle overlap retains the same value.
The velocities at the resonant frequency of each transducer should equal each other at the
correct overlap. This method assumes that there is no dispersion of sound waves in the
material. This technique was used only on the small specimen subiected to high pressure.

The longitudinal and shear wave velocity data on large specimens were obtained at 10
and 5 MHz, respectively. The longitudinal and shear wave velocity measurements in the
small specimen were made at two different frequencies, that is, 10 and 15, and 5 and 10
MHz, respectively. During the measurements of transit times between echoes at elevated
pressures, only changes in times were measured. Nine sets of measurements were performed
as a function of pressure; three of these were for longitudinal velocity mode, and the
remaining six with random polarization were for shear velocity mode. The absolute velocity
values are estimated to have an accuracy of 2 x 1073,
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Pressure was generated in a Birch-Bridgman high-pressure cell manufactured by Harwood
Engineering Co., Inc., Walpole, Massachusetts. The pressure medium was a 50-50 mixture
of Pentane-Isopentane. The pressure was determined by a Manganin Coil calibrated via a
dead weight tester.

Results

Table 1 summarizes the results of measurements performed on the specimens of SiC/Al
at the ambient condition.

Density

The densities of SiC/Al were measured by the immersion technique. Measured densities
of nine specimens of each of the two orientation, that is, SiC/Al(z) and SiC/Al(r) were
determined to be 2.908 = 0.028 and 2.904 + 0.006 Mg/m®, respectively. The expected
density of the present composite composed of 25 volume percent of SiC with a density of
3.21 Mg/m® and 75 volume percent of 2014-T4 aluminum with a density of 2.81 Mg/m?® was
calculated to be 2.910 Mg/m®. Thus the measured densities of SiC/Al used in the present
investigation are not significantly different from the theoretical density of the composite and
hence can be considered to be pore free. The average density of the previously mentioned
18 density measurements is 2.906 + 0.02 Mg/m® for SiC/Al. This value of density is used
in all the subsequent calculations.

Elastic Constants at the Ambient Condition

Velocities of three elastic waves were determined in each of the nine large specimens of
SiC/Al(z) and SiC/Al(r). The two shear wave velocity modes were measured to yield a
maximum difference in their measured values. These shear wave velocities are identified as
Shear (1) and Shear (2) in Table 1. The values of elastic wave velocities given in Table 1
do not appear to be significantly different in SiC/Al(z) and SiC/Al(r) directions. Hence, it
is concluded that the composite SiC/Al used in the present work is elastically isotropic. The
representative values of longitudinal and shear wave velocities for this composite calculated
as the arithmetic average of the respective velocity measurements are 7.307 = 0.05 and
3.884 = 0.027 km/s, respectively. It should be noted that even though the precisions of the
density and elastic wave velocity measurements are no worse than 0.2%, the actual errors
associated with these parameters are larger and around 0.7% possibly due to materials
variability of the 19 specimens of SiC/Al used in these measurements. Thus one may regard
the variability in the values of the previously mentioned three parameters of SiC/Al as
inherent in the method of fabrication of this composite.

Table 2 gives the values of densities and elastic properties of SiC/2014-T4 aluminum and
2014-T4 aluminum measured in the present work. The values of these parameters for SiC
and 2014-T6 aluminum are from Refs 8 and 9, respectively. The values of density and elastic
constants of the last three materials are subsequently also used to calculate the elastic
constants of SiC/2014-T4 aluminum based on theoretical models for composites due to
Hashin and Shtrikman [I] and Maewal and Dandekar [2].
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Elastic Constants at Elevated Pressures

The changes in the elastic wave velocities in SiC/Al were obtained from the measured
changes in frequencies of longitudinal and shear wave modes as a result of changing the
pressure. The results of three sets of frequency measurements for longitudinal wave velocities
and six sets of similar measurements for shear wave velocity in SiC/Al are shown in Figs.
2 and 3, respectively. These figures show that the measured frequencies for both longitudinal
and shear wave velocities in SiC/Al vary almost linearly with pressure. The least squares
fit to these data yield

F(1,P)/F(1,0) = 1.00010 + (2.61363 x 10-2)P 1)
and

F(s, P)/F(s,0) = 0.998949 + (2.70908 X 10-2)P @)

for longitudinal and shear wave velocities, respectively, to 1.5 GPa.

In Egs 1 and 2 P is pressure in GPa. In Eq 1, F(1,P) and F(1,0) are the frequencies
(reciprocal of transit time for elastic wave) for longitudinal elastic wave at pressure P and
one atmospheric pressure, respectively. Similarly, F(s, P) and F{(s,0) are the frequencies for
shear eleastic wave at pressure P and one atmospheric pressure, respectively. The correlation
coefficient for these respective least squares fits are 0.998 and 0.995.

It should be noted that under ideal circumstances, the first coefficients in Eqs 1 and 2
would be identical and equal unity. However, in the subsequent calculations, we have used
the Eqgs 1 and 2 so as not to artificially remove the inherent error incurred in representing
the frequency variations with pressure by a straight line. The changes in the elastic wave
velocities and elastic constants with pressure were calculated by applying the self-consistent
iterative method to obtain the numerical values of these constants without a prior knowledge
of the compressibility of the material developed by Dandekar, the details of which will be
found in Ref 10. These computations require values of volume thermal expansion coefficient
(B) and specific heat at constant pressure (Cp). Since the value of B is not yet measured
for SiC/2014-T4 aluminum, the measured value of the volume thermal expansion coefficient
for a composite consisting of 25 volume percent of SiC whiskers in 2024-T6 aluminum matrix
1s used instead. The value of 8 is 5.076 X 10-° K~! [1]]. Similarly, the value of the specific
heat is computed by using the thermal model given in Ref 12 and the measured values of
specific heat, thermal expansions, and bulk moduli of SiC and 2014-T6 aluminum. The
calculated value of Cp for SiC/2014-T4 aluminum is 919.6 J kg~! K-'. These values of B
and Cp were used because their values for SiC/2014-T4 aluminum remains to be determined.
However, it can be shown that even an error of 10% in the values of either of these two
parameters will change the calculated values of elastic constants by only 0.4%. Isothermal
pressure derivatives of adiabatic bulk and shear moduli of SiC/2014-T4 determined from
the sound wave velocity measurements are displayed in Table 2.

These pressure derivatives can be used with confidence to 1.5 GPa and probably may be
used above this pressure to obtain pressure-volume curve to a much higher pressure.

The adiabatic compression curve of SiC/2014-T4 aluminum when expressed in the form
of Bridgman’s equation, that is

—AV/V, = aP + bP? 3)
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where a is adiabatic compressibility, that is, K
and
b= -05{1+ (3K/aP)}/K¥P)as P— 0 “)

and AV/V, is the change in volume with respect to the volume V, of the material at the
ambient pressure, is given by

—AV/IV, = (1.0341 x 10-%)P — (3.4323 X 10~%)P? 5
1.04 — .
o
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FIG. 2—Frequency ratio for longitudinal elastic wave velocity versus pressure in SiC/Al in
three different experiments.
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FIG. 3—Frequency ratio of shear elastic wave velocity versus pressure in SiC/Al in six
different experiments.

Discussion

Tt is of interest to note that the pressure derivatives of the elastic moduli obtained for
SiC/2014-T4 aluminum exceed the respective pressure derivatives for 2014-T6 aluminum.
Since tempering of 2014 aluminum to T4 and T6 conditions do not change their elastic
constants significantly, it is reasonable to assume that the pressure derivatives of the bulk
and shear moduli of 2014-T4 aluminum could not be significantly different from those
experimentally determined for 2014-T6 aluminum in Ref 9. Unfortunately, no high-pressure
elastic constant measurements of SiC is yet available for such a direct comparison. However,
one can estimate the pressure derjvatives of the bulk and shear moduli of SiC by using the
existing shock wave data given in Refs 13 and 14. McQueen et al. [13] showed that the
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shock wave velocity, U, in SiC was linearly dependent on the particle velocity, U,, and this
dependency can be written as

U, = 8.00 + 0.95 U, (6)

where U, and U, are in km/s. This relationship was determined by conducting shock wave
experiments where the maximum pressure reached in SiC was 110 GPa. Whenever such a
linear relationship is found to exist for a material, it implies that the pressure derivative of
the bulk modulus (K’) for the material as the presssure goes to zero is given by

K =4s5—1 0]

where s is the rate of change of U, with respect to U, that is, for SiC, the value of s is 0.95
as in Eq 6. Therefore, the value of the pressure derivative of the bulk modulus is 2.8. It is
this value which is listed in Table 2 for SiC.

The shear modulus of SiC at high pressure is calculated from the relation between the
modulus ., and the Hugoniot elastic limit (HEL) o, relative volume change at HEL vy,
and Hugoniot pressure Py, at ny [15]. Hugoniot pressure Py, at low pressures, say below
10 GPa, is very close to hydrostatic pressure. Therefore, the shear modulus ., at pressure
Py is given by

= 0.75 (o — Pu)/mu (8)
where iy = 1 — Vi/V,.

The average value of mj for SiC on the basis of eight shock wave experiments where HEL
was observed in Ref 14 is found to be 1.92 X 10-2 The average initial density of SiC used
by Gust et al. [14] was 3.08 Mg/m?®. The observed HEL for this low density SiC was 8.0
GPa. The value of oy, for fully dense SiC, assuming that v, do not depend on porosity, can
be estimated from the equation

Oy = PoVZ(l,O) * Nu (9)

where p, is the initial density and v(1,0) is the longitudinal velocity at one atmospheric
pressure [16]. Substituting the values of p, and v(1,0) for SiC listed in Table 2, we get a
value of 9.44 GPa for o of fully dense SiC.

When a similar correction is done for the determination of P, for fully dense SiC from
the data of McQueen et al. [13], we obtain a value of 4.115 for P, at my = 1.92 x 1072
Substituting the values of oy, Py, and my in Eq 8 gives a value of shear modulus (p) equal
to 207.9 GPa. This can be treated as the value of w of SiC at pressure P, that is, 4.115
GPa. The value of shear modulus of fully dense SiC at one atmospheric pressure is 196 GPa
(Table 2). Hence, the calculated pressure derivative of the shear modulus is 2.9, as listed
in Table 2.

Table 2 shows that the pressure derivative of bulk modulus of SiC/Al is larger than the
presssure derivatives of this modulus for each of the two constituents. However, the pressure
derivative of the shear modulus of SiC/Al is comparable to those of its two constituents.
The physical reason for this is not clear at present.

Following the works of Hashin and Shtrikman [I] and estimates of the elastic constants
using the procedure of Maewal and Dandekar [2], we obtain the numbers given in Table 3.
Both models predict elastic constants values for SiC/Al composite by using the elastic
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TABLE 3—Elastic constants (in units of GPa) of SiC/Al as a function of pressure.

Pressure, GPa

0.0001 1.5

Bulk Modulus Shear Modulus Bulk Modulus Shear Modulus

Measured 96.7 43.8 104.8 47.5
Hashin and
Shtrikman
Lower Bound 96.3 41.3 103.3 45.8 (45.6)
Upper Bound 105.7 54.5 112.1 (112.0) 58.3 (57.7)
Maewal and 100.0 453 106.7 (106.7) 49.5 (49.2)
Dandekar

constants of its constituents SiC and 2014-T4 aluminum. Comparison shows that the mea-
sured values of the elastic constants of SiC/Al do lie within the Hashin and Shtrikman [I]
bounds both at the ambient and elevated pressures. The estimates of bulk and shear moduli
following Maewal’s [2] procedure are within 4% of the preceding results. Since the errors
involved in the estimation of shear modulus of SiC at high pressure from shock wave data
of Refs 13 and 14 could be large, we include in Table 3 the computed values of bulk and
shear moduli of SiC/Al at 1.5 GPa with a drastic assumption that shear modulus of SiC
does not change with presssure. These calculations are shown within parentheses in Table
3 and reveal that the calculated values of the constants are only negligibly changed due to
this drastic assumption.

Conclusions

1. The equation of state of SiC/Al, when expressed in the form of Bridgman’s equation,
is given by

—AV/V, = (1.0341 x 10-3)P — (3.4323 x 10-%)P?

where P is in GPa.

2. The model developed by Maewal seem to provide reasonable estimates of the elastic
constants of SiC/ Al as a function of pressure and is consistent with the Hashin and Shtrikman
bounds.

3. The calculated values of the elastic constants of SiC/Al at high pressure are relatively
insensitive to the pressure derivative of the shear modulus of SiC.
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ABSTRACT: A two-dimensional finite element micromechanics analysis was used to predict
the response of a unidirectional graphite/aluminum composite subjected to transverse tensile,
longitudinal shear, or axial-transverse tensile biaxial loadings. Processing-induced thermal
residual stresses and the temperature dependence of the highly nonlinear aluminum matrix
properties were included, along with the anisotropy of the graphite fibers. A parametric study
was made of the influence of matrix heat treatment condition and fiber-matrix interface bond
strength on composite response to the various loadings. The correlations with available ex-
perimental data suggested that the actual composite material may have been in an intermediate
heat treat condition, and a moderate interface strength degradation state.

KEY WORDS: metal matrix composites, graphite/aluminum composites, unidirectional com-
posites, micromechanics analysis, crack propagation

The high degree of matrix material nonlinearity and the possibility of a weak interface in
many metal-matrix composites requires the use of special analysis capabilities. Most existing
analytical tools are based on elastic response of a continuum, that is, no plastic flow and
no local microcracking. The author and his colleagues have, over a period of years, developed
a much more general two-dimensional, generalized plane-strain finite-element microme-
chanics analysis of unidirectional composite response. Early work [Z,2] did include material
properties temperature-dependence and crack propagation, but only normal stress loadings.
Also, computers available during that time period were limited in storage capacity and
computational speed, thus severely limiting the size of the finite element grids which could
be used. Thus, while very informative in a qualitative sense, these analyses did not permit
detailed interpretations.

During the past decade, improvements in both computers and computational techniques
have been rapid. Correspondingly, the micromechanics analysis capabilities have steadily
improved, to permit combined shear and normal loadings [3,4], time-dependent viscoplastic
effects [5], and much more computationally efficient solution routines [6]. The particular
computer program used in the present study, WYO2D, includes all of these two-dimensional
micromechanics features except time-dependent material effects, which were not considered
here, only static properties experimental data being available.

The unidirectional graphite fiber-reinforced, aluminum matrix composite experimental

! Professor of Mechanical Engineering, director Composite Materials Research Group, University of
Wyoming, Laramie, WY 82071.
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data were generated as a part of a study in conjunction with Vought Corporation for the
Naval Surface Weapons Center [7], as also reported separately in unrestricted distribution
form in Ref 8. The brief analysis performed at that time utilized an earlier version of the
micromechanics analysis [9], which did not include crack propagation. The present program
WYO2D was later used to model cracking, as briefly reported in Ref 10. For the present
publication, all of this prior analysis has been repeated, using matrix material properties
that more closely describe the actual 201 aluminum alloy matrix of the composites being
modeled.

Capabilities of the WYO2D analysis and related computer program are presented and
discussed in Ref 10 and thus need not be repeated here.

Constituent Material Properties

The material tested as part of the NSWC program [7] was a unidirectional graphite/epoxy
composite fabricated by DWA Composite Specialties, Inc. in December 1981, and sent
directly to the University of Wyoming. One plate measuring 430 mm (17 in.) by 430 mm
(17 in.) by 1.0 mm (0.04 in.) was received, additional material being sent directly to Vought
Corporation. This plate was ultrasonically C-scanned and determined to be of acceptable
quality [8]. Axial and transverse tension and compression, Iosipescu shear, axial, and trans-
verse thermal expansion, and cruciform-shaped biaxial loading specimens were then cut
from this plate for testing. Complete details of specimen preparation and testing procedures,
and all test results, are included in Ref 8.

The fiber was Union Carbide VSB-32 (P-55), a pitch-precursor graphite fiber. The assumed
properties for this fiber are listed in Table 1. This fiber was assumed to be transversely
isotropic, to remain linearly elastic to fracture, and to have properties independent of
temperature in the range of interest here.

The matrix material of the graphite/aluminum wire preform used was 201.0 aluminum
alloy, the plate being fabricated with thin face sheets of 2024 aluminum alloy. The com-
positions of these two alloys are very similar, as discussed in Ref 8. These composites are
typically processed at 566°C (1050°F) [13]. However, the actual alloy heat treat condition
as fabricated was not known. The assumed mechanical and physical properties of the 201
aluminum alloy matrix were established based on data available in Refs 74 and 15. Plots of
the uniaxial tensile, room temperature stress-strain curves for three different assumed heat
treat conditions, namely, 0, T2, and T6, are presented in Fig. 1. As will be discussed, the
T2 condition provided the best agreement with the available experimental data. Plots of the
variation of modulus and coefficient of thermal expansion of the 201 aluminum alloy as a
function of temperature are presented in Fig. 2.

TABLE 1—Material properties for Union Carbide VSB-32 pitch-based graphite fiber.

Longitudinal modulus E, = 379 GPa (55 Msi) {11}

Transverse modulus E, = 10.3 GPa® (1.5 Msi®)

Major Poisson’s ratio v, = 0.20°

In-plane Poisson’s ratio v, = 0.25°

Longitudinal shear modulus G, = 28 GPa* (4 Msi®)

Longitudinal thermal expansion a; = —0.54 x 107¢/°C* (—0.30 x 10~%/°F?)
Transverse thermal expansion a, = 18 x 1076/°C? (10 x 10-%/°F?)

« Estimated.
b Based on data for Hercules HMS fiber (E = 345 GPa) [12].
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FIG. 1—Room temperature tensile stress-strain curves for the 201.0 aluminum alloy matrix
material in various heat treat conditions.

As can be seen in Figs. 1 and 2, the matrix stress-strain response is strongly influenced
by heat treat condition, and for a given condition, by the test temperature. The latter is
significant in that the composite is processed at elevated temperature, even if only tested
at room temperature. Cooldown from the processing temperature induces thermal residual
stresses, which must be modeled by the analysis. Thus, properties as a function of temper-
ature are needed.

Micromechanical Modeling

The VSB-32 graphite fibers were modeled as being circular in cross section, and arrayed
in a square packing in the 201 aluminum alloy matrix. The experimentally determined fiber
volume of 45% was modeled. Because of the periodic array assumed, it was necessary to
model only one quadrant of a fiber and the surrounding matrix. The finite element grid
used for this purpose is shown in Fig. 3. This is the same grid as used in the work of Ref
10; it contains 704 constant strain elements and 384 node points. Using reduced integration
and a frontal solution technique, an average of 17 CPU seconds per solution increment was
required on a Control Data Corporation CDC CYBER 760 mainframe computer. The grid
model includes layers of small elements at the fiber-matrix interface, as can be seen in Fig.
3. Any of the material properties of a layer of these elements can be selectively reduced as
desired, typically to a fraction of the corresponding matrix values, to model a degraded
interface. In the present study, interfacial degradation was analytically characterized by the
simultaneous percentage reduction of one-dimensional tensile and compressive yield and
ultimate matrix strengths. All other material properties, such as extensional and compressive
moduli, shear modulus, Poisson’s ratios, maximum shear stress, etc., were not degraded.
Also, the degraded region was limited to the narrow annulus of matrix material surrounding
the fiber, as shown in Fig. 3.

Although yielding is dictated by an octahedral shear stress criterion in the present version
of WYO2D, the failure criterion can be selected as desired. For the present study, octahedral
shear stress (distortional energy) and maximum principal stress failure criteria were both
evaluated.
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FIG. 2—Temperature dependence of the tensile modulus and coefficient of thermal expansion
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of the 201.0 aluminum alloy matrix material.

Analytical/Experimental Results

The experimental data available for correlation purposes were previously published in
Refs 7 and 8, and included axial and transverse tension, axial and transverse compression,
Tosipescu shear, and biaxial loading tests. The axial tensile response is fiber dominated, and
hence of limited interest for a micromechanics analysis, as demonstrated in Refs 8 and 10.
Axial compression was dominated by fiber microbuckling, which is not modeled in the
present analysis. Thus, attention was focused here on the transverse tensile, losipescu shear,

and biaxial tensile loading data. These will be discussed in order.
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FIG. 3-—Finite element grid model of one quadrant of a repeating unit cell representing a
square array of circular fibers in a matrix.

Of the many parametric variations considered relating to matrix heat treat condition,
fiber-matrix interface degradation, and failure criterion, nine will be discussed here. These
are listed and described in Table 2. The goal was to analytically define a matrix heat treat
condition, failure criterion, and interface bond condition that would predict with reasonable
accuracy the actual experimental response for all three types of loadings considered.

TABLE 2—Parametric Variations Considered.

Variation Matrix Interface Condition Failure
No. Condition (percent degraded®) Criterion

1 0 0 octahedral shear for shear loading,
maximum principal stress for
others

2 T2 25 octahedral shear for shear loading,
maximum principal stress for
others

3 T2 35 octahedral shear for shear loading,
maximum principal stress for
others

4 T2 50 octahedral shear for shear loading,
maximum principal stress for
others

5 T6 0 maximum principal stress

6 T6 0 octahedral shear stress

7 T6 10 octahedral shear stress

8 T6 25 octahedral shear stress

9 T6 35 octahedral shear for shear loading,
maximum principal stress for
others

* Interface yield and alternate strengths were reduced by the indicated fractions of the corresponding
matrix properties.
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Transverse Tension

The available experimental data [7,8] for five individual transverse tensile test specimens
are shown plotted in Fig. 4. The typical scatter for this type of experimental data will be
noted. Also plotted in Fig. 4 are the results of the nine parametric variations defined in
Table 2, although not all are significant. For example, Variation 4, that is, a 201-T2 aluminum
matrix with 50% degradation of the fiber-matrix interface, proved to be too severe, leading
to predicted total failure prior to mechanical loading. That is, the thermal residual stresses
induced during cooldown from the 566°C processing temperature were in themselves suf-
ficient to fail the material.

For Variation 1, the only variation to include the 201-0 (fully annealed) matrix condition,
the interface failed completely during cooldown, but not the matrix between fibers. These
thin webs of matrix material then failed relatively soon in the transverse tensile loading
process. The low composite stiffness due to the fiber-matrix interface bond failure, that is,
the lack of load carrying ability of the isolated fibers, is evident in Fig. 4.

Variations 5 and 6, for a T6 matrix condition and no interface degradation, resulted in
little nonlinear response of the composite, as shown in Fig. 4, even though the matrix itself
was quite nonlinear (see Fig. 1). This was associated with the highly triaxial stresses that
developed in the matrix under loading, thus inhibiting plastic deformation. Neither Variation
5, using a maximum principal stress failure criterion, nor Variation 6, using an octahedral
shear stress failure criterion, produced any matrix yielding up to the loadings indicated in
Fig. 4, much less microcracking, and thus the computer runs were terminated.

Similar results were obtained for Variations 7 and 8, for an octahedral shear failure
criterion, and for Variation 9, for a maximum principal stress failure criterion, for 10, 25,
and 35% interface degradations, respectively. These computer runs were terminated at 79
MPa (11.5 ksi).
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FIG. 4—Correlations of the various analytically predicted transverse tensile stress-strain
responses with available experimental data for a unidirectional graphite/ aluminum composite.
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Variation 3 was similar to Variation 4, which resulted in total failure during cooldown,
but for a 35% interface degradation rather than 50%. First failure, at the interface, was
predicted at approximately 21 MPa (3 ksi), with total failure of the composite at 56 MPa
(8.1 ksi). A relatively high yield stress was assumed for this 201-T2 matrix, and thus the
composite stress-strain response was relatively linear to failure.

Variation 2 was similar to Variation 3, but for only a 25% interface ultimate strength
degradation rather than 35%. First failure occurred at the interface, at 50 MPa (7.3 ksi),
but then spread transversely in the matrix between fibers before proceeding further around
the interface. Total failure occurred at approximately 90 MPa (13 ksi), but with a relatively
high degree of nonlinearity and strain to failure, as can be seen in Fig. 4.

In summary, a maximum normal stress failure criterion, a moderate degradation of the
fiber-matrix interface (on the order of 25%) and a mild matrix hardening, somewhere near
a T2 condition, appears to best model the present graphite/aluminum transverse tensile
data.

Longitudinal Shear

Available experimental data [7,8] for three individual Iosipescu shear tests of the unidi-
rectional graphite/aluminum composite are plotted in Fig. 5. Predicted responses for the
parametric variations listed in Table 2 are also shown.

Variations 6, 7, and 8, for the 201-T6é aluminum at increasing levels of interface degra-
dation, resulted in no failures up to 160 MPa (23 ksi), where the computer simulations were
terminated as already being above the measured shear strength of approximately 145 MPa
(21 ksi). As can be seen in Fig. 5, essentially no composite nonlinearity was predicted. The
25% interface degradation case (Variation 8) did indicate interface yield initiation at about
138 MPa (20 ksi), but no microcracking.
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FIG. 5—Correlations of the various analytically predicted longitudinal shear stress-strain
responses with available experimental data for a unidirectional graphite/ aluminum composite.
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The 35% interface degradation case (Variation 9) resulted in somewhat more severe
response. The interface began to fail at a low stress level, being completely failed at 83 MPa
(12 ksi). However, the matrix then continued to yield with no further crack propagation,
the run being terminated at 152 MPa (22 ksi).

Similar response was predicted for Variation 1. That is, the interface failed and the low
strength (annealed) matrix yielded readily, resulting in low stiffness and strength, and high
strain to failure.

Variations 2, 3, and 4 represent the T2 condition matrix. The 50% interface degradation
was too severe, causing failure during cooldown, as previously discussed. The 35% degra-
dation (Variation 3) was more reasonable, the entire matrix yielding at a low stress level,
followed by complete interface failure at about 6 MPa (9 ksi). No further matrix cracking
occurred, however, and the predicted composite yield point was too low, as shown in Fig.
5. For Variation 2 (25% degradation) the matrix yielded extensively also, being fully yielded
at about 48 MPa (7 ksi). The interface did not begin to fail until a shear stress of 97 MPa
(14 ksi) had been applied, however, at which point it rapidly failed completely. This accounts
for the relatively abrupt yield shown in Fig. 5, which correlates well with the available
experimental data. The large strains to failure indicated for the experimental data may be
exaggerated by the test method used, which did not result in abrupt failures for this material.

An octahedral shear stress failure criterion was assumed for the longitudinal shear loading
in all cases except Variation 5. A maximum principal stress criterion did not predict the
measured response well. Variation 5 was one such attempt, the response being similar to
that for Variation 6.

Insummary, a shear stress-based failure criterion, a moderate interface degradation (about
25%), and a mild matrix hardening (T2) resulted in the best correlation with the available
shear data. This is the same interface and matrix condition that was found to be most suitable
for the transverse tensile data.

Biaxial Loadings

For the present study, the three biaxial tests in the first quadrant of the loading space,
that is, the tensile-tensile loadings, were selected from Ref 8. These represented axial-to-
transverse load ratios of 2:1, 5:1, and 10:1.

Both axial and transverse stress-strain response were monitored experimentally; the trans-
verse stress-transverse strain plots are shown in Fig. 6 through 8, for the 2:1, 5:1, and 10:1
ratios, respectively. These transverse loading curves would be expected to exhibit the com-
posite material nonlinearity if it occurred. The actual experimental curves are shown in Figs.
6 and 7. For the 10:1 loading ratio of Fig. 8, the measured strains were very small and
scattered. Thus, the experimental curve is not shown. The measured transverse tensile
stresses at failure, as tabulated in Ref 8, were 73 MPa (10.6 ksi), 57 MPa (8.3 ksi), and 37
MPa (5.4 ksi) for the three load ratios, respectively. The 2:1 and 5:1 load ratio specimen
failures were identified to be transverse tensile failures, while the 10:1 load ratio specimen
failed in a combined axial tension (fiber failure) and transverse tension mode.

The predicted transverse strains were consistently greater than measured, but not exces-
sively so considering the small values involved.

The T6 matrix condition (Variations 6 through 9) again proved to be too strong. No
yielding or interface failure occurred for Variations 6 through 8 before the analysis was
terminated at applied stress levels well above the experimental values. Interface failures did
occur for Variation 9 (35% degradation), being minimal for the 2:1 ratio case, and extensive
for the 10:0 ratio case. This explains the considerable nonlinearity at the high stress level
for Variation 9 in Fig. 8. An octahedral shear stress failure criterion was used in Variations
6 through 8.
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FIG. 6—Correlations of the various analytically predicted 2:1 ratio biaxial loading transverse
tensile stress-strain responses with available experimental data for a unidirectional graphite/
aluminum composite.

GRAPHITE/ALUMINUM S:1 BIAXIAL

1% L F| T T I—f]—[ T 7T fl T T T
: 5678 4 4 ]
= L i
t EXPERIMENTAL — 10
~ DATA ~
< L /.7 - H
0
¢ I, 1§
50 _/ 2 I 8
é v 7 b—é
® 7 3 -1 5 ?
o - _
L/t i
) 1 lA i RLI L S l [ R T LJ 11 [%]
5} 1 2 3 4

STRAIN CE-@3>

FIG. 7—Correlations of the various analytically predicted 5:1 ratio biaxial loading transverse
tensile stress-strain responses with available experimental data for a unidirectional graphite/
aluminum composite.
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FIG. 8—Correlations of the various analytically predicted 10:1 ratio biaxial loading trans-
verse lensile siress-strain responses for a unidirectional graphite/ aluminum composite.

The 201 (annealed) matrix condition (Variation 1) again proved to be too weak, for all
three loading ratios, resulting in low composite stiffnesses and strengths.

As noted for the uniaxial loadings, that is, transverse tension and longitudinal shear, the
severely degraded (50%) interface, 201-T2 matrix simulation was too drastic, resulting in
failures during cooldown. At 35% degradation (Variation 3), the interface failures initiated
at low levels, spreading around the interface progressively with increasing loading, resulting
in predicted composite strengths lower than measured.

At 25% degradation (Variation 2), the failures also occurred at the fiber-matrix interface,
but did not propagate as rapidly. In fact, for the 2:1 and 5:1 loading ratios, that is, those
cases where the transverse tensile loading was a higher percentage of the axial loading, the
crack was predicted to move into the matrix before it completely isolated the fiber. The
stress levels at which failures were predicted were relatively close to those measured, for
all three biaxial loading conditions. Transverse failures were predicted, as experimentally
observed. A maximum principal stress failure criterion was used.

In summary, a maximum principal stress failure criterion, a moderate interface degradation
(25%), and a mild matrix hardening (T2) resulted in the best correlation with the experi-
mental data.

Conclusion

The present study suggests that the various parameters which influence metal matrix
composite stress-strain response and strength, for example, matrix heat treatment condition
and interface bond strength, can be modeled by a micromechanics analysis. Predicted re-
sponse is strongly influenced by the failure criterion assumed, with a normal stress-based
criterion being appropriate for cleavage failures, and a shear stress-based criterion being
most suitable for shear failures, as might be expected.

The most significant conclusion was that one combination of matrix hardening and level
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of interface strength degradation was found to best fit all of the data for the loading conditions
considered. This is as it must be, of course, if the analysis is to be significant, since the test
material was the same for all loading conditions. Likewise, the values of the parameters
used, that is, matrix material properties representative of a T2 heat treatment condition,
and a 25% interface strength reduction, were well representative of the probable properties
of the particular graphite/aluminum composite material tested, these properties not having
been measured.

The present results also indicate the potential benefit of improving the fiber-matrix in-
terface bond strength, and of achieving a higher matrix heat treatment condition.
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ABSTRACT: The reliability of a composite structure depends on the materials strength var-
iability. Unidirectional composites fail sequentially initiating from the very weakest fiber sites
with matrix binder providing local redundancy by transferring load to neighboring fibers until
cumulation and clustering of these sites lead to sever stress concentration and ultimate structure
failure. As a consequence, the variability of the metal matrix structure is traceable to the
strength variability of the constituent fiber, the metal matrix coating process, and the composite
wire consolidation process. This report focuses on the partitioning of the first two sources of
variability, identification and modeling of the dominant parameters, together with experimental
measurment on a current graphite-aluminum composite. The statistical strength of several
graphite spools are measured by testing single filament specimens at the beginning and at the
end of the spools, thereby characterizing the statistical parameters associated with the strength
variability among the spools and within each spool. The graphite-aluminum wire, produced
from continuous liquid infiltration process are tested in tension. The metal matrix composite
statistical strengths from differ spools are compared with the respective statistical strength of
the parent fiber. The results suggest that, given proper interpretation, single filament fiber

strength is a sensitive parameter for quality assurance of metal matrix composites.

KEY WORDS: statistical strength, dimensional scaling, size effect, testing methods, filament

testing, metal matrix composites, Weibull distribution

Objective

The objective of this investigation is to perform experimental and analytical studies to:

1. Understand the failure process of metal matrix composites.

2. Identify the parametric roles of the fiber and the matrix which contribute to the statistical

composite strength.

The results of this investigation will identify and quantify the attributes of metal matrix
composites especially in comparison to polymeric composites. This understanding and char-

acterization methodology discussed herein are relevant to:

(a) materials development and fabrication technology for metal matrix composites, and

(b) reliability design and quality assurance methodology for critical applications.
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Background

Current PAN-based and pitch-based graphite fibers are achieving substantial improvement
in strength largely through reduction of the fiber diameters. On the one hand, the smaller
fiber diameter limits the maximum flaw size, thereby contributing to the strength increase.
On the other hand, the smaller fiber approaches a geometrically true weakest-link-of-chain
configuration, therefore causing a concurrent increase in variability. A strength scatter of
20 to 25% is not uncommon for current graphite fibers. Ordinarily, such high variability
would render them unsuitable as an engineering structural material. However, the addition
of a matrix binder causes a dramatic reduction in scatter to around 4% (for polymeric matrix
composites).

The mechanism for the scatter reduction lies in the local structural redundancy provided
by the matrix binder resulting in a sequential failure process rather than a catastrophic failure
process. The sequential failure process is initiated by failure of weak fibers at very low load
(as low as 15% of the ultimate load).

Through the adhesion of the matrix binder, the loads carried by these weak sites are
transferred to neighboring fibers, thereby forestalling catastrophic failure of the entire com-
posite. In fact these earlier fiber failures are not detectable except by acoustic emission
detection instruments. Upon further load increase, more and more of the weak lower tail
fibers fail leading to an increase in the spatial density of the failure sites and the companion
increase in the probability of occurrence of contiguous failure sites. The contiguous fiber
failure sites give rise to stress concentrations; the most severe of which causes ultimate
catastrophic failure.

This sequential failure process caused by the micro-redundancy due to the presence of
the matrix was qualitatively noted by Rosen [/], Zweben [2], and quantitatively modeled
by Harlow and Phoenix [3,4], Phoenix and Smith [5]. The Harlow-Phoenix-Smith model
predicts a reduction of strength scatter when fibers are bonded by a matrix binder in addition
to the scatter reduction predicted by the Coleman’s bundle theory. This is experimentally
substantiated in Figs. 1a and 1b for graphite-epoxy composites. In Fig. 1la, the strength
variability of the parent gaphite fibers were obtained by tension test of single filaments and
presented in a linearized Weibull cumulative distribution function: F* = In(—In(1 - F))
versus measured specimen strengths. The linear appearance of the data in this representation
suggests a two parameter Weibull distribution model where the probability of failure is given
by

Flo) = 1 — exp{~(o/B)} @)
where
o = strength,
B = scale parameter (relatable to the mean strength), and
a = shape parameter (relatable to the variability) which is the slope in Fig. 1.

The good fit of the data to the Weibull model substantiates that the single filament fiber
strength is well approximated by a weakest-link-of-chain process. From these data repre-
sentations, we can observe (by noting the left-hand intercept of the curve with the ordinate)
that at a stress level approximately 25% of mean strength (fiber stress 5 g), the probability
of fiber failure is 10-*. This is equivalent to a failure density of one fiber per cm?® of a single
layer of lamina [typically 0.0127 cm (.005 in.) thick]; a rather startling numbers of failures
at such low stress level.

The scatter reducing effect of the matrix is demonstrated (in Fig. 1b) by the strength of
graphite/epoxy composite strands, that is, epoxy impregnated tows of the same graphite
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fiber. A dramatic reduction of variability can be observed through the slope increase (or
rotation to vertical) of the strength distribution curve. As a result of this rotation, the
probability of failure (at 25% mean stress) is reduced from 10-* to 10-%; a five orders of
magnitude improvement as a result of the microredundancy provided by the matrix.

An important practical consequence of the strength variability is the strength dependency
on the physical volume of a structure. The larger the volume, the higher the probability of
encountering a fatal flaw, therefore the lower the mean strength. It follows that the larger
the materials strength variability, the more severe the size effect. For the materials database
presented in Figs. 1; given the fiber without matrix, an increase of physical size by 10¢ (that
is, from a single layer 1 cm? lamina to 10 layer 3 m? laminate) would result in an expected
decrease of mean strength by 90%! However, with this polymeric matrix, because of the
reduction of scatter (the shape parameter o increases from 5.8 to 17.5), the expected decrease
in mean strength (for the same size increase) is 45%. Table 1 summarizes the materials
performance in the fiber form and that in the composite form with a polymeric matrix.

TABLE 1—Materials performance in the fiber form and in the composite form with a polymeric matrix.

Coefficient of

Material Scale, g Shape Mean, g Variation, %
Fiber filament AS4 17.2 5.78 16 21
Fiber + polymer AS4+ DER332/T403 16.1 17.5 15.6 7

From this comparison, it is evident that high performance fibers can be a viable structure
material only when used in conjunction with an effective matrix binder. The variability of
composite and structure reliability in strength and life has been investigated by Phoenix and
Wau [6]. The parametric roles of the statistical properties of the fiber and matrix and their
interacted contribution to the composite properties must be qualitatively assessed. We can
assess the dominating parameters through our understanding of the sequential failure pro-
cess.

1. The demand on the matrix performance is inversely proportional to fiber variability.
In the ideal limiting case where fiber strength has no variability, all fiber fail simultaneously,
and no matrix load sharing will be needed.

2. The matrix effectiveness is proportional to the ratio of matrix-strength to fiber-strength
(7../oy) so that the load sharing can be maximized.

3. Matrix effectiveness is proportional to the ratio of matrix-shear modulus to fiber mod-
ulus (G,,/E;) so that the ineffective length around the failure site can be minimized.

4. Matrix effectiveness is proportional to the ratio of matrix-ultimate strain to fiber-
ultimate strain (e,,/e;) so that stress singularity around the broken fiber will not be a cata-
strophic crack initiation site.

TABLE 2—Typical values of dominating parameters for typical polymeric and aluminum matrices.

Matrix Strength 7, Matrix Shear Modulus G,, Matrix Strain ¢,
Matrix _— _
Material Fiber Strength o Fiber Exterior Modulus E; Fiber Strain ¢
Polymer 17100 1/1000 2

Aluminum 1/50 1/5 4
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We compare the typical values of these dominating parameters for typical polymeric matrix
and aluminum matrix in Table 2.

From this comparison, we observed that aluminum matrix excels in all of the preceding
strength governing parameters. We expect that, given the same fiber, aluminum should be
more effective than polymer as a matrix binder material for high performance composites.
We report on an experimental program to investigate the attributes of graphite-aluminum
composites.

Experimental Program

The experimental program consists of selecting one spool of VSB64 pitch-base graphite
fiber. Materials properties are listed in Appendix II and fabrication details are in accordance
with standard ASTM practices. Specimens are sequentially made from the spool according
to the following sequence starting from the beginning of the spool to the end of the spool:

. Single filament fiber specimens.

Composite strand specimens with epoxy impregnation.
Composite wire specimens with aluminum impregnation.
Composite strand specimens with epoxy impregnation.
Single filament fiber specimens.

MBS

The statistical strength properties of the respective specimens were thoroughly charac-

LnC Strength (gnd >

2 2.5 3
LEDLE L L I T vV T 1TV T 177§ 1770 j T vy 1rTvv¥Vr71 v 1 "ﬁ T 1 7 17T
1
s a
-3993 F = PROB. OF FAILURE 3!
933 FX = LH(-LH(1-F) O
.90 ]
o 41
S 3
- : S
| & “ 2
- dya-t
I > 710 E
E > ]
r > ]
H > .
18-2 _E é xa'g
o :J
C SHAFE = 4.75 b
- SCALE = 19,08 gn ]
10-3 PETETOTTTS ITTTTIVIN NTPPPIN | R T I NN SN
5 € g 19 13 16 20 25 39

Strength (gn’
Graphite Filanment Intrinsic Strength (USBE&4 -~ Pitchd
Sample #1; Beginning of Spool #4245, GL=S8nn

FIG. 2a—Graphite fiber strength (force per fiber) single filament strength, specimen 1 from
beginning of spool.



BETR

a2s

24

23

22

21

2e

19

18

17

16

15

®
w
_ 4

WU AND CHOU ON STATISTICAL STRENGTH

POSTERIOR

FIG. 2b— Posterior density of the Weibull parameters o,B given data in Fig. 2a.

HIGHEST PROBABILITY DENSITY CONFIDENCE REGIONS

109

1 1 1 l i 7 ]

r_

ALPHA
FIG. 2c—Confidence contours of the Weibull parameters o,B given data in Fig. 2a.

18



110 METAL MATRIX COMPOSITES

Ln¢ Strength C(gnd )

2 2.5 3
3y rruvrrit l'l T T T 1717 17 77T rr—1 ¥ r 1 7 ¥ a7 | T ryrv 117>l
1
3333 - £ = PROB. OF FAILURE 310
<339 - Fx = LN(-LHCL-F))
.90 | ]
F 107! | 1071
- 3
[ ]
1972k J1072
F SHAPE = 5.83 5
[ SCALE = 21.75 gn _*
‘9—3 sssssdnbosonnlanan) 4 11 %81 otr arrrgriit
5 € 8 10 13 16 20 25 30

Strength (gm)

Graphite Filawent Intrinsic Strength (USBS4 - Pitch)
Sanmple #5, End of Spool #4245, GL=59nm

FIG. 3a—Graphite fiber strength (force per fiber) single filament strength, specimen 5 from
end of spool bracketing graphite/epoxy and graphite/ aluminum composites for comparison.

8.5 —

POSTERIOR

FIG. 3b— Posterior density of the Weibull parameters o, B given data in Fig. 3a.

MrleethH



WU AND CHOU ON STATISTICAL STRENGTH 111

HIGHEST PROBABILITY DENSITY CONFIDENCE REGIONS

25 T T T T T T T
24 -
23l sample *5 from end of spool ~
22 ]
21t 7
>
a ~ ™
|t -
= 20 S0 n
++1 , 7
19+ P ’ e -, Rt 7
1 ' \\ ’/ - -
! ~——- i
18k = sample *1 from beginning of spool -
NS -
17} T .
16} 7
15 ! 4 | I 1 1 1 !
2 3 4 s 6 7 8 9 1@

FIG. 3c—Confidence contours of the Weibull parameters o, given data in Fig. 3a.

terized by tension test of an adequate number of specimens with respect to the observed
scatter. That is, the number of test specimens are proportional to the variability observed.
The testing methodology for each type of specimens are described in the Appendix I. This
specimen allocation allows us to bracket the fiber strength variations within the spools so
that an unambiguous relation between the graphite fibers and their composites can be
established.

Results and Discussion

The results of the tension strength tests of each of the five specimen groups (as described
in the “Experimental Program” section) are tabulated in Appendix III. From these data
sets, we desired to examine the strength variability within the spool by comparing the strength
at the beginning of the spool (data from Specimen 1) to the strength at the end of the spool
(data from Specimen 5). If the strength variations are within the range of experimental
resolution, we may infer that the constituent fibers in the composites Specimens 2, 3, and
4 are uniform and that they are from the same population. This would provide justification
for merging data from Specimens 2 and 4 to form an unbiased representation of the graphite/
epoxy composite strength.

This merged graphite/epoxy strength can be then compared to the graphite/aluminum
strength from Specimen 3. Because of the statistical nature of the strength data such careful
bracketing is necessitated in order to provide meaningful confidence level of the inferred
conclusions.

In order to interpret the tabulated strength results we will select an appropriate statistical
model, estimate the parameters of the model given the data from the respective specimens,
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FIG. 4—Graphite fiber strength (force per fiber) single filament strength, merged specimen
1 (beginning) and specimen 5 (end) of spool, bracketing benchmark for comparing the role
of polymeric and metal matrix.

then finally compare the parameters in accordance with the strategy outline previously. The
two parameter Weibull model Eq 1 is selected to analyze the strength data. The selection
is based on the physical failure process and substantiation by former experimental experi-
ences (as described in the “Background” section). The shape a and scale B parameters for
a given data specimen are obtained using the maximum likelihood estimator (MLE) nu-
merically implemented based on the variable metric algorithm (BFGS) or the conjugated
gradient algorithm (Beale). The confidence interval of the estimated parameter given a
specimen data is calculated from Baye’s formula

(Do, B)f (. B) .
[ #Dlo, B)f(a, ) da ap

f(e, BID) =

where

f(a, BID) = posterior density given the data D,
f(D| a, B) = density of the data, and
f(a, B) is the prior density.

A flat prior f(a, B) = constant is used in all of the calculations herein.
Following the preceding procedure, the strengths of the fiber filament at the beginning
of the spool (Specimen 1) are represented under linearized Weibuil cumulative distribution
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function and presented in Fig. 2a. We note, consistent with previous discussion, the large
variation of the filament strength (indicated by o = 4.8 or approximately a coefficient of
variation of 25%). Figure 2b presents the posterior density of the parameters a, B. This
density is a measure of the confidence of the parameter estimation given the current data
set; the more peaky the density, the more confident the estimation. The equi-confidence
contours of 5, 50, 90, and 95% of the posterior density function are presented in Fig. 2c.
The interpretation of the 5% innermost contour is that the parameters measured by another
specimen of equal size will have a 5% probability of lying within this contour.

The corresponding representation of the fiber filament data at the end of the spool
(Specimen 5) are presented in Figs. 34, 3b, and 3c. The dashed curves in these figures are
transferred from (Specimen 1). Comparison of the numerical values of the shape a and
scale B parameters (and also from cursory comparison between Fig. 2 and Fig. 3) suggests
that the statistical strength of the fiber filament at the beginning and from the end of the
spool are similar. This is confirmed by the Chi-square tests which indicated that there is
over 50% probability that the two specimens are the same. It is therefore justified to merge
Specimens 1 and 5 together to represent the statistical strength of the fiber filaments as
presented in Fig. 4.

The graphite/epoxy data from Specimen 2 and Specimen 4 are interpreted in similar
manner. They are inferred to be similar, and the two data sets are merged to form one
combined data set which is presented in Fig. 5. Physically, it means that the two graphite/
epoxy specimens which bracket the graphite/aluminum specimens belong strength-wise to
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the same population. The dashed curve is transferred from the filament strength distribution
(Fig. 4).

The graphite/aluminum data {Specimen 3) is in the center of the bracket and can be
interpreted directly. The statistical strength of this graphite/aluminum composite is presented
in Fig. 6. The dashed curves are transferred from Figs. 4 and 5 for comparison.

Interpretation

We collected a carefully planned and implemented data base of the parent fiber (Fig. 4),
their graphite/epoxy composites (Fig. 5), and their aluminum composites (Fig. 6). For
quantitative comparison, the respective value of the parameters are tabulated in Table 3.

We noted that current high performance graphite fibers have a natural high scatter and
will have unavoidable early failures. This is observed and presented in Fig. 4. According to
the physical failure process of composites, the role of the matrix binder is understood to
provide local microredundancy around the early weak fiber failure sites. From Fig. 5, we
note, consistent with the failure process, the epoxy matrix leads to a dramatic reduction of
the scatter (o = 23.5 or a coefficient of variation of 5%).

From consideration of the parametric roles of stiffness, strength, and ultimate strain
capacity, we surmise that aluminum could be a superior matrix material in comparison to
polymeric matrix. The higher stiffness of aluminum minimizes the zone of load sharing (the
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TABLE 3-—Respective values of the polymers.

Coefficent of

Materials Scale, B (g) Shape, a Mean, p (g) Variation, cv
Fiber filament 20.4 4.6 19 26
Graphite/epoxy 19.4 23.5 18 S
Graphite/aluminum 21.0 393 21 3

ineffective length). The higher strength maximizes the magnitude of load sharing. The higher
ultimate strain capacity increases the fracture toughness around the stress singularity of
broken fiber end. Figure 6 confirms that aluminum leads to an even greater reduction of
scatter (@ = 39.3 or coefficient of variation of 3%).

Conclusions and Recommendations

This investigation identified and quantified the role of aluminum matrix in reducing
strength scatter. This attribute of metal matrix is not generally recognized. It is of great
practical importance in reducing strength dependence on the size (or volume) of a structure.
A shape parameter change from 20 to 40 will result in a minimization of strength reduction
by 250%. In other words, it is feasible to build large graphite aluminum structures with high
structural efficiency (higher stress) and high reliability.

The results of this investigation suggest additional explorations in the following areas:

1. Strength size effect.
2. Stress singularity around broken fiber tip in the presence of matrix with plasticity.
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APPENDIX 1

Experimental Method of Graphite-aluminum Tension Test

This appendix describes the experimental methods for measuring the tensile strength of
graphite-aluminum composites. The specimen configuration considered herein is that of a
strand (wire) which is a matrix impregnated tow of graphite fibers. Specifically in this
investigation, the matrix is 6061 aluminum and the tow consists of 1000 fiber ends. The
constituent properties of the fiber and the matrix are listed in Appendix II. The composite
wire is nominally straight as fabricated, and multiple wires can be consolidated into tapes
which can in turn be consolidated into laminae, then laminates, finally, the end structure.
Hence, the composite wire may be considered as the primary building block for graphite
aluminum structures. A proper characterization of the strength properties of the wire is the
basis for quantitatively assessing material process development and ultimately for predicting
the strength and reliability of the end composite structure. For such purposes, the pertinent
strength properties include: the mean, the variability, and the strength dependency on the
size (volume) of the specimen.

Tensile Strength Properties Are Measured in This Investigation

Tension testing of composites is simple in concept but difficult in experimental imple-
mentation. In tension testing of homogeneous material, a specimen configuration of reduced
cross section within the gage length (the “dog-bone” configuration) can be used to reduce
the stress in the gripping region and to assure a uniform tension state of stress within the
gage section. As a result, evaluation of each individual test datum is straightforward. Those
with failure sites within the gage length are valid tests, and any strength variation within
the valid test can be accepted as the characteristic of the material. Those with failure sites
outside the gage length can be discarded with assurance that the underlying materials char-
acteristic will not be biased.

However, for heterogeneous composites, the reduced cross-section solution is not always
applicable. In fiber reinforced composites, the stiff fibers carry the primary portion of the
load, and the transfer of the gripping force (which is in shear) to the interior fibers depends
on the shear transfer ability of the matrix. The complex state of stress in the grip area
increases the likelihood of failure in the grip vicinity therefore does not provide the rep-
resentative strength value. On the other hand, identification and censoring of these specimens
are not straightforward. For a specimen of slender configuration under tension, propagation
of stress wave initiated from the failure site causes multiple secondary failures sites breaking
the specimen into many segments rendering the identification of the original failure site
exceeding difficult and uncertain. In this investigation, we developed experimental meth-
ods to:

1. Increase the shear transfer capacity of the adhesive between the grip and the specimen.

2. Increase the shear transfer capacity of the matrix in the neighborhood of the grip.

3. Protect the specimen from fragmentation by the failure initiated stress wave, thereby
allowing positive identification whether failure initiated around the grip vicinity and
unambiguously accept or censor a specific test datum.

Gripping Method of Composite Wire Specimen

Conventional method of load introduction by adhesive bonding of the specimen to a tab
has two limitations. The first limitation is that there exist a high shear stress concentration
where the tab terminates toward the gage section, this lead to adhesive failure and loss of
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definition of the gage dimension. The second limitation is that the applied tension from the
testing machine is transferred through shear of the adhesive into the specimen which in turn
transfers via shear of the matrix into tensile load of the fiber. The shear stress is maximum
at the bonding adhesive and decreases to zero at the interior center of the specimen. This
nonuniform stress distribution gives rise to a tension peeling stress at the edge of the tab
and specimen interface. Such peeling tension stress is known to severely reduce the adhesive
strength.

To overcome these limitations, we developed a tubular tab to fully enclose the wire. The
tubular tab is made of thin-walled copper tubing with an internal diameter to give nominal
0.01 mm (.004 in.) diametrical clearance with the wire. Prior to bonding to the specimen
the copper tube is annealed and de-scaled in an acid bath. Graphite/aluminum wire spec-
imens are cut to length with diameters and the weight measured and recorded. Appropriate
fixtures are designed to assure the concentric alignment of the tubular tab and the wire
specimen at the proper gage location. An anaerobic adhesive is injected into the space
between the tubular tab and specimen and allowed to set. Specimens are now ready for
tension testing.

For measuring the intrinsic strength (that is, the short time static strength) of the composite
wire, chucks (commercially available for jeweler’s lathe) are mounted to a universal tension
testing machine with precision alignment to minimize any bending. Special jaws are sized
for tubular tab such that when the jaws are fully tightened in the chuck, the tubular tabs
are subjected to a 1.5% diametrical strain. Since the jaw reduces tab diameter uniformly,
a state of hydrostatic compression strain is applied to the specimen and adhesive in the
bonding region. This state of hydrostatic strain is retained by the strain hardening action of
the copper tubing. This hydrostatic strain provides two important functions:

1. The hydrostatic stress simultaneously cancels the tension peel stress and increases the
strength of the adhesive.

2. The hydrostatic stress is uniformly transferred to the composite and increases the shear
strength of the matrix.

The combination of these two functions leads to minimization of failure in the grip vicinity
to less than 5% of the specimens tested.

APPENDIX II

Constituent Properties of Fiber and Matrix

Fiber Properties
Manufacturer Union Carbide Corporation
Type Pitch Based Graphite (VSB-64)
Modulus E; 55 Msi
Diameter 10 pm
Density 0.072 Ib/in.3
Bundle (tow) 1000
Matrix Properties
Aluminum
Type 6061-F condition, T-4 estimated
Modulus E,, 10 Msi (69 GPa)
Shear Modulus G, 3.8 Msi (26 GPa)
Yield 7y 27 ksi (0.19 GPa) estimated

Fiber volume V; 46% (nominal)
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Appendix II—Continued.

Epoxy
Type DER-332/T403¢
Modulus E, 0.48 Msi (3.3 GPa)
Shear Modulus G,, 0.16 Msi (1.1 GPa)
Yield 7y 11.5 ksi (0.079 GPa) estimated
Fiber volume V, 55% (nominal)

¢ A bisphenol-A-based epoxy resin (Dow Chemical: DER-332) cured with an aliphatic polyether
triamine (Jefferson Chemical: Jeffamine T403). The stoichiometric ratio of resin to curing agent is 55/
45 by weight, cured at 60°C for 16 h.

APPENDIX III

Tabulation of Ordered Tensile Strength of Specimens 1, 2, 3, 4, and 5

Graphite filament intrinsic strength (VSB64-pitch) Specimen 1, beginning of Spool 4245, GL = 50 mm.

No. Strength, g Code No. Strength, g Code
1 7.680 1. 26 18.170 1.
2 7.700 1. 27 18.230 1.
3 8.340 1. 28 18.360 1.
4 9.490 1. 29 18.940 1.
5 12.440 1. 30 19.120 1.
6 12.540 1. 31 19.200 1.
7 12.950 1. 32 19.200 1.
8 14.080 1. 33 19.370 1.
9 14.110 1. 34 19.500 1.

10 14.330 1. 35 19.960 1.
11 14.590 1. 36 20.220 1.
12 14.630 1. 37 20.450 1.
13 14.950 1. 38 20.480 1.
14 15.360 1. 39 20.480 1.
15 15.400 1. 40 20.540 1.
16 15.650 1. 41 20.730 1.
17 15.910 1. 42 20.790 1.
18 16.290 1. 43 21.250 1.
19 16.350 1. 44 22.000 1.
20 16.680 1. 45 23.740 1.
21 16.930 1. 46 24.380 1.

22 17.020 1. 47 24.580 1.

23 17.060 1. 48 24.640 1.

24 17.150 1. 49 26.490 1.

25 17.660 1.

NoTE—
Two-parameter Weibull distribution maximum likelihood estimates.
Shape parameter = 4.7458.
Scale parameter = 19.0846 g.
49th root of maximum likelihood function = 0.0577.
0-points progressively censored.



WU AND CHOU ON STATISTICAL STRENGTH 119

Graphitelepoxy intrinsic strength (VSB64-DER332/T403) Specimen 2, beginning of Spool 4245,
GL

= 200 mm.

No. Strength, kg Code No. Strength, kg Code
1 17.300 4, 8 19.530 4,
2 17.470 4. 9 19.650 4.
3 17.840 4. 10 19.690 4,
4 19.080 4, 11 20.190 4.
5 19.260 4. 12 20.190 4.
6 19.390 4. 13 20.290 4.
7 19.400 4.

NoTE—

Two-parameter Weibull distribution maximum likelihood estimates.
Shape parameter = 27.3933,

Scale parameter = 19.5971 kg.

13th root of maximum likelihood function = 0.2797.

0-points progressively censored.

Graphitelaluminum intrinsic strength (VSB64-6061) Specimen 3, middle of Spool 4245, GL = 200 mm.

No. Strength, kg Code No. Strength, kg Code
1 19.120 8. 26 20.800 8.
2 19.180 8. 27 20.810 8.
3 19.430 8. 28 20.860 8.
4 19.460 8. 29 20.890 8.
5 19.480 8. 30 20.930 8.
6 19.500 8. 31 20.970 8.
7 19.700 8. 32 20.990 8.
8 20.020 8. 33 21.070 8.
9 20.060 8. 34 21.080 8.

10 20.160 8. 35 21.100 8.
11 20.180 8. 36 21.100 8.
12 20.310 8. 37 21.180 8.
13 20.460 8. 38 21.210 8.
14 20.520 8. 39 21.300 8.
15 20.530 8. 40 21.320 8.
16 20.550 8. 41 21.360 8.
17 20.570 8. 42 21.370 8.
18 20.600 8. 43 21.390 8.
19 20.640 8. 44 21.390 8.
20 20.670 8. 45 21.430 8.
21 20.710 8. 46 21.440 8.
22 20.720 8. 47 21.530 8.
23 20.730 8. 48 21.710 8.
24 20.740 8. 49 21.810 8.
25 20.770 8.

NoOTE—
Two-parameter Weibull distribution maximum likelihood estimates.
Shape parameter = 39.2892.
Scale parameter = 20.9907 kg.
49th root of maximum likelihood function = 0.3890.
0-points progressively censored.
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Graphitelepoxy intrinsic strength (VSB64-DER332/T403) Specimen 4, end of Spool 4245,

GL = 200 mm.

No. Strength, kg Code No. Strength, kg Code
1 16.780 5. 7 18.930 5.
2 16.850 5. 8 19.120 5.
3 17.490 5. 9 19.150 5.
4 17.830 5. 10 19.560 5.
5 18.660 5. 11 19.640 5.
6 18.820 5. 12 20.060 5.

NOTE—

Two-parameter Weibull distribution maximum likelihood estimates.
Shape parameter = 22.3987.

Scale parameter = 19.0453 kg.

12th root of maximum likelihood function = 0.2445.

0-points progressively censored.

Graphite filament intrinsic strength (VSB64-pitch) Specimen 5, end of Spool 4245, GL = 50 mm.

No. Strength, g Code No. Strength, g Code
1 12.280 9. 26 20.180 9.
2 12.800 9. 27 20.220 9.
3 13.440 9. 28 20.480 9.
4 13.570 9. 29 20.730 9.
5 14.870 9. 30 20.860 9.
6 15.870 9. 31 21.000 9.
7 16.040 9. 32 21.000 9.
8 16.290 9. 33 21.050 9.
9 16.640 9. 34 21.180 9.

10 16.680 9. 35 21.500 9.
11 16.890 9. 36 21.500 9.
12 16.930 9. 37 22.460 9.
13 17.150 9. 38 23.040 9.
14 17.150 9. 39 23.480 9.
15 17.150 9. 40 23.480 9.
16 17.570 9. 41 23.740 9.
17 17.610 9. 42 25.080 9.
18 17.650 9. 43 25.400 9.
19 17.700 9. 44 26.620 9.
20 18.480 9. 45 27.130 9.
21 18.610 9. 46 27.210 9.
22 18.680 9. 47 27.460 9.
23 18.860 9. 48 28.160 9.
24 18.990 9. 49 30.540 9.
25 19.890 9.
NOTE—

Two-parameter Weibull distribution maximum likelihood estimates.
Shape parameter = 5.0262.

Scale parameter = 21.7505 g.

49th root of maximum likelihood function = 0.0558.

0-points progressively censored.
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ABSTRACT: This paper describes a study performed to experimentally investigate the con-
stitutive behavior of silicon carbide whisker reinforced aluminum and to provide data for a
companion material modelling study. The experimental program included measurement of
material stress-strain curves, assessment of the acoustic emission response of the material, and
examination of the material failure surfaces.

The results of the mechanical tests showed that as the whisker content increases, stiffness,
strength, and rate of strain hardening increases, whereas the strain to failure decreases. Changes
in the extrusion ratio have little effect upon the composite properties although the extruded
bulk aluminum was significantly different from commercial aluminum alloy 6061-T6. The
acoustic emission results showed that the failure modes of the composites and unreinforced
materials were similar. The scanning electron microscopy results showed that failure of the
materials was due to microyielding within the aluminum. Therefore, the composite failure is
believed to be caused by matrix plasticity and whisker pullout.

KEY WORDS: metal matrix composites, silicon carbide whiskers, aluminum matrix, me-
chanical properties, acoustic emissions, failure modes, stiffness, strength, strain to failure,
strain hardening

Recent advances in the field of metal matrix composites have made short fiber reinforced
materials, such as silicon carbide/aluminum (SiC/Al), structurally very attractive. The ad-
dition of the SiC whiskers to the aluminum matrix results in a material that is significantly
stiffer and stronger than homogeneous aluminum. Furthermore, the fact that the reinforce-
ment is in the form of whiskers allows the composite to be formed, machined, and handled
very much like a conventional metal. Because of these characteristics, whisker reinforced
metals are being investigated for applications which range from deep submergence structures
to satellite components.

The structural properties of a whisker reinforced composite depend most strongly upon
factors such as the matrix material properties, whisker volume fraction, aspect ratio and
orientation, and whisker material properties. In order to better understand the effects of
these parameters upon the composite behavior, a combined experimental and theoretical
study was undertaken. This paper describes an experimental study in which the mechanical
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behavior, acoustic emissions, and fracture surfaces of SiC/Al composites with different
reinforcement volume fractions and extrusion ratios were investigated. A companion paper
describes a theoretical study in which the stress-strain behavior of the composites was
computed based upon the material properties of the constituents and correlated with the
experimental results [/].

Experimental Procedure
Material and Specimen Preparation

The material tested in this program was 6061 aluminum reinforced with SiC whiskers.
The composite materials were fabricated as described in Ref 2 by first blending the proper
volume fraction of SiC whiskers with a powdered aluminum matrix. The blends are vacuum
hot-pressured into cylindrical billets which are assumed to contain a random and homoge-
neous dispersion of whiskers. The billets are then extruded at ratios of 5:1 and 10:1 into
long cylindrical rods which are subsequently machined into test specimens.

Specimens of three different volume fractions were tested: 0, 15, and 25%, randomly
oriented and having an extrusion ratio of 10:1. Specimens with 25% by volume (V/O) were
also manufactured with an extrusion ratio of 5:1. Two types of specimens were manufactured
and machined: cylindrical tension specimens with a gage length of 44 mm (1.75 in.) and a
diameter of 4.05 mm (0.16 in.); and compression specimens 38 mm (1.50 in.) long and 7.87
mm (0.31 in.) in diameter. In order to determine the effect of fabrication on the mechanical
properties of the aluminum matrix, commercial aluminum 6061-T6 was also tested. The data
obtained with the commercial aluminum alloy were compared with those obtained with
extruded aluminum, V/O = 0%. The specimen designation in the figures of this paper
consists of five digits. The first three digits indicate the supplier’s code number, the fourth
identifies the specimen number within each lot and the fifth identifies the type of test, that
is, T for tension, C for compression. The letters XCT identify the commercial aluminum
alloy.

Mechanical Test Program

Quasi-static uniaxial tension test and compressive tests were performed on a closed loop
servohydraulic Instron testing machine (Model 1331). Specimens were loaded under stroke
control mode at a rate of 0.07 mm/min (0.003 in./min). Each tension specimen was instru-
mented with an extensometer (1.0 in. gage length, 25.4 mm) to obtain the global stress-
strain curves. A selected number of tension specimens were strain-gaged to obtain the local
stress-strain curves and to ensure that the extensometer data were reliable. Two gages (Micro-
Measurements EA06-031DE-120) were applied along opposite sides of the specimens to
minimize the effect of bending and to ensure axiality of loading. The compression specimens
with the original length-to-diameter ratio (L/D = 4.8) experienced significant buckling, and,
although buckling occurred much beyond the elastic region, no reliable ultimate strength
data could be obtained. Therefore, most of the specimens were first machined into two L/
D ratios. The group of specimens with the higher ratio (L/D = 2.0) was tested for stiffness,
while the group of the lower ratio (L/D = 1.0) were not instrumented and were only tested
for ultimate strength. All specimens of L/D = 2.0 were instrumented with two strain gages
(Micro-Measurements EA06-031DE-120) to ensure loading axiality and to compensate for
bending during initial loading. Selected specimens of L/D = 4.8 were instrumented with
an extensometer for comparison with the results obtained using strain gages on the short
L/D ratio specimens. A total of 48 mechanical tests were performed, 21 tension and 28
compression tests. For all specimens tested, initial stiffness, stress-strain curves, and strength
data were recorded.
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Test results were recorded on X-Y-Y recorders to monitor the test progression in real
time. The testing system was also interfaced with a data acquisition system (PDP 1103 Model
MINC-11 of Digital Equipment Corporation). Post-test analyses provided complete load-
displacement curves, stress-strain curves, and mechanical properties such as strength and
stiffness. Printouts of stress-strain data in tabular form were also obtained.

Failure Modes and Damage Progression

For a selected number of specimens subjected to tensile loading, fracture surfaces were
examined through the scanning electron microscope (SEM). The purpose of these exami-
nations was to evaluate the fabrication quality of the specimen material and to examine the
dominant microfailure mechanisms.

For a few specimens photomicrographs were prepared to evaluate the void content. Energy
dispersion analysis of X-ray, using Phillips SEM 500 Model with ECON (energy dispersion
analysis of carbon, oxygen, and nitrogen), and element analysis of the fracture surfaces were
performed in order to determine whisker/matrix bonding quality and for qualitative eval-
uation of the whisker volume fraction, respectively.

Damage initiation and progression under tensile loading was monitored via acoustic emis-
sion (AE) as well. Due to the limitation in specimen length, a single transducer was utilized.
This is not considered to be the optimum instrumentation for monitoring AE since the use
of two transducers enables more accurate detection of damage initiation, location of existing
damage, tracking damage progression, and identification of potential fracture sites, and also
allows for spatial filtering to eliminate unwanted emission generated from the grips. There-
fore, the AE results obtained in this study are to be considered as preliminary.

It should be noted, however, that preliminary tests conducted using two transducers with
sufficiently long specimens indicated that relatively little emission has been generated from
the grips. Therefore, the test results are considered to be quite reliable for the purpose of
assessing the applicability of AE as a nondestructive testing technique for monitoring damage
initiation and progression in the subject material.

For all specimens tested in this program, acoustic emission was monitored using Dunegan/
Endevco 3000 series AE instrumentation. The most pertinent operating parameters are:
Transducer Type $9204, system threshold level of 1V, fixed gain of 40 dB preamplifier, post-
amplifier gain control of 40 dB, dead time = 3 ms and envelope = 10 ms. To ensure a
good contact area between the specimen’s round surface and the flat surface of the trans-
ducer, a waveguide has been used, in which a groove has been machined to match the
surface of the specimen. Acoustic emission results include events, counts and count rate as
a function of load, and amplitude distribution histograms of events.

Experimental Results
Stiffness and Strength

The experimental results on initial stiffness and strength for all specimens are summarized
in Table 1. Clearly, increasing whisker volume fraction strongly affects both initial stiffness
and strength. However, very little, if any effect of extrusion ratio has been noticed on either
mechanical property.

The significant effect of reinforcement on both stiffness and strength can be best seen by
comparing the results for the 25% reinforced aluminum and commercially available alu-
minum alloy, for example, 6061-T6. Such a comparison indicates that the combination of
fabrication procedure and whisker reinforcement significantly increases both stiffness and
strength over that of commercial aluminum alloy, Table 2.
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TABLE 2—Effect of SiC whisker reinforcement on stiffness and strength.

Aluminum
Volume Fraction 6061-T6 0%* 15% 25%
TENSION
Percent increase in stiffness 4 47 83
Percent increase in strength 25 51 80
COMPRESSION
Percent increase in stiffness 7 37 75

¢ Aluminum fabricated according to the same procedure as the SiC/Al composites.

The effect of fabrication procedure alone on the matrix properties is seen in the comparison
between data obtained from specimens of 0% V/O (extruded specimens) and those obtained
for commercial aluminum alloy 6061-T6. The extruded specimens have approximately the
same stiffness as the commercial alloy under both tension and compression, as expected.
However, the extruded specimen has a much higher tensile strength, by about 25%, than
the commercial aluminum alloy. The data for the extruded specimens are most comparable
to those listed in Alcoa handbooks for solution heat treated, artificially aged, and then cold
worked, that is, T9 condition, and are significantly higher than those obtained for the T6
conditions. It should be noted that no compressive strength data could be obtained for the
commercial or extruded specimens since neither failure nor drop in the stress-strain curve
was obtained up to a strain level beyond 50%, at which stage the test was terminated.

Stress-Strain Curves

Stress-strain curves for all five material systems tested having different whisker volume
fractions (V/0O) and extrusion ratios (ER) were measured and examined. The stress-strain
curves for different material systems were compared to investigate the effects of whisker
volume fraction, extrusion ratio, fabrication procedure, and tensile versus compressive load-
ing upon the mechanical behavior of the composites. Representative stress-strain curves are
shown in Figs. 1-7 obtained under tension and compression. The results shown in these
figures were selected to reflect average rather than extreme values. The applied stress was
determined based on the original cross section of the specimens. Generally, there was very
little scatter in the results for a given material system.

In order to compare the effect of whisker volume fraction on the overall stress-strain
curves, representative results are plotted in Fig. 1. Results indicate that whisker volume
fraction significantly affects initial stiffness and strength of the subject material, both of
which increase with higher whisker volume fraction. Increasing the whisker volume fraction
also increases the strain hardening rate. The percent of elongation to failure, however,
decreases with increasing whisker volume fraction, as expected. Actual elongation to failure
could not be accurately determined since several specimens failed outside the extensometer
gage length. However, the presence of the SiC whiskers does significantly limit the global
deformation of the composite to failure.

The effect of extrusion ratio on the mechanical properties of the composite were studied
as well, Fig. 2. Stiffness, strength, rate of strain hardening, and deformation to failure are
practically not affected by the extrusion ratio.

The effect of fabrication procedure on the mechanical properties of the aluminum matrix
is shown in Fig. 3. A specimen of commercially available aluminum alloy 6061-T6 and a
specimen fabricated according to the same procedure as the composite but without the SiC
whiskers were both tested. The comparison between the stress-strain curves of the two
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specimens, Fig. 3, indicates that while the stiffness is similar, the strength of the extruded
aluminum is higher by about 25%. Consequently, the effect of the fabrication of the com-
posite on the mechanical properties of the aluminum should be taken into account in ana-
lyzing the performance of the composite.

Representative stress-strain curves obtained for all five material systems tested under
compression are shown in Fig. 4, indicating the effects of whisker volume fraction, fabrication
procedure, and extrusion ratio. From the results it could be concluded that whisker volume
fraction significantly affects initial stiffness as well as strain-hardening rate. The comparison
between the stress-strain curves of the commercially available aluminum alloy 6061-T6 and
the extruded aluminum (V/O = 0%) indicates a relatively small effect on ultimate strength,
and very little, if any effect on initial stiffness. The effect of extrusion ratio on the mechanical
properties, namely, stiffness, strength, rate of strain-hardening, and the overall stress-strain
curve is marginal.

Each curve shown in Fig. 4 is the average of the two curves obtained from the two strain
gages which were mounted on opposite sides of the specimen. Typical stress-strain curves
obtained from both strain gages are shown in Fig. 5 indicating some degree of bending.
However, the average curve, used for comparison among the different material systems,
was identical to that obtained with the extensometer. In the case of the tension tests a
perfectly uniaxial loading was achieved, Fig. 6.

A comparison between the stress-strain curves obtained under tensile and compressive
loading for one of the five material systems is shown in Fig. 7. These depict a representative
result for the 15 V/O, 10:1 ER material system. It should be recalled here that the tensile
stress-strain curves were obtained with an extensometer, while the specimens loaded under
compression were instrumented with strain gages. Although a comparison of tension versus
compression is shown for only one composite, the same comparison for the other four
material systems resulted in very similar trends. For each material system, the stress-strain
curves under both loading conditions are similar in stiffness and rate of strain-hardening,
although the compressive yield strength is slightly higher than that recorded under tension,
Figs. 1 and 4. The increased compressive yield strength may be due to a higher matrix
compressive yield strength, residual thermal stresses caused by the differential thermal
expansion of the whiskers and matrix, or a combination of both effects.

Acoustic Emission

Damage initiation and progression during tensile loading has been monitored through
acoustic emission (AE) for a selected number of specimens. The correlation between the
deformation characteristics and the AE results can be best seen in Fig. 8, indicating that
emission initiates approximately when yielding occurs. Thus, for the extruded aluminum
(V/O = 0%), emission initiation load is approximately 90% of ultimate load, while for all
three other reinforced systems, emission initiates at load levels which are approximately
65% of ultimate load. Some random emission occurred at much lower load levels; however,
it seems that this can be attributed primarily to grip noise during the initial loading, which
cannot be filtered when a single transducer is used.

Events as a function of load accumulated during the entire loading to failure for all four
material systems are shown in Figs. 9 and 10, which depict representative results from each
of the material systems studied. The results, which were highly reproducible, show that the
larger the volume fraction, the lower the slope of the events-versus-load curves. This is in
agreement with the characteristic stress-strain curves recorded for the four material systems,
Figs. 1 and 2, that is, the higher the rate of strain hardening, the lower the slope of the
event versus load. Thus, the effect of fiber volume fraction on the acoustic emission results
in quite noticeable. The extrusion ratio has little if any effect on the AE results, Figs. 8 and
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SPEC. v/0 STRENGTH EVENTS
NO. [MPa]
207/2/T 25% 594.6 469
-~ - = 210/2/T 15% 491.2 338
------- 209/1/T 0% 430.9 172
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FIG. 9—Accumulative events as a function of load for SiC/Al with different fiber volume
fraction, subjected to tensile loading.

10, and this is expected recalling that both extrusion ratios resulted in similar rates of strain
hardening, Fig. 2.

From the results shown in Figs. 9 and 10 it could be concluded that the total number of
events is higher for the stronger specimens, as expected. In particular, the total number of
events accumulated through the loading to failure is much higher for the reinforced specimens
than it is for the unreinforced extruded specimens. Within each material system, however,
due to the small scatter in strength, such a correlation could not be found.

Determination of the major failure mechanisms using acoustic emission can be based upon
a variety of AE source intensity signatures, such as events amplitude, duration, energy,
counts per events, frequency spectrum, etc. In this study, emphasis has been placed on
analyzing the amplitude distribution histogram of events, which is the most commonly used,
to determine the potential of the AE technique in determining the dominant failure mech-
anisms. It is assumed that high amplitude events correspond to whisker fracture, while lower
amplitude events correspond to matrix inelastic deformation and whisker-matrix interfacial
failure. Although there is some evidence for this distinction, relatively little work on metal
matrix composites is available in the literature.
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SPEC. E.R. STRENGTH EVENTS
NO. {MPa]

—— 207/2/T 10:1 594.6 469
- - =219/2/T 5:1 586.5 308

V/0 = 25%

400

EVENTS

300 —

200 [~

100 [~

LOAD [KN]

FIG. 10—Accumulative events as a function of load for SiC/Al with different extrusion
ratios (V/O = 25%), subjected to tensile loading.

Amplitude distribution histograms of events for all four material systems (excluding the
commercial aluminum) accumulated during the entire load to failure are shown in Fig. 11.
Most of the histograms have a peak amplitude in the range of 40 to 60 dB. Very few events
have higher amplitude, and these occurred as the load approached its ultimate value. It is
assumed, therefore, that most of the emission is generated either by plastic deformation or
whisker-matrix interfacial failure, or a combination of these, since only limited fiber breakage
is expected to occur. Since all four material systems yielded similar amplitude distributions
(including the 0% V/O specimens) it can be concluded from the AE results that neither
whisker breakage nor significant whisker-matrix interfacial failure occurred. This observation
has been confirmed by examination of the fracture surface morphologies, which will be
discussed in the next section.

The results obtained from monitoring acoustic emission are obviously not conclusive,
primarily due to limitations imposed by specimen length. However, they do offer a general
indication of the potential of acoustic emission as a nondestructive test technique to monitor
damage initiation and progression, and determine major failure mechanisms, all in real time
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The results obtained in this study are promising since they do correlate with the deformation
characteristics of the subject material.

Failure Modes

A selected number of specimens subjected to tensile loading have been examined under
the scanning electron microscope (SEM). An overall view of the fracture surfaces of five
specimens representing the five materials systems is shown in Fig. 12. The commercial
aluminum alloy 6061-T6 exhibits the typical cup-and-cone ductile failure which is associated
with significant yielding and necking at the fracture site, Fig. 12a. On the other hand, the
extruded aluminum (V/O = 0%) specimen has an inclined fracture surface, typical to shear
failure observed in high strength aluminum alloys, Fig. 12b. The amount of yielding and
necking in this specimen is much more limited. All three reinforced composite specimens
also exhibit some amount of ductility; however, it is significantly more limited, which con-
firms the stress-strain diagrams, that is, the higher the volume fraction, the more limited is
the amount of ductility. For example, the fracture surface of the 15% V/O specimen, Fig.
12¢, exhibits higher ductility than the 25% V/O specimen, Fig. 12d, while the effect of the
extrusion ratio is not noticeable, Fig. 12e.

Details of the fracture surfaces of the commercial aluminum and the three reinforced
systems are shown in Fig. 13. The fracture surface of the commercial aluminum alloy 6061-
T6, Fig. 13a, indicates a very large amount of microvoid coalescence with relatively large
dimples, all typical to the microyielding associated with failure of the aluminum 6061 system.
Fracture surface morphologies of the three composite systems tested are shown in Figs. 13b
through 134 all of which exhibit largely intergranular failure, as was expected considering
the manufacturing procedure of the composite. All three specimens also exhibit local yielding
and microvoid coalescence; however, the main feature consists of fine equiaxial dimples.
The whiskers shown in these figures generally seem to be randomly oriented; however, no
precise evaluation of preferred directionality is possible and additional examinations are
warranted. Very little fiber pullout is observed, for example, Fig. 13d, and it seems that
very little interfacial failure occurred.

In order to obtain a better view of the fracture surfaces and better characterize the different
modes of failure, stereo (three dimensional) views of the fracture surfaces were prepared.
The pairs of photographs were obtained by rotating the specimens by three degrees. Viewing
the two resulting photographs through the stereo viewer clearly revealed the details of these
dimples, that is, shape, depth, and orientation, as well as the amount and length of fiber
pullout, quality of whisker/matrix bonding, etc. Careful examination of the fracture surfaces
indicates little effect of fiber volume fraction and extrusion ratio on the fracture surface
morphologies of the reinforced systems. These examinations also indicate good bonding
between the aluminum matrix and whiskers. In order to more accurately determine the
quality of bonding between the whiskers and the aluminum matrix, an element mapping of
the whisker surface has been performed using energy dispersion analysis of X-ray. Traces
of both aluminum and silicon were detected throughout the entire area under examination.
Consequently, the results were not considered sufficiently conclusive. However, the results
of the SEM suggest the presence of aluminum on the whisker surfaces. A general element
analysis of specimen cross sections has been performed as well, resulting in a relative average
of the percentages by weight of the elements detected on the fracture surface. The com-
parison among the different specimens indicated that the whisker volume fraction was very
close to that reported by the supplier.

In order to qualitatively determine the whisker uniformity and the void content, photo-
micrographs were prepared for cross sections of all five material systems, both perpendicular
and parallel to the axis of symmetry of the specimens (that is, the extrusion direction).
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(c) V/O=15%, E.R.=10:1 (d) V/0=25%, E.R.=10:1

(e) V/0O=25%, E.R=5:1

FIG. 12—Scanning electron micrographs of aluminum and SiC/ Al composites subjected to
tensile loading, showing general views of the fracture surfaces.
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(a) Com’l 6061-T6 Alum.
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FIG. 13—Scanning electron micrographs of aluminum and SiC/ Al composites subjected to

tensile loading, showing details of fracture surfaces.



142 METAL MATRIX COMPOSITES

These photomicrographs indicated that the SiC whiskers are bundled together. In other
words, a clear distinction between whisker-rich and whisker-poor areas can be made.

Very few voids were observed throughout the cross sections and the features of the
microstructure were very similar within each cross section. Most of the larger voids were
located in the whisker-rich areas. The voids were quite equiaxial; however, they were
significantly distended along the extrusion direction, as expected. Generally, very few voids
could be found in the reinforced materials.

Conclusions

The mechanical properties of whisker reinforced SiC/Al subjected to uniaxial tensile and
compressive loading can be summarized as follows:

1. Fiber volume fraction strongly affects stiffness, strength, rate of strain hardening, and
ultimate strain, as expected. This effect is more pronounced in the case of tensile loading.

2. The extrusion ratios studied (5:1 versus 10:1) have little if any effect on the stress-
strain behavior.

3. However, the 10:1 extruded aluminum, designated 6061-T6, is stronger than the com-
mercial aluminum 6061-T6. Therefore, the fabrication process alters the in situ aluminum
matrix properties.

4. The subject material appears to have equal stiffness in tension and compression. The
recorded compressive strengths are, however, somewhat higher than the tensile strengths,
which is probably related to the higher matrix compressive strength or to residual stresses
in the matrix.

5. A qualitative correlation between the acoustic emission results and the deformation
characteristics could be established.

6. The amplitude distribution histograms of events, recorded for the reinforced and un-
reinforced materials, are similar. It could be concluded therefore, that the dominant mode
of failure is matrix plasticity and whisker pullout. There is no evidence that whisker failure
governs failure of the composite, although additional studies on this issue are warranted.

7. Examinations of the fracture surface morphologies of all material systems reveal a
significant amount of microyielding, manifested by the microvoid coalescence. Good whis-
ker-matrix bonding has been observed in all fracture surfaces examined. The degree to which
the composite fracture surface appears brittle, on the macroscale, could be qualitatively
correlated with the recorded stress-strain behavior.
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ABSTRACT: This paper describes an analytical modeling effort designed to study the stress-
strain behavior of silicon carbide whisker reinforced aluminum. The objective of the study
was to develop an approximate method for predicting the stress-strain response of whisker
reinforced metals as a function of constituent properties, whisker geometry, volume fraction,
and extrusion ratio. The study utilized experimental results (described in a companion paper)
for qualitative understanding of the material behavior and quantitative data correlations with
the model.

KEY WORDS: metal matrix, silicon carbide, analytical model, extrusion, stress-strain be-
havior, plasticity

Recent advances in the field of metal matrix composites have made short-fiber reinforced
materials, such as silicon carbide/aluminum (SiC/Al), very attractive as structural materials.
Most of the previous research and development work with these composites has concentrated
upon fabrication and testing of specific materials. Although this approach has been suc-
cessful, it becomes very inefficient due to the large number of variables associated with
these materials.

The mechanical properties of a whisker reinforced composite depend most strongly upon
factors such as: matrix material properties; whisker volume fraction, aspect ratio and ori-
entation; and whisker material properties. A theoretical model of the material can be
postulated, allowing the material behavior to be quantified analytically. This analytical model
can then be exercised to gain an understanding of the effects of the various material pa-
rameters upon the mechanical behavior of the composite.

This paper describes the development of such an analytical material model for short-fiber
reinforced composites. The model is complex enough to account for the effects of the major
material parameters, yet simple enough to serve as a useful tool. This analysis focuses upon
the behavior of silicon carbide (SiC) whisker reinforced aluminum, but is applicable to the
analysis of other short-fiber reinforced composites. The analytical model is used to estimate
the nonlinear stress-strain response of a SiC/Al composite as a function of whisker volume
fraction, aspect ratio, and preferred orientation, and is verified by comparison with exper-
imental results.
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Material Model

To understand the assumptions utilized in the material model, it may prove helpful to
examine the physical characteristics of SiC/Al. The composite is fabricated by mixing silicon
carbide whiskers with aluminum at high temperatures. The composite, which is somewhat
like cast aluminum, can be then formed by typical metal working procedures such as ex-
trusion. The aluminum is generally a typical aluminum alloy such as 6061. The SiC whiskers
can be envisioned as small ellipsoids. They have diameters ranging from 5 to 10 um and an
average aspect ratio on the order of 5. Thus, the whiskers are very small in comparison to
typical structural dimensions. This implies that in the as-cast form they can be assumed to
have a homogeneous, random distribution in space. It is assumed that a material model of
a small representative volume element is sufficient to predict the bulk properties of the
composite material.

The silicon carbide whiskers themselves are treated as isotropic, brittle materials, and the
aluminum matrix is assumed to be isotropic and ductile. Thus, the model must account for
potential plasticity within the matrix.

Another characteristic of the material results from the extrusion process. As the bulk,
random composite is extruded, the silicon carbide whiskers tend to develop a preferred
orientation along the extrusion direction. Therefore, the initial material, which was globally
isotropic because of the random whisker orientations, can become transversely isotropic
after extrusion. This implies that the model will need to predict properties that vary with
local whisker orientation.

In summary, the material model considers a composite consisting of a ductile, isotropic
matrix reinforced with brittle, isotropic whiskers. The whiskers may have either random or
preferred orientations, and are assumed very small in diameter with aspect ratios that are
constant in an average sense.

The analytical development utilizes two fundamental assumptions in creating the material
model. First, it is assumed that a representative volume element of the composite can be
treated as an infinite number of randomly oriented unidirectional whisker bundles. Secondly,
it is assumed that a random distribution of bundles can be adequately represented by a
finite number of specially oriented bundles. These assumptions are shown schematically in
Fig. 1.

These two concepts form the basis of the material model. That is, it is postulated that
the bulk properties of a whisker reinforced composite will be similar to those of a repre-
sentative volume element (RVE) consisting of a finite number of specially oriented unidi-
rectional whisker bundles. Further, it is assumed that by incrementally loading this RVE
and accounting for any matrix yielding that might occur, the nonlinear stress-strain rela-
tionship of the whisker reinforced composite will be estimated.

The actual model utilizes the self consistent scheme for an ellipsoidal inclusion in an
infinite matrix to determine the effective properties of the unidirectional whisker bundies
[1]. Stiffness matrices of the effective bundles are then transformed into a global coordinate
system and volume averaged to yield the effective stiffness matrix of the composite. Details
of this procedure are included in the appendix.

Loads are applied to the composite incrementally, while stresses or strains are monitored
at the bundle level. After each load increment, Hill’s yield criterion [2] is used to predict
matrix yielding within a given bundle. When matrix yielding is predicted, the effective
properties for the yielding bundle are calculated using the tangent modulus of the matrix.
The reduced effective bundle properties are then used to calculate effective composite
properties for subsequent load steps. This incremental procedure results in a piecewise linear
stress-strain response for the effective composite. The flow chart for the analysis is shown
in Fig. 2.
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Problem Definition

I Constituent I
Properties . . .

I Whisker V/0 Bundle Orientations Load History
Calculate Initial Compute Effective Increment Load
Bundle Properties RVE Properties —») Applied to RVE

Modify Bundle Check for
Properties No Ultimate Failure Yes Check for No

Bundle Failure

lYes

STOP
FIG. 2—Flow chart of the analytical procedure.

It was found that 16 unidirectional bundles could be used to approximate the random
whisker reinforced composite. These bundles were oriented such that they passed through
the vertices and face centers of a dodecahedron, as shown in Fig. 3. It is known that isotropic
elastic properties for randomly reinforced composites can be predicted by properly orienting
a finite number of reinforcing bundles [3,4]. An analogy for isotropic strength is not obvious
and can be only demonstrated, in an approximate sense, numerically. Three predicted stress-
strain curves for the 16 bundle composite are shown in Fig. 4. Each of these curves represents
a uniaxial load in one of the global coordinate directions, only one of which is parallel to
a bundle direction. As demonstrated by this figure, the material model provides a sufficient
approximation to isotropic strength to warrant its use as an engineering tool.

Experimental Study

An experimental study was undertaken in conjunction with the model development efforts.
The experimental program utilized material supplied by the Naval Surface Weapons Center
and was performed at Drexel University under the direction of Dr. Jonathan Awerbuch.
The goal of the experimental studies was to produce typical stress-strain curves of the material
which could be compared to the analytical predictions.

The material tested in this program was 6061 aluminum reinforced with silicon carbide
whiskers. Specimens of three different volume fractions were tested: 0, 15, and 25%, ran-
domly oriented and having an extrusion ratio of 10:1. Specimens with 25 volume percent
were also manufactured with an extrusion ratio of 5:1.
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FIG. 3—Dodecahedron showing verticies and face centers used to define bundle orientations
for randomly oriented short-fiber composites.

In order to determine the effect of fabrication on the mechanical properties of the alu-
minum matrix, commercial aluminum 6061-T6 was also purchased and machined. The data
obtained with the commercial aluminum alloy were compared with those obtained with
extruded aluminum, volume percent = 0%.

Quasi-static uniaxial tension tests and compression tests were performed on a closed loop
servo hydraulic Instron testing machine (Model 1331). Specimens were loaded under stroke
control mode at a rate of 0.07 mm/min (0.003 in./min). Each specimen was instrumented
with an extensometer to obtain the “global” stress-strain curves. A selected number of
specimens were strain-gaged to obtain the “local” stress-strain curves and to ensure that
the extensometer data were reliable. Two gages (EA06-031DE-120) were applied along
opposite sides of the specimens to minimize the effect of bending and to ensure axiality of
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FIG. A—Stress-strain curves for orthogonal loadings on a SiC/ Al composite modeled with
bundle directions defined by a dodecahedron.

loading. For all specimens tested, initial stiffness, stress-strain curves, and strength data
were recorded.

Test results were recorded on X-Y-Y recorders to monitor the test progression in real
time. The testing system was also interfaced with a data acquisition system (PDP 1103 Model
MINC-11 of Digital Equipment Corporation). Post-test analyses provided complete load-
displacement curves, stress-strain curves, and mechanical properties such as strength and
stiffness. Printouts of stress-strain data in tabular form were also obtained. The experimental
program is detailed in Ref 5.

Data Correlation

Although this material model includes certain assumptions, it also allows a great deal of
flexibility in analyzing whisker reinforced materials. For example, the properties of the
unidirectional bundles depend upon the constituent properties, volume fractions, and aspect
ratio. The properties of the RVE depend upon the bundle properties and orientation. Thus,
the model is capable of examining the behavior of materials with different constituents,
whisker contents, whisker aspect ratios, and extrusion ratios. Therefore, the basis for the
analytical development includes not only a desire to develop a representative material model,
but also a desire to create a useful analysis tool.
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TABLE 1—Constituent properties used in analysis of SiC/Al materials.

E’ Fy tens s Fymmp s Fyshear s
Material GPa v MPa MPa MPa

Silicon carbide whisker* 448.2 0.20 689.5 to 6894.8 5515.8 .
6061 extruded aluminum 71.7 0.33 382.0 387.2 220.6

¢ Taken from Ref. 6.

In order to compute SiC/Al properties, it was first necessary to calculate the stiffness of
a unidirectional whisker reinforced bundle. The constituent properties used in this study are
shown in Table 1. The SiC whisker properties are believed to be representative of the in
situ SiC whisker behavior. The matrix properties were determined from the experimental
stress-strain curves of extruded unreinforced aluminum shown in Fig. 5. Since the materials
under investigation included composites with 15 or 25% whisker volume content, properties
were computed for these reinforcement concentrations with whiskers of various aspect ratios.

The experimental material was all extruded to either a ratio of 10:1 or 5:1. Thus, it was
necessary to determine bundle orientations that represented the whisker directions in an
extruded material. To accomplish this, it was assumed that the reported extrusion ratio
represented the change in cross-sectional area of a circular cylinder as it was extruded. To
define the problem, it was assumed that the random material, represented by a 16 bundle
composite, was extruded along its z-axis. It was further assumed that the projection of a
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FIG. 5—Measured stress-strain response for extruded unreinforced aluminum.
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whisker on the x-y plane would be shortened by the amount of the area reduction. The z-
direction cosine was then computed by assuming that the whisker maintained its original
length and did not elongate like the overall extruded material.

At this point, the bundle properties were defined and the bundle directions were known
for the extruded materials. The remaining stiffness variable that was not yet fixed was the
aspect ratio of the in situ whiskers. Although the actual material contains a distribution of
whisker geometries, the model required only an average aspect ratio to represent the material
behavior. The bundle properties were computed for typical aspect ratio of SiC whiskers,
but it was necessary to determine the actual average as-fabricated whisker geometry within
the composite.

This was done by comparing the analytical predictions to the experimental data. The
moduli of composites with 5:1 and 10:1 extrusion ratios were computed as a function of
whisker volume fraction and aspect ratio. Typical results for a material with a 5:1 extrusion
ratio are shown in Fig. 6. The experimental moduli are also plotted on the curves. The
comparisons showed that a 5:1 extruded material can be represented with an aspect ratio
of 3, and the 10:1 extruded material is best modeled with an average whisker aspect ratio
2.5.

These values are lower than expected, however, they may explain data measured on
previous SiC/Al programs. It has been reported that the .extrusion process degrades the
whiskers. Thus, whiskers with an average aspect ratio of 10 or 15 prior to extrusion may
have a much lower aspect ratio after extrusion. This would explain why the aspect ratio of
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the 10:1 material is lower than that of the 5:1 material. It has been also reported that particle
reinforced materials have essentially the same properties as whisker reinforced materials
with equal reinforcement volume fractions. The data shown in Fig. 6 implies that the average
whisker aspect ratio is so small that whiskers essentially behave as particles. That is, even
though the extrusion process is believed to align the whisker which increases stiffness, it
also shortens the average aspect ratio which decreases stiffness.

Based upon these comparisons, all further data correlations assumed that the 10:1 material
had an average aspect ratio of 2.5 and the 5:1 material had an average aspect ratio of 3.

The remaining properties that were required to exercise the model were estimates of the
local yield strengths of the unidirectional whisker reinforced bundles. This is probably best
done by examining the local stresses that occur near a whisker through a detailed stress
analysis. The solution to that problem, however, is quite complex and represents an analytical
program of its own. For the purpose of this study, estimates were made of the limiting yield
strengths of a whisker bundle based upon knowledge of particle and continuous fiber rein-
forced materials.

SIC@/AL TEST DATA, VF=B.25, ER=1@, TENSION

Q
-
]
[
b + EXPERIMENTAL #1
Q
it X EXPERIMENTAL #2
X v O EXPERIMENTAL #3
- +
© O EXPERIMENTAL #4
A EXPERIMENTAL 45
V. UPPER BOUND
D> LOWER BOUND
Q
w
Q
n
a
.
=
A3
9]
1]
i
o
Q
Q
Q 1 J 1 L
Q
¢.00 0.50 1.00 1.50 2.0@ 2.50
STRAIN %) CX 1@%x 8O

FIG. 7—Comparison of predicted versus measured stress-strain response for 25% 10:1
SiC/ Al tensile data.



152  METAL MATRIX COMPOSITES

SICG{AL TEST DATA, VF=08.25, ER=18, COMPRESSION

®
-
m
1
¢ + EXPERIMENTAL #1
8 X EXPERIMENTAL #2
X © O EXPERIMENTAL #3
R O LOWER BOUND

A UPPER BOUND
—A

[a}
]
$
z —9
n
4]
w
14
I
[4]

(Y]

Q ! 1

(]

.00 2.58 1.00 1.50
STRAIN €4 CX 1pxx B D

FIG. 8—Comparison of predicted versus measured stress-strain response for 25% 10:1
SiC/ Al compressive data.

Strengths were then estimated in two ways. The upper limit on strength treated the
whiskers as continuous fibers. Under this assumption, the whisker and matrix carry equal
strains. The bundle will yield when it is strained to such a degree that the matrix reaches
its yield strain. This will occur at a bundle stress which is much higher than the matrix yield
stress since the bundle is stiffer than the matrix. The lower limit on bundle strength treats
the whisker as spherical inclusions. Under this assumption, the whisker and matrix carry
almost equal stress. Thus, the bundle will yield at a lower limit when the bundle stress
reaches the matrix stress.

Typical comparisons between the model and the composite experimental data are shown
in Figs. 7 and 8. Figure 7 shows the comparison for the tensile, 25%, 10:1 material. The
corresponding comparison of the model and compressive data is shown in Fig. 8. The model
shows good agreement with the initial stiffness. The analytically predicted limits on strength
result in an envelope which contains the post yield experimental data. The lower limit
prediction compares well with the yield strength, and the upper limit compares well with
the ultimate strength.
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Unfortunately, although the model was expected to show strain hardening through se-
quential bundle yielding, the predicted results are almost elastic-perfectly plastic. The bundle
directions used to represent the extrusion process are aligned strongly with the loading axis
so the composite is behaving as if it were almost unidirectional. Thus, there is very little
difference between the initial bundle yield stress and final bundle yield stress. In other
words, in terms of the model, all material fails at approximately the same stress.

The results also show that the bundles require a strain hardening law to represent the
actual material behavior. Since the matrix is almost perfectly plastic, the effective strain
hardening must be due to plastic flow around the whiskers. This can only be addressed
through detailed stress analysis of a whisker reinforced bundle which was not attempted
here but is recommended to gain further understanding of the material behavior.

Sensitivity Study

Once the material model was developed and the analytical predictions were compared to
the experimental data, the model was further exercised by parametrically varying material
parameters. This was done to determine the sensitivity of the analytical predictions to the
input data and to investigate potential improved material constructions. Specifically, the
material model was employed to examine the anisotropy of the material; to determine the
effects of extrusion ratio; and to study the effects of whisker geometry.

The effects of varying the whisker content in the materials were studied analytically by
examining the behavior of random materials containing whiskers with an average aspect
ratio of 2.5. The material model was utilized to predict the elastic properties and the upper
limit stress-strain curves for composites containing 0.15 and 25% whisker by volume. A
comparison of the predicted stress-strain curves is shown in Fig. 9. Here, again it can be
seen that an increase in the whisker content significantly increases the computed stiffness
and strength of the material.

The effects of extrusion ratio on the resulting material properties were studied in a similar
manner. In this case, a material containing 25 volume percent whiskers with an average
aspect ratio of 2.5 was analyzed. Elastic properties and upper limit stress-strain curves were
predicted for extrusion ratios of 1:1 (random), 5:1 and 10:1. The predicted stress-strain
curves are compared in Fig. 10. Notice that the sequential bundle failure is very evident for
the random materials, but the bundles fail within the extruded material almost simultane-
ously. The stress-strain curves show that moderate extrusion (5:1) significantly increases the
axial stiffness and strength of a random material but further extrusion (10:1) has a much
less noticeable effect.

The model was also utilized to examine the effects of whisker geometry on the material
behavior. Specifically, the effects of increased whisker length on the predicted stress-strain
response were examined. The material studied was a randomly oriented composite with
25% whisker content by volume.

Elastic properties, strengths, and post yield properties for unidirectional whisker bundles
with aspect ratios ranging from 1 to 500 were calculated. These data were utilized to predict
the stress-strain response, and the results are plotted in Fig. 11. The figure indicates that
the initial elastic modulus and yield point are relatively insensitive to whisker geometry.
However, the post yield behavior is strongly effected by whisker geometry. The results show
that at aspect ratios of 100 or less the whiskers become inactive after the matrix yields and
can carry very little additional stress. However, whiskers with aspect ratios of 500 or greater
continue to carry stresses after the matrix has yielded and will theoretically result in much
higher material ultimates. This implies that whiskers and particles should result in relatively
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equivalent stress-strain response for typical state of the art whisker aspect ratios (1 to 10).
It also appears that the material will improve dramatically only when whiskers of much
higher aspect ratios (500 or greater) can be fabricated.

Conclusions

The results of this program have led to the refinement of a material model to compute
the properties of a whisker reinforced metal matrix material. The model treats the material
as a collection of unidirectional whisker reinforced bundles with special spatial orientations.
The model has been exercised to determine that a randomly reinforced SiC/ Al material can
be analyzed by considering bundles in 16 directions. These directions are defined by vectors
which run from the center to the vertices and face centers of a dodecahedron. A procedure
has been developed to compute the whisker reorientations which occur during the extrusion
process. Thus, the model is capable of predicting a stress-strain curve for SiC/Al materials
as a function of whisker shape, whisker content, whisker properties, matrix properties, and
extrusion ratio.
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Comparisons of the material model predictions to the experimental data led to the fol-
lowing conclusions:

1. Comparisons of the predicted stiffnesses to the measured moduli show that the average
whisker aspect ratio (!/d) is 3 for the 5:1 extruded material and 2.5 for the 10:1 extruded
material. Thus, it appears that the in situ whiskers are very short and that the extrusion
process reduces the whisker length.

2. The computed lower limit strength compares well with the measured yield strength
and the computed upper limit strength compares well with the measured ultimate strength.
The strain hardening measured for the composites is not a result of sequential bundle failure.
It may be due to growth in the matrix plastic zone near the whiskers.

The results of a parametric sensitivity study have shown that:

1. The analytical model can be employed to compute realistic anisotropic properties for
extruded SiC/Al materials. Increases in whisker volume fraction significantly increase the
analytically predicted stiffness and strength. The calculated stress-strain curves are signifi-
cantly altered by moderate extrusion (5:1). The effects of further extrusion (10:1) are much
less significant.

2. Preliminary investigations of the effects of whisker geometry show that the post yield
material behavior will be improved significantly only when whisker aspect ratios are of the
order of 500 to 1. Typical whisker geometries (//d ranging from 1 to 10) will behave very
much like particles.
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APPENDIX A

The effective tangent stiffness of the RVE is defined as the matrix which relates an
increment in composite strain to an increment in composite stress

AT =C* A% 1)
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where AG and Age are stress and strain increments, respectively, C* is the effective tangent
stiffness, and overbar denote average values.

The average stress increment may be found by volume averaging the stress increment in
each bundle due to a strain increment applied to the RVE

AT = > v, AT, )
i=1

where Ag; is the stress increment in the i™ bundle and v, is the volume fraction of bundle i
in the RVE.
Since each bundle experiences the same strain increment, the stress increment in the i*
bundle is given by
Ao, = C; A€ @)
where C, is the effective tangent stiffness of the i bundle. Substituting 3 into 2 gives
Ac = (2 u,.c,) Ae 4)
i=1

Equation 4 may now be cast in the form of 1 by defining

C* = > v,C, (5)
i=1

Inverting 1 and substituting into 3 then gives the increment in stress in the i™ bundle due
to an increment is stress applied to the RVE
Ao, = CS*AT (6)
where
§* = C*! @)

The total stress in the i* bundle after n global stress increments is then found using 6
o/ = D, CiS;* AG, (8)
j=1

where the stress dependent properties used to calculate the stiffness C/ and compliance S;*
are determined from the total stress at the (j — 1)® step.
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ABSTRACT: A unique set of micromechanics equations is presented for high-temperature
metal matrix composites. The set includes expressions to predict mechanical properties, thermal
properties, and constituent microstresses for the unidirectional fiber reinforced ply. The equa-
tions are derived based on a mechanics of materials formulation assuming a square array unit
cell model of a single fiber, surrounding matrix, and an interphase to account for the chemical
reaction which commonly occurs between fiber and matrix. A preliminary validation of the
equations was performed using three-dimensional finite element analysis. The results dem-
onstrate excellent agreement between properties predicted using the micromechanics equations
and properties simulated by the finite element analyses. Implementation of the micromechanics
equations as part of an integrated computational capability for nonlinear structural analysis
of high-temperature multilayered fiber composites is illustrated.

KEY WORDS: metal matrix composites, composite micromechanics, mechanical properties,
thermal properties, uniaxial strengths, microstresses

The mechanical performance and structural integrity of fiber reinforced metal matrix
composites are ultimately governed by the behavior of the constituent materials at a mi-
cromechanistic level. In general, the individual constituents behave quite differently relative
to one another. Moreover, behavior of the constituents is dynamic, particularly in high-
temperature applications, due to the various nonlinearities associated with, for example,
(1) large local stress excursions, (2) temperature-dependent material properties, (3) time-
dependent effects, and (4) constituent chemical reaction.

In the structural analysis of metal matrix composites, then, it is important to be able to
describe and track this micromechanistic constituent behavior. Available methods for this
purpose are limited. For example, techniques such as finite element analysis in principle,
can be applied directly with the constituents modeled discretely. It becomes obvious, how-
ever, that for complex structures the resources (manpower and computer) necessary to
define, conduct, and interpret such an analysis are prohibitive. Another approach is to
employ composite micromechanics theory and derive simplified relationships which describe
the three-dimensional anisotropic behavior of the simple composite (for example, unidirec-
tional ply). The latter approach has been taken as part of a comprehensive research program
to develop effective computational mechanics methodologies for high-temperature multi-
layered fiber composite structures.

! Aerospace structures engineer and senior research engineer, National Aeronautics and Space
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FIG. 1—Micromechanics model; square array unit cell.

As an essential part of the previously mentioned program, a unique set of micromechanics
equations has been derived for high-temperature metal matrix composites. The set comprises
closed-form expressions to predict equivalent “pseudo homogeneous” properties for the
unidirectional fiber reinforced ply, including: (1) mechanical properties—moduli, Poisson’s
ratios, and uniaxial strengths; (2) thermal properties—conductivities, coefficients of expan-
sion, and heat capacity; and (3) constituent microstresses.

The micromechanics equations presented here are derived based on a mechanics of ma-
terials formulation assuming a square array unit cell model of a single fiber, surrounding
matrix and an interphase to account for the chemical reaction which commonly occurs
between fiber and matrix. The basis of the formulation is summarized as part of the discussion
next.

Concurrent with the derivation of equations, a study was conducted using three-dimen-
sional finite element analysis. The purpose of the study was to assess the validity of the
mechanics of materials formulation, in general, and to investigate the accuracy of the mi-
cromechanics equations for a specific composite material system. Results from this study
are presented also as part of the discussion which follows.
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FIG. 2—Unidirectional composite (ply) material coordinate system.
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Finally, a demonstration of the utility of this unique set of micromechanics equations is
provided by illustrating their use as part of an integrated computational capability for the
nonlinear structural analysis of high-temperature multilayered fiber composites. A few typ-
ical results are presented from the stress analysis of a hypothetical tungsten fiber reinforced
superalloy turbine airfoil.

Composite Micromechanics Theory

Composite micromechanics theory refers to the collection of physical principles, mathe-
matical models, assumptions, and approximations employed to relate the behavior of a
simple composite unit (for example, lamina or ply) to the behavior of its individual con-
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stituents. For example, a variety of approaches have been used in the past to predict
equivalent thermoelastic material properties of unidirectional fiber composites [/-6]. More
recently, simple equations have been derived [7,8] to predict mechanical, thermal, and
strength properties for resin matrix composites using a mechanics of materials formulation.
A similar approach was taken to derive the set of micromechanics equations presented here
for high-temperature metal matrix composites.

The formal procedure of composite micromechanics theory relies on the principles of
solid mechanics, thermodynamics, etc., at different levels of mathematical sophistication,
together with certain assumptions (consistent with the physical situation) and approxima-
tions. In the approach taken here, application is made of the principles of displacement
compatibility and force equilibrium as defined in elementary mechanics-of-materials theory
and Fourier’s law for heat conduction from thermodynamics. In addition, the assumptions
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are made that: (1) fibers are continuous and parallel, (2) properties of all fibers are identical,
and (3) complete bonding exists between constituents. No restrictions need be placed on
the constitutive behavior or isotropy of the individual constituent materials. For generality,
constituent material behavior can be taken as thermoviscoplastic, anisotropic, and three-
dimensional. It is implied by this that the individual constituent material histories can be
tracked independently as a function of time and represented as an instantaneous stress/
strain state.

The periodic structure of a unidirectional metal matrix composite (ply) is approximated
here by a square array unit cell model. The geometry of the model is illustrated in Fig. 1.
It should be noted that the interphase growth is assumed to result from the degradation of
fiber material and thus propagates inward causing a continuous decrease of the current
(intact) fiber diameter (D) from the original (virgin) fiber diameter (D,). With the existence
of the interphase, three subregions (A4, B, C) are distinguished to characterize the intra-
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laminar (through-the-thickness) nonuniformity of the constituent (matrix and interphase)
microstresses and material properties.

The definition of ply properties is with respect to the ply material coordinate system which
is depicted in Fig. 2. The common terminology associated with each of the coordinate axis
directions is also illustrated on the ply schematic. The micromechanics equations presented
here are derived for the special case of a transversely isotropic (isotropic in the 2-3 plane)
ply allowing for transversely isotropic constituents.

Composite Micromechanics Equations

The micromechanics equations to predict ply equivalent mechanical properties are sum-
marized in Fig. 3. Included are expressions for normal (extensional) moduli (E,;, E.»), shear
moduli (G, G.3), and Poisson’s ratios (v,,, v,5;). In the expressions k represents constituent
original volume fraction (values prior to any interphase growth) and the subscripts f, m, d,
and ¢ denote fiber, matrix, interphase, and ply quantity, respectively. The volume fraction
of interphase is expressed in terms of the fiber original volume fraction and the virgin and
intact (in situ) fiber diameters.

The equations for moduli are derived with modulus taken in the general context as simply
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the derivative of stress with respect to strain. As such, the expressions are applicable to the
prediction of instantaneous or tangent moduli as well as elastic moduli. It should be noted
that the expressions for transverse moduli do not account for the longitudinal Poisson
restraining effect that the fiber imparts on the matrix. The restrained matrix effect is con-
sidered here to be negligible for metal matrix composites. The effect is generally more
significant in resin matrix composites, for example, where the fiber/matrix relative stiffness
ratio is much greater.

The ply equivalent thermal properties are predicted by the micromechanics equations
summarized in Fig. 4. Included are expressions for heat capacity (C), thermal conductivities
(Ku1, Ki2), and thermal expansion coefficients (o, o.2). In the expression for heat capacity
the symbol p represents density.

The ply in-plane uniaxial strengths are predicted by the micromechanics equations sum-
marized in Figs. 5 and 6. Included are expressions for tensile strength (Sy;r, Sp.r), com-
pressive strength (S;,¢, Suc), and intralaminar shear strength (S,,s). Each of the ply strengths
is associated with a specific failure mode, as illustrated by the schematics in Fig. 7. In the
case of longitudinal compressive strength, four different failure modes are considered. The
four expressions in Fig. 5 for §,;¢ correspond, respectively, to the four failure modes as
follows; fiber compression mode, matrix compression mode, delamination/splitting mode,
and fiber microbuckling mode. A more comprehensive treatment of micromechanics strength
theories is given by Chamis [9].
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The expressions to predict the thermomechanical microstress distribution in the ply con-
stituents are summarized in Figs. 8 to 10. Included are expressions for fiber microstresses
(Gf11s O, Op1s Oy} interphase microstresses (ouy, 0un®c, 04,"¢, 04,>¢) and matrix micro-
stresses (G o1, T ?C, Tup?C, 0p*>C). In the expressions AT represents an incremental
change in temperature and the superscripts A, B, and C denote the intralaminar subregions
illustrated in the accompanying schematics. It should be noted that these expressions for
constituent microstresses are based on uniaxial behavior, that is, they do not incorporate
any Poisson contributions.

The systematic procedure for deriving the micromechanics equations summarized previ-
ously is explicitly demonstrated in the Appendix with the derivations for normal moduli
(E4 and E,). Derivations of the other equations are omitted here solely for the sake of
brevity. The selection of E,;, and E,j, for demonstration purposes was based on the authors’
judgment that their derivations are sufficiently representative to adequately demonstrate
the formal procedure.

Micromechanics/Finite Element Validation

In order to investigate the validity of the mechanics of materials formulation and assess
the accuracy of the equations derived therefrom, a preliminary study was conducted using
three-dimensional finite element analysis. The objective of the study was to compare the
equivalent ply properties (E,y, Eq, Guzs Goss Vaz, Viss Qar, @) predicted by the micro-
mechanics equations with the average ‘“‘pseudo homogeneous” ply properties simulated in
the finite element analyses.
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FIG. 11—Micromechanics/finite element validation; finite element model and simple me-
chanics of materials expressions for idealized deformation modes.
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TABLE 1—Micromechanics/finite element validation; comparison of properiy predictions/simulations.

Property Pyeo! Prev
Ey 1.00
E, 1.01
Gy, 0.96
Gos 0.98
Va2 1.00
Vs 1.08
o 0.99
AP 1.15

NOTE—Pugo = property predicted by micromechanics equation.
Pry = property simulated by finite element analysis.

To conduct the analyses, a discrete model of the square array unit cell was constructed,
as shown in Fig. 11, from isoparametric solid finite elements. The composite material system
assumed for this study involved a thoriated tungsten (W-1.5ThQ,) fiber embedded in an
iron-base superalloy (Fe-25Cr-4Al-1Y) matrix. Properties for the interphase were taken to
be a simple average of the fiber and matrix properties.

The analyses entailed simulations of idealized modes of deformation such as simple elon-
gation, pure shear, and unconstrained thermal expansion. These were achieved through the
judicious application of the loading/boundary conditions on the model. The appropriate
simple expressions from elementary mechanics of materials theory (see Fig. i1) were then
applied in conjunction with the nodal displacement/force results of the finite element anal-
yses to compute the simulated average properties of the discrete model as a “‘pseudo ho-
mogeneous”’ unit.

Results of the study are summarized in Table 1 which gives the ratios of property values
determined from the micromechanics equations (Pygo) and by finite element simulation
(Peem)- As can be seen, excellent agreement was achieved overall. These results indicate
that the mechanics of materials formulation is an effective approach to the micromechanical
modeling of metal matrix composites. It is recognized, however, that additional investigation,
both analytical and experimental, would be prudent before any final conclusions are made
regarding the specific accuracy of these micromechanics equations.

Application of Micromechanics Equations

The primary impetus in deriving the set of micromechanics equations presented here was
for implementation as part of an integrated computational capability for the nonlinear
analysis of high-temperature multilayered fiber composites [10]. This particular utilization
of the equations is demonstrated here with a few typical results taken from the nonlinear
(quasi-static) stress analysis of a hypothetical turbine blade (airfoil only) model. The incre-
mental/iterative analysis was conducted to investigate the thermally induced residual stresses
developed during the cool-down transient of a typical fabrication process.

The airfoil is a hollow thin shell structure of constant thickness with walls comprising a
four-ply [£45], laminate based on W-1.5ThQ, fiber reinforced Fe-25Cr-4Al-1Y at a fiber
volume fraction of 0.50. Since the purpose here is merely to illustrate the types of information
provided by the micromechanics equations in this particular implementation, further details
of the airfoil model and analysis are omitted.

Two examples of ply mechanical property predictions are given in Figs. 12 and 13 which
show the variation during the cool-down transient of constituent and ply longitudinal and
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transverse moduli, respectively. The ply moduli are computed from the corresponding mi-
cromechanics equations. The results in Fig. 12 reflect the rule-of-mixtures relationship ex-
pressed by the equation for E,; while the results in Fig. 13 illustrate the dominance of the
matrix modulus on the value for E,,.

The development of residual stresses during the cool-down transient is illustrated in Figs.
14 and 15. The results are for the longitudinal and transverse normal components, respec-
tively, of ply stress and constituent microstresses. The microstresses are computed from the
corresponding micromechanics equations. The points to be noted from these results are the
relative magnitudes and sense (tensile or compressive) of the constituent microstresses. In
Fig. 14, for example, the opposite sense of the fiber and matrix microstresses results from
the difference in thermal expansion coefficients between the two materials. The results in
Fig. 15 illustrate the significant through-the-thickness nonuniformity of the matrix and in-
terphase microstresses, as characterized in the different intralaminar subregions (A, B, C).

From just the few examples given, the utility of the micromechanics equations becomes
more apparent. Considering the results of microstress distribution, for example, it becomes
intuitively more clear how material failures might occur at a local level and prompt the
initiation of a flaw. This type of information provides an insight into the behavior of com-
posites at a micromechanistic level which undoubtedly influences their performance and
integrity in a structural application.
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/”/f” INTERPHASE
e ] FieR
[ ]
LC
UBRE! o / -
ISNTRALimNSARF //:; - -2

NON-UNIFORMITY —#~

F- D -~

o

~ INTERPHASE (B)
I/Ir MATRIX (A)
/|- MATRIX (B)
o0 — sl
71l

- MATRIX (C)

£ 02
- § 100 INTER PHASE (C)
o -1000+—*°
1500
w00~ a1 1 1 [ |

0 200 400 600 800 1000
t, min

FIG. 15—Fabrication cool-down transient; induced residual stress (o) for ply and con-
Stituents.
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Summary

The set of micromechanics equations presented here for high-temperature metal matrix
composites includes expressions to predict the mechanical properties, thermal properties,
and constituent microstress distribution for a unidirectional fiber reinforced ply. The equa-
tions incorporate an interphase region at the fiber/matrix boundary in order to account for
the chemical reaction which commonly occurs in high-temperature applications of these
composites. The basis of the mechanics of materials formulation from which the equations
are derived is described. The formulation is shown to be a valid and effective approach to
micromechanical modeling of metal matrix composites, supported by the favorable results

. achieved in a comparison with three-dimensional finite element analysis. The utility of the
micromechanics equations as part of an integrated composite structural analysis capability
is illustrated with examples taken from the nonlinear stress analysis of a turbine airfoil. The
results demonstrate the ability to describe and track behavior at a micromechanistic level
which impacts the performance and integrity of these composites in structural applications.

APPENDIX

In order to demonstrate the formal procedure involved in the application of composite
micromechanics theory, derivations of the equations for ply normal moduli (E,, and E,,)
are explicitly developed next. The particular approach taken here relies on the principles
of force equilibrium and displacement compatibility as defined from elementary mechanics-
of-materials theory.

Longitudinal Normal Modulus

Consider the square array unit cell model (see Fig. 1) subjected to a uniaxial load in the
longitudinal direction (see Fig. 2). The equivalent composite (ply) load is defined from force
equilibrium to be the sum of the constituent loads as follows

P,=P + P, + P, ¢))
In the integrated average sense, Eq. 1 is rewritten as
gA, = 0A; + 0,A; + 0,A, 2)

where A represents cross-sectional area. Dividing through by A, and noting that because of
a common longitudinal dimension the resulting area ratios are equivalent to actual volume
fractions, Eq 2 reduces to

g, = O'fk’f + O'dk’d + O'mk’m (3)

Because compatibility of longitudinal displacement requires equal strains for the composite
and constituents (e, = ¢, = ¢; = €,), Eq 3 can be differentiated with respect to strain to

give
do) _ (dog) e o (99e) 4 (20 ) ke
(de) B (de)kf+ (de)kd * (de)km “)
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The quantities (do/de) represent the slopes of the corresponding stress-strain curves for the
composite and constituents and in this context define instantaneous or “tangent” moduli.
Hence, Eq 4 becomes

E, = Efk,/ + Edk’d + Emk,m (5)

Expressing actual volume fractions in terms of original fiber and matrix volume fractions
(before interphase growth) and original and intact fiber diameters, Eq 5 is rewritten as

N I [

Equation 6 is the desired form and is the same as that given in Fig. 3.

Transverse Normal Modulus

Consider the square array unit cell model again except that the fiber and interphase are
of equivalent square cross section such that linear dimensions (in the plane of cross section)
can be defined as follows

o 172 s 172 o 1/2
o= (5) o= () ooe- () 7

S; = ap, 84 = dg — 4y, Sm = @, — A, 8, = a4, 8)

and

Assume a uniaxial load in the transverse direction and neglect Poisson effects. For subregion
C displacement compatibility yields

5€ = S€; + Ss€4 + S,€, C)]

and force equilibrium results in equal stresses for the composite and constituents (o, =
o; = 0, = 0,). Hence, Eq 9 can be differentiated with respect to stress to give

d€, _ E{ ded dem
(dc) S = (dc)sf * <d(r)sd * (dc)s"‘ (10)
The quantities (de/do) represent reciprocals of the slopes of the corresponding stress-strain

curves for the composite and constituents and in the same context as before define reciprocals
of instantaneous or “tangent” moduli. Hence, with some rearranging Eq 10 becomes

EREIERCIE) N

Substituting the definitions in Eqs 7 and 8 into Eq 11 and rearranging gives

EC =

En (12)

r-va[-(-3)(E) - G)E)]

which defines an equivalent modulus for subregion C. The equivalent modulus for subregion

ES =
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B is deduced from Eq 12 by letting D/D, equal zero. The result is

E,

Ef = £ (13)
{r-ve-(3)])
The equivalent modulus for subregion A is simply the matrix modulus or
Ef = E, 14

The ply transverse modulus (E,;), then, is defined by assuming that subregions A, B, and
C act as parallel elements when subjected to a transverse load. This is analogous to the case
for E,, where the constituents are assumed to act in parallel. Hence, from Eq 5 it is deduced
that

Es, = ESs; + EBs, + E#s, (15)

Dividing through by s,, substituting the definitions from Eqs 7 and 8 and the results from
Eqgs 12 through 14, and rearranging gives

[r- (2]
RGE)

E=E,{(1 - k;) +

V% (5)

R RE G

Equation 16 is the desired form and is the same as that given in Fig. 3.
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DISCUSSION

Muzaffer Sutcu® (written discussion)—(1) Does your unit cell finite element allow relative
slippage between the fiber and the matrix? (2) Is the tensile strain of the fiber and the matrix
the same?

D. A. Hopkins and C. C. Chamis (authors’ closure)—(1) In the finite element model of
the square array unit cell, no special provisions are made to directly allow relative slippage
between fiber and matrix (such as the use of duplicate nodes to relax continuity or the use
of gap elements). However, the existence of incomplete bonding could be simulated by
assigning essentially “zero” stiffness properties to one or more of the elements representing
the interphase zone. (2) In the theoretical development of the micromechanics equations
the assumption is made that complete bonding exists between fiber and matrix. Enforcing
displacement compatibility in the longitudinal (parallel to the fiber) direction, then, results
in equal strains for the constituents and ply.

! General Electric R&D, Schenectady, NY, 2301.
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ABSTRACT: A set of thermoviscoplastic nonlinear constitutive relationships (TVP-NCR) is
presented. This set is unique and has been developed mainly for application to high-temper-
ature metal matrix composites (HT-MMC) and is applicable to thermal and mechanical prop-
erties. Formulation of the TVP-NCR is based at the micromechanics level. The TVP-NCR
are of simple form and readily integrated into nonlinear composite structural analysis. Results
show that this unique set of TVP-NCR is computationally effective. It provides a direct means
for predicting complex materials behavior at all levels of the composite simulation; that is,
from the constituent materials, through the several levels of composite mechanics, and up to
the global response of complex HT-MMC structural components.

KEY WORDS: metal matrix composites, thermal properties, mechanical properties, ther-
moviscoplastic behavior, nonlinear composites

High temperature metal matrix composites (HT-MMC) are emerging as materials with
potentially high payoffs in structural applications. Realization of these payoffs depends on
the parallel and synergistic development of (1) a technology base for fabricating HT-MMC
structures and components, (2) experimental techniques for measuring their thermal and
mechanical characteristics, and (3) computational methodologies for predicting their non-
linear thermoviscoplastic (TVP) behavior in complex service environments. In fact, devel-
opment of computational methodologies should precede the other two because the structural
integrity and durability of HT-MMC can be numerically assessed, and the potential payoff
for the specific application can be closely estimated. In this way, it is possible to minimize
the costly and time consuming experimental effort that would otherwise be required in the
absence of a predictive capability.

Recent research at the National Aeronautics and Space Administration (NASA), Lewis
Research Center is directed towards the development of a computational capability to predict
the nonlinear TVP behavior of HT-MMC. This capability is schematically depicted in Fig.
1. As can be seen in this figure, the capability consists of several computational modules
encompassing the material TVP behavior (bottom), composite mechanics (sides), and the
finite element analysis of structural components (top). The TVP computational module

! Senior research engineer, Aerospace Structures/Composites, and aerospace structures engineer,
National Aeronautics and Space Administration, Lewis Research Center, Cleveland, OH 44135.
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FIG. 1—Integrated nonlinear composite structural analysis.
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consists of mathematical models which formally and explicitly relate the dependence of the
constituent material properties on (1) temperature, (2) stress, and (3) time. These mathe-
matical models are collectively called thermoviscoplastic nonlinear constitutive relationships
(TVP-NCR). The objective of this report is to present the TVP-NCR developed as a part
of the computational capability for HT-MMC structures.

The TVP-NCR to be described were developed with an emphasis on computational ef-
fectiveness and are unique in their following features: (1) generic form—they are applicable
to all constituent material properties (thermal, mechanical, including strength), (2) evolu-
tionary—they are easily extended/modified to accommodate additional effects such as strain
rate and material degradation, (3) isomorphic—they have similar structure for all the prop-
erties, (4) unified—they are fully coupled at both the increment and cumulative levels, (5)
universal-—they are applicable to any of the three constituent materials (fibers, matrix, and
the interphase), and (6) nondimensional—they are normalized with respect to initial, ref-
erence, and ultimate states.

This unique set of TVP-NCR consists of products of terms with unknown exponents. The
exponents are determined for the specific material and type of nonlinear dependence. For

3
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FIG. 4—Typical interconstituent regions for composite micromechanics.
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example, three product terms are required in one TVP-NCR equation to account for: (1)
temperature dependence, (2) stress level, and (3) stress rate. Three exponents need to be
determined to completely describe this equation. These exponents are determined from
available experimental data or estimated from anticipated behavior of the particular product
term.

The computational effectiveness of this unique set of TVP-NCR is evaluated using the
computational capability depicted schematically in Fig. 1. The structural response of a turbine
blade, made from fiber reinforced superalloy HT-MMC and subject to representative mission
loading conditions, is determined. The effectiveness of the TVP-NCR to represent the
physical behavior of the material is computationally assessed by perturbing the exponents
and comparing the structural response of the blade to the unperturbed case.

Equation Form/Features
The generic form selected for the TVP-NCR for the constituents of HT-MMC is as follows:

1. Mechanical property (moduli, strength) P,

Py [T = T[S~ 0[5 ~ 6, D
Py, Ty — T, | SF — o, Sy — & (

2. Thermal property (expansion coefficients, thermal conductivity, heat capacity) P,
P [Ty = T][Se =o' [Se— ] @
P, |Tu-Tl|S-0oll8-0,

W-1 5ThO,/Fe-25Cr-4Al -1y

Vf =0.50
ty - 0.0Lin,
6= [t45]s

FIG. 5—Finite-element model for hollow turbine blade airfoil of high-temperature metal
matrix composite.
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ETAL MATRIX COMPQSITES

The notation used in Eqs 1 and 2 is as follows:

Dur
P,
Ty

it

denotes the current property of interest
corresponding property at reference conditions,
melting temperature,

current temperature,

reference temperature at which P, is determined,
fracture stress determined at 7, conditions,
reference stress at which P, is determined,

an appropriately selected stress rate, for example, the stress rate at which pen-
etration occurs during impact,

stress rate at which P, is determined, and
current stress rate.

The exponents n, m, and / are empirical parameters which are determined from available
experimental data or estimated from the anticipated behavior of the particular product term.
The first term on the right side of Eq 1 represents the temperature dependence, the second
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represents the stress dependence, and the third represents the rate dependence or the time
dependence, in part. The other part of the time dependence is through the direct time
integration as will be described later. Equations 1 and 2 describe, then, material behavior
in the temperature-stress-time space.

Each term on the right side of Eqs 1 and 2 describes a monotonic functional dependence
of P/P, from some initial property value to a terminal or ultimate material state. The specific
shape of the function depends on the exponent as is shown in Fig. 2 for a fixed exponent
and in Fig. 3 for a fixed 7/T, ratio. By judicious selection of the exponent and the initial
and terminal values, a variety of functional dependences can be simulated using Eqgs 1
and 2.

The form of Eqs 1 and 2 makes it convenient (provides direct feedback) to select the
various parameters so that the functional dependence described is consistent with the physical
considerations. For example, is is well known that the melting temperature (7)) is a fun-
damental parameter in metals and that the mechanical properties are “zero” at Ty. Also,
the stress at fracture for some reference condition is readily determined by simple experi-
ments. In addition, the ultimate value of the stress rate may be determined from high-
velocity impact penetration tests. It can be seen from Fig. 2 that the P/P, increases/decreases
very rapidly as the melting temperature (or any terminal value) is approached. Furthermore,
the form of the equations make it convenient to evaluate the exponents from available data
since each term is “isolated” from the others, that is, the other terms can be taken at
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reference conditions and will be unity. The equations are computationally effective since
each term requires simple substitution of values and one exponentiation.

The form of the TVP-NCR selected has all the desirable features mentioned in the
introduction. These features can be conveniently summarized into three groups: (1) physical,
(2) fundamental, and (3) computational, as follows:

1. Physical—The constitutive relationships describe dependence on: temperature, time,
stress, stress rate, and complete property degradation as the ultimate value is ap-
proached.

2. Fundamental—The constitutive relationships are:

(a) generic—they are applicable to all constituent material properties (Fig. 4);

{b) evolutionary—they are easily extended to include additional dependence, for
example cyclic (mechanical, thermal);

(c) isomorphic—they have the same form for all the properties;

(d) unified—they are fully coupled from the initial to the terminal material state;

(e) universal—they are equally applicable to any three constituents (fibers, matrix,
interphase); and

(f) nondimensional—they are normalizable with respect to reference and ultimate
values.

3. Computational—the constitutive relationships are:

(a) computationally effective—they only require simple substitution and exponentia-
tion; and

(b) easily integrated into nonlinear composite mechanics and structural analysis codes—
they can be fully integrated using only a few programming statements.

Application

The TVP-NCR were integrated into a special-purpose computer code for structural anal-
ysis of turbine blades made from HT-MMC [/]. This code is depicted schematically in Fig.
1. The TVP-NCR describe the constituent material properties in the material space as shown
at the bottom of the figure. Note that the cumulative time, temperature, and stress at the
current state are tracked through the integrated computational process as shown in the
figure. Once the current properties for the constituent materials have been determined, they
are used in the various levels of composite mechanics to generate the quantities required
for the global structural analysis. [I].

The finite element model of the component (HT-MMC hollow turbine blade airfoil),
selected to demonstrate the computational effectiveness of the TVP-NCR, is shown in Fig.
5. For the analysis, typical engine mission loads were simulated including temperature,
pressure, and rotor speeds as shown in Figs. 6a and b expanded to show start-up and shut-
down details. The airfoil was assumed to be made from tungsten-fiber/superalloy HT-MMC.
The volume ratio of the fiber was 0.5. The laminate configuration in the airfoil was a four-
ply (+45), angle-plied laminate. The airfoil structure is a thin-wall hollow shell. The hollow
structure is required for internal cooling and minimum weight. Some of the constituent
material properties are available in the literature. Others (especially temperature, stress,
and strain-rate-dependent properties) are estimated or deduced from other relevant data.

The structural analyses were performed to determine global and local structural response.
The global structural response variables are tip displacement, untwist, and frequencies. The
local response variables are ply stresses and constituent stresses at the various nodes. The
examples presented next on local response correspond to the outermost ply (Ply 4) at the
nodal point identified by the arrow in Fig. 5 (Node 6). Two sets of structural analyses were
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performed. The first set was performed to determine the global and local structural response
at the baseline properties condition. The second set was performed to determine the sen-
sitivity of the structural response to arbitrary perturbations of the TVP-NCR exponents.
The second set of analyses demonstrates the importance of computational simulation since
it provides an assessment of the accuracy of the data required to experimentally determine
the parameters in the TVP-NCR.

The results obtained from both structural analyses are summarized in Table 1 for the
global variables (cruise and residual state) and in Table 2 for the local variables (cruise state
only). The results are grouped into Cases 1 to 7. Case 1 is the baseline case and has the
“best” values for the parameters in the TVP-NCR. Cases 2 to 7 constitute the sensitivity
analyses. The perturbed values of the exponents and their contribution (increase (I)/decrease
(D)) to the particular constituent material property (P, or Py) are listed next to the case.
The percent change with respect to the baseline case is listed in the last column of the tables.

It can be seen from the results in Tables 1 and 2 that the changes in the global and local
structural response variables, due to the perturbations in the exponents, are about 15% or
less. This is a very significant result as it implies that very careful experiments would be
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necessary to obtain data for these exponents which is accurate to within 15% especially in
these high-temperature ranges.

The greatest change (16%) in the frequency occurs in Case 3 (Table 1) where the per-
turbations in the exponents decrease the mechanical properties and increase the thermal
properties of the matrix. The greatest change (15%) in the ply stress occurs in Case 6 (Table
2) where the perturbations in the exponents (1) increase the fiber mechanical properties
but decrease those of the matrix, and conversely (2) decrease the thermal properties of the
fiber but increase those of the matrix. The residual state ply stresses for all cases are negligible
for all practical purposes.

The integrated analysis generates properties at all levels of the composite behavior sim-
ulation. Behavior of the longitudinal (fiber direction) modulus (E;;) of the constituents and
ply are shown graphically in Figs. 7a and b for Cases 1 and 6 throughout the mission duration.
The modulus decreases initially during the start-up and climb part of the mission. The
modulus levels off during the steady state (cruise) part of the mission. Finally, the modulus
increases during the landing and engine cutoff part of the mission. The significant point is
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that the TVP-NCR appear to represent the material behavior as would be intuitively antic-
ipated for this type of flight mission.

The corresponding behavior for the transverse (perpendicular to fiber) modulus (E,,) is
shown in Figs. 8a and b and for the in-plane shear modulus (Gy,) in Figs. 9a and b. The
behavior of these moduli is about the same as that for the longitudinal modulus (E;;).

The behavior of the longitudinal thermal expansion coefficient (a;;) throughout the mission
is shown in Figs. 10a and b for Cases 1 and 6. This coefficient initially increases rapidly
(during climb), levels off during cruise, and slowly decreases to about its initial value during
landing. This type of behavior is to be expected since the thermal expansion coefficients
increase with increasing temperature. Note that even though oy, for the matrix for Case 6
is about 30% smaller than for Case 1, the coefficients for the ply and the interphase are
about the same. This illustrates, in part, the restraining influence of the fibers in the HT-
MMC behavior and in addition the importance of having TVP-NCR defined at the micro-
mechanics level. The corresponding behavior for the transverse thermal expansion coefficient
(o) is shown in Figs. 11a and b. The behavior of a,, is similar to that of ay;.

The behavior of the three lowest natural frequencies of the airfoil throughout the flight
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mission is shown in Figs. 124 and b for Cases 1 and 6. Note that each frequency behaves
somewhat differently. This is expected since each frequency is influenced differently by the
centrifugal force. The second and third frequencies decrease during climb, increase during
the early part of cruise, remain constant during the major portion of the cruise, and increase
gradually to about their initial value during landing and engine cutoff. On the other hand,
the first frequency increases sharply during climb (due to centrifugal force stiffening), levels
off during cruise, increases slightly during landing (cooling but speed retained), and gradually
decreases to approximately its initial value (zero speed). The coupled behavior of these
three frequencies throughout the flight mission further demonstrates the computational
effectiveness of the TVP-NCR to represent the physics of the HT-MMC from the constituent
materials level to the component global structure response.

The longitudinal stress (o;;) behavior throughout the mission in the constituents and in
the ply is shown in Figs. 134 and b for Cases 1 and 6. The stress in the fiber increases very
rapidly during climb, decreases gradually during cruise, decreases rapidly during landing,
and decreases gradually to a small residual compressive stress at engine cutoff. The ply
stress exhibits the same behavior as the fiber stress but its much lower in magnitude. The
stress in the matrix increases (compressively) very rapidly during climb, remains compressive
during cruise, and decreases gradually to a residual tensile value during landing and engine
cutoff.

The corresponding behavior for the transverse stress (o,) is shown in Figs. 14a and b and
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that for the intralaminar shear stress (0y,) in Figs. 15a and b. Note there are three different
regions (A, B, and C) for the matrix and two different regions (B and C) for the interphase
in which o5, and o, are computed. These regions correspond to the intralaminar regions
shown in Fig. 4. The interesting points to note are: (1) the matrix in the different regions
is subjected to both tensile and compressive transverse stresses which can be of substantial
magnitude, (2) the interphase can be subjected to relatively high transverse tensile stresses
which may cause interfacial damage, (3) the fiber is subjected to very high transverse tensile
stresses which could cause fiber splitting, and (4) the transverse ply stress is relatively smail
compared to the stress distribution in the constituents.

Collectively, the local stress behavior demonstrates the computational effectiveness of the
TVP-NCR to predict the instantaneous behavior of the constituents at the micromechanics
level as well as at the ply (macromechanics) level. Determination of the stress behavior in
the constituents is possible because the TVP-NCR are referred to the constituent material
space, and the formulation is based at the composite micromechanics level. The gradual
decrease indicated for all the stresses during cruise is caused by the material thermovisco-
plastic behavior and may be thought of as a form of creep.
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Possible Extensions/Limitations

The TVP-NCR can be extended to include thermal cycle and mechanical cycle effects,
diffusion, other material degradation effects, as well as time directly. Though terms for
these factors are easily added since they will be of similar form, it is not necessarily clear
which of these will contribute to independent material behavior.

In the direct time integration analysis, the effects of temperature are accounted for directly.
Any ratchetting, for example, will be part of the residual displacements. Also, residual
thermal stresses and other stresses are known and constitute a part of the cumulative stress
history. On the other hand, vibratory stress effects are not accounted for in the direct time
integration of the structural analysis. Though these effects can be accounted for through
the stress rate, vibratory stress effects may indeed contribute to independent behavior.
Diffusion or any other material degradation can be incorporated once the type of degradation
has been defined. Other extensions will become self evident as HT-MMC start being ex-
tensively applied in enviroments where limited or no property data are available.
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Some limitations of the TVP-NCR described herein are that they: (1) must be used at
the current instant of time, (2) must be used with a direct time integration nonlinear com-
posite structural analysis, (3) cannot be verified experimentally at all levels of the composite
mechanics analysis and at the very high temperatures, and (4) do not incorporate initial
tangent unloading or possible shakedown in the classical plasticity sense. Whether (3) and
(4) are serious limitations is yet to be determined. At this stage of the development it is
prudent to say that these TVP-NCR must be used judiciously in design studies relying mainly
on sensitivity analyses and other judgement factors that are appropriate for the specific case.

Conclusions

A unique set of thermoviscoplastic nonlinear constitutive relationships (TVP-NCR) for
high-temperature metal matrix composites (HT-MMC) has been developed and is presented.
This set of TVP-NCR is of simple form, is applicable to all thermomechanical properties,



196 METAL MATRIX COMPOSITES

is fully coupled, is readily integrated into nonlinear composite structural analyses, and is
computationally effective. Applicability and computational efficiency were demonstrated
through an application to a HT-MMC turbine blade structural analysis. Sensitivity analyses
indicated that substantial perturbations in the TVP-NCR exponents have rather minimal
effect on the global and local response of the structure. These TVP-NCR make it possible
to trace the history of HT-MMC structural components from fabrication through service
and from the composite micromechanics to global composite structural response. The TVP-
NCR are suitable for preliminary designs and parametric studies. They should be judiciously
used in design applications since they have not been experimentally verified as yet.
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DISCUSSION

D. J. Chang (written discussion)—One of the weakness in the subject paper is that all the
nonlinear property behaviors are based on strictly nonlinear mathematical expressions. The
author did not substantiate the nonlinear expressions associated with the physical. In my
opinion, such an approach will severely limit the validity, credibility and applicability if the
basic constitutive equations are not based on actual physical observations. I suggest that
Dr. Chamis can provide explanation to his assumptions of all the equations that were used.

C. C. Chamis and D. A. Hopkins (authors’ closure)—The authors presented and discussed
the assumptions for the nonlinear constitutive relationship equation in the text. The equation
is of generic form, and the exponents can be selected to fit known or anticipated data
(presently nonexisting) or material behavior at these high temperatures. Furthermore, the
authors do not consider uniaxial data appropriate for the 3-D analysis required. The cred-
ibility of the constitutive relationship will be established as data of service-environment
mission cycles becomes available. Its applicability was already demonstrated in the results
summarized in Tables 1 and 2 of the paper. Though we share Dr. Chang’s concerns we do
not know of any nonlinear constitutive relationships of equal generality for all the properties.

! The Aerospace Corporation, El Segundo CA.
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ABSTRACT: One of the most critical elements in the transition of a structural material from
the development stage to an aerospace application is the existence of reliable design allowables.
The Department of Defense (DOD) and the Federal Aviation Administration (FAA) require
the use of MIL-HDBK-5 (for metals) and MIL-HDBK-17 (for composites) allowables unless
alternate values are approved by these organizations. The major benefit of handbook allow-
ables is not, however, the automatic approval of a material for use. It is the reliability and
confidence that comes to the designer in being able to use a material with predictable property
values. The end result is a design that is safe yet not overly burdened with excess structure.
This article reviews the requirements for the development of allowables and some of the
potential problems which may be encountered in developing allowables for metal matrix
composites.

KEY WORDS: mechanical properties (basic data), statistical data, specifications, metal par-
ticle composites

The design allowables in MIL-HDBK-5 and data in MIL-HDBK-17 are used in the
design of both military and civilian aerospace structures. Thus, it is exceedingly important
that the design values presented represent as accurately as possible the mechanical properties
of production material. In order to ensure this accuracy, exact requirements have been
established for data appearing in these documents. These requirements include the number
of test specimens, the number of lots of material, and the existence of an industry wide or
government specification controlling the consistency of the material. Obviously, the best
defined set of allowables would be of little value unless there were a specification to ensure
that future material would be similar to the material on which the allowables were based.

MIL-HDBK-5

MIL-HDBK-5, “Metallic Materials and Elements for Aerospace Structures,” was origi-
nally printed in 1938 as ANC-5 Bulletin to standardize the requirements of various govern-
ment agencies in the design of aircraft structure. The original document contained the
allowables for metal elements, fasteners, joints, and other aircraft structural members of
the day including wood. Wood was subsequently removed from the handbook in 1946.

! Technical manager, AFWAL Materials Laboratory, Wright-Patterson Air Force Base, OH 45433.
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Data in MIL-HDBK-5 are presented in the form of “A” allowables ‘B’ allowables, “S”
values, and typical values. These values are defined as follows:

“A” Allowables

The values above which 99% of the population is expected to fall with a 95% confidence.

“B” Allowables
The values above which 90% of the population is expected fall with a 95% confidence.

“S” Values

A minimum value from a government or industry specification. (The statistical assurance
is unknown.)

Typical Values

Average values with individually stated statistical requirements.

Table 1 shows the different mechanical property values in MIL-HDBK-5. Only the tensile,
compressive, bearing, and shear data which are presented as allowables are considered
compulsory data, although the inclusion of the other property data is highly desirable. For
material to be used in damage tolerant design, both fracture toughness and crack growth
data are essential. For materials which may be used at elevated temperatures, the effect of
temperature and creep curves are needed.

Number of Specimens

To ensure the reproducibility of allowables in the Handbook, a minimum number of test
specimens and a minimum number of production lots of materials are required. Detailed
guidance on the statistical specimens needed and its analysis are specified in the ‘“Guidelines”
chapter in MIL-HDBK-5. In essence, a minimum of 100 tensile strength observations spec-

TABLE 1—Types of data presented in MIL-HDBK-5.

Property Basis Test Method

Tensile (TUS, TYS, AND E) allowables ASTME 8°
Compression (CYS) allowables ASTM E 9
Shear (SUS) allowables proposed ASTM pending
Bearing (BUS AND BYS) allowables ASTM E 238
Stress-strain typical e
Fatigue typical ASTM E 466¢
Crack-growth typical per ASTM recommendations
Creep and stress rupture typical per ASTM recommendations
Low and elevated temperature % of RT

data for tensile, compression, allowables

shear, and bearing

* Methods of Tension Testing of Metallic Materials.

® Compression Testing of Metallic Materials at Room Temperature.

¢ Method for Pin-Type Bearing Test of Metallic Materials.

4 Recommended Practice for Presentation of Constant Amplitude Fatigue Tests of Metallic Materials.
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imens are necessary if the sample population can be described by a normal or 3-parameter
Weibull distribution. If the assumption of a normal or Weibull distribution is rejected, then
a minimum of 300 tensile observations are required to compute allowables nonparametri-
cally. Guidance for the statistical evaluation of normality or ‘“Weibullness” by the Anderson-
Darling Goodness of Fit test is also described in the Handbook. It is important that the
data be uncensored (all outliers included) even though some values may be below specifi-
cation requirements. Uncensored data are necessary to ensure an accurate representation
of the population. While the shape of the distribution can be nonnormal, it should be a
single population. Biomodal or multi-populations indicate the producer’s process may be
out of control. In such a case the scatter in properties will produce such low “A” and “B”
values that the material may be unattractive. To encourage the submission of all observations,
raw data are kept confidential within the MIL-HDBK-5 files.

Once the “A” allowables are established they are compared with the “S” (specification
tensile) values. If the “S” values are higher, the “A” values are presented as the design
values. If the ““S” values are lower, the “S” values are listed in lieu of the “A” values with
a footnote indicating the higher “A” values. When the “S” value is significantly different
from the “A” value, an effort is made to obtain a specification revision to change the
specification value to the “A” value.

Ten lots of material are required to ensure that the tensile strength data include any lot-
to-lot variance that will occur in normal production. Past experience on metal alloys has
shown that 10 lots are sufficient, and generally the variance from lot to lot at a consistent
location is less than the variation in properties from different locations within a single
product. This behavior is undoubtly due to differences in the amount of working during
processing and quenching effects which may vary from the edge to the center of a product.

Derived Properties

Typically, when considering a new material for an aerospace structural application, the
designer first looks at tensile strength, fracture toughness, and fatigue or crack growth
properties. However, when actually sizing a part for final design, compression, bearing, and
shear properties may play an equal if not greater role. It is not uncommon for at least 50%
of an aerospace structure to be designed to compressive yield strength or stiffness criteria.

Fortunately, for conventional alloys, once the tensile allowables for a given grain direction
are computed it may not be necessary to directly compute the remaining allowables using
the full complement of from 100 to 300 specimens. Instead, by using a paired ratio technique
compression, shear, and bearing strength allowables can be indirectly computed with as few
as 10 test specimens if certain requirements are met. This method involves the pairing of
compression, shear, and bearing measurements with mean tensile yield or ultimate strength
measurements for which an allowable has been already established. These paired measure-
ments are required for each significant test direction, representing at least ten lots of material
obtained from at least two production heats for each product form and heat-treat condition.
For a single form and thickness, data from no more than one heat-treat lot per heat may
be used to meet the ten lot requirement. Test specimens for paired measurements shall be
located in close proximity. If coupons or specimens are machined prior to heat treatment,
the coupons or specimens representing paired measurements must be heat treated simul-
taneously in the same heat-treat load through all heat-treating operations. Data for the ten
lots of material should represent the thickness range covered by the material specification.

The derived ratio process is based on the pairing of mean compression, shear, and bearing
measurements with mean tensile yield or ultimate strength measurements for which an
allowable has been already established. It can be also used to establish tensile yield and
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ultimate strength allowables in alternate testing directions. The technique is based on the
premise that the mean ratio of paired observations provides an estimate of the ratio of their
allowables. The steps in this process are detailed in the MIL-HDBK-5 guidelines as follows.

Determine the ratios of paired observations for each lot of material by dividing
the measurement of the property to be obtained (for example, CYS (LT) mean
compressive yield strength) by the measurement for the established property (for
example, TYS LT) mean tensile yield strength). The ratio of the two population
means should exceed the lower confidence limit defined as

; - tl_,,S/ \/;
where
n = number of ratios,
r = the average of ratios,
s = the standard deviation of the ratios, and

the 1-a fractile of the ¢ distribution for n — 1 degrees of freedom.
At a risk level of a = 0.05, the appropriate ¢ value is £

tl—a

Since the lower confidence interval estimate is used as the ratio between the design
allowable properties, the reduced ratio, R, may be defined as

R=r- t0.95S/\/;

Values of 1, 5 for various degrees of freedom, n — 1, are tabulated in MIL-HDBK-
5 and various statistical references.
The reduced ratio may now be used to establish the design allowable for the
property to be derived.
R = E,(LT) _ allowable to be derived
"~ F,(LT) established allowable in specified test direction.

The preceding is a summary of the derived ratio process which has been shown
to be reliable for application to wrought alloys. The more detailed description in
MIL-HDBK-5 should be reviewed before making any actual calculations. In ad-
dition, it is emphasized that this ratioing technique has not been proven for use
with metal matrix composites or for properties other than tension, compression,
bearing, and shear. Its applicability to metal matrix composites would have to be
proven by comparison with compression, bearing, and shear allowables obtained
through direct computation using the full 100 to 300 specimen sample. However,
this comparison is necessary and should be a part of the first allowables development
program for a metal matrix product.

These analysis requirements were established and are constantly reviewed by a
coordination group consisting of members from most of the aecrospace companies
and aerospace material producers along with representatives from the DOD and
the FAA. As a result, the statistical requirements reflect a balance of what is
needed for design, what can be actually produced, and what the customer can live
with. In addition, the values in MIL-HDBK-5 are reviewed on an intermittent
basis to ensure that any minor changes in material processing (within the limits of
the processing specification) have not affected the published allowables.
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MIL-HDBK-17

MIL-HDBK-17 (Plastic for Aerospace Vehicles) was originally published in 1955. Fiber-
glass reinforced materials were incorporated into the handbook in the mid-1960s. In the
past, MIL-HDBK-17 has been different than MIL-HDBK-5 in that typical rather than
minimum values have been presented. This has been due to the lack of adequate government
or industry wide processing specifications to control quality and the complex relationships
between unidirectional composite specimen properties and the strength of a laminated com-
posite component consisting of many layers of different fiber orientations. As a result, MIL-
HDBK-17 has not been updated or reissued in over 10 years.

However, the MIL-HDBK-17 coordination activity has been reactivated in recent years
and the Handbook is under major revision. The new Handbook will be titled, “Composite
Materials for Aircraft and Aerospace Applications.” The development of new analytical
techniques, and guidelines is in progress. The current goal is to obtain sufficient data from
at least five prepreg batches of each composite system to be able to demonstrate that the
material and fabrication process is under control and that statistically based “B” design
values can be established. These design minimum values are being or will be generated on
several resin matrix composite materials having fiberglass, Kevlar, and carbon (graphite)
fibers.

Differences and Similarities

The goals for MIL-HDBK-5 and MIL-HDBK-17 are similar; however, due to differences
in the product characteristics, the approaches to obtain these goals are somewhat different.
Normally “B” values are not published in MIL-HDBK-5 without “A” values. Only “B”
values are being proposed for MIL-HDBK-17. From the design standpoint “B” values are
generally used for redundant or multi-load path structure while “A” values are used for
critical single load path structure. As composites are generally limited to fail safe structure
the development of “B”’ values for MIL-HDBK-17 is the current goal.

The test methods for metals and composites are considerably different. Those commonly
used by the two handbooks are shown in Table 2. In MIL-HDBK-5, emphasis is on tension,
compression, bearing, and shear allowables with statistically valid fracture toughness, fa-
tigue, and crack growth data needed for damage tolerant and durability analysis.

In MIL-HDBK-17 emphasis is currently on tension (0 and 90° lay-ups), compression (0°)
and inplane shear (£45°) with secondary emphasis on bolt bearing. The angle lay-up refers
to the angle between the fiber orientation and the specimen’s length dimension. An approved
damage tolerant analysis has not been developed for composites although most proposed
approaches relate to a strain limiting criteria rather than an effective flaw size.

TABLE 2—Types of data proposed for MIL-HDBK-17.

Property Basis Test Method
Tensile “B” allowables ASTM D 3039
Compression “B” allowables ASTM D 3410°
Bolt bearing “B” allowables new test proposal
In-plane shear “B” allowables ASTM D 3518

* Test Method for Tensile Properties of Fiber-Resin Composites.
® Test Method for Compressure Properties of Unidirectional or Crossply Fiber-Resin Composites.
¢ Practice of In-Plane Shear Stress-Strain Response of Unidirectional Reinforced Plastics.
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Metal matrix composites, by definition, involve both metals and composites and as a result
may present some unique allowables problems. Such problems should not be compounded,
however, by arbitrary decision to characterize the material as a metal or a composite. Rather,
the allowables approach should relate to the basic structure of the material and how it will
be used in design. In general, it appears that discontinuous or short fiber reinforced materials
will display somewhat the same behavior and require the same properties as metals, making
them more amenable to the MIL-HDBK-5 approach. Continuous filament metal matrix
materials appear more related to resin matrix composites, and their test methods and analysis
should be more amenable to the MIL-HDBK-17 approach. Obviously any unique fabrication
process or configurations such as three dimensional weaves will require rather specialized
analysis and will be treated best on an individually approved basis.

Specifications

An effective material processing specification is essential prior to the development of
allowables on metals or composites and will be equally necessary for metal matrix composites.
Government or industry specifications are generally acceptable for MIL-HDBK-5. Company
specifications are not acceptable (except for fasteners) without special approval. Acceptable
processing specifications are a more difficult problem for composite systems in MIL-HDBK-
17. This is due to the less precise and more proprietary nature of the resin and the more
tenuous relationship between the strength of a unidirectional composite specimen and the
strength of a built-up laminated composite structure. A highly promising approach involves
the use of a prepreg specification utilizing chromatographic fingerprinting techniques to
define chemical compositions. The premise is that it does not matter what proprietary process
was used to obtain a given prepreg, as long as one can match fingerprints and other physical
and chemical properties throughout the production process.

The importance of an adequate materials processing specification prior to allowables
development can not be overemphasized. For many years attempts to develop allowables
on castings for MIL-HDBK-5 were thwarted due to the wide variance in properties from
lot to lot of castings even though the material was well within existing specification limits.
This variation was primarily due to inconsistencies in foundary practice involving location
of casting chills, risers, mold orientation etc.; all of which affect cooling rate which in-turn
influence properties. When casting strength values obtained from different suppliers on
material produced under the same specification were combined, the calculated allowable
values were so low as to make the material noncompetitive. These same general types of
problems may develop for metal matrix composites if adequate materials processing spec-
ifications are not developed.

Increased quality can not be inspected into a part. Increasing minimum property values
in a specification will not improve the strength of parts; it will only increase the rejection
rate of material produced. This is true unless the specification changes lead to significant
processing or fabrication changes. In the case of high-performance aluminum castings a
better inspection process was needed. A metallographic analysis of dendritic arm spacing
or cell size was incorporated into a proposed specification along with tighter chemistry of
several elements. The impact of this new specification has not yet been fully established;
however, preliminary evaluation has indicated that casting tensile property data from dif-
ferent suppliers may constitute or more nearly constitute a single population. Relative to
metal matrix composites, the message is that industry wide processing specifications are
extremely important and should be developed as soon as possible. In addition, it may be
necessary to include in these specifications new and innovative inspection techniques to
control reinforcement distribution, spacing, volume percent, etc.
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Initial Material Application

As with many other new materials, the of allowables for metal matrix composites may
be delayed while sufficient number of production lots are produced. This is very frustrating
to material producers who feel they are caught in a chicken and egg dilemma. How can a
product be accepted for commercial production until it is documented in MIL-HDBK-5 or
MIL-HDBK-17, and, conversely, how can a material be included in a handbook until an
adequate number or production lots or batches are produced?

One approach is to limit a new material to nonflight critical secondary structure until
some production experience is obtained. Ideally, such an application, should be easily
inspectable and easily replaceable. Speed brakes, vertical fin sections, landing gear doors,
and seat track fittings are some of the components that have been selected in the past. A
side benefit of a gradual transition is that as material is produced for noncritical applications,
quality control tensile property data sufficient to meet MIL-HDBK-5 or MIL-HDBK-17
requirements can be automatically obtained. With appropriate foresight, sufficient material
located adjacent to the quality control tension specimens can be set aside and subsequently
be used to obtain the paired measurements for a complete MIL-HDBK-5 or MIL-HDBK-
17 analysis at a relatively low cost.

A second approach that has been used to obtain allowables for MIL-HDBK-5 when time
is of the absolute essence is to simply pay for the production of ten commercial lots of
material for an allowables test program. Unfortunately, this approach can become quite
expensive, particularly when a production lot could be a 9072 kg (20 000 Ib) ingot. Accepting
an order for test material may be of particular concern to the supplier if there is no assurance
of a market for the remaining portion of each lot of material. With much smaller production
lots for metal matrix materials, this approach may be more viable.

A third approach or consideration is that it is not absolutely necessary to have allowables
in MIL-HDBK-5 or MIL-HDBK-17 to use a material in primary structure. For the most
part, the FAA will approve such exceptions for commercial application when the proposing
organization has obtained allowables using the approved military handbook guidelines, and
when a company specification which meets AMS or MIL specification requirements is
available. This approach is most often used when the material is highly proprietary in nature.
For military applications, the terms of acceptance are more open to negotiation between
manufacturer and the procuring organization. Many new materials are introduced in this
manner when temperature or corrosion considerations are a priority factor in material
selection.

Relative to metal matrix materials, there are sufficient nonflight critical applications on
both manned and nonmanned systems that the first of the three approaches mentioned
seems the most desirable.

Summary

The existence of military handbook approved design allowables for any new material is
a critical step in the widespread acceptance of that material in aerospace structure. Both
the Department of Defense (DOD) and the Federal Aviation Administration (FAA) require
the use of MIL-HDBK-5 (metals) and MIL-HDBK-17 (composites) allowables unless al-
ternate values are specifically approved by these agencies. To ensure the reliability of such
allowables a statistically valid quantity of data are needed from various grain orientations
and thicknesses on several lots of materials. In addition, an industry or government speci-
fication must be developed to describe the material and to ensure that material produced
in the future will have predictable property values. Although the statistical goals are the
same for both handbooks, the approach to reach these goals is different. Metals exhibit a
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higher degree of isotropy than composites, and industry wide processing specifications are
available. For metals, emphasis is on tensile, compression, bearing, and shear allowables
with statistically valid fracture toughness, fatigue, and crack growth data needed for damage
tolerant and durability analyses. For resin matrix advanced composites emphasis is on tension
(0 and 90° lay-ups), compression (0°), and inplane shear (+45°) properties with a secondary
emphasis on bolt bearing properties. A damage tolerant analysis for composites is not yet
finalized although most proposals relate to a strain limiting criteria rather than an effective
flaw size. Metal matrix composites will present some unique allowables problems. The
problem should not be compounded, however, by any arbitrary decision to characterize the
material as a metal or a composite. Rather, the allowables analysis should relate to the basic
structure of the material. In general, the MIL-HDBK-5 or metals approach appears more
amenable to discontinuous fiber and particulate composites while the MIL-HDBK-17 ap-
proach may be more appropriate for continuous filament structures.
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ABSTRACT: The piezoelectric ultrasonic composite oscillator technique (PUCOT) has been
used at temperatures up to 638 K and at 80 kHz to measure dynamic Young’s modulus E,
mechanical damping or internal friction Q' and strain amplitude e in Al/SiC, and Al/Sic,.
For four adjacent specimens from one sheet of 6061 Al/SiC, E-values varied in the range 114~
119 GPa at room temperature. The composition dependence of the modulus followed E =
68.6 + 2.2X with R = 0.95 (E is in GPa and X in volume percent SiC). The temperature
dependence of the dynamic modulus followed E = 138.7 — 0.117 with R = 0.98 (E is in
GPa and T in Kelvin). The amplitude dependence of Q' for 6061 Al/SiC, revealed a damping
peak at € = 107%. An analysis of the internal friction data in terms of a damping theory yielded
values for the minor pinning length of dislocation lines and the density of mobile dislocations.
The results are discussed in terms of the microstructure.

KEY WORDS: dynamic modulus, damping, internal friction, temperature, composition, alu-
minum, silicon carbide, metal matrix composites, composites, dislocations, whiskers, particles,
mechanical properties, anelasticity, elasticity

Relatively soft metals, along with their alloys, and engineering polymers show remarkable
ductility, but their stiffness remains inferior to that of other materials such as iron- and
nickel-based alloys. In space and subsea applications, the use of light-weight materials has
been of economic and engineering advantage. Thus, efforts have been directed towards
improving the stiffness of light weight materials rather than seeking other alternatives. The
recent boost in the introduction of low density brittle materials such as silicon carbide and
boron in the form of whiskers and fibers embedded in a ductile matrix of light weight
materials continues. These relatively new materials are properly called composites. Research
has led to improvements of strength while ductility remains satisfactory, and composites
show stiffnesses far superior to those of the materials making up the matrix. Since stiffness
has been shown [1,2] to depend largely on the distribution, quality, quantity, and direction
of the fibers or particles, and on interface bonding, it must be measured accordingly. More-
over, composite materials have been used in thermally fluctuating environments. Thus the
stiffness dependence on temperature cannot be ignored.

In this paper on anelastic and elastic measurements, we present some experimental results
on dynamic Young’s modulus E in the temperature interval 300 to 638 K for aluminum
metal matrix composites (MMCs) reinforced with silicon carbide (SiC) whiskers or particles.

! Professor and lecturer, respectively, Mechanical Engineering Department and Advanced Materials
Laboratory, Texas A&M University, College Station, TX 77843.
* Lead engineer, LTV Aerospace and Defense Company, Dallas, TX 75265.
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Also, Young’s modulus dependence on the homogeneity of particles distributed across a
plate by means of measuring E for small longitudinal segments is reported for room tem-
perature only. Finally, the strain amplitude dependence of the mechanical damping or
internal friction is reported and leads to estimations of mobile dislocation densities and
minor pinning lengths of dislocation lines.

Experimental Procedures

The technique used to measure the reported values for Young’s modulus E, internal
friction Q! and strain amplitude e is the piezoelectric ultrasonic composite oscillator tech-
nique (PUCOT). A brief description of the apparatus and its operation is given in the
following paragraph. Full details can be found elsewhere [3-5].

Test specimens with a variety of cross-sectional areas and lengths of approximately 40
mm were supplied to us and are listed in Table 1. All the specimens from the University of
Maryland were annealed for 12 h at 530°C and furnace cooled to room temperature. The
specimen from Arizona State University was hot extruded to a thickness of 12.7 mm, hot
rolled perpendicular to the extrusion direction, solutionized at 493°C for 1 h, water quenched,
and then aged at 160°C for 24 h. This heat treatment is the one normally used to produce
a T6 condition in the unreinforced 2124 aluminum alloy. The PUCOT experimental ar-
rangement consists of two piezoelectric quartz drive and gage crystals to excite longitudinal
ultrasonic resonant stress waves in a specimen of appropriate resonant length. For higher
temperature measurements, a fused quartz spacer rod joins the specimen and the quartz
crystals. The addition of the spacer rod allows insertion of the specimen in the furnace while
keeping the crystals at about room temperature. In either case we have a resonant system
driven by a closed-looped oscillator which maintains a constant (preselected) gage crystal

TABLE 1-Results of the modulus measurements for the materials studied with the PUCOT.

ID No. Material® Temperature/Kelvin  Modulus/GPa  Source?
1 6061 aluminum + O volume percent SiC 300 70 A
2 1100 aluminum + 0 volume percent 300 67 A
3 6061 aluminum + 5 volume percent (w) 300 85 A
4 1100 aluminum + 5 volume percent (p) 300 78 B
5 2124 aluminum + 15 volume percent (w) 300 91 C
6 6061 aluminum + 20 volume percent (w) 300 123 A
7 1100 aluminum + 20 volume percent (p) 300 105 B
8 6061 aluminum + 20 volume percent (p) 300 114 D
9 6061 aluminum + 20 volume percent (p) 300 119 D

10 6061 aluminum + 20 volume percent (p) 300 117 D
11 6061 aluminum + 20 volume percent (p) 300 115 D
12a 6061 aluminum + 20 volume percent (W) 300 109 E
12b 6061 aluminum + 20 volume percent (w) 473 85 E
12¢ 6061 aluminum + 20 volume percent (w) 638 67 E
132 6061 aluminum + 20 volume percent (w) 300 105 E
13b 6061 aluminum + 20 volume percent (w) 473 84 E
13¢c 6061 aluminum + 20 volume percent (w) 638 73 E

whisker; p = particulate.

SILAG via University of Maryland.

DWA via University of Maryland.

ARCO via Arizona State University.

Science Applications International Corporation via LTV Aerospace and Defense Company.
E = Science Applications International Corporation via LTV Aerospace and Defense Company
and Air Force Flight Dynamics Laboratory.
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voltage and hence a constant maximum stress or strain amplitude in the specimen. During
a test, the gage and drive voltages, the period, and temperature are recorded and appropriate
equations are employed to yield experimental values for E, Q~!, and .

Results and Discussion

A total of 17 specimens were tested. All specimens are aluminum alloy matrices containing
randomly oriented SiC whiskers or particulates in the range 0 to 20 volume percent. The
measured Young’s moduli are discussed first, followed by discussion of the internal friction.

Young’s Modulus

The measured Young’s moduli, materials specifications, temperature and source of ma-
terials appear in Table 1. The precision for a single measurement of modulus E is +0.7%.
Looking at the data, one notices three variables affecting the modulus. The first one is the
addition of the SiC. This increased E from about 70 GPa at § volume percent SiC to about
120 GPa at 20 volume percent SiC. This substantial increase is attributed to the existence
of the second phase in the matrix. The data points for E are plotted as a function of volume
percent SiC in Fig. 1 and then pooled together to yield the following correlation

E = 68.6 + 2.2X
with SE = 6.4 GPa and R = 0.95, where X is the volume percent SiC, SE is the standard

error of estimate, and R is the correlation coefficient. The second variable effecting E is
the homogeneity of the materials. Perhaps this effect is most noticeable in specimens 8 to

T T v T T
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® Particulate L}

120+ & Whisker °
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100
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FIG. 1—Dynamic Young’s modulus E as a function of volume percent SiC for metal matrix
composites tested at 300 K.
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11. These four specimens were cut from the same plate. However their E-values vary from
114 to 119 GPa. Since we used longtitudinal wave stresses, we believe this variation is due
to variations in the distribution of the SiC particles in the specimens. The third effect is that
of temperature. This effect is shown for specimens 12 and 13 only. Figure 2 shows a plot
of E as a function of temperature T where E decreases linearly with increasing T. Here E
decreases from about 106 to 70 GPa as T increases from 473 to 638 K. Again, we pooled
the data points for both specimens to obtain the following correlation between E and T

E = 138.7 — 0.11T

where E is in GPa and T is in Kelvin (SE = 3.3 GPa and R = 0.98). One should point up
that different slopes can be obtained for each specimen separately, but, as can be seen from
Fig. 2, the expected difference is rather minor.

Internal Friction

The results of the measurements of internal friction or mechanical damping for 6061
aluminum + 20 volume percent SiC, and 2124 aluminum + 15 volume percent SiC, are
presented as a function of strain amplitude in Figs. 3 and 4. The internal friction is clearly
amplitude dependent, rising to a peak and then dininishing {Fig. 3), or showing the classical
break away behavior (Fig. 4). The reason for the peak in Fig. 3 is not clear but could be
connected with the relative concentrations of precipitates in the microstrucutres of the 6061
and 2124 aluminum alloys. This possible explanation of the peak is elucidated further in the
later part of the discussion. The curves are of the form Q™' = Q,”' + Qy', where Q0,7 is
the amplitude independent part of the internal friction (horizontal parts of the curves) and
Qy~! is the amplitude dependent part (the parts of the curves that curve upwards). These
curves are now analyzed in terms of the Granato-Lucke (G-L) [6] theory of amplitude
dependent damping due to dislocation lines and their break away from pinning points at
high strain amplitude. The theory recommends a plot (a G-L plot) of eQ,~* versus €' to

T — —

1ok 6061 Al-20 v/o SiCw 1

E/GPa

U 1 )

1
300 400 500 600
T/K

FIG. 2—Temperature dependence of dynamic Young’s modulus for 6061 aluminum + 20
volume percent SiC.,,.
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FIG. 3—Strain amplitude dependence of mechanical damping or internal friction for 6061
aluminum + 20 volume percent SiC,, at 300 K.

obtain estimates of the minor pinning length of dislocation lines L, and the mobile dislocation
density A. Such plots are shown in Figs. 5 and 6. Most of the data points in Fig. 6 fall on
a straight line on the log-linear plot as predicted by the theory. In Fig. 5 we see that the
expected straight line is not evident. Such curvature has been noted previously [6] for some
materials. To proceed with the G-L analysis, one refers to the slope of the curve at the

T T T
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[
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FIG. 4—Strain amplitude dependence of mechanical damping or internal friction for 2124
aluminum + 15 volume percent SiC, at 300 K.
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FIG. 5—Granato-Lucke plot for 6061 aluminum + 20 volume percent SiC.,.

Slope =

smallest values of 1/e. The slope and intercept of the G-L plot are given by Ref 6
C, = —Ke'al/L,
Intercept = 1 = AQA, LN*N Ke! A/w? L2
where
K = 32G/=p*RE,
€' = misfit parameter,
a = lattice parameter,

Q = w/w, = frequency/resonant frequency = 1,
A, = 4/(1-v)/w =14,
v = Poisson’s ratio,

A = mp(a')?,

p = mass density,

a' = Burgers vector of dislocation,
G = shear modulus,
p = number between 2 ana 3,
R

= resolved shear stress factor, and
E = Young’s modulus.

L, = dislocation network length

For the analysis we have set ¢ = 1072 as suggested in Ref 6, p = 2.5, R = 0.5, G/E =

1/2.66,a = 4.05 x 10~ m, a' = 2.86 x 107 m, p = 2700 kg/m®, and Ly = 10~°m (the
approximate interfiber spacing). The results of the calculation for L, and A are given in

Table 2. The minor pinning lengths are found to be 2 and 0.02 wm, and the mobile dislocation
densities 10® and 10®° cm~2, for the 6061 and 2124 MMCs, respectively.
The results of the G-L analysis suggest that, since the minor pinning lengths differ in the
two materials, the mechanism controlling the yield stress operates on a finer scale in the

2124 MMC than in the 6061 MMC. This will be influenced undoubtedly by the details of



WOLFENDEN ET AL. ON METAL MATRIX COMPOSITES 213

T T T T

107k 2124 Al-15 vol. % ARCO SiCw

1078

-1
H

£Q

107°

1071° ! ] i L 1
0 1 2 3 4 5 6

107%™
FIG. 6—Granato-Lucke plot for 2124 aluminum + 15 volume percent SiC,.

the heat treatment of the aluminum alloys and by the processing to introduce the SiC. Fine
scale precipitates (such as GP zones) may be pinning the dislocations in the 2124 aluminum.
The relative concentrations of pinning points (given by L2 seem to offer an explanation
for the peak in Fig. 3 and the classical break away in Fig. 4. In the 2124 aluminum MMC
the minor pinning length (0.02 pm) is very small, representing a high concentration of
pinning points (3 X 10” m~2). The scale of the pinning points in the 2124 aluminum MMC
is thus much finer than that of the SiC whiskers (typically 1 pm; corresponding concentration
is 10" m™?). For this material with abundant pinning points for the dislocations the break
away strain would be expected to be relatively.high and was measured as approximately
10~ (Fig. 4). On the other hand, in the 6061 aluminum MMC the minor pinning length is
2 pm, the concentration of pinning points is therefore 3 x 10" m~2, the spacing of the SiC
whiskers is typically 1 wm, the concentration of the whiskers is typically 10 m~2, and the
expected break away strain for this material with relatively few pinning points is therefore
low (measured as approximately 5 X 10-% see Fig. 3).

TABLE 2—Results of Granato-Lucke analysis for the 6061 and 2124 metal matrix composites.

Minor Mobile
Pinning Dislocation
Length, Density,
Material L. (pm) A (cm™?)
6061 + 20 volume percent SiC,, 2 108

2124 + 15 volume percent SiC,, 0.02 10
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After break away, dislocations will continue to move and at higher strain amplitudes will
become pinned again on new pinning points. Thus the damping level will decrease again at
high strain amplitudes. This situation occurred for the 6061 aluminum MMC within the
range of strain amplitudes obtainable with the PUCOT (1072 to 3 x 10~ (Fig. 3) but did
not occur for the 2124 aluminum MMC (Fig. 4). At higher strain amplitudes (say 1073) the
curve in Fig. 4 would pass through a peak and then be reduced to low values of damping
again. The mobile dislocation densities listed in Table 2 appear to be high for nominally
annealed material. However, these values (up to 10 cm~?) are comparable with those
observed by Arsenault and Fisher [7] using TEM on 6061 aluminum + 20 volume percent
SiC (whiskers and particles). Their micrographs show high densities of dislocations clustered
around the SiC fibers. These dislocations were presumed to be generated by stresses resulting
from differential contraction (on cooling) between SiC and the 6061 aluminum matrix.

Conclusions

This study of the anelastic and elastic properties of MMCs using the PUCOT leads to the
following conclusions:

1. The addition of SiC to the aluminum alloys studied raises dynamic Young’s modulus
by up to 60%.

2. The following general correlation was found for the composition dependence of dy-
namic Young’s modulus:

E = 68.6 + 2.2X (E in GPa, X in volume percent SiC).

3. In adjacent specimens of 6061 aluminum + 20 volume percent SiC, cut from the same
plate there was a 4% variation in dynamic Young’s modulus.

4. The temperature dependence of dynamic Young’s modulus shows a linear decrease
for 6061 aluminum + 20 volume percent SiC,, according to this correlation:

E = 138.7 — 0.117 (E in GPa, T in Kelvin).

5. The mechanical damping or internal friction in the MMCs studied is strain amplitude
dependent.

6. The damping data, analyzed in terms of the Granato-Lucke theory, yield values for
the minor pinning lengths of dislocation lines of 2 and 0.02 pm, and for the mobile dislocation
densities of 10° and 10" cm~?, for the 6061 and 2124 MMCs, respectively.

7. Macroscopic (bulk) measurements of mechanical damping, when analyzed in terms of
an appropriate theory of dislocation damping, allow information on the microscopic features
of MMCs to be extracted.
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ABSTRACT: Noncontacting electromagnetic acoustic transducers (EMATs) are used to gen-
erate and receive wideband pulses of ultrasound in graphite/aluminum (Gr/Al) plates and
tubes. High precision velocity and attenuation measurements are used to locate defects and
to determine elastic moduli. Both static global and scanned local values of the attenuation
and velocity are measured by using large or small receiver EMAT separations, respectively.
Nondispersive, shear horizontal, and lowest order symmetric Lamb waves are employed along
with a four-transducer method which eliminates measurement uncertainties associated with
EMAT lift-off variations. Elastic moduli of Gr/Al plates are determined from ultrasonic data.

KEY WORDS: metal matrix composites, graphite/aluminum, nondestructive evaluation, elec-
tromagnetic acoustic transducers (EMATS), elastic moduli evaluation

The development of reliable and cost effective methods for the nondestructive evaluation
(NDE) of metal matrix composite (MMC) parts and structures is essential to permit the use
of these materials in critical applications. In many of the envisioned applications, the struc-
tures will be manufactured with only one or several plys of precursor wires. The resulting
structure will have thin (less than 1 mm) walls which are difficult toinspect using conventional
ultrasonic immersion methods. In addition, immersion of some of the candidate MMC
systems in water could lead to undesirable corrosion of the matrix metal.

This paper represents the status of an ongoing effort to develop noncontact ultrasonic
methods for the NDE of thin MMC structures. The approach utilizes the generation and
reception of ultrasonic propagation modes that exist only in thin plates or plate-like struc-
tures, namely, plate or Lamb waves. Electromagnetic acoustic transducers (EMATs) are
used to generate these ultrasonic waves.

Measurement Methods

The two ultrasonic propagation modes that are used in this investigation are the lowest
order symmetric Lamb (SL) mode and the shear horizontal (SH) mode. Wideband pulses
with center frequencies in the 200 kHz to 1 MHz range are used so that the wavelength is
greater than the plate thickness of the structures inspected. Both attenuation and velocity
are measured for these propagation modes. These parameters permit the evaluation of
structural variations or flaws, as well as a determination of the elastic constants which
characterize the material. An essential feature of the use of these particular propagation
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modes is that the entire propagation path is accessible to interrogation by receiver transducers
placed on the surface of the plate (or plate-like structure.)

EMATS are used to generate and receive the ultrasonic signals. They permit ultrasonic
measurements without the use of any acoustic coupling fluid between the transducer and
the part. This facilitates scanning the transducers over the surface of the structure. By using
appropriately designed coils and magnetic field orientations, the EMATS can be constructed
to generate and receive the desired SL or SH waves. A wideband, single element construction
is used for the EMATS designed for this work. The wideband construction permits the use
of single, half cycle, sine wave sound pulses which, in turn, permit the use of time interval
counting techniques for the measurement of the sound velocity even in a scanning mode of
operation. The wideband design does suffer from a lower conversion efficiency than the
narrow band, multielement EMATSs more commonly used. However, the use of special low-
noise electronics, coupled with careful matching of the transducers to the circuitry, gives
signal-to-noise ratios typically in excess of 20 dB.

The wideband EMATS used in this investigation are placed on the surface of the plate
being evaluated. (The EMAT coils are typically within about 0.5 mm of the surface with
the housing resting on the surface.) Access to the edges of the plate is unnecessary. In
addition, the EMATS are bidirectional so that they are equally sensitive to waves traveling
to the right or to the left as schematically illustrated in Fig. 1. This would not be true for
typical piezoelectric transducers used with wedges or in immersion to generate the same
propagation modes. The fact that the EMATS are bidirectional and can be positioned on
the surface of the plate, permits the use of a 4-transducer measurement technique for making
accurate attenuation measurements in the presence of large, random variations in the acoustic
coupling of the acoustically generated radio frequency field to the transducers. These vari-
ations are caused by changes in the lift-off distances betweeen the EMAT coil elements and
the surface of the plate. As a part is scanned, lift-off variations may cause signal variations
as large as 10 dB. These variations would obscure relevant attenuation variations in an
MMC plate which may be as small as 1 dB. The four-transducer arrangement of two receivers
located between two transmitters, as shown in Fig. 1, permits the complete rejection of the
unwanted lift-off errors so that accurate measurement of the absolute attenuation in the
plate is possible.

By referring to Fig. 1, it is seen that variations in the transmitter coupling efficiency
equally affect the signal levels seen by both receiver EMATSs. Hence, signal voltage ratios
computed for the two receivers are independent of transmitter coupling variations. Variations
in receiver coupling efficiency will have a large effect on this voltage ratio. The receiver
coupling problem is overcome by use of a second transmitter. This can be seen by considering
the following algebra. The apparent attenuation, a'y;, when transmitter 1 is pulsed

, Vu
aﬂ:Axlg<Vu) =0L+GR,_GR2 ¢))

Tq R1 Ry Ta

|

MR meta'gc

Single cycle - Single cycle

Gauge
sound pulse
sound pulse length p

FIG. 1—Schematic representation of the four-transducer method for measuring attenuation
with EMATS.
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includes the actual attenuation, «, and an error term, Gy, for each receiver caused by liftoff
or transducer sensitivity differences. The first subscript on the Vs indicates the transmitter
and the second subscript indicates the receiver in Fig. 1 for which the voltage, V, is measured.
Ax is the distance or gage length between the receivers. When transmitter 2 is excited, the
apparent attenuation is given by

1 |2
o'y = —log | =2) = a — Gg, + Gy, )
Ax Vau

Adding Eqs 1 and 2 eliminates the error terms and yields

L Vu Va
@ =7 [log <V12) + log (V21)] 3)

Hence, by the measurement of four voltages, the absolute attenuation can be calculated
using Eq 3.

The voltages shown in Eq 3 are determined using a novel, four-channel, gated peak
detector developed for this application. The peak detector unit performs the indicated
calculations and outputs the attenuation [1,2]. The resultant attenuation is accurate to 0.5
dB with a typical repeatability of 0.25 dB. A unique feature of the gated peak detector is
that a computing, gain control, feedback loop is used to maintain the peak voltage of the
single half cycle waveform at a fixed level. Hence, time delay intervals between the pulses
in the individual channels can be measured between fixed phase points on the waveforms.
Time intervals accurate to 10 ns on a single shot basis are typically achieved independent
of the normal amplitude variations observed during a scanning operation. Multiple time
interval measurements may be averaged to improve the resolution. The time interval and
attenuation data are simultaneously output by the four-channel, gated peak detector.

The EMATS and the interrogating SL waves can be also used to observe the reflections
of the wideband ultrasonic pulses from cracks or other discontinuities in a scanned part. If
a crack in the plate is located between the receiver EMATS, R, and R,, in Fig. 1, then when
a sound wave travels toward the right from EMAT transmitter T,, a pulse reflected back
from the crack should be observed at R, immediately following the arrival of the direct SL
wave pulse. Only the direct SL wave pulse, attenuated by the crack, will be observed at R,.
If the crack is to the right of R,, the reflected pulses will be detected by both R, and R,.
Unfortunately, the transmitter EMATS are bidirectional and send pulses in both directions
(both to the right and left in Fig. 1). Hence, a crack located to the left of T, will also send
relected pulses toward the right to both R, and R,. These reflected pulses will also arrive
after the arrival of the direct pulse (sent directly to the right) at R, and R,. If the 4-transducer
array is scanned over a plate and a gated peak detector is set to record pulses occurring in
time just after the arrival of the direct pulse, an image of the cracks in the plate can be
created. However, a double image will result from the fact that an echo will be seen when
the crack is located just to the right of R, and just to the left of T,. Efforts are underway
to use computer processing of the data from various receivers, using the two transmitters,
to eliminate the double image.

C-Scans in MMC Plates

A 4-transducer array of EMATSs may be used to evaluate local variations in the properties
of a unidirectional graphite (P55)/aluminum (6061) plate 33 cm long in the fiber direction
and 50 cm wide. The resolution or detail in the resultant display depends on the gage length
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between the two receiver transducers. The data presented in this section were obtained with
a receiver gage length of 1.0 cm and with the transmitters located 6.0 cm from the receivers.
The four EMATS were rigidly attached together and connected to the end of the manipulator
of a computer-controlled scanning system. The transmitter EMATSs were excited with uni-
polar, 250 A, 1 ps wide pulses at a 1 kHz repetition rate. The lowest order SL mode was
used for the measurements made in the single-ply graphite/aluminum (Gr/Al) plate ap-
proximately 1 mm thick. Attenuation, pulse-echo, and velocity data, as a function of receiver
location on the plate surface, were digitally recorded and used to create C-scan images. The
data were obtained every 0.125 cm along the scan direction, and the scan lines were separated
by 0.125 cm. The scan direction was always coincident with the sound propagation direction.

Figure 2 is a gray scale image of the SL wave attenuation for the center, 24.8 cm (fiber
direction) by 31.5 cm, portion of the plate. The scan direction is perpendicular to the fiber
direction and is the low speed propagation direction. The original image on the computer
screen contained 16 levels of gray (or color). The darkest level in the image corresponds to
an attenuation of 0 dB/cm and the lightest level corresponds to 10.4 dB/cm. The bright
vertical band in the upper right hand corner results from the attenuation caused by a crack
in the plate. The crack image appears to be wide because of the 1 cm gage length between
the receiver EMATs. This crack is perpendicular to the sound propagation direction so that
a large sound attenuation results as the SL wave passes through the crack. Flaw resolution

FIG. 2—Attenuation image of Gr(P55)/ Al(6061) plate. The darkest level corresponds to 0
db/cm and the lightest level to 10.4 dB/cm. The sound propagation direction is perpendicular
to the graphite fibers.
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will be improved in future scans when the ability to use shorter receiver gage lengths is
available.

Figure 3 is a pulse-echo image of the same portion of the plate as displayed in Fig. 2. In
this case, back reflected pulses, detected by receiver R, immediately after the passage of
the direct pulse, are recorded by a separate gated peak detector. The brightest levels cor-
respond to the biggest reflections. These data are simultaneously recorded along with the
attenuation and velocity for a single scan of the plate. The general precursor lay-up pattern
is now observable in the image. The crack is again located in the upper right hand corner.
Unfortunately, a second image of the crack appears about one quarter of the way across
the plate to the left. This is consistent with the description of this method previously given.
The light band along much of the top of the image results from an off-angle reflection from
the plate edge. When a computer algorithm becomes available for eliminating the double
image, the method will provide excellent images of flaws which act as acoustic reflectors.
The amplitude of the reflections from individual precursor wires may provide information
concerning the quality of the interwire bonding.

Figure 4 is the attenuation image obtained by scanning the transducer array along the
fiber or high propagation speed direction. The image area corresponds to a 13.5 cm (along
the fibers) by 39.4 cm section of the plate. The center of this image is approximately at the
same position on the plate as that for Fig. 2 and 3. The attenuation range for this scan is
1.2 to 2.9 dB/cm with the brightest level corresponding to the highest value. The amount

FIG. 3—Pulse-echo image of Gr(P55)/Al(6061) plate. The brightest levels are from the
strongest reflections. The sound propagation direction is perpendicular to the graphite fibers.
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FIG. 4—Autenuation image of Gr(P55)/Al(6061) plate. The darkest level corresponds to
1.2 dB/cm and the lightest level to 2.9 dB/cm. The sound propagation direction is parallel to
the graphite fibers.

of the crack length scanned (Fig. 4) is much shorter than for the scan in the other direction
(Fig. 2). The bright spot in the upper right of this image results from the end of the crack
seen in Fig. 2. The general level of attenuation is lower for this scan direction since the
prominent discontinuities are parallel to the sound propagation direction and as a result
they reflect very little energy out of the sound beam.

Figure 5 is a velocity image obtained from the same scan as used for Fig. 4. The velocity
range in this image is from 8920 to 9600 m/s with the brightest level corresponding to the
highest value. The higher value areas on the image probably result from areas where the
precursor wire packing density is higher with a resulting increase in fiber volume fraction.
The higher velocity areas in this figure generally are located where the lower (darker)
attenuation areas are found in Fig. 4. It is expected that more tightly packed precursor wires
would have a lower attenuation.

The pulse-echo image for the same scan direction as for Figs. 4 and 5 shows considerably
less detail than for the other direction, and it is not reproduced here. It is expected that
this should be the case since the sound scattering discontinuities are parallel rather than
perpendicular to the propagation direction.

FIG. 5—Velocity image of Gr(P55)/ Al(6061) plate. The darkest level corresponds to 8920
m/s and the lightest level to 9600 m/s. The sound propagation direction is parallel to the
graphite fibers.
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SL Wave Velocity Measurements in Tubes

Transmitter and receiver EMATSs were constructed to allow measurements on MMC tubes.
The EMAT coils were constructed to be conformal to the tube and to provide sound
propagation in the tubular axial direction. In the present case, the Gr/Al tubes have an
outside diameter of 5.1 cm. The propagation mode generated is the lowest order, pseu-
dosymmetric Lamb (SL) mode.

These EMATS were employed to measure the SL wave velocity in a 2-ply graphite (P100)/
aluminum (6061) tube with a £23° lay-up. The tube is 30.5 cm long with a 5.1 cm outside
diameter. The layup is designed to provide a minimum coefficient of thermal expansion
(CTE). Velocity measurements were made every 45° around the circumference and at 2.5,
7.6, 12.7, 17.8, 22.9, and 27.9 cm from one end of the tube. The receiver EMATSs had
apertures of 1 cm and were seperated by 1 cm. The measured velocity values are tabulated
in Table 1.

The average velocity value was determined to be 8860 m/s with a standard deviation of
380 m/s. If the theoretical values of the major and minor Poisson’s ratios of 1.1 and 0.17
are used, the axial Young’s modulus can be computed from the velocity data and the density
which was taken as 2.5 g/cm®. The resultant average modulus is 160 GPa. It is not yet known
if the observed variations in the velocity value shown in the table are indications of local
variations in the CTE of the tube. However, the parameters which can affect the velocity,
that is, density, fiber volume fraction, matrix microstructure, etc., all can affect CTE.

Elastic Moduli Evaluations

Foltz, Bertram, and Anderson [3] have developed the necessary equations for determining
the in-plane elastic moduli from a set of plate wave velocity measurements. Under the
assumption that a unidirectional MMC plate may be considered to be an orthotropic plate,
the dispersion relation is given by the determinant

(A — pv?) Ay -0 4
Ap (A — pv?) @

In Eq 4 p is the plate density and v is the wave phase velocity. The A; are related to the

TABLE 1—Symmetric Lamb wave velocities for MMC tube.

Velocity in m/s

Axial Location

Angle, deg 2.5cm 7.6 cm 12.7 cm 17.8 cm 22.9 cm 27.9 cm

0 9070 9450 8710 9040 9310 9360

45 8580 8840 9210 8590 9070 8550

90 9010 8600 8860 8300 8750 9100

135 8730 8900 8500 8680 9420 9310
180 9760 9320 9050 9270 9230 9790
225 8910 8320 8490 8340 8340 8560
270 8870 8490 8620 8540 8630 8640

315 8630 8860 8520 8370 8680 9040
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plate stiffness coefficients, Q;, by
A = Q) c0s0 + Qg sin%0
Ay = Qg €080 + O, sin%0 (5)
Ay = (On + Q) sind cosd
where 0 is the angle between the propagation direction and the X-axis which is taken along
the fiber direction. Equation 4 has two roots for each angle 6. These correspond to fast and
slow plate modes of propagation. Along the X- and Y-axes, the fast and slow modes cor-
respond to the SL and SH modes, respectively. For off-angle directions, the propagating
modes are not purely longitudinal or shear in character. In this case, the fast and slow modes
are referred to as pseudo-SL or pseudo-SH waves. The stiffness coefficients are related to
the velocities, vy, and vgy, for the 0 and 90° propagation directions by
v (0°) = (Qu/p)”?
Us(90°) = (Qx/p)"? (6)
Usn(0°) = vsu(90°) = (Qes/p)"*

The stiffness coefficients are related to the engineering elastic moduli by

Oy = Ell/(l - V12Vz1)

On = Ezz/(l - Vpvy)
On = vpQxn (7)
Qs = Gy

vuEy = vy Ey

Here E,, and E,, are Young’s like moduli along the X- and Y-axes, respectively. Gy, is the
shear modulus and v, and v, are the major and minor Poisson’s ratios.

Equations 4 through 7 may be used along with measurements of vy, and vy to find Eyy,
E», Gy;, and vy,. Typically, the v’s are measured along the X- and Y-axes, but at least one
measurement at an off-angle direction is required to permit the calculation of all the unknown
parameters. The value of the plate density is assumed to be available from an independent
measurement.

Foltz et al. [3] also have shown that, for all propagation directions except 0 and 90 deg,
the group and phase velocity vectors are not colinear. As a result, the propagating wave
front is not perpendicular to the propagation direction. Hence, extreme care must be ex-
ercised in making off-axis measurements in order to insure that the appropriate phase velocity
is determined. This problem may cause difficulties when contact type piezoelectric trans-
ducers are applied to the specimen edges for generating and receiving the sound waves. The
result is that the parallel reflecting specimen edges to which the transducers are bonded are
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not oppositely located across the sample from each other. This problem is sufficiently severe
that it is typically impossible to make all of the velocity measurements in the same part of
the specimen. These problems are all largely eliminated by using EMATSs which can simply
be located appropriately on the specimen surface. Only the reciever gage length is important
in terms of the material being evaluated; the rest of the propagation path may be conveniently
located to provide for the best overlap in the gage length region of the specimen. This point
is particularly important in view of the fact that velocity variations may typically exceed
10% at different locations in a Gr/Al plate as is evidenced in the C-scan data shown
previously. EMATSs are also ideal for use in time delay (velocity) measurements, in that
there are no acoustic bond effects to generate time interval errors.

The calculation of the elastic moduli and Poisson’s ratio from the velocity data can often
lead to anomalous results for v, because of extreme sensitivity to small errors in the velocity
data. Better results are typically obtained by making additional velocity measurements along
a number of off-axis angles. The resultant, overly determined data set is then least squares
fitted to theoretically determined velocities by making small iterations of the stiffness pa-
rameters. In the present case, the uncertainties in the velocity values contribute the smallest
error with an accuracy typically better than 0.5%. The determination of the propagation
angles is no better than +2°. The largest uncertainty comes from the normal variation of
the elastic moduli at different locations in the plate and the fact that the measurement gage
lengths, for different propagation directions, do not include exactly the same portion of the
plate.

The elastic moduli values were determined from SL and SH wave data taken in the same
large, unidirectional single-ply Gr(P55)/Al(6061) plate for which scan data were presented
in Figs. 2 through 5. Phase velocity angles of 0, 30, 45, 60, and 90° were used. The SH and
SL data were taken with 1.0 and 4.25 cm gage lengths, respectively, so that the 10 ns time
interval uncertainty contributes approximately the same error to the two velocities. For each
angle, the orientations of the transmitter and twin receiver EMATSs were carefully laid out
on the plate, along with the computed propagation path (group velocity) directions as
calculated using representative elastic moduli. The resultant velocities are given in Table 2
for two locations on the plate.

The resultant SL. and SH wave velocities for the 0° direction are in excellent agreement
with those previously reported for longitudinal and torsional (shear) waves in Gr(P55)/
Al(6061) precursor wires with approximately 40 to 43% graphite [2].

The resultant elastic moduli, calculated using the notation presented previously are for
location 1: E;; = 182 GPa, E,, = 34.2 GPa, G,, = 22.3 GPa, v, = 0.626, and v,, = 0.118;
and for location 2: E;; = 177 GPa, E, = 34.0 GPa, G, = 21.6 GPa, v, = 0.571, and
Vo = 0.11.

SL wave velocities were also measured in a 4-ply, Gr(P100)/Al(6061) plate with a +23°
lay-up that was designed for a low CTE. The plate was 15.2 cm square at the time of the

TABLE 2—Measured phase velocities for SL and SH waves in Gr/Al plate.

Location 1 Location 2
Angle, deg v (m/s) SL v (m/s) SH v (m/s) SL v (m/s) SH
0 8807 2807 8725 2790
30 7880 3023 7600 2990
45 6957 3175 6768 3129
60 5445 3220 5412 3196

90 3735 2925 3722 2930
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TABLE 3--Measured phase velocities for SL waves in four-ply Gr/ Al plate.

Prior to Heat Treatment After Heat Treatment

Location v (m/s) SL Location v (m/s) SL

8980 1 7400
8500 2 7900
9360
9250
9440
9420

AN U N e

initial measurements which were made in the “as received” condition. The plate was then
heat-treated for one hour at 530°C in an argon atmosphere. This was followed by a water
quench and a subsequent aging for 18 h at 163°C. The purpose of the heat treatment was
to put the 6061 aluminum matrix into a T6 temper. The plate was then cut up for mechanical
testing. One of the cut off pieces was provided for SL wave measurements before mechanical
tests were run. Velocity measurements could only be made at two locations on that small
piece. The velocity data for both conditions are provided in Table 3. All of the velocities
are for the high-speed symmetry axis.

The average velocity before heat treatment was 9160 m/s, and after treatment it was
reduced to 7650 m/s. These velocities yield computed values of E; of 171 and 119 GPa,
respectively. For this particular specimen, the heat treatment lead to a substantial reduction
in the modulus.

The observed loss of stiffness with heat treatment may be related to the loss of shear
modulus in Gr(P55)/ Al(6061) precursor wires to which similar heat treatment was supplied
as reported by Reed and Bertram [2]. In that study, only the shear modulus underwent a
significant reduction, while the Young’s modulus remained nearly unchanged. The results
of that study imply that the E;,; modulus, along the fiber direction, would not change
significantly in a unidirectional plate which had undergone a T6 heat treatment. However,
in a cross-plied plate, such as the one studied here, the high symmetry Young’s modulus
will be affected by the precursor shear modulus. Hence, any heat treatment which affects
the shear modulus and Poisson’s ratio in a unidirectional plate will be expected to cause
changes in the high symmetry Young’s modulus of the cross-plied plate which has individual
layers with a similar construction.

Conclusions

Methods are under development for using EMATS in the noncontact ultrasonic evaluation
of metal matrix composite structures. Data have been obtained from MMC plates and tubes
which show that these methods offer considerable promise. The SL wave velocity and
attenuation measurements are used to produce C-scans that produce images of variations
in the properties of a plate. The SL and SH wave velocity data are used in the determination
of the in-plane elastic moduli of a MMC plate.
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ABSTRACT: Fiber FP is a continuous polycrystalline alumina fiber suited for reinforcement
of metals, plastics, and ceramics. Fiber FP/metal composites are very attractive for weight and
stiffness critical applications. In order for these materials to be accepted in the marketplace,
quality control methods needed to be developed. In this study, we developed methods based
on computed tomography (CT) and ultrasonic scanning to identify porosity, delamination,
and other discontinuities in Fiber FP reinforced composites.

Prior to this work, Fiber FP/metal plates and coupons were inspected using a combination
of X-ray and ultrasonic methods—both with significant limitations. The ultrasonic evaluation
utilized a defect threshold technique with inherent sensitivity uncertainties of defects close to
the threshold level. This study demonstrated that defect intensity level scanning was superior
to threshold scanning for Fiber FP reinforced composites. We developed color indicators for
the various intensity levels to facilitate data interpretation.

The ultrasonic technology was also limited to simple flat shapes. Fiber FP development
programs have recently shifted to fabrication of more complex prototype components such as
connecting rods and helicopter transmission housings. CT offers several advantages over tra-
ditional radiographic techniques. Standard radiography creates an obscure 2-D image of a 3-
D body by superimposing defect indications. A CT scanner has the ability to look at 2-D slices
of a 3-D component. A series of 2-D images can be taken, and then interfaced with a computer
to show the 3-D nature of the object. This technique has been demonstrated for prototype
connecting rods and confirmed via destructive testing.

KEY WORDS: nondestructive tests, ultrasonic scanning system, through-transmission, FP/
magnesium, FP/aluminum, computed tomography, composite materials, attenuation

There is considerable interest in reinforcing metals with high-modulus fibers to improve
mechanical and high-temperature properties. Some of the fibers under evaluation are graph-
ite, silicon carbide, alumina, and boron. These materials can offer superior weight and
design advantages, but are often overlooked because reliable ways of nondestructively de-
termining the quality of the final composite have not been available. During fabrication and
processing of a fiber reinforced metal composite component, defects, such as delamination,
porosity, nonhomogeneous fiber distribution, may be introduced. Nondestructive test pro-
cedures are needed to determine material quality, to develop accept/reject criteria and to
predict service performance. Fiber reinforced metal matrix composites are complex materials
and offer major challenges for nondestructive evaluation. The difficulties are compounded
when specimens of irregular geometry are to be evaluated. This paper reviews our work in
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FIG. 1—Pulise echo threshold ultrasonic scans of the same plate on three occasions showing
various degrees of defect indications.
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developing nondestructive evaluation techniques for alumina fiber reinforced aluminum and
magnesium composites.

Fiber FP, a continuous polycrystalline alumina fiber being developed by Du Pont, is well
suited for reinforcing nonferrous metals such as aluminum and magnesium to form composite
parts such as test bars, flat plates, connecting rods, and other components. Nondestructive
testing techniques are necessary to assess the quality of these components. A combination

FIG. 2—Fiber FP wax preform and FP reinforced aluminum connecting rod.
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of ultrasonic and X-ray radiography techniques have been used for analysis of flat shapes.
Threshold ultrasonic inspection using a pulse-echo technique consists of concurrent scanning
of a specimen and a calibration standard. The criteria for assigning defects in the test
specimen is based on comparing the attenuation of the ultrasonic beam caused by a 0.1-cm
(0.04-in.)-diameter hole drilled in the side of the calibration standard to the test specimen.
A problem with using a defect threshold is the lack of reproducibility. The appearance of
material discontinuities close to the threshold level depend upon arbitrary operator testing
procedures. Figure 1 shows three scans of the same FP/Al plate inspected on three different
occasions using the pulse-echo technique. Dark regions indicate ““defects.” The different
results are not acceptable. Obviously, as the shape of the composite becomes more complex,
these testing deficiencies are magnified. Figure 2 shows a Fiber FP wax preform and Fiber
FP/Al connecting rod. The ultrasonic scans did not give reliable information on the quality
of connecting rods due to reflection and refraction of the beam at the curved surfaces and
the varying thickness of the rod. Standard radiography indicated possible defect regions,
but it was not possible to quantify the magnitude or location of the defects. Therefore,
improved ultrasonic and tomography techniques were investigated as means to characterize
defects in Fiber FP reinforced components.

Operation of a Tomographic Scanner

The use of tomography [I,2,3] was pioneered in the medical X-ray field where these
systems are commonly known as CAT (Computerized Axial Tomography) scanners. In
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FIG. 3—Schematic of CT scanner operation.



WIDRIG ET AL. ON METAL MATRIX COMPOSITES 231

FIG. 4a—Gamma-ray radiograph of Remington bronze Indian bust.

medical applications, the intensity of the X-rays is normally in the 60 to 100 KeV range
whereas 100 to 650 KeV is required for industrial applications. A computer assisted to-
mographic (CT) scanner operates by combining the power of a computer with traditional
radiography techniques. Figure 3 illustrates the operation of a CT scanner. Flaws are detected
by rotating the object relative to a radiation source and a set of detectors. The source consists
of either a gamma ray emitting isotope, such as iridium 192 or cobalt 60, or a high intensity
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FIG. 4b—CT tomograph through the chin of the Indian bust. Distinguishes the defect as a
thin-wall in casting with slag material embedded in the clay mold.
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X-ray tube. The detectors obtain transmission data from the object at a number of different
angles. This information is transformed by the computer into a two-dimensional density map
of the desired cross section. By taking multiple scans of the object a three dimensional
picture can be synthesized by the computer. Defects as small as 0.0025 cm (0.01 in.) can
be resolved. Traditional radiography compresses a 3-D body into a 2-D image; therefore,
3-D information is lost. However, CT scans preserve the 3D nature of the body. Figures
4a and b illustrate one of the distinguishing differences between radiography and tomog-
raphy. Figure 4a is a gamma-ray radiograph of a Remington bronze Indian bust. It was
suspected to have porosity or defects in the chin region. A tomographic slice plane of 0.1
cm (0.04 in.) thick was taken through the suspect region. Figure 4b shows the tomographic
cross section which indicates the bronze casting, the clay mold, air, and voids in the mold.
By tomography the defect is shown to be a thin-wall in the casting with slag material
embedded in the clay mold behind the thin wall.

Ultrasonics

Ultrasonic inspection [4] consists of directing a beam of ultrasonic energy into a specimen
and then measuring either the energy transmitted through the specimen, or the energy
reflected from a discontinuity or a defect in the specimen. This measurement is possible
because the ultrasonic beam travels with little loss of energy through homogeneous material
and is only intercepted and reflected by discontinuities in the material. Pulse-echo and
through-transmission are the two basic methods of ultrasonic testing. The pulse-echo method
measures the energy reflected from discontinuities or defects in the material. The through-
transmission method measures the energy which traverses the composite specimen. Figure
3 illustrates the method of through-transmission ultrasonic testing.

Materials and Procedures

The materials evaluated were magnesium and aluminum plates and connecting rods rein-
forced with DuPont’s continuous alumina fiber (Fiber FP). Standard plates were approxi-
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FIG. 5—Schematic of through transmission ultrasonic technique.
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mately 15.2 by 15.2 by 1.3 cm (6 by 6 by 1/2 in.). These components were fabricated via
molten metal infiltration [5,6]. The matrix in the magnesium components was ZE41A alloy
which contains 4% zinc, 1% rare earths, and zirconium as a grain refiner. Since aluminum
does not wet alumina at atmospheric pressure, the alumina/aluminum matrix composites
utilized an Al-2.5Li alloy which promotes bonding between the alumina fiber and the alu-
minum.

The evaluation of CT scanning was conducted in cooperation with Scientific Measurement
Systems, Inc. of Austin, Texas, who design and manufacture industrial tomographic systems.
The SMS Model 101 High resolution Tomograph (Fig. 6) was used to develop tomographic
techniques for inspecting Fiber FP reinforced components. The 200 Curie IR-192 source
emits gamma rays collimated to a fan beam of 30 deg. An array of 63 detectors count
individual gamma rays at rates of 1 MHz. The data are collected and analyzed with a PDP-
11/730 minicomputer. The computer controls the scanning functions, collects the tomo-
graphic data, and by means of a proprietary collection of algorithms and analytical programs,
provides detailed analysis of the test object.

The development of intensity level ultrasonic inspection was conducted at Du Pont’s
Engineering Physics Laboratory. The system (Fig. 7) consists of two Dec 11/23 + computers,
a Testech LS 86 Scanner with two transducers which have computer controlled 3-dimensional
coordinates and a 1 Mbyte high-speed image memory. The software and hardware for the
high speed memory was developed at Du Pont. The system contains a color graphics terminal
which provides a color hardcopy. The image is painted in real time. The system operates
at very rapid scan speeds of up to 38.1 cm/s (15 in./s). Through transmission was selected
as the ultrasonic scanning mode for the evaluation and development of ultrasonic testing
for Fiber FP/metal composites. The intensity level technique uses shades of grey or pseu-
docolors to represent attenuation levels. All of our research was done using pseudocolor,
but because of the necessity of reprinting in black and white, shades of grey are shown in
this paper. The color scale or grey scale are shaded by the decibel (dB) scale which enhances
testing reproducibility because it is referred to an off-sample signal. There is an impedance

FIG. 6-—SMS Model 101 High Resolution Tomograph.
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F1G. 7—VUlitrasonic system.

mismatch at the specimen surface caused in part by the difference in the velocity of sound
in water (1500 m/s) and in the FP/Al specimen (6500 m/s). This makes setting the focal point
difficult because of refraction at the specimen surface. The transmitting transducer had a
focal length of 3.81-cm (1.5-in.) and was focused on the specimen surface. The effect of
refraction at the specimen surface is illustrated in Fig. 8. Most of the evaluation was con-
ducted using a focused 15-MHz transducer with an unfocused receiver.

Results and Discussion
CT Scans

A feasibility study was begun by evaluating a unidirectional 35 volume percent Fiber FP
reinforced magnesium test standard shown in Fig. 9a. This calibration standard is used for
ultrasonic evaluation. The standard has the same matrix metal, fiber content and thickness
as the part being evaluated plus side drilled holes of various sizes arranged at different
depths. Figure 9b shows a tomographic slice at a depth of 0.32 cm (1/8 in.) through the long
dimension of the 35 volume percent Fiber FP/Mg standard which clearly shows the magnitude
of all the side drilled holes. In the lower left hand corner of the Fiber FP/Mg specimen is
a shiny spot in the 0.119 cm (3/64 in.) diameter hole. This is a piece of the drill bit that had
broken off during machining. At the top of Fig. 9b a 0.079-cm (1/32-in.)-diameter hole can
be clearly seen indicating that defects of this size can be easily found. Another technique
which can be used is to display the subtractive difference between the tomographic scan of
the hole in the standard and a tomographic scan of the good region of the standard. Figure
9c is a tomogram of the 55 volume percent Fiber FP/Al standard which shows this subtractive
difference. These analyses confirm the practicality of CT scanning for the nondestructive
testing of Fiber FP reinforced magnesium and aluminum.

The next step was to prove the viability of this techngiue on a complex item such as a
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water medium

solid medium

FIG. 8—Refraction of sound at specimen surface.

motorcycle connecting rod. Figure 10g is a tomogram of a Fiber FP reinforced aluminum
motorcycle connecting rod taken through the long dimension of the rod. The slice plane is
0.1 cm (0.04 in.) thick. The defects are shown in this scan as regions of low density. At the
side of the rod the density is displayed in terms of a grey scale. This scan clearly shows
several probable strength limiting defects in this rod. To determine defect size, a cross
section was taken through the shank of the connecting rod. The tomogram on the right in

.08cm dia

Drill }(2/64") dia

.8cm

0.1cm dia
(.04") dia

‘ .12cm
LL }(3/64") dia

FIG. 9a—Calibration standard, 35 volume percent FP/Mg.
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FIG. 9b—Tomogram of 35 volume percent FPIMG calibration standard.

Fig. 10b shows the magnitude and location of the defect within the connecting rod. Also
shown in this figure on the left is a tomogram of the junction at the piston end of the
connecting rod. Again, we see evidence of porosity and voids. The system reliability was
confirmed by physically cross sectioning the rod at the indicated defect areas. Figure 10c¢
shows the defects present in the motorcycle connecting rod.

ALUMINUM STANDARD
SMALLEST HOLE(2/64")

ON HOLE OFF HOLE DIFFERENCE

FIG. 9c—Tomogram of subtractive difference in 55 volume percnt FP/Al standard.
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FIG. 10a—Tomogram of FP/Al motorcycle connecting rod. Dark regions indicate low
density (defects).

CT scanning was initially used for casting process development and later as a quality
control tool for connecting rods. The quality needed was determined by bench fatigue testing
a connecting rod at 75% of the static ultimate load for 107 cycles and then CT scanning.
Each rod released for outside testing had a CT scan as good as or better than the test rod.
Figure 11a shows a tomogram of a standard connecting rod which could be used for testing.

FIG. 10b—Tomogram of shank of motorcycle connecting rod.
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FIG. 10c—Defects confirmed by destructive evaluation.

The bright area along the center of the connecting rod is a stainless steel insert which was
cast into the rod as an oil passage. Figure 115 shows the tomographic slices near the ends
of the shank. The selection of scan regions is based on areas known most likely to contain
defects and areas which are highly stressed.

Other interesting information can be obtained by this technique by comparing specimen
density against a standard. A cursor is moved to the area of interest and the density calculated
by comparing against a known standard. Figure 12 shows a density profile taken from several
key areas within the connecting rod. This procedure makes it possible to calculate fiber
volume fraction and porosity from the density profile. This technique was also used on a
standard unidirectional 50 volume percent FP/Al plate. Figure 13 shows the analysis of
density in several areas of interest. The density of Area 2 is 3.15 g/cm’ and represents a
void free region. The density in area 1 is 2.72 g/cm® with the density in area 3 being 2.79
g/em’. Another tomographic slice was taken through area 1 to determine depth of the defect
in the plate. This information is shown in Fig. 14.

Intensity Level Ultrasonic Evaluation

The development of the intensity level ultrasonic evaluation began with the evaluation
of a 55 volume percent Fiber FP/Al test standard shown in Fig. 15. Figure 16 shows the
ultrasonic scan of this standard which clearly delineates the side drilled holes. The light
region of the scale at the bottom (left side) represents good transmission of sound or high
quality material while the darker regions (right side) represents poor transmission of sound
or defective regions. The grey scale is shaded by the decibel (dB) scale in this specimen. A
dB scale is more quantitative than a voltage scale as it is referenced to the signal off the
specimen, which normalizes the system each time, allowing comparisons between different
specimens. From this standard we selected an appropriate dB range for scanning all 55
volume percent 1.27-cm (1/2-in.)-thick FP/Al plates. Figures 17 and 17b show the additional
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FIBER FP/ALUMINUM
CONNECTING ROD

FIG. 11a—Tomogram of FP/Al automotive connecting rod.

information that can be gained from using an intensity level scan as opposed to a defect
threshold scan. In the center of this plate the intensity level clearly shows that the defect
runs the length of the plate while the defect threshold level scan only shows several ques-
tionable spots. This loss of data is due to the defect being close to the threshold level.
Metallographic examination of this area indicates that the defect is actually a metal rich

SLICES NEAR ENDS OF SHANK

2000

FIG. 11b—Tomogram of shank of automotive connecting rod.
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FIG. 12— Density profile of FPIAl connecting rod (g/cm?).

region (Fig. 17¢). This would have little effect on mechanical properties in the longitudinal
direction, but in the transverse direction metal rich regions can initiate failure. However,
this onset of transverse failure is usually above the level of properties required for takeout
due to the excellent bond between the fiber and the matrix.

One of the goals of this research effort is to be able to predict mechanical properties from

FIG. 13—Density measurements in areas of interest in a 50 volume percent FP/Al plate.
Area 1 has a density of 2.72 glem?, area 2 had a density of 3.15 glcmi®, and area 3 has a density
of 2.79 glem?’.
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FIG. 14—Tomograph through area 1 to determine magnitude of defective region.

the ultrasonic scans. Initial efforts in this area have not been particularly successful. The
threshold ultrasonic scans of two different 35 volume percent FP/Al plates show no difference
in quality, but using an intensity level scan with color enhancement shows that the plates
are consistently 6 DB different in their scan quality. Figures 184 and b show the intensity
level scans in a grey scale. The scan on the right has a 50% higher transmission of sound
which indicates a more homogeneous plate. Pseudocolor shows this difference much more
clearly. Tensile properties from these two plates are given in Table 1. Statistically, there is

—
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FIG. 15—Calibration standard 55 volume percent FPIAL
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FIG. 16— Ultrasonic scan of FP/AI calibration standard showing side drilled holes.

little or no difference between these plates. This was not surprising because the properties
of the specimens tested in the longitudinal direction are fiber dominated. Figures 18c and
d show micrographs taken from the plates which indicate that the plate with poorer trans-
mission of sound has more generalized porosity, but it does not appear to be serious enough
to affect tensile properties.

More information can be gained by looking at the distribution of ultrasonic signal in-
tensities in a histogram which plots counts versus voltage level. Figure 19 shows a graphical

FIG. 17a—Threshold ultrasonic scan of FP/Al plate.
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b

FIG. 17b—Intensity level scan of same FP/Al plate showing the defect runs the length of
the plate.

FIG. 17c—Micrograph of area running length of plate indicates defect is a metal rich region.
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FIG. 18—Intensity level scan (a) poorer transmission and (b) good transmission.

representation of the FP/Al calibration standard (see Fig. 15) uniformity. This specimen
shows individual spikes in the distribution instead of a general tail and is indicative of discrete
flaws instead of generalized porosity. Transforming the data into a histogram can be very
useful for providing information on the type of characteristic flaws present.

Concurrent with development of the intensity level technique for flat shapes, we are

FIG. 18c—Micrograph—good transmission.
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FIG. 18d—Micrograph—poorer transmission.

developing improved methods for ultrasonic inspection of complex shapes. Figure 20 is an
intensity level ultrasonic scan of a FP/Al motorcycle connecting rod similar to the one used
for CT evaluation. The scanning information from the white areas at the connection of the
rod shank with the rod eyes was lost due to nonperpendicular beam reflection caused by
the curved rod surface. Preliminary work has shown that these areas can be inspected using
offset transducers. By using computerized specimen dimension information and a stored
“library” of standards, the varying material thickness throughout the specimen can be
compensated for.

Conclusions

Computed tomography is a reliable nondestructive test method for the inspection of Fiber
FP metal prototype components. This technique is very useful for flaw detection and char-
acterization of complex components containing varying thicknesses and curved surfaces. CT
offers several advantages over ultrasonic inspection for complex components since the gamma

TABLE 1—Tensile properties of two FP/Al plates.

Longitudinal Transverse
Tensile Properties Tensile Properties
High quality plate 446.1 MPa (64.7 ksi) 146.9 MPa (21.3 ksi)

Poorer quality plate 470.9 MPa (68.3 ksi) 155.1 MPa (22.5 ksi)
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FIG. 19—Histogram of FP/Al standard which show discrete peaks which represent discrete
defects.

rays are not reflected or refracted. CT offers advantages over traditional radiography as it
takes individual slice planes from multiple directions making it possible to not only locate
the flaw but to characterize the flaw size. CT scans are particularly useful when only selected
regions need analysis.

Intensity level ultrasonic scans give more information about the overall quality of the

FIG. 20—Intensity level ultrasonic scan of FP/Al connecting rod. White regions indicate loss
of signal due to reflection at the curved surfaces.



WIDRIG ET AL. ON METAL MATRIX COMPOSITES 247

specimen than do threshold ultrasonic scans. The use of pseudocolor to represent various
intensity levels facilitates data interpretation. The use of a decibel loss scale gives more
quantitative information about specimen quality than does a voltage scale. Through-trans-
mission ultrasonic scanning is a useful tool for analysis of flat shapes and with further
development of offset transducers, complex shapes may be analyzed. Ultrasonic scans are
cheaper than CT scans for a complete dimensional analysis, but do not provide as much
information.

More work needs to be done to develop the relationship between material flaws, as
measured by ultrasonics or CT scans, and mechanical properties. Minor porosity and metal
rich regions appear to have little effect on longitudinal tensile properties, but other me-
chanical properties have not been investigated. Research has been initiated to develop this
needed correlation.
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ABSTRACT: A high-precision Fizeau type, laser interferometric dilatometer has been de-
veloped and used to measure the thermal expansion of metal matrix composites. The strain
resolution of this dilatometer system is about 1 X 107¢. The thermal expansion of graphite/
magnesium and graphite/aluminum composite laminates were measured over the temperature
range of 117 to 394 K. The expansion of a P100 graphite/6061 aluminum (P100 Gr/6061 Al)
unidirectional laminate was measured and compared with an approximate nonlinear analysis.
The good agreement obtained between analytical and experimental results was further im-
proved when temperature dependent properties were included in the analysis. Data showed
that the behavior of the specimen at the end of the first thermal cycle was path dependent
during the cycle. Test data on a P100 Gr/ AZ91C Mg unidirectional laminate indicated a lower
coefficient of thermal expansion and smaller residual strain than P100 Gr/6061 Al after thermal
cycling between about 117 and 394 K.

KEY WORDS: thermal expansion, metal-matrix composites, composite materials, graphite/
aluminum, graphite/magnesium, dimensional stability

Precision space structures which have very strict tolerances on dimensional control require
structural materials that possess a high specific stiffness and low coefficient of thermal
expansion (CTE). Graphite-fiber reinforced composites can be designed to meet these
requirements by proper selection of the type of reinforcement fiber and matrix, number of
plies, and the ply orientation. Both metal- and resin-matrix composite materials are leading
candidates for use in future space structures. Fiber reinforced metal matrix composites
(MMC), although more expensive, offer many advantages over the resin-matrix composites,
such as higher electrical and thermal conductivities, better radiation resistance, and no
outgassing. The primary MMC material systems considered for space structures are contin-
uous graphite-fiber reinforced aluminum (Gr/Al), and magnesium (Gr/Mg).

Recognizing the need to characterize the thermal expansion behavior of these low ex-
pansion composite materials, an effort was undertaken to develop a high-precision dilatom-
eter to measure thermal strains on the order of 1 to 10 X 107%. A comprehensive survey
and discussion of available techniques to measure small displacements are given in Refs 1
and 2. These techniques can be divided into three categories: electromechanical, optical
noninterferometric, and optical interferometric. The application of electromechanical tech-
niques, such as the push rod dilatometer, to composites is discussed in Ref 3. In general,

! Senior researcher, NASA Langley Research Center, Hampton, VA 23665~5225.
2 Senior materials engineer, PRC Kentron Aerospace Technologies Division, Hampton, VA 23665—
5225.
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the measurement of the ultrasmall displacements, such as those associated with low expansion
materials for space structures requires the resolution achievable only with interferometric
techniques. The application of two of these techniques, the Michelson and Moiré interfer-
ometers, to composites is discussed in Refs 4 and 5 respectively.

The anisotropic characteristics of composite materials introduce additional requirements
on the measurement method. Test specimens must be large enough not to be influenced
by edge effects or local inhomogeneities. For example, a specimen with chamfered ends
must be at least 5.08 cm (2-in.) long to ensure an induced error in the CTE, due to end
effects, of 1% or less [6]. The method should be also capable of measuring a wide range of
CTE and a variety of specimen configurations. Specimen preparation must be minimal
because the material must be characterized before, after, and during exposure to environ-
mental parameters. Laser interferometry was selected as the method which best meets these
requirements.

This paper describes the laser-interferometric-dilatometer system developed and currently
in use at the NASA Langley Research Center, to characterize metal matrix composites [7].
The salient features of the system include: (1) high precision, (2) automated data acquisition,
and (3) capability to test a wide variety of specimen geometries over temperature ranges
within 89 to 422 K. Typical thermal-expansion measurement data for a Gr/Al rod, Gr/Al,
and Gr/Mg unidirectional laminates and a Gr/Mg [+8], laminate are presented and dis-
cussed. The thermal expansion of the unidirectional Gr/Al laminate is compared with results
from an approximate analytical model.

Experimental Method
Test System

A schematic diagram of the interferometer is shown in Fig. 1. A detailed description of
this interferometer and the associated equipment is given in Ref. 7; a synopsis follows. The
specimen and two reference rods are oriented vertically. The two reference rods are located
on the opposite side of a pedestal from the specimen and form a triangle on which an optical
flat is supported. The base, pedestal, and the optical flat are made with an ultralow expansion
glass. The pedestal and a mechanical spring system are used to maintain both the specimen

Imaginary triangular Laser &
support for top flat collimator
Specimen —~J| -~ T
k. If ) Ref. rods .
~o | Partial ~ Data
} mirror .~ acquisition
Pedestal
TOP VIEW t i
Optical flats

[\ Pedestal

r Support
base

Environmental
chamber

Specimen One of two parallel ref. rods
FIG. 1—Schematic diagram of Fizeau type interferometer.
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and reference rods in a vertical position. The top of the pedestal serves as the second optical
flat. The lengths of the reference rods are approximately equal but are different from the
specimen length. This results in a small angle, 8, between the two flats. The incident laser
beam reflects from the top and bottom surfaces of the top flat and from the top of the
pedestal. The reflections from the bottom of the flat and the pedestal form an interference
pattern which consists of a series of parallel fringes. The number of fringes over the gage
length, L,, is directly proportional to 6 (Fig. 1). As the lengths of the reference rods or
specimen change or both, the angle 6 will also change. For small angles, the change in 6 is
given by

Ag = (1)

where An is the change in the fringe count over the gage length, L,, and \ is the laser
wavelength. The relative strain, ¢,, for a specimen of length L,, is given by

Anh  ANML
= = — =
“= 2L, 2L, @

where AN is the change in fringe density (fringes/meter) over any arbitrary gage length.
Since the thermal expansion of the reference rods, €, is known very precisely, the total
strain of the specimen e is given by

€r =€ + € 3

A schematic diagram of the dilatometer system is shown in Fig. 2. The system consists
of: (1) the Fizeau type interferometer, (2) an environmental chamber, (3) an optical train,
(4) a He-Ne laser, (5) a camera, (6) a photodiode array, (7) a wave analyzer, and (8) a
computer. The environmental chamber is controlled by the computer which also activates
the camera and records test temperatures. A photodiode array and wave analyzer have been
also integrated into the system and serve as an alternate method for data acquisition and
real time data reduction.

Wave form
analyzer ‘
Z
Photocell L Camera 7 A |l
array l:‘°
Computer

Laser beam(
CH—— ~
+

Laser Optical train
4 Fizeau _/ “ Environmental
Interferometer chamber

FIG. 2—Schematic diagram of laser interfermometric dilatometer system.
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The environmental chamber is an air circulating, insulated chamber which can achieve
closely controlled temperatures between 89 and 700 K. The chamber is heated with resistance
heaters and cooled by liquid nitrogen. The optical train, which consists of various lenses, a
beam splitter, colimator, and several mirrors, provides a colimated monochromatic source
for the interferometer and images the fringe pattern onto both the photodiode array and
camera. A 5 mW, He-Ne laser is used for the light source.

The fringe pattern is recorded at specified time intervals on 35 mm film. The chamber
temperature, data acquisition interval, and test time are controlled by the computer. The
specimen temperature is monitored by a calibrated 30-gage Chromel-Alumel thermocouple
in contact with the specimen. Temperature surveys of the chamber, using matched ther-
mocouples, have shown that 45 min after the temperature was changed, the temperature
gradient along the length of a graphite reinforced epoxy composite specimen was approx-
imately zero. The temperature gradient along the length of the National Bureau of Standards
(NBS) Standard Reference Material (SRM) 739 quartz reference rods was less than 0.25
K/cm above room temperature and about 0.5 K/cm below room temperature. The two
reference rods were within =1 K of each other. The maximum difference between the
average temperatures of the specimen and reference rods over the temperature range 117
to 422 K was about 1 K.

Test Procedure

Specimen preparation is an important first step in the test procedure. Specimens, about
2.5 cm wide and 7.6 cm long, are first machined to near final length with the ends rounded
(Fig. 3) to provide single point contact with both the top flat and interferometer base. After
machining, slight modifications to the specimen length are generally necessary to obtain
practical fringe densities over the test temperature range. This is accomplished by very light
polishing with 600 grit paper. The edges of the specimen ends are also beveled to minimize
end effects. The surfaces of the interferometer in contact with the reference rods and
specimen are thoroughly cleaned with alcohol before each test.

The cleaned interferometer, with reference rods and specimen installed, is placed in the
chamber and the test is started. The initial fringe data are taken after the chamber has
equilibrated. The set point on the temperature controller is changed in 22 K steps every 45
min. The rate of specimen temperature change never exceeds 2 K/min. Data, including the
fringe pattern, are recorded at the end of each step.

te—2. 54— 0.64
Y -
7.62
Flat Plate Rﬁ

FI1G. 3—Typical interferometer specimen geometries. Dimension in centimeters.
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At the conclusion of a test, magnified images of the 35 mm negatives are viewed in a
microfiche reader, and the number of fringes is visually counted over a defined gage length.
Data to the nearest 1/4 fringe, which results in a strain resolution of approximately 1 X
10-5 for a 7.6-cm specimen, can be obtained with this technique.

The measurement of specimen length changes resulting from some environmental con-
ditioning outside of the interferometer chamber, for example thermal cycling, can be also
made using this test procedure. For this approach, the initial length of a specimen is measured
with the interferometer. Then the specimen is cycled a specified amount, reinserted in the
interferometer, and the final length is measured. Tests at room temperature have indicated
that a specimen can be reinserted into the interferometer with no more than 4 x 10-¢ cm/
cm difference in the length measurement.

Analysis

An approximate analysis, called the phase average stress model, was used to predict the
nonlinear thermal expansion of unidirectional Gr/Al during thermal cycling. The mathe-
matical development for this analysis is described in Ref 8. In the analysis, the average
stress and strain in a composite laminate are defined and are used to compute the average
stresses in the fiber and matrix. Based on the constituent properties, the composite properties
and the average states of stress in the fiber and matrix for a given incremental load on the
composite are computed. The incremental composite load can be due to a temperature
change or changes in any of the six composite-stress components. The computed matrix
stresses are used in a von Mises yield condition to determine the yield point of the composite.
Once the matrix has yielded, the matrix-plastic strains are computed based upon the as-
sumption of kinematic linear hardening in the matrix material. This is a good assumption
for an aluminum matrix. The matrix elastic and plastic compliances are utilized to define
an effective matrix compliance which is then employed to compute a new composite stiffness
for the next load increment. If the composite load increment causes the matrix to unload,
the matrix is assumed to exhibit linear elastic behavior, and no plastic strains are computed.
The analysis has been verified by correlations with experimental data [8].
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60 [ (103 data points)
40+
20
Thermal 0:
strain L
-20
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0 [ polynomial)
80 |
-100 ] 1 1 1 { |

L
100 150 200 250 300 350 400 450
Temperature, K

FIG. 4—Thermal expansion of NBS SRM 739 fused silica.
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FIG. 5—Thermal expansion of Invar 36.

Results and Discussion
Precision of Measurement Technique

The precision of the measurement technique was established by repeated tests of the same
specimen, using both NBS SRM 739 fused-silica and Invar. All of these tests were run using
NBS SRM 739 as the reference material. All of the data have been adjusted to zero strain
at 293 K. Data from 4 tests (a total of 103 data points) were collected on a specimen of
NBS SRM 739 fused silica, and are shown in Fig. 4. Ideally, the relative strain, €, for these
tests should be zero, and therefore the total strain equal to the strain of the reference
material. This is because both the specimen and reference are the same material. However,
some slight scatter in the measured total strain is shown in Fig. 4. This scatter may be
attributed to differences in the thermal expansion of the reference material and specimen
or measurement errors or both. The root mean square (RMS) error in total strain for the
fused-silica data was 0.85 x 10-¢[7].

Data were also collected from seven tests (a total of 191 points) of an annealed Invar 36
specimen. These data, together with a fourth order least squares polynominal fit to the data

— -6 —— Cycle 1
0010 ——— Cycle 2
—-— Cycle 3

200 |- End cycle 3 Start cycle 3

Start cycle 1
[ (111 E—— . ]

|
100 200 300 400
Temperature, K

FIG. 6—Thermal expansion of P100 Gr/6061 Al composite rod.
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FIG. 7—Thermal expansion of P100 Gr/6061 Al single-ply unidirectional composite lam-
inate.

are shown in Fig. 5. The RMS error in total strain for these data was 2.67 x 1075, The
larger scatter for the Invar data as compared to the fused-silica data is attributed to the
higher fringe densities in the Invar tests. At very high fringe densities (26 fringes/centimeters
or higher) fringes can be only counted to the nearest one half fringe as compared to the
nearest one quarter of a fringe for modest fringe densities. Data from both the fused silica
and Invar indicate a precision of about 1 to 3 X 10~ m/m.

Thermal Expansion of Graphite/ Aluminum

If a material will be subjected to thermal cycling in its service environment, the response
of the material during these cycles must be defined and understood. The present interfer-
ometer system has been used for expansion measurements, in situ, during continuous thermal
cycling. The thermal expansion of a Gr/Al composite rod during three continuous cycles
between 117 and 394 K is shown in Fig. 6. The rod was composed of seven wires of 6061
aluminum reinforced with the high modulus pitch fiber P100 with six of the wires forming
a hexagon around the seventh wire. The composite wire had a nominal fiber volume fraction
(V)) of 0.45. For this test, the rod specimen rested in a V-groove cut in the pedestal of the
interferometer. The specimen was first heated from room temperature to 394 K, then cooled
to 117 K, and then reheated to room temperature during each cycle. The expansion is
characterized by large hysteresis loops and a large positive residual strain after the first
cycle, which is typical of Gr/Al. This behavior may be explained, qualitatively, by the
following series of events. During the initial heat up from room temperature, the matrix
expands while the graphite fibers (which have a negative CTE) contract. At higher tem-
peratures the matrix yields under compression, the expansion of the rod becomes strongly
influenced by the fiber, and the composite CTE decreases. The matrix continues to yield
to maximum temperature in the cycle. On cool down from the maximum temperature the
fiber expands while the matrix contracts; this leads to a reversal of thermal strains until the
matrix yields under tension. As the matrix yields the rod again follows the fiber response.
On heat up from the coldest temperature the matrix expands while the fiber contracts and
the rod CTE is similar to the CTE during the initial heat up from room temperature. The
difference in the expansion behavior between the first and subsequent thermal cycles is
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FIG. 8—Thermal expansion of P100 Gr/6061 Al two-ply unidirectional composite laminate.

attributed to the reduction in the fabrication residual stresses by plastic deformation during
the first thermal cycle.

The thermal expansion during one thermal cycle of a single-ply, unidirectional P100
graphite/6061 aluminum (P100 Gr/6061 Al) flat laminate specimen with a V; of about 0.40,
is shown in Fig. 7. The specimen was first heated to maximum temperature, then cooled to
the minimum temperature, and then reheated to room temperature. The response is very
similar to the rod which is not surprising since both materials are made with the same
constituents, that is, P100 Gr/6061 Al wire.

The thermal expansion of a two-ply, unidirectional P100 Gr/6061 Al flat laminate specimen
with a V; of about 0.37, between about 130 and 408 K during 10 continuous cycles is shown
in Fig. 8. The response is characterized by a large hysteresis loop which becomes smaller
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F1G. 9—Comparison of experimental data with analytical prediction of the thermal expansion
of P100 Gr/6061 Al two-ply unidirectional laminate.
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FIG. 10—Thermal expansion of Gr/Al unidirectional laminate as predicted by the phase
average stress model with and without temperature dependent properties.

as the material is cycled but does not close. After the first cycle, the specimen’s length
decreased about 40 X 107° m/m but returned to its original length after the tenth cycle.
The overall elastic-plastic behavior of this laminate is similar to the behavior of the rod (Fig.
6) and the single-ply laminate (Fig. 7). Note, however, that for this specimen (Fig. 8) the
direction of the cycle was reversed from the other two specimens. That is, the specimen
was first cooled from room temperature to the minimum temperature, then heated to the
maximum temperature, and then cooled to room temperature. The data in Fig. 7 show that
the CTE of Gr/Al at the end of a cycle, (297 K), which began with a heating period, was
about zero or slightly negative. The data also show that the specimen had a positive residual
strain. However, the data in Fig. 8 show that the CTE of Gr/Al at the end of a cycle which
began with a cool-down period was about 0.45 X 107°K-!, and the specimen was shorter.
Therefore, in one case, an increase in temperature after the first thermal cycle would cause
the specimen to grow while in the other case the specimen would not change length or may
even shrink. Together these data show that the initial direction of temperature change can
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FIG. 11—Thermal expansion of P100 Gr/AZ91C Mg one-ply unidirectional laminate.
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have a significant effect on the state of Gr/Al after the first thermal cycle. These data are
consistant with predictions using the phase average stress model [8].

Comparisons of Experimental and Analytical Data for Gr/ Al

A comparison of the thermal expansion data for Gr/Al, Fig. 8, and results from the phase
average stress model are shown in Fig. 9. The theoretical analysis of the first cycle used
temperature independent properties. In general the analysis is in satisfactory agreement
with the first cycle data except in the region near the maximum temperature. The comparison
in Fig. 10 shows that a qualitative improvement was made in the agreement when temperature
dependent properties were used. The temperature dependent solution results in some cur-
vature near 150 K and also a less abrupt change in the slope during heating near 300 K.

Thermal Expansion of Graphite/ Magnesium

The thermal expansion of a single-ply unidirectional laminate of P100 Gr/AZ91C Mg
with a V; of about 0.37, between 117 and 394 K is shown in Fig. 11. The general response,
the elastic/plastic behavior of the material and the resultant residual strain, is similar to the
response of the Gr/Al. The residual strain of the Gr/Mg, about 100 x 10~° after one thermal
cycle, is about half the residual strain for the Gr/Al over the same approximate temperature
range, Fig. 7. This difference may result from a lower residual stress due to the lower elastic
modulus of the magnesium.

The thermal expansion of a [+8], Gr/Mg laminate with a V; of about 0.47, during 1 and
5 continuous cycles and during the 100th cycle between 144 and 373 K is shown in Fig. 12.
(This specimen was cycled 94 times in another chamber, then reinserted in the interferometer
for the 100th cycle.) A large residual strain is shown after the first cycle, which is similar
to the expansion of the unidirectional laminate between a larger temperature range (Fig.
11). However, the size of the hysteresis loop and the residual strain is significantly smaller
after 5 cycles. Thermal expansion during the 100th cycle is about the same as during the
Sth cycle. The reduced hysteresis and residual strain is due to the reduction of the internal
residual fabrication stresses by plastic deformation induced through cooling to cryogenic
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temperatures. The apparent stability in the thermal expansion behavior after 5 cycles is
likely due to the stability of the microstructure of the matrix alloy.

Concluding Remarks

A high precision Fizeau type, laser interferometric dilatometer has been developed and
used to measure the thermal expansion of metal matrix composites. The strain resolution
is about 1 X 10-¢ Data from an NBS standard reference material and low expansion Invar
indicate a precision of about 1 to 3 x 107, The thermal expansion of a Gr/Al composite
has been measured and compared with an approximate nonlinear analysis. The good agree-
ment between the analytical and experimental results was further improved when temper-
ature dependent properties were included in the analysis. The data showed that the behavior
of the specimen at the end of the first thermal cycle was path dependent during the cycle.
Test data on a Gr/Mg composite indicated lower CTE and much smaller residual strain than
Gr/Al after the initial thermal cycling between about 117 and 394 K.
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ABSTRACT: The off-axis and +45° axial tests are not only effective but also low cost methods
for the determination of in-plane shear modulus in individual unindirectional lamina, because
they avoid the difficulties of producing a pure state of shear stress experimentally. Possible
test approaches for more general composites, including multidirectional laminates, are de-
veloped from an investigation into the transformation equations for orthotropic mechanical
properties, laminate theory, and the mechanical advantages of the +45° test. Other possible
test approaches for the indirect determination of shear modulus in laminates and pultrusions
are developed from the formulas used to correct for shear deformation in flexural test. The
proposed tests should be more economical to perform than tube torsion or rail shear tests.
They should also provide relatively uniform shear stresses over larger portions of the specimens
than the notched specimen type tests.

KEY WORDS: shear modulus, shear testing, off-axis testing, flexural modulus, flexural testing

Because the shear modulus of an orthotropic composite material is independent of its
axial elastic moduli, it must be determined from experimental measurements. Many tech-
niques have been developed and used to determine the shear modulus; some of these
techniques produce a state of shear stress in a portion of or throughout a specimen. Other
testing procedures, such as the ASTM standard off-axis and +45° tests, rely on the phe-
nomenon of shear coupling in orthotropic materials to produce a state of combined stress
in an axially loaded coupon [I]. These techniques are either costly, have problems with
stress concentrations, require specially prepared specimens, or are limited to the charac-
terization of individual lamina, as shown in Fig. 1.

When parts are manufactured from composite materials, the resulting material could be
a laminate of unidirectional plies oriented in several directions, a unidirectional pultrusion,
or a complex three-dimensional weave. The measured shear modulus of these fabricated
composites may be required for engineering analyses of the manufactured part or for process
quality control. Test methods used to characterize individual lamina or which require a
specially prepared specimen would not be applicable, because the specimen should be as
cut or trimmed from the manufactured part in order to obtain a representative sample.

Alternative methods for the experimental determination of shear modulus in more general
laminates, were determined from an investigation into the mechanics of the simpler test
methods. The simplest tests to perform and analyze appear to be the off-axis and +45° axial
tests as well as the three or four-point bending tests. The axial tests have been used to
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FIG. 1—Evaluation of existing procedures.

characterize the shear modulus and other properties of individual unidirectional plies: the
flexural tests have been used to determine the interlaminar shear strength and tensile strength
of deep beam sections or flexural modulus of slender specimens. Because these are the least
complicated tests to perform, they have a relatively lower cost than other test techniques.

The investigation into the mechanics of the axial tests indicated a testing principle that
could be used to determine the shear modulus of more general plies, such as chopped fiber
composites, as well as fabricated laminates. The investigation into the mechanics of flexural
tests indicated another testing principle, because the shear deformation of a composite
material beam has a significant effect on the deflection of the beam in bending.

Although the principles described were originally derived for orthotropic materials in
general, the metal matrix composite testing community may benefit the most from their
application, due to the special nature and test requirements of metal matrix composite
materials. Because these materials are costly to produce in sample quantities, specimens are
restricted in size and limited to simpler shapes. Because the matrix material exhibits a ductile
rather than brittle failure, measurements in the range of nonlinear response are more im-
portant. Finally, because metal matrix composites are often planned for critical structures,
simple and cost-effective testing methods for quality control/quality assurance will be re-
quired.

Discussion

Direct measurement of a material’s shear modulus is complicated and costly, because of
the difficulties associated with producing a pure state of shear stress experimentally [2].
Shear stress is a biaxial stress state that exists when the principal stresses on a structural
element are unequal. This occurs primarily under conditions of structural bending and
torsion. Pure shear represents a special condition in which the principal stresses are of equal
magnitude but opposite in sign.

The biaxial tube test is the most widely accepted biaxial test. The combination of internal
pressure and axial load can produce a complete range of biaxial conditions including those
of pure shear. But, the test is expensive and has problems with stress concentrations [3].
The tube torsion test is also capable of producing a range of biaxial conditions, but it has
the same drawbacks.

Both of these tests require preparation of special tubular specimens in a specific geometry.
Even though the specimens may be multi-directional laminates, they must be specially
fabricated rather than cut or trimmed from manufactured parts. This limits the usefulness
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of these tests to the characterization of individual lamina or the laminate of the prepared
tubular specimen. The off-axis and +45° tests are much simpler to perform and evaluate,
but current procedures limit their use to specimens prepared from individual unidirectional
lamina [4].

To measure the shear modulus of individual lamina as well as composite laminates, several
specimen shapes and loading fixtures are used. The rail shear and picture frame test fixtures
produce fairly uniform shear stresses over large regions of a specimen but have problems
with stress concentrations, data analysis, and cost [5]. Finite-element studies of other more
complex specimens and fixtures have indicated not only the presence of potentially severe
stress concentrations, but also that the maximum shear in some cases is produced over just
a localized region of the specimen [6]. Even though the axial and flexural test techniques
discussed in the following paragraphs do not produce pure shear, they do produce large
regions of combined stress without severe stress concentrations and are relatively simple to
perform, instrument, and evaluate.

Axial Test Methods

The shear modulus (G) of a homogeneous isotropic material may be determined, in the
elastic range, indirectly from measurements of its two independent engineering constraints:
the Young’s modulus (E) and the Poisson’s ratio (). The equation used to determine the
shear modulus from these other properties is

E
T W
Because the shear modulus can be determined from a calculation based on measurements
made in relatively simple axial tests, the costs and difficulties associated with a direct shear
test may be avoided.

The elastic properties in a given plane of an orthotropic material, such as a fiber-reinforced
composite, are characterized with four independent engineering constants: the longitudinal
Young’s modulus (E};) in a direction parallel to the fibers, the transverse Young’s modulus
(E,) perpendicular to the fibers, a Poisson’s ratio (v,), and a shear modulus (Gy,) {7]. The
shear modulus is independent of the material’s other three elastic constants. The material’s
axial modulus (E,,), shear modulus (G,,), and Poisson’s ratio (v,,) at orientations (0) other
than the orthotropic axes (1 and 2), however, are dependent on all four elastic constants,
as shown by the following orthotropic transformation equations

1 _ cos*© 1 2v12] . sin ©
—=—0—+ =5 ~="|cos’Osin? O + 2
Exx E11 I:GIZ E11 22 ( )
1 sin? 20[Ey, + Ep(1 + 2vy)] N cos? 20 3)
G, E, + En Gy
w [L + 1 —1—] cos? O sin? © + 1 (cos* © + sin* O) &)
Exx E11 E22 G12 Ell

The shear strain (v,,), exhibited by composites loaded at orientations other than their
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orthotropic axes, is also dependent on the four elastic constants, as shown by this equation
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These transformation equations form the basis for the ASTM standard off-axis and =45°
tests that use measurements of axial modulus and Poisson’s ratio in a lamina at orientations
other than the orthotropic axes to determine the on-axis shear modulus.

When a composite specimen is loaded at an angle to its orthotropic axes, it exhibits a
shear strain as well as strain parallel to and perpendicular to the load direction, as shown
in Fig. 2. This is called shear coupling. If the ends of the specimen are prevented from
rotating, as in the off-axis test, a combined stress state is produced in the specimen. Mea-
surements from a strain gage rosette on the specimen (g, €,,€,;5) and a load cell (o,) provide
the means to determine the on-axis shear modulus according to the following equation

E

" 2(1 + v,) — 2m,, cot 20 ©

Gr

where
E,., = o/,
v, = ¢l/e,, and
(245 — €, — €)/¢,.
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Note that Eq 6 reduces to a form similar to Eq 1 for off-axis specimens tested at 45° from
the orthotropic axes, because the trigonometric coefficient in the denominator’s shear cou-
pling term becomes zero.

If a composite laminate axial test specimen were prepared such that alternate plies were
oriented at angles of equal magnitude but opposite sign to the load direction, as shown in
Fig. 3, the shear coupling in each layer from the axial load would be of equal magnitude
but opposite sign, so that the laminate shear coupling in that specific load direction would
be zero. The laminate would be in a uniaxial stress state, but the individual lamina would
be a combined stress state.

In this case, Eq 5 reduces to a form similar to Eq 1, because the shear coupling term
itself is zero. The simplification of Eq 5 is independent of the ply orientations, as long as
the lamina orientations are balanced with respect to the load direction. These are the
conditions of the *+45° test, but as shown, the angle of the alternating plies to the load
direction may vary from 45° without affecting the test mechanics.

Because there is no shear coupling, only two strain gages are required to acquire the data
for the on-axis shear modulus measurement. Equation 6 may be rewritten as [9]

g,

Gu = 2(e, — €)

™

Some researchers have reported a better correlation of shear properties with the +£45° test
than with the off-axis test, even well into the inelastic range [10,11]. This may be due to
the lack of shear coupling in the +45° specimen.

As an approach to determining the shear modulus in more general laminates, consider

+6 -6

STRAIN GAGE PAIR
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FIG. 3—Angle-ply specimen.
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FIG. 4—Off-axis properties of a graphite/aluminum composite [0/90] laminate.

the =45° test as an off-axis test of a [0/90] laminate with the load direction at 45° off the
orthotropic axis of this square symmetric material. Figure 4 shows the off-axis properties
of a graphite/aluminum [0/90] laminate with equal proportions of plies oriented at 0 and
90°. Note that at the 45° load orientation, the calculated shear coupling coefficient of the
laminate is zero, giving the same configuration as in the +45° test. Therefore the instru-
mentation, data reduction, and reliability of results for this laminate in this orientation
should be the same as for the shear modulus of individual lamina in the +45° test.

The on-axis shear modulus of more general composite laminates could be determined in
the same manner with the same reliability, if an off-axis laminate test orientation with a
zero shear coupling coefficient existed and could be determined. To determine whether
more general laminates would have off-axis orientations with zero shear coupling, the shear
coupling coefficients, for several graphite/aluminum composite (0,/905) laminates with vary-
ing percentages of 0 and 90° plies, were calculated at angles ranging between 0 and 90° from
the orthotropic axis. Figure 5 shows a plot of the calculated coefficients which indicates that
the desired condition may occur, depending on the elastic properties of the laminate. Note
that as the volume fraction of 90° plies increases, the angle at which the shear coupling
coefficient intercepts the origin approaches 45°.

When the transformation equation for the shear coupling coefficient (Eq 5) is solved for
angles at which it is zero, the following equation is derived

_ Gu(Er — Ey) ]
O = Ycos! (®)
2608 [GIZ[EII + Ex(1 = 2w,)] + EyE,
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where the orthotropic engineering constants are those of the laminate. The use of this
relationship is limited to those laminates or plies that meet the criteria in this equation

o _ 2EyGr
2v,Gy, + En

Ey )

due to the inverse cosine function of Eq 7. Another drawback to its use is that the shear
modulus is required in order to determine the angle to perform the test to determine the
shear modulus.

On the other hand, in the manufacturing environment, the shear modulus of the individual
plies should be known from characterization tests of the unidirectional material. Then the
laminate shear modulus could be predicted from laminate theory and used in Eq 8 to
determine the zero shear coupling load orientation in material of a manufactured composite
part. A specimen cut from the part at this orientation could be tested axially to determine
the material’s shear modulus.

Because the shear coupling is eliminated, the only instrumentation required would be two
strain gages: parallel and perpendicular to the load direction. As with the *=45° test, a
specimen tested at this zero coupling orientation should produce more accurate results well
into the nonlinear range than an axial specimen orientation with shear coupling. This could
be especially important when the ductile nature of the metal matrix is considered.
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G,, = 20.48 GPa
PLY VOLUME FRACTION ANGLE OF ZERO
LAMINATE 0° 909 SHEAR COUPLING ¥
1 1 0 - 4
2 .9375 .0625 84.798°
3 875 125 57.369°
a4 .75 .25 49,5220
“3
/.-~ Ko
#a
) They

FIG. 5—Shear coupling coefficients in cross-ply laminates.
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Flexural Tests

Flexural tests appear to have been limited to the determination of interlaminar shear
strength, tensile strength, or flexural modulus [12]. Samples are generally configured with
the plane of bending perpendicular to the plane of the composite lamina. Because the shear
deformation of a flexure specimen may add significantly to its bending deformation, one of
the first steps in analyzing the force-deformation data from these tests is to correct for the
effect of the shear modulus, as shown in Fig. 6. For a three-point bending test this correction
is the last term in parentheses of the equation

mL’? 12IFE
E= ZsT( * ALZG) (10)
where

m = slope of the force-deformation curve,
L = beam length,
E = its Young’s modulus,
I = its moment-of-inertia,
A = its area,
F = a factor based on cross-sectional geometry, and
G = its shear modulus {13].

Although other equations have been derived from shear deformation in other loading con-
figurations, this discussion is limited to the one for three-point bending for simplification
and because the shear deformation has the greatest effect in this configuration.
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FIG. 6—Effect of shear deformation in three point flexure.



BROWNE ON SHEAR MODULUS 267
PLANE OF LAMINA PARALLEL
t P TO PLANE OF BENDING

__|LonGITuDINAL
DIRECTION | 77—

I 1 1

AXIALTESTTO THREE POINT BENDING TO
DETERMINE DETERMINE FLEXURAL
LONGITUDINAL FORCE-DEFORMATION
YOUNGS MODULUS RELATIONSHIPS

FIG. 7—Shear modulus from axial and flexure tests combined.

With this relationship, the shear modulus is required to perform this correction and
calculate the Young’s modulus from the flexural data. The recommended procedure assumes
that the ratio between the Young’s modulus and shear modulus is constant for a material,
so that the shear modulus is no longer a variable in the equation [74]. Another procedure
recommends the measurement of specimens with gradually increasing length until the dif-
ference in Young’s modulus without the correction is insignificant [75].

This same relationship, however, could be used to determine the shear modulus of pul-
truded parts or specimens. If the Young’s modulus were determined by other methods, such
as an axial test, then flexure test measurements, as shown in Fig. 7, would supply data
necessary to solve Eq 10 for shear modulus, yielding the following equation

12mLEIF

G = A@ELmL)

(11)

This approach could be used to determine shear modulus in pultrusions or laminates, and
demonstrates how the shear deformation of a flexure specimen may be used to determine
the shear modulus. But, it would be more cost-effective if the axial test could be avoided,
and both the shear and Young’s moduli were determined from the flexural test.

There are two unknown variables in Eq 10: the Young’s modulus and the shear modulus.
By configuring a pair of flexural tests so that some of the other parameters—force-defor-
mation slope, moment-of-inertia, or length—are varied, test data may be acquired to rewrite
Eq 10 as a pair of simultaneous equations to be solved for the two moduli. The following
paragraphs discuss two possible approaches based on this principle.

In pultruded composites, the Young’s and shear moduli should be the same in all planes
parallel to the pultrusion’s longitudinal axis. Fig. 8 shows a few of these planes. If a pultruded
part had a solid rectangular cross section, and the applied loads were limited to the elastic
range, then a pair of flexural tests could be performed on the same specimen: one on each
of the principal axes, as shown in Fig. 9. Because the moment of inertia is different on each
axis (I, # L), then the force-deformation slope of each flexural test will be different (m, #
m,). This pair of tests could then provide the data required to rewrite Eq 10 as the following
two equations

3
m,L ( - 1211FE> 1)

TYA ALG
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FIG. 8—Geomertry of longitudinal planes in a pultruded composite.

3
m,L <1 121, FE) 13)

481, ALG
Solving these two equations simultaneously for the Young’s and shear moduli yields the
following

m1m2L3(11 - Iz)
E=————— 14
48 ILL(m, — my) (14)

_mm,LF (I, — I,)
G= 4A(Im, - ILm,)) (15)

For a solid rectangular beam, the shape factor F = 1.2 and the beam’s breadth (b) and
depth (k) can be substituted into formulas for the area and the moments of inertia, so that
Eqgs 14 and 15 can be rewritten as

_ mm L3R - b9
E=7 bh(m, — my) (16)

3m1m2L (h2 - bZ)
1
10bh (K*m, — b’my) a7

G=

Therefore, it may be possible to determine both the Young’s and shear moduli from a
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DEFORMED CENTERLINE

FIG. 9—Bending tests on both axes of a rectangular beam.

pair of flexural tests on a single specimen. Note that the pultruded part need not have a
solid rectangular cross section as long as it has two longitudinal planes with different moments
of inertia. Some of the sections appropriate for this approach might include elliptical sections,
rectangular box beams, I-beams, angles, or T-sections.

For specimens that cannot be tested on two axes or do not have different moments of
inertia on different axes—such as square or circular sections—the test fixture might be con-
figured so that specimens could be tested over two different spans, as shown in Fig. 10.
Because the support spans are different, the force-deformation slope of the two flexural
tests will be different. When Eq 10 is rewritten as a pair of equations with two span lengths
and two force-deformation slopes, and they are solved simultaneously for the Young’s and
shear moduli, the following two equations are derived

mm, L, Lz(L12 - 22)

E =
481(m,L, — m,L,)

(18)

lemleLz(le - Lzz)

G =
4A(m,L3? — m,L,)

(19)

Therefore it may be possible to develop a flexural testing approach to determine both
Young’s and shear moduli for pultrusions of any shape. Because testing on only one axis is
required, the approach might even be useful for laminates if the difficulties of buckling can
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DEFORMED CENTERLINE

DEFORMED CENTERLINE

FIG. 10—Bending tests on beams of different spans.

be overcome when these composites are loaded in such a way that the plane of bending is
parallel to the lamina.

A possible test configuration for this approach is envisioned as using a three-point loading
fixture with a load cell to measure the applied force and a deflectometers to measure the
center point deflection. Because a form of difference between force-deformation slopes
occurs in the denominators of all the equations used to calculate Young’s and shear moduli
from this approach (Eqs 14 through 19), the precision of the deflection measurements and
their relative magnitudes are important to the accuracy of the moduli determination. There-
fore, the specimen’s span-to-depth ratio, the difference between moments of inertia for the
two-axis approach, and the difference between the lengths in the two-length approach, as
well as the deflection precision, are all important to the measurement.

To determine, in a rough way, an appropriate set of specimen dimensions for this approach,
a sensitivity study was performed. The graphite/aluminum composite selected had the fol-
lowing properties

E = 310.3 GPa
G = 27.58 GPa

The deflectometer used to measure the specimen’s center point deflection was assumed to
have a precision of +0.025 mm. The applied load was limited so that the maximum fiber
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stress was less than 50% of the failure stress to ensure linear response. For the two-axis
approach, the possible specimens investigated were rectangular in section with spans varying
from 100 to 300 mm on 50 mm intervals. For some composites, the shear deformation has
been shown to be significant at span-to-depth ratio L/h = 32. For this study the span-to-
depth ratios were varied from 4 to 20. The breadth-to-depth ratios were varied from 0.5 to
0.9. For each span, span to depth, and breadth to depth, the specimen dimensions were
determined and then used to accurately calculate the two deflections from the flexural tests.
The deflections were then reounded to the nearest 0.025 mm and used in Eq 15 and 16 to
calculate the Young’s and shear moduli that would be observed as a result of the test
limitations. The computer program to perform the study is listed in Appendix I.

Because the relative error in the deflection decreases as the magnitude of the deflection
increases, the longer specimens generally gave more accurate readings. The accuracy also
tended to improve as the breadth-to-depth and span-to-depth ratios decreased. Any vari-
ation, however, from the longest specimen, with the smallest breadth-to-depth and span-
to-depth ratio, introduced an error as large as 5% in the Young’s modulus and 20% in the
shear modulus. But, the 300 mm long specimen with a depth of 75 mm and breadth of 37.5
mm showed an observed Young’s and shear moduli each within 2%. Increasing the deflec-
tometer precision to +0.0025 mm gave the same accuracy on a 150 mm long specimen with
a proportionate breadth and depth.

A similar study was performed on the two-length test approach using square sections
varying over the same range of spans and span-to-depth ratios. Instead of a breadth-to-
depth ratio, however, a span ratio for the two different spans in the test was varied from
1.1t0 2.0 at 0.1 intervals. The computer program to perform this study is listed in Appendix
II. A review of the resulting data indicated that span lengths of at least 300 and 510 mm
on a specimen with a depth of 75 mm were required to determine the Young’s and shear
moduli within 2%, if the deflectometer measured to within =0.025 mm. As with the two-
axis approach, a deflectometer precision of =0.0025 mm allowed the use of much shorter
specimens if the span-to-depth and span-to-span ratios were maintained.

In actual flexural tests, the accuracy would be much greater with smaller specimens,
because the force-deformation slope would be developed statistically from a series of mea-
surements, rather than a single one. To examine the capabilities of smaller specimens, data
from flexural specimens of a graphite/aluminum plate [16] were evaluated using a form of
Eqs 18 and 19. In this case, the flexure test was conducted in four-point bending, and the
span-to-depth ratio was changed by varying the specimen depth rather than the support
span. Due to the nature of these tests and the variation of modulus in the plates, only two
of the specimens were suitable for determination of shear modulus.

The data used to determine the shear modulus from these specimens are shown in Table
1. The flexural modulus had been calculated using a force-deformation slope and the fol-
lowing equation [ASTM Test Methods for Flexural Properties Unreinforced and Reinforced
Plastics and Electrical Insulating Materials D 790-84]

E, = 0.21L3m/bh? (20)

TABLE 1—Data for the determination of shear modulus.

Specimen Depth,d Width,w Span, s Load Span Modulus,E

1 2.24 mm 12.57 mm 37.5 mm 12.5 mm 115.83 GPa
2 1.55 mm 12.73 mm 37.5 mm 12.5 mm 119.97 GPa
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This equation was used to obtain the force-deformation slope which was then used with the
breadth, depth, and support span data of the two specimens in the following two equations

BLmmyh? — hy)

E = 03h i (miboh, = mybi)

@n

21.6Lmym,(hr — h?)

G = 103(shom, — biiym,)

(22)

Evaluating the test data in this manner gave a Young’s modulus of 131.93 GPa and a shear
modulus of 6.00 GPa. The shear modulus of the specimen had not been determined in any
other way, so no comparison could be made. But, note that the Young’s modulus determined
in this way is greater than the flexural modulus and conforms to the rule that the flexural
modulus is approximately 0.8 times the axial modulus [17].

The ultimate usefulness of these flexural test approaches will depend on the accuracy of
the deflection measurement and the selection of appropriate specimen dimensions. Other
studies may indicate limits to the ratio between the Young’s and shear moduli for which the
test is useful. The possible cost advantages of a flexural test, as opposed to an axial test,
should provide the incentive for more comprehensive studies and tests to make the approach
practical.

Conclusion

Several potential alternative approaches for the experimental determination of shear
modulus in fiber-reinforced composites are indicated from an investigation into the me-
chanics of existing axial and flexural tests. At the present time, these approaches are only
theoretical in nature. More comprehensive studies and tests will be required to develop
practical testing procedures from these approaches. But, the incentive to develop these
procedures should exist, because they are simpler to perform on a wider range of specimens
than are existing tests.
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APPENDIX I

Computer Program for Data Analysis of Two-Axis Flexure Test

10 DIM E(2),G(2)

20 E=4.5E7

30 G=4E6

40 FOR L=4 TO 12 STEP 2

50 FOR HI=4 to 20 STEP 2

60 H=L=HI

70 PRINT “L=";L,“H=";H

80 PRINT

9 PRINT* B P Dh Db ElI Gl E2 G2
100 FOR Bh=.5to .9 STEP .1

110 B=H*Bh

120 P=DROUND(7.0E4*2*B*B*H/3/L,1)

130 Dh=P*L 3*(1+1.2*(H/L) 2*E/G)/4/E/B/H 3

140 Db=P*L 3*(1+1.2*(B/L) 2*E/G)/4/E/H/B 3

150 FOR Q= -3 TO —4 STEP —1

160 X=PROUND(Db,Q)-PROUND(Dh,Q)

170 IF X=0 THEN GOTO 200

180 E(Q+5)=(P*L 3*(H*H-B*B)/H 3/B 3/4/X/E-1)*100
190 GOTO 210

200 E(Q +5)=99.999
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210 X =PROUND(Dh,Q)*H*H-PROUND(Db,Q)*B*B

220 IF X =0 THEN GOTO 250

230 G(Q+5)=(.3*P*L*(H*H-B*B)/B/H/X/G-1)*100

240 GOTO 260

250 G(Q+5)=99.999

260 NEXT Q

270 PRINT USING “DD.DDD,DDDDDD,2(DD.DDDDDD),4(DDDD.DDD)”;
B,P,Dh, Db,E(2)G(2),E(1),G(1)

280 NEXT Bh

290 PRINT

300 NEXT HI

310 PRINT

320 NEXT L

330 END

APPENDIX II

Computer Program for Data Analysis of Two-Length Flexure Test

10 DIM E(2),G(2)

20 E=4.5E7

30 G=4E6

40 FOR L=4TO 12 STEP 2

50 FOR LI=1.1TO 2 STEP .1

60 L2=L*LI

70 PRINT “L1=";L,“L2=";L2

80 PRINT

9 PRINT* B P Dh Db EI Gl E2 G2
100 FOR HI=4 TO 20 STEP 2

110 H=L/HI:B=.5*M

120 P=DROUND(7.0E4*2*B*B*H/3/L2,1)

130 D1=P*L 3*(1+1.2*(H/L) 2*E/G)/4/E/B/H 3

140 D2=P*L2 3*(1+1.2*(H/L2) 2*E/G)/4/E/B/H 3

150 FOR Q= —3 TO —4 STEP -1

160 X=PROUND(D1,Q)*L2-PROUND(D2,Q)*L

170 IF X=0 THEN GOTO 200

180 E(Q +5)=(P*L*L2*(L*L-L2*L2)/H 3/B/4/X/E-1)*100
190 GOTO 210

200 E(Q+5)=99.999

210 X=PROUND(D2,Q)*L 3-PROUND(D1,Q)*L2 3

220 IF X =0 THEN GOTO 250

230 G(Q+5)=(.3*P*L*L2*(L*L-L2*1.2)/B/H/X/G-1)*100
240 GOTO 260

250 G(Q+5)=99.999

260 NEXT Q

270 PRINT USING “DD.DDD,DDDDDD ,2(DD.DDDDDD),4(DDDD.DDD)”;
B,P,Dh,Db,E(2),G(2),E(1),G(1)

280 NEXT H1

290 PRINT

300 NEXT LI

310 PRINT

320 NEXT L

330 END
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ABSTRACT: Six cylinders (16 cm diameter with 6 mm wall thickness) were manufactured
from two unreinforced aluminum alloy and four silicon carbide (SiC) whisker reinforced
aluminum composites. Curved, subthickness, Charpy sized specimens were used to measure
the fracture toughness, K|, in accordance with ASTM E 399. For the more ductile, unreinforced
alloys, the British crack opening displacement (COD) method was used as an elastic-plastic
approximation of the fracture toughness. The results rank the relative toughness of the alu-
minum alloy metal matrix composite (MMC) materials.

The test program was successful in demonstrating the changes in fracture toughness due to
the addition of SiC whiskers, notch acuity, and prior hydrostatic straining. A new procedure
was developed by which materials can be successfully fatigue precracked (FPC) by utilizing
the notched strength ratio in bending. This procedure eliminates the cost of the excessive
waste commonly generated in attempting to fatigue precrack fracture toughness specimens by
conventional techniques.

KEY WORDS: fracture toughness testing, silicon carbide whiskers/aluminum cylinders, hy-
drostatic strain, notch acuity effects, matrix effects

Background

Six cylinders, measuring about 16 cm in diameter and having a wall thickness of 6 mm,
were manufactured from two unreinforced and four discontinuous silicon carbide whiskers
(SiCw)-reinforced aluminum composites. This program was designed to measure the re-
sulting fracture toughness of cylinders hydrostatically tested to failure, being aware of the
large range of toughness represented by this group of materials and the difficulties encoun-
tered in attempting to measure the fracture toughness in accordance with ASTM Test Method
for Plane-Strain Fracture Toughness of Metallic Materials (E 399), which require fatigue
precracking. Because specimens had to be machined from the wall of a cylinder, curved
specimens had to be used in conducting the fracture toughness tests.
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? Materials engineer, Naval Oceans Systems Center, San Diego, CA 92152.
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TABLE 1—Composite materials tested as fabricated cylinders.

Item No. Composite Thickness, mm Identification
3) SiCw/6061-T6, 4 (coded C)
“4) SiCw/6061-T6, 6 (coded B)
) SiCw/6061-T6,” 6 (coded F)
(6) SiCw/7090-T6, 6 (coded A)

¢ Hydrostatically strained.

Materials

A total of six cylinders, representing six different materials were tested. The two unrein-
forced aluminum alloy cylinders were manufactured from: (1) 6061-T6, 4 mm thick (coded
E) and (2) 7075-T6, 4 mm thick (coded D). The four SiCw-reinforced aluminum composite
cylinders are listed in Table 1. The nominal tensile properties of these alloys are given in
Table 2 [1]. The nominal tensile properties of these metal matrix composite materials (MMC)
materials are in Table 3.

Aluminum Alloy 7090 is a powder metallurgy alloy containing about 1.5% cobalt. The
7090 alloy is claimed to have typical strength levels similar to, or greater than, those of alloy
7075, presumably with much improved stress corrosion resistance and fracture toughness
properties.

Testing Procedure

In order that the corrosion-fatigue behavior of these cylinders can be further evaluated
by LRA Labs’ (formerly METTEK) rapid, inexpensive, modular (RIM) fracture testing
system that uses Charpy-sized specimens [2,3], the test specimens were machined to 4 to 6
by 10 by 55 mm; that is, a curved, subthickness Charpy-sized specimen. The tests described
in this report were performed with Instron closed loop hydraulic fatigue machine.

The root radius of the notch was 0.12 mm (127 wm) and the initial, machined depth-to-
width ratio (a/W) was 0.35. The length of the specimen was oriented parallel to the axis of
the cylinders. The contour of the cylinder was maintained, with the faces of the specimen
cut parallel to the radius drawn to the centerline of the specimen as shown in Fig. 1.

One specimen from each cylinder or a set of six notched specimens was loaded to failure
on a 3-point bend fixture, in order to measure the maximum bending load and to calculate
the notched strength ratio in bending (NSRDb) in the same manner as the specimen strength
ratio in bending (Rsb) is calculated according to ASTM E 399. For Charpy size specimens,
this ratio is given as

Rsb = 6 P,,/YS X BW(l-a/W)? (1)

TABLE 2—Tensile properties of matrix alloys.

Elastic Modulus, Yield Strength/Tensile Strength, Elongation,
Material GPa MPa % Ref
6061-T6 69 276/310 17 1
7075-T6 72 503/572 11 1
7090-T6 70 600/641 10 .
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TABLE 3—Tensile properties of composites.

FElastic Yield Strength/
Modulus, Tensile Strength, FElongation,

Material GPa Form MPa % Ref
20 volume % SiCw/6061-T6 122 plate 443/584 1.8 4
20 volume % SiCw/6061-T6 96 plate 321/423 6.7 1
20 volume % SiCw/6061-T6 108 tube 374/520 2.7 4
20 volume % SiCw/6061-T6 110 tube 392/... L8
20 volume % SiCw/7090-T6 121 tube 689/... L8

* Compression data from cylinders after hydrostatically testing to failure.

where

P... = maximum breaking load,
B = thickness;

W = width; and

a/W = crack depth ratio.

The maximum breaking loads of each alloy is then used in conjunction with the notched
strength ratio to estimate the loads required to fatigue precrack the remaining test specimens.

The fatigue precrack extended the crack length to between 0.45 to 0.55 a/W. The maximum
fatigue precrack load, according to ASTM E 399 was such that the maximum stress intensity
of the terminal (25%) stage of fatigue crack growth did not exceed 60% of the K.-value of
the material; however, since MMC materials are notoriously difficult to fatigue precrack, a
methodology was developed during the course of this work that quickly estimates the con-

f-*L = 55mm _..T

i @)
Center Line
?—S = 40mm——-|
—15m
B, Thickness

-

adius

FIG. 1—Specimen shape and dimensions taken from SiC,/Aluminum cylinders.
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FIG. 2—Specimen strength ratio (Rsb) per ASTM E 399 for 3-point bend for both fatigue
precracked and 0.12 mm root radius specimens.

ditions for successfully precracking test specimens, even for the low toughness MMC ma-
terials.

Test Results

Figure 2 is a bar chart of NSRb and Rsb per ASTM E 399 plotted to rank the relative
fracture toughness of the six different materials listed in Table 4 in descending order. Also
to be noted is that as NSRb decreases, the ratio of Rsb/NSRb decreases. This information
will be used to generate an empirically based fatigue precracking (FPC) methodology;

Figure 3 is a plot of the calculated fracture toughness using linear elastic analysis per

TABLE 4—Relative ranking of fracture toughness with most ductile material at top of list.

Material Code Comments?
6061-T6, 4 mm E HTF
7075-T6, 4 mm D HTF
20 volume % SiCw/6061-T6, 4 mm C HTF
20 volume % SiCw-HS/6061-T6, 6 mm F HS prior to HTF
20 volume % SiCw/6061-T6, 6 mm B HTF
20 volume % SiCw/7090-T6, 6 mm A HTF

“HS = hydrostatically strained.
HTF = hydrostatically tested to failure.
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FIG. 3—Fracture toughness as a function of yield strength for both the wrought aluminum
alloys and silicon carbide metal matrix composite materials.

ASTM E 399 for the MMC materials and elastic-plastic crack opening displacement (COD)
analysis for the wrought aluminum alloys. A single specimen, load-unloading compliance
technique was used to identify the point of crack extension necessary to calculate the K cop-
values. The fracture toughness is tabulated in Table 5. It should be noted that the results
are a single data point and do not represent statistical sampling.

Figure 4 is a photograph of a metallographic section showing the root radius to be about
0.12 mm. Figure 5 is a photograph of the fracture faces, illustrating the difference in two
topographical features and thickness dimensions. To be noted is the fact that the MMC
materials have no shear lip, which is apparent in the wrought aluminum alloys.

Description of FPC Methodology

Figure 6 is a plot of the ratio of Rsb/NSRb versus NSRb. As noted, an increase in the
ratio occurs as NSRb increases or the material becomes more ductile; in fact, as NSRb

TABLE 5—Quantitative estimates of fracture toughness.

Code Material K, or Kcop®
E 6061-T6, 4 mm 53.7 (48.9)
D 7075-T6, 4 mm 31.3 (28.5)
C 20 volume % SiCw/6061-T6, 4 mm 17.0 (15.5)
F 20 volume % SiCw-HS/6061-T6, 6 mm 11.6 (10.6)
B 20 volume % SiCw/6061-T6, 6 mm 11.3 (10.3)
A 20 volume % SiCw/7090-T6, 6 mm 7.9 (07.2)

* Units of MPa-SQR(m) and ksi-SQR(in.) in parenthesis.
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FIG. 4—Transverse section through 125 wm (5 mil) notch radius of Charpy V-notch.

FIG. 5—Fracture faces of test coupons from six different aluminum/silicon carbide and
aluminum alloy cylinder fragments.
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approaches the theoretical limit of 2.2, the ratio approaches unity; that is, the maximum
fracture load is not a function of notch acuity.

Figure 6 can be used for aluminum matrix composite materials, and might well apply for
other metals and alloys because the trend would be similar, but no data to this affect has
been generated to date.

Figure 6 allows the maximum load for precracking to be estimated from the maximum
load required to fracture a notched specimen and the calculated value of NSRb. The max-
imum load for FPC js estimated as 60% of the ratio NSRb/Rsb. These calculated values
are plotted along the right side of Fig. 6. Therefore, with only the value of NSRb, the FPC
maximum load is given as a fraction of the maximum load to break the notched specimen
or P,,.

Mathematically, the relationship can be reduced to

Prc = (0.16 NSRb + 0.175) P,.,, @)

This empirically derived equation prescribes the load for fatigue precracking a Charpy
size specimen with a root radius of 125 um (5 mil) with 85% confidence. The procedure
would involve breaking one machine notched specimen, calculating NSRb, and using Eq.
2 to establish the load for fatigue precracking other specimen from the same lot. Itis advisable
to do the precracking under displacement control in 3-point bending.

Conclusions

1. The fracture toughness of aluminum MMC materials decreases with notch acuity from
a radius of 0.12 mm to a fatigue precrack. The decrease implies a critical root radius of
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FIG. 6—A method of estimating the maximum load for fatigue precracking based on frac-
tured load of notched test specimen.
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about 50 wm for an invariant measurement of K, assuming a proportional relationship
between K and rho (SQR).

2. The prior hydrostatic straining or cold work did not decrease the fracture toughness.

3. The high-strength SiCw/7090 aluminum MMC has lower toughness than the SiCw/
6061-T6 aluminum MMC.

4. The fracture toughness of the wrought aluminum matrix materials is significantly de-
creased by the addition of SiC whiskers.

Recommendations

The use of the notched strength ratio in bending, NSRb, of a fracture toughness specimen
in accordance with the calculations of the specimen strength ratio, Rsb, per ASTM E 399
is recommended as a method of estimating the maximum loads for fatigue precracking
fracture toughness specimens. The root radius of the starting notch should be standardized.
The 125 wm (5 mil) root radius utilized in this program is recommended because it was
found to be successful in achieving the goals of the program in measuring a large range of
fracture toughness values.
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ABSTRACT: The global and local deformation characteristics of center-notched unidirectional
B/Al composites were examined both in the elastic and inelastic regions of the load-displace-
ment curves. The global deformation was measured at room temperature by applying the
conventional compliance gage, while the local deformation was measured by means of the
interferometric displacement gage (IDG) technique at room and elevated temperatures. The
effects of notch length and test temperature on the deformation characteristics and on damage
initiation and progression were determined. The local compliance calibration curves, obtained
with the IDG technique, were found to be highly sensitive to notch length. With increasing
load, significant nonlinearity in the load-crack-opening displacement (COD) and jumps in
COD have been observed, resulting from the crack-tip damage progression in the form of
fiber breakage, matrix inelastic {plastic) shear deformation, and matrix cracking. The results
obtained with the IDG technique were qualitatively correlated with high magnification ( x 150)
visual observations in real-time via a closed circuit television. The IDG technique could be
easily applied at elevated temperatures. Results from the IDG indicate that significant changes
in the deformation characteristics occur at temperatures above 204°C (400°F). The experimental
global and local compliance calibration curves were compared with predictions and an excellent
agreement has been established. The predictions of COD were made by applying an existing
analytical model which assumes the existence of a zone of longitudinal inelastic shear defor-
mation emanating from the notch-tip. Good agreement between prediction and experiment
could be established. The comparison provided a simple procedure to evaluate the in situ
matrix shear yield stress. The experimental results indicate that the analytical modeling for
the inelastic deformation of the subject material should incorporate both the matrix strain
hardening and the mechanism of sequential failure.

KEY WORDS: metal-matrix composites, boron/aluminum, compliance, fracture

Metal-matrix composites are currently being considered for the so-called “primary” struc-
tural applications in a variety of aircraft and aerospace structures. In several aspects they
are superior to most resin-matrix composites, for example, in elevated temperature per-
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formance, transverse and shear strengths, impact resistance, and susceptibility to the po-
tential problem of moisture absorption.

Among the variety of metal-matrix composites available, the boron/aluminum (B/Al)
system has received most of the attention in the research and application studies. However,
in spite of the recognized advantages of this material system under larger operating tem-
perature ranges, very little information is available regarding the effects of temperature on
the deformation, damage progression, and failure mechanisms. In characterizing the fracture
behavior of these composites, emphasis has been given primarily to the notched strength
and fracture toughness [1,2]. These ultimate values (at failure) are of concern for design
purposes. However, in order to obtain an insight into the deformation characteristics, crack-
tip damage growth, thermal response, etc., a better understanding of the load-deformation
characteristics is also required. Detailed load-deformation curves will also aid in establishing
the validity of any proposed analytical model for predicting the deformation characteristics
of composites and thus will ultimately provide criteria for identifying the material variables
that dominate in specific applications.

The ability to detect damage initiation and progression through the examination of the
load-displacement curves strongly depends on the experimental procedure employed. In the
case of notched B/Al, the crack-tip damage is localized. It appears primarily in the form
of longitudinal inelastic shear deformation of the matrix, fiber breakage, and matrix cracking
[3]. Slow crack-tip damage growth has been observed, and a sequential failure process of
these three major failure modes usually occurs. The first indication of crack-tip damage is
seen in the nonlinearity of the load-deformation curve. The deviation from stress-displace-
ment linearity depends on crack length, temperature, and the variety of intrinsic material
variables. Due to the localized nature of the crack-tip damage, the application of a highly
sensitive experimental procedure for monitoring the failure process is essential. In this
manner the conditions under which damage initiates and progresses can be identified.

In this study the interferometric displacement gage (IDG) technique [4-7] has been applied
in order to obtain accurate and sensitive measurements of crack opening displacements
(COD) at room and elevated temperatures. The effect of crack length and temperature on
the “local” compliance calibration curves (obtained with the IDG) have been determined.
The “global” compliance calibration curves (obtained with the conventional compliance
gage) were determined at room temperature, and the results were compared with those
obtained with the more sensitive IDG technique. Far-field load-displacement curves and
“local’’ load-COD curves to failure were also obtained. The load-COD curves were examined
in detail for detecting damage initiation, crack length effects, and temperature effects on
the degree of nonlinearity. The comparisons between experiments and predictions for both
the elastic and inelastic regions are also discussed.

Experimental Procedure.

The boron/aluminum (B/Al) material tested in this study is 142 wm (5.6 mil) B/Al-6061F,
45 to 50% volume fraction, manufactured by DWA Composite Specialities. Unidirectional
specimen coupons having dimensions of 200 by 25.4 mm (8.0 by 1.0 in.) were machined
from 200 by 200 mm (8.0 by 8.0 in.) plates. Center notches of approximately 1.27, 2.54,
5.10, 7.60, 10.20, and 12.70 mm (0.05, 0.10, 0.20, 0.30, 0.40, and 0.50 in.) long and 0.37
mm (0.015 in.) wide were introduced. All machining was performed by means of the Elec-
trical Discharge Machining (EDM) technique. Aluminum end tabs, 25.4 by 25.4 by 1.3 mm
(1.0 by 1.0 by 0.05 in.) were applied to all specimens using epoxy resin.
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FIG. 1—Prediction of global compliance calibration curve (Eq 1) and comparison with
experiments for center-notched [0]s B/ Al. There is a large scatter in the experimental data and
the global compliance is not very sensitive to crack length.

All specimens were tested on a closed loop servohydraulic Instron testing machine (Model
1331). The tension tests were performed under stroke control mode at a rate of approximately
0.07 mm/min (0.003 in./min). Steps were taken to ensure loading axiality which was con-
firmed by applying pairs of strain gages along the specimen’s edges.

The global deformation curves were obtained at room temperature by means of a standard
compliance gage (gage length = 25.4 mm (1.0 in.)). The local load-COD curves were
obtained at room and elevated temperatures (up to 371°C (700°F)) by means of Laser
Interferometric Displacement Gage (IDG) technique. The details of the IDG technique can
be found in Ref 4-7. This technique has been shown to be very accurate, highly sensitive
(in the submicron scale), simple to utilize, and can be applied over a wide range of operating
temperatures [6,8]. Elevated temperature tests were performed by enclosing the specimens
in a custom-made furnace with a temperature capability of 538°C (1000°F).

All five elastic moduli were determined at room temperature by means of an extensometer
(25.4 mm (1.0 in.) gage length), attached to the specimen surface. In order to verify the
extensometer results and ensure load axiality, selected room temperature specimens were
also strain gaged. The longitudinal stiffness, E,, and the major Poisson’s ratio, v, were
determined by testing [0]; specimens; the transverse stiffness, Er, and the minor Poisson’s
ratio, vr, by testing [90]; specimens; and the longitudinal shear stiffness, G,r, by testing

TABLE 1—Average elastic moduli at room temperature.

E, E; Vir VrL G
Average, GPa 205.21 134.59 0.252 0.150 115.10
Number of specimen 23 7 5 3 2

Standard deviation, GPa 20.14 22.87 0.024 0.078 61.10
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[£45], laminates. The longitudinal shear stiffness was calculated using the procedure pro-
posed in [9]. Fiber strength was determined by testing representative fibers used in the
fabrication of each B/Al plate.

The five elastic moduli were determined at elevated temperatures by means of strain
gages (type: Micromeasurement WK-06-062TT-350, gage length = 1.57 mm, grid width =
1.91 mm). Tests were performed in the temperature range of 38°C (100°F) to 371°C (700°F)
and in increments of 38°C (100°F). In order to ensure the data reliability, each specimen
was loaded three to ten times within the elastic region, and the average values have been
used in the data reduction and analysis.

Fracture surfaces of notched and unnotched specimens subjected to various elevated
temperatures were examined through the scanning electron microscope (SEM). Three-
dimensional, or stereo, views of the fracture surfaces were prepared from which the different
microfailure modes could be easily identified. Several specimens were loaded to a prede-
termined load level, unloaded, and the matrix was dissolved in order to reveal crack extension
and damage progression. Notch-tip damage extension and the number of broken fibers were
inspected optically and via the SEM. Damage progression was also monitored in real time
via a closed-circuit television (CCTV) system which provided a clear view of the notch-tip

region at the specimen surface at magnifications up to X 150.

Results and Discussion
Elastic Behavior

The elastic behavior of center-notched B/Al has been characterized by the compliance
calibration curves of the subject material. Both the far-field displacement and actual crack
opening displacement (COD) were measured using the conventional compliance gage and
the interferometric displacement gage (IDG) techniques, respectively. From these two re-
spective experimental procedures the “global,” C,, and the “local,” C;, compliance cali-
bration curves were recorded [8]. The global compliance was determined at room temper-
ature only, while the local compliance was determined at temperatures ranging from 21°C
(70°F) to 371°C (700°F) in 38°C (100°F) increments. Following is a summary of the results:

1. Global Compliance Calibration Curves—A summary of the global compliance as a
function of crack length is shown in Fig. 1. Clearly the compliance increases with increasing
crack length; however, the sensitivity of the global compliance to crack length is not very
pronounced. Also, assessment of the sensitivity is made more difficult by the large scatter
in the data points. The prediction of the global compliance can be made from the analysis
based on the energy release rate due to crack extension [7,10]. The following closed-form
expression for the global compliance can thus be derived, for example [7]

C, = ma/(E.B) f Y?2e/W d(2¢/W) + LI(BWEL) )
where
W = specimen width,
B = specimen thickness,
L = gage length of the compliance gage,
¢ = half crack length, and
Y = Width Correction Factor (WCF), and
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the orthotropic correction factor, «, is given by
o = V2 [(EL/ED — vr + E/(2G.)]"* 2

where E,, E;, and G, are the longitudinal, transverse, and shear moduli, respectively, and
v, is the major Poisson’s ratio.
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FIG. 2—Prediction of local compliance calibration curves (Eq 4) and comparison with
experiments for center-notched [0]s B/ Al at: (a) 21°C (70°F) and (b) 315 °C (600°F). The local
compliance is much more sensitive to crack length and the results are highly reproducible.
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It has been shown in Ref 7 that the isotropic value of Y can be applied for orthotropic
unidirectional B/Al composites as well. The following expression of Y has been chosen
[7.11)

Y = 1 + 0.1282(2c/W) ~ 0.2881(2c/W)* + 1.5254(2c/ W’ (3)

Utilizing Eqs 1 to 3, the global compliance can then be predicted. Based on the elastic
moduli obtained experimentally, the value of o = 1.0 was calculated from Eq 2. This value
is lower than expected (for example, a = 1.3 in. [7]). However, it should be noted that
significant scatter in the experimental values of all four elastic moduli has been recorded in
this study. The average values of these moduli obtained from all the specimens tested at
room temperature are given in Table 1. Similar Tables were obtained at all the temperatures
applied in this study. Based on the previous results, for example [7], the value of & = 1.20
was selected for the purpose of comparison between prediction and analysis. The predicted
global compliance is shown by the solid line in Fig. 1. There is a general agreement between
the prediction and the experiments. However, as mentioned earlier, due the poor sensitivity
of the global compliance to crack length and the large scatter in the data, the global com-
pliance calibration curves may not be sufficiently accurate for determining the “effective”
crack-tip damage size.

2. Local Compliance Calibration Curves—The local compliance calibration curves ob-
tained by the IDG technique were determined for all crack lengths and at a wide range of
temperatures. In order to obtain accurate and reliable results, each specimen was loaded/
unloaded 3 to 10 times within the elastic region (to approximately 10% of ultimate). The
average of these compliances has been used in the data analysis. Very good reproducibility
in the local compliance was recorded from these repeated quasi-static loadings/unloadings.
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FIG. 3—The experimental values of local compliance as a function of temperature for center-
notched [0]s B/Al. The compliance is sensitive to temperature and it increases significantly at
temperatures greater than 204°C (400°F).
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For example, the average local compliance recorded in seven loading/unloading tests at
315°C (600°F) for 2¢/W = 0.4 was 3.87 x 107*w/N with standard deviation of 7.0 x 105w/
N. Similar reproducibility has been recorded in most tests.

The experimental values of the local compliance as a function of crack length at room
and at elevated temperature are shown in Fig. 2. The solid lines shown in Fig. 2 are the
predictions to be discussed later. In comparison with the global compliance, Fig. 1, the local
compliance is much more sensitive to crack length and the experimental results are highly
reproducible, Fig. 2. It is clear, therefore, that the estimation of the “effective” damage
size made through the change in compliance will be much more accurate if the local com-
pliance values are used.

The change in the local compliance with temperature is shown in Fig. 3 for a single
specimen. It is interesting to note that the increase in compliance becomes quite significant
at approximately 204°C (400°F). In regard to the effects of temperature on the properties
of the constituents, that is, boron fibers and aluminum matrix, it has been reported that the
boron fibers show little change in their properties up to 400°C (752°F) [12]. The aluminum
matrix, on the other hand, undergoes a significant change at approximately 204°C (400°F)
in mechanical properties such as stiffness and strength [13]. Therefore, it can be concluded
that the significant degradation in the stiffness of aluminum beyond 204°C (400°F) is the
primary cause of the increased compliance of B/Al composites at these temperatures.

For the prediction of the local elastic behavior the existing solutions for an orthotropic
plate containing an elliptical opening [/4] were applied. The expression for the local com-
pliance can be derived as [7}

C, = (2c/W) a/(BE) Y 4)

INELASTIC ZONE
“"FIRST INTACT FIBER

UNDEFORMED
L MATRIX

FIG. 4—Schematic of crack-tip damage progression in center-notched [0], B/ Al
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In order to predict the local compliance calibration curves at room and elevated temper-
atures, the variation of o with temperature was determined from Eq 2. For this purpose
the elastic modulii (E,, E;, v,;, and G.y) were determined experimentally for the entire
range of temperatures applied in this study. The resulting values of o, calculated from Eq
2, varied between 1.0 to 1.14 for the entire temperature range. It should be noted that there
was large scatter in the experimental values of the elastic moduli at elevated temperatures,
as there was at room temperature. For this reason the values of the orthotropic correction
factor, a, were adjusted to best fit the experimental data. The purpose of this study was
not to determine the values of ., but rather to establish the trend and compare the prediction

FIG. 5—Crack-tip damage extension in unidirectional B/ Al; aluminum matrix is dissolved
exposing broken fibers.
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with experiments. The values of o used were 1.2 for the predictions of the local compliance
calibration curves at room temperature, Fig. 2a, and 1.4 for elevated temperature, Fig. 2b.
Clearly the predictions are in an excellent agreement with experiments. It can be concluded
that the analysis correctly describes the local elastic deformation characteristics of center-
notched unidirectional B/Al composites, and the local compliance calibration curves ob-
tained through this analysis can be more accurately used to determine the “effective” crack-
tip damage size in these composites.

Failure Mechanisms and Processes

For notched unidirectional B/Al it has been observed through Closed Circuit Television
(CCTV) that the first damage occurs in the form of matrix-plastic deformation at the crack
tip. With increasing applied stress, this plastic zone grows parallel to the fibers and is confined
between the crack tip and the first intact fiber, Fig. 4. At sufficiently high stress levels
(approximately 40 to 50% of ultimate), the first intact fiber (next to the crack tip) fails and
crack extension occurs. Upon the breakage of the first intact fiber, load transfer occurs and
the second plastic zone develops. With increasing load this plastic region grows along the
adjacent intact fiber until the second intact fiber breaks. This process repeats itself approx-
imately four to six times before a catastrophic fracture of the specimen occurs. This early
occurrence of damage and the initial slow crack growth have been also verified by monitoring
acoustic emission (AE) during quasi-static loading [15]. It is demonstrated in the following
discussion that the global load-deformation curves obtained by means of a standard com-
pliance gage give little indication of this early damage. On the other hand, the local load-
COD curves obtained by means of the IDG technique do indicate damage initiation and
progression at early stages of loading. Consequently, a significant effort has been directed
in this study toward determining the load-COD curves at a wide range of temperatures.
The appropriate analytical procedure is also identified, and the predictions of the local
deformation characteristics are compared with the experimental load-COD curves.

The sequential failure process described previously can be seen in the SEM micrographs,
Fig. 5. Following loading to approximately 80% of ultimate load, the specimen was unloaded,
and the outer layer of the aluminum was dissolved. The crack-tip damage includes seven
broken fibers. The number of broken fibers, revealed by this procedure, depends on the
applied stress. As seen in Fig. 5 the fibers fractured at different locations, that is, at some
weak spots along their length, resulting in an irregular fracture surface. Multiple cracks at
the fibers’ fracture sites can be clearly seen, resulting in fragmentation of the fiber. This is
most probably due to the high elastic energy released during fiber fracture. The gaps that
are seen in the fibers resulted from the extensive dissolution of the matrix which caused the
fragments to fall away. When the matrix is sufficiently intact (for example, the third and
seventh fibers to the right of the crack tip) all the fiber fragments are held in place. Matrix
etching and dissolution is increased by the degree of local inelastic deformation. Conse-
quently a large degree of matrix removal occurs in the region of the inelastic zone. The
effect of the matrix dissolution diminishes (that is, dissolving less material) as one moves
away from the crack tip, which corresponds with the decrease of the plastic deformation.
Thus, from the photographs shown in Fig. 5, it is clear that the bay between each pair of
broken fibers has been plastically deformed, illustrating again the sequential nature of crack-
tip damage progression.

Examination of the fracture surfaces indicates good fiber/matrix bonding and matrix
consolidation. The photographs shown in Fig. 6 are paired to be viewed under a stereo
viewer. These fracture surfaces reveal shattering of most fibers, both at room and elevated
temperatures. The fragmented pieces of the boron fibers are well bonded to the aluminum
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matrix at different depths along the fibers, indicating a good fiber/matrix bonding. X-ray
examination of the fiber’s surface, using an energy dispersive x-ray analyzer on the SEM,
demonstrated the presence of the aluminum 6061 matrix on the fiber’s surface, for example,
the aluminum, silicon, and magnesium lines. No splitting, that is, interfacial fracture, has
been observed during the loading.

The significant plastic deformation of the aluminum matrix, seen in the photomicrographs
of Fig. 6, is manifested by the large amount of microvoid coalescence. A comparison between
the specimens tested at room and elevated temperatures does not show significant differences
in the various microfailures associated with the fracture. However, the specimen loaded at
elevated temperature has been subjected to an increased amount of plastic deformation, as
expected.

Far-Field Load-Displacement Curves (Global Deformation)

The representative far-field stress-displacement curves for several center-notched unidi-
rectional B/Al composites are shown in Fig. 7. Clearly the deformation characteristics
depend on the crack length. The curves are fairly linear for most crack lengths. Only for
the longer crack lengths and when the applied load approaches ultimate levels can a slight
nonlinearity be detected. The lack of sensitivity of the global displacements to crack-tip
damage (as detected through the CCTV) at low load levels is expected, considering that
the damage is initially highly localized at the crack tip. Only as the applied stress approaches
the ultimate value, where several fibers are broken and the longitudinal inelastic zone is no
longer confined to the crack-tip region, Fig. 4, do the stress-displacement curves deviate
from linearity, Fig. 7. It is concluded, therefore, that the global deformation measured
across the crack by means of a conventional compliance gage (having a 25.4 mm gage length)
is not sufficiently sensitive to detect such localized damage.
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An examination of these curves also reveals that the degree of nonlinearity increases with
crack length. This is due primarily to the experimental procedure employed, that is, for the
shorter cracks the knives of the conventional compliance gage are wider than the crack
length. Thus the displacement recording system may not detect the effect of crack-tip damage
initiation and progression. For larger crack lengths, the degree of nonlinearity can be clearly
seen, Fig. 7.

Load-Crack Opening Displacement Curves (Local Deformation)

1. Crack-Tip Damage Growth—A typical load-COD curve for a center-notched unidi-
rectional B/ Al specimen is shown in Fig. 8a. Nonlinearity in the load-COD curve is indicated,
resulting from the multiplicity of the failure modes described previously. Additional features
of the load-COD curve are revealed when it is plotted at a higher resolution. For example,
a portion of the load-COD curve shown in Fig. 8a is plotted in Fig. 8b, showing discontinuities
in the form of jumps in the COD. These jumps occur randomly with increasing applied
stress. Correlation of the load-COD curves with the results of other experimental techniques,
for example, AE [15] and visual observation through the CCTV indicates that the jumps in
COD, as detected by the IDG, are caused by fiber breakage at the crack tip. It can be
concluded that the catastrophic fracture of the composite is preceded by a sequence of
several fiber breaks at the crack tip, and this is indicated by the sudden jumps in the COD.
Also these jumps occur at a relatively early stage of loading. In other words, the local load-
COD curves indicate a slow crack-tip damage growth rather than a rapid fracture.

2. Effect of Crack Length—The effect of crack length on load-COD curves is shown in
Figs. 9a and 9b obtained at room temperature and at 315°C (600°F), respectively. The lines
shown in the figures are the predictions, to be discussed later. For all crack lengths the
curves are highly nonlinear, and with increasing applied stress, the curves approach a plateau.
This occurs when significant damage has been already accumulated at the crack tip, and the
applied stress approaches the maximum load-carrying capacity of the laminate. At this stage
a rapid increase in COD occurs with increasing load. The stresses at which the load-COD
curves reach a plateau depend strongly on crack length. The degree of nonlinearity in the
load-COD curves is affected by the number of fibers broken, and the number and the extent
of the inelastic zones developed at the crack tip. In comparison with the global deformation
curves, Figs. 7, the load-COD curves are more spacially separated, Fig. 9, demonstrating
a more pronounced sensitivity of local deformations to the crack length.

The deviation from linearity is noticeable at load levels as low as 10 to 20% of ultimate,
indicating early initiation of damage at the crack tip primarily in the form of matrix inelastic
deformation in the bay between the crack tip and the first intact fiber. Similar results were
obtained by applying the AE technique [15]. In comparison with visual observations through
the CCTV discussed previously, the application of the IDG and the AE techniques reveal
crack-tip damage growth at much lower load levels. Consequently, the reliance on visual
observation of crack-tip damage growth, frequently applied in fatigue studies of metals, may
not be appropriate in the case of composites. Through visual observation, only the extent
of surface damage can be identified. In composites, however, internal nonvisual damage
(for example, broken fibers) can be critical. Using the IDG technique for an accurate
determination of COD (and local compliance) results in a direct measure of the “effective”
crack-tip damage growth.

3. Effect of Temperature—The load-COD curves were obtained at room and elevated
temperatures for all crack lengths. The representative examples in Figs. 10a and 10b for
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two different crack lengths are shown with the analytical predictions. Clearly a strong
influence of temperature on the local deformation characteristics is indicated. It is seen that
with increasing temperature the nonlinearity in the load-COD curves is much more significant
and the crack opens more rapidly with applied stress. Also, the effect of temperature is
more pronounced beyond 204°C (400°F). It should be recalled that a similar effect of tem-
perature was observed in the case of local compliance, Fig. 3. For both regions, elastic and
inelastic, the increased deformation is attributed to the significant degradation in properties
of the aluminum matrix at that temperature.

Predictions of Load-COD Curves

The first indication of damage in notched unidirectional composites appears near the crack
tip in the form of matrix shear deformation parallel to the fibers, Fig. 4. With increasing
applied stress, the length of the yield zone, R,, increases and the crack tip is blunted,
improving the overall toughness of the composite. There have been several attempts to
model this longitudinal damage through a variety of approaches [/6-20]. In this research,
an approximate mechanistic model proposed by McClintock [16,17] has been extensively
applied and the predictions are compared with the experimental load-COD curves at room
and elevated temperatures.

McClintock [16], used a mathematical analogy between a rectilinear antisotropic body in
a tensile mode and an isotropic body in an antiplane shear mode. This model was used by
Tirosh in Ref 17. For simplicity in the solution, matrix shear stress in the yield zone was
assumed to be constant and equal to the matrix yield shear stress. In other words, linear
elastic-perfectly plastic material has been assumed. With this analogy Tirosh obtained the
following closed-form solutions for the length of the longitudinal plastic zone, R,, in the
bay between the crack tip and the first intact fiber [17]

R, = /16 (G1/EL)* cY?P?/(r,,WB) (5)

where T, is the yield shear stress of the matrix.

Having obtained the plastic zone size, the corresponding permanent opening of the crack
tip can be derived by integrating the shear strain y” along the contour of the plastic zone
[17]. Details of the analytical model are given in Ref 3 and are not repeated here for the
sake of conciseness. The resulting total crack-tip opening displacement (CTOD) is the sum
of the elastic and the inelastic CTOD

CTOD = Y/(BE.) (2¢/W) [2a + = Y/(41,WB)P] P (6)

Comparison between predicted and experimental load-COD curves are shown in Figs. 9
and 10. The comparison between the predicted CTOD and the experimental COD (measured
with the IDG at the crack center) is based upon the observation (through the CCTV) that
the crack surfaces do not deform. It should be noted that the material property which is
mostly affected by temperature is the matrix yield shear stress, 1,,, [13]. In correlating the
predictions with the experimental results, the value of 7,, was chosen to best fit the predictions
with experiments at each temperature. The selected values of t,, at a given temperature are
also indicated in Figs. 9 and 10. The comparison indicates that the values selected yield
good agreement between the predicted and experimental load-COD curves for all crack
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lengths, Fig 9. That is, the yield shear stress, 7,,, is for all practical purposes not a function
of crack length. It should be also noted that 7, decreases with temperature, Fig. 10. The
decrease in 7, is significant at approximately 204°C (400°F). Again, the matrix properties
play a significant role in determining the local crack-tip deformations.

The comparison between an approximate mechanistic model, such as that employed in
this study, and experimental load-COD curves can serve as a basis for determining the in
situ yield shear stress, 7,, of the matrix. Following the procedure described previously, the
in situ yield shear stress as a function of temperature can be determined as well. Furthermore,
the derived value of 7,, may serve for comparing the performance of several material systems,
and may ultimately serve as a guideline for determining fabrication quality with regard to
interfacial bonding and the effect of fabrication procedure on performance.

The good agreement between the predictions and the experiments holds for the early
stages of the applied load only. For increasing loads the measured COD is higher than that
predicted by the analysis. This is expected considering the fact that at higher loads, multiple
inelastic zones are developed (four to six zones were observed through the CCTV), Fig. 4,
while the analysis incorporates only a single inelastic zone throughout loading to failure.
Therefore, the predicted COD should be smaller than the actual at high load levels.

Conclusions

In this paper we have presented and analyzed experimental results on the global and local
load-displacement curves for center-notched unidirectional B/Al at room and elevated tem-
peratures. Results were obtained for crack length-to-width ratios varying from 0.05 to 0.50
at temperatures ranging from 21°C (70°F) to 371°C (700°F). Emphasis has been placed on
both the elastic and inelastic regions of the load-deformation curves.

The laser interferometric displacement gage (IDG) was successfully employed to measure
the actual (local) crack opening displacement (COD), that is, at the crack surfaces, for the
entire temperature range studied.

Global compliance calibration curves were found to be insensitive to crack length, with
significant scatter. Local compliance calibration curves were found to be highly sensitive to
crack length, and results were highly reproducible both at room and at elevated temperatures.
Thus, they can serve as a reliable measurement of crack-tip damage growth during quasi-
static and fatigue loading. Variation of the local compliance with temperature is pronounced
beyond 204°C (400°F). Good correlation has been established between predictions and
experiments for both global and local compliance curves.

Visual observations of the failure process at the crack tip, via a closed circuit television
(CCTV), which allows magnifications of x 150, revealed a slow crack-tip damage growth
in the form of matrix inelastic deformation along the fibers direction followed by fiber
breakage. A sequential failure process has been observed with approximately four to six
such inelastic zones appearing prior to catastrophic fracture.

The global far-field load-displacement curves are essentially linear to failure. The non-
linearity associated with the crack-tip damage growth can not be detected through the global
measurements of deformation,

The resulting load-COD curves, obtained with the IDG, are highly nonlinear with rapid
increases and jumps in COD as the load approaches ultimate. These characteristics were
successfully correlated in real time with visual observations of the failure process through
high magnification (x150) CCTV. Crack-tip damage initiation could be detected at load
levels as low as 10% of ultimate. At elevated temperatures the nonlinearity of the load-
COD curves is much more pronounced, primarily beyond 204°C (400°F), resulting from the
reduced matrix shear yield stress.
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Experimental load-COD curves for unidirectional specimens at room and elevated tem-
peratures correlate well with predictions based on an existing approximate mechanistic model
which is operationally simple to use. The model accounts for the matrix shear deformation
along the fiber direction and assumes the matrix to be elastic-perfectly plastic. Based on
the load-COD curves, and employing such a mechanistic analytical model, the ir situ shear
yield stress of the aluminum matrix could be determined. Further modifications of such
mechanistic model, such as incorporating the actual shear stress-strain curve of the matrix,
multiple inelastic zones at the crack tip, and observed sequential failure process, will lead
to a better agreement with experiments.
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ABSTRACT: The composite material consists of 25 volume percent of silicon carbide whiskers
in 2014-T4 aluminum matrix. Specimens were taken from hot-isostatically-pressed cylindrical
billets and tested at various loading conditions and strain rates. Tension and compression tests
were performed at strain rates of 107* and 5 s™' to determine the effect of strain rate. Baus-
chinger effect was investigated by precompressing specimens to two strain levels followed by
reversing load to tension until fracture occurred. Torsion tests were carried out to determine
the relationship between torque and twist angle. The Kj-value was determined by testing short-
rod specimens. The tensile properties and K;, were compared with those of 2014-T4 aluminum
to demonstrate the effect of silicon carbide whisker reinforcement on the properties of matrix
materials.

KEY WORDS: metal matrix composite, whiskers, elastic modulus, fracture toughness, Baus-
chinger effect, strain rate, 2014-T4 aluminum, silicon carbide

The demand of light-weight and high-stiffness materials in space application provides an
impetus for developing many new materials, particularly metal-matrix composite materials.
There are many parameters which affect the mechanical properties of composite materials.
Therefore, there is a need to generate a data base for these materials. The results presented
here are a part of the whole effort.

In this paper the attention is focused on silicon carbide (SiC)/2014-T4 aluminum. The
blended powder of 2014 aluminum and SiC whisker was hot-isostatically-pressed into various
sizes of cylindrical billets. Various test specimens were machined from the billets. Specimens
were tested in tension, compression, and torsion. Bauschinger effect was studied by pre-
compressing specimens to two strain levels followed by reversing load to tension until fracture
occurred. The Mode I fracture toughness value, K., was measured by employing the small
cylinder technique developed by Barker [1]. Comparisons were made in tensile properties
and fracture toughness values of SiC/2014-T4 aluminum and the 2014-T4 aluminum alloy
to demonstrate the effect of SiC whisker reinforcement.

Material Description and Specimen Configuration

The metal-matrix composite material investigated in this study was 25 volume percent
silicon carbide (SiC) whiskers in a 2014 aluminum alloy matrix. The mixture was hot-
isostatically-pressed (HIP) into a form of various sizes of cylinders. Before specimens were

! Mechanical engineer, mechanical engineer, and engineering technician, respectfully, Army Materials
Technology Laboratory, Watertown, MA 02172-0001.
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FIG. 1—Short rod fracture toughness specimen.

taken from these cylindrical billets, the HIP material was given the conventional heat treat-
ment which brought 2014 aluminum to T4 condition. The whiskers were 0.2 to 0.5 pm in
diameter and had an initial length-to-diameter ratio between 50 and 80. The ratio after HIP
is unknown. It was expected that the whiskers were randomly oriented and dispersed in the
matrix so that the mechanical properties would be isotropic. The isotropy of the HIP cylin-
drical billets was verified by testing specimens taken from those billets in both axial and
radial directions.

Specimens were tested in tension, compression, and torsion. The Bauschinger effect was
investigated by precompressing specimens to a prescribed strain level then reversing the
load direction to tension until specimens fractured. Fracture toughness K; was measured
by using the small cylinder technique developed by Barker [1]. The geometry and dimensions
of the test specimens are shown in Figs. 1 through 5.

Experimental Procedures

The test conditions in this study were quite diversified. Not only were specimens subjected
to various loading conditions, but also to a range of strain rates. Three test apparatus were
used to cover all the test conditions. One of the apparatus is a specially designed test machine
incorporated with gage condition units and a fast data acquisition system. The test machine
has two operating modes: one is servohydraulic control mode or closed-loop mode, and the
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FIG. 2—Compression specimen.
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other is a pneumatic operating mode or open-loop mode. The closed-loop mode covers the
range of strain/load/displacement rates from quasi static to 10~! s~!, while the open-loop
mode covers the range approximately from 107! to 50 s™! depending on the ductility of the
specimen being tested. In the closed-loop mode the rate can be precisely controlled. How-
ever, in the open-loop mode, only a nominal rate can be achieved by adjusting the gas
pressure, stroke, and size of release orifice in the fast-acting valve. This machine was used
to complete the tension, compression, and Bauschinger effect tests. All spcimens were
instrumented with strain gages, and load and strain were recorded for analysis.

Torsion tests were carried out in a standard Instron machine. Torque and twist angle were
measured.

The Mode I fracture toughness value, K., was measured with a fractometer manufactured
by the Terra Tek, Inc. The specimen was a short rod with a length-to-diameter ratio equal
to 1.5. A curved chevron notch was machined at one end of the specimen, and no fatigue
crack was required before testing. A specially designed set of grips applied the load at the
end of the chevron notch. The load and the displacement at the load points were measured.
The K, was calculated by following the manufacturer’s procedure (for details see Ref 2).

Test Results and Discussion

The metal-matrix composite material SiC/2014 aluminum was characterized at the fol-
lowing conditions: tension, compression, and torsion. Bauschinger effect was investigated,
and fracture toughness value K;, was measured. The effect of reinforcement with SiC whiskers
was investigated by comparing test results of SiC/2014 aluminum with those of 2014-T4
aluminum alloy tested at the same conditions. Results from each test condition will be
discussed separately in the following sections.

Tension

Tension tests were performed at two strain rates, 107* and 5 s™'. Results are shown in
Figs. 6 to 7 for SiC/2014 aluminum and 2014-T4 aluminum, respectively. It is noticed that
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FIG. 4—Torsion specimen.
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FIG. 5—Bauschinger effect specimen.

neither material is strain-rate sensitive in the range of strain rates tested. The average value
of elastic modulus for SiC/2014 aluminum is 120.7 GPa, which is more than 60% higher
than that for the 2014-T4 aluminum. Strength data are not presented; the reasons are
explained as follows. Tests were performed in the closed-loop mode with strain as a feed
back controlling parameter to ensure a constant strain rate condition. Ths constant strain
rate condition was maintained as long as the strain gage on the specimen was functional. If
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FIG. 6—Tension test of SiC/2014-T4 aluminum at room temperature and strain rates of
10~*and 5s7\.
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FIG. 7—Tension test of 2014-T4 aluminum at room temperature and strain rates of 10~*
and 5 st

the strain gage, for some reason, failed before the end of the test, the test machine would
be uncontrollable, and the specimen would be fractured in tension immediately. Since the
strain, load, and displacement data must be sampled at a rate corresponding to the rate of
testing due to the finite number of core memory available in the data acquisition system,
the response of the test machine was so rapid after the gage failed that the specimen was
fractured within a sampling interval. Therefore, the last data points were not the ultimate
strength and strain; rather they were the data points just before the gage failure. This
explanation was proved to be true by post-mortem examination of specimens and conducting
tension tests in closed-loop mode with the displacement as a controlling parameter. At this
mode the test results indicated that the ultimate strength of SiC/2014 aluminum under
investigation is consistently higher than 586 MPa.

The location of a strain gage on the specimen very often did not coincide with the location
of failure. This occurrence will not affect the interpretation of test results for SiC/Al because
of the brittle nature of the material. However, the same comment cannot be applied to test
results of 2014-T4 aluminum which exhibited necking before fracture took place. In this
situation the recorded maximum strain value is not the strain at failure, if the strain gage
is not at the location where fracture and necking of the specimen take place. A correction
was made in the analysis of test results. The diameter of the necked section where fracture
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occurred was measured after the test, and the ultimate strength was calculated based on the
measured necked area rather than the original area. The strain at failure was calculated by
assuming that the volume of material remained constant during the plastic deformation
which yields the expression for the true strain, e

e = In (L/Ly) = In(A,/A)

where A, and L, are original area and length, while A and L are those in the deformed
state. The stress-strain curves shown in Fig. 7 include the interpretation discussed previously,
and the axes are labelled as ‘“‘true stress” and ‘“‘true strain” to reflect this correction.

The tensile results indicate that the whisker reinforcement has increased the modulus by
approximately 60% and the ultimate strength slightly, but the ductility has been drastically
reduced in comparison with those of matrix alloys.

Compression

The compression specimens were machined according to the ASTM standards with the
ratio of length-to-diameter equal to three. Tests were performed at two strain rates, 107*
and =5 s!, and results are shown in Fig. 8. There is no indication of strain rate sensitivity
in the range of interest. The average elastic modulus is about the same as that in tension,
120.7 GPa. Specimens were slightly buckled before failed in shear, that is, the failure surface
had an inclination of about 45° from the direction of the load. The stress levels at failure
were indicated by crosses in Fig. 8.

Torsion

The torque and twist angle were measured during torsion tests. Results are shown in Fig.
9. The initial linear relationship between torque and twist angle can be used to calculate
the shear modulus of the specimen. The calculated shear modulus is approximately 44.8
GPa, which, combining with the elastic modulus measured in tension tests yields the Poisson’s
ratio about 0.3.

The maximum torque may be also estimated by assuming that the material behaves elastic-
perfect plastically. The expression for torque is (see Ref 3)

M = 2/3 5k (@® — 1/4 &)

where
M = torque,
k = Y/V/3 for von Mises criterion,
a = radius of specimen, and
¢ = elastic-plastic boundary.

The estimated torque required to cause complete yielding of the specimen (that is, to set
¢ = 0 and Y = 586 MPa) falls within the range of measured values. This implies that the
material is a work-hardening material which is also observed in tension test results.

Bauschinger Effect

The Bauschinger effect was investigated by precompressing specimens to two strain levels,
1 and 2%, then reversing the load direction to tension until specimens fractured. Results
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are shown in Figs. 10 and 11, respectively. It is noticed in Fig. 10 that the precompression
to 1% strain seems to have no deteriorating effect on tensile properties such as modulus,
ultimate strength, and ductility. The results show that there is approximately 0.5% residual
strain in the specimen at the completion of unloading. The specimens are stretched to their
original length when the tensile stress reaches approximately 310.3 MPa. Finally the spec-
imens were fractured at stress equal to approximately 586 MPa and strain around 1.5%
which are the same as those from the monotonic tension tests.

In the case of specimens precompressed to 2% strain (Fig. 11), the residual strain at zero
stress level is about 1.5%. The elastic modulus and ultimate strength seem to be not affected
by the precompression; however, the specimens barely return to their original length before
fracture.

Based on the results of Bauschinger effect and tension tests, it seems that the material
has a total available tensile strain of approximately 1.5% which is not affected by preworking
conditions investigated in this study.

Since there are only limited data available, there is no attempt to formulate a work
hardening model for this material.

Fracture Toughness Measurements

The Mode I fracture toughness value, K., was measured by using a Terra Tek Fractometer
IT testing machine. The specimen was a short rod with a diameter of 1.27 cm and length-
to-diameter ratio of 1.5. The advantage of using this method is that no fatigue crack was
needed to ensure the sharpness of the crack tip. Ki-values of many commonly used metals
have been measured by using this method, and results agree very well with those obtained
by employing a standard ASTM method.

The Kj-value of 2014-T6 aluminum rolled rod was measured which agrees very well with
the value listed in Ref 4. It is known that the mechanical behavior of 2014-T4 and -T6 alloys
are very similar. Hence, the measured 2014-T6 fracture toughness may be used to compare
with those of SiC/2014 aluminum to demonstrate the effect of whisker reinforcement. Table
I shows the measured Kj-values for both 2014-T6 aluminum alloy and SiC/2014 aluminum
composite. The first character in the orientation indicated the load direction and the second
character for the direction of crack propagation. The average value of K, for 2014-T6
aluminum is 19.3 MPaV/m which agrees with the handbook value [4]. The average value
of K for SiC/Al in the Z-R orientation is 13.7 MPa\/E, while the K in R-Z orientation
if 13.3 MPaVm. This is further evidence indicating that HIP process produces an isotropic
material. The low value of K; for SiC/Al indicates the brittle behavior of the material which
is consistent with the low ductility exhibited in tension tests.

Summary

The metal matrix composite material, consisting of randomly dispersed and oriented 25
volume percent silicon carbide whiskers in a 2014-T4 aluminum alloy matrix, was tested at
various conditions. It was found that the elastic modulus was increased by 60% to 120.7
GPa in comparison with that of the matrix material. However, the ductility was significantly
reduced to less than 2% of strain.

Torsion test of a circular rod gave the relationship between torque and twist angle from
which the shear modulus was calculated to be approximately 44.8 GPa. The maximum twist
angle per unit length around 1.57 deg/mm also indicated the brittle nature of the material.

The Bauschinger effect was investigated by precompressing the specimens to two strain
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TABLE 1-—SiC/ Al and 2014-T6 aluminum fracture toughness test results.

Test Relative
Specimen Diameter, KSR, Temperature, Humidity,
Material No. mm Orientation MPaVm °C %
SiC/Al R-1 12.726 Z-R 13.1 22.2 50.0
R-2 12.713 Z-R 14.4 22.2 50.0
R-3 12.703 Z-R 13.1 222 50.0
R-4 12.713 Z-R 14.0 22.2 50.0
R-5 12.700 Z-R 14.0
SiC/Al Z-1 12.713 R-Z 12.0 22.2 50.0
Zz-2 12.713 R-Z 12.7 22.2 50.0
Z-3 12.687 R-Z 13.8 22.2 50.0
Z-4 12.662 R-Z 14.5 22.2 50.0
Z-5 12.680 R-Z 13.3 22.2 50.0
2014-T6 Al L-1 12.700 R-L 19.6 222 50.0
L2 12.700 R-L 19.1 22.2 50.0
L-3 12.687 R-L 19.1 22.2 50.0
L4 12.700 R-L 19.2 2.2 50.0
L-5 12.700 R-L 19.7 222 50.0

NOTE—Terra Tek Fractometer IT testing machine was used to obtain fracture toughness values.
Specimen type used was the short rod with curved chevron slot.

levels before reversing the load to tension and fracturing the specimens. Results indicated
that the material possesses a fixed total available tensile strain of approximately 1.5% which
was not affected by precompression levels used in this study.

The Mode I fracture toughness value, K., was measured with an average value of 13.5
MPaVm which was consistent with the low ductility exhibited in tension tests.
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ABSTRACT: A newly developed direct compressive test fixture for metal matrix composites
is described and evaluated in this paper. This fixture was designed to be reusable, provide
accurate and reproducible data, and to eliminate premature ‘“‘brooming” failures. A compar-
ative analysis between this test method and ASTM D 3410 for compressive properties of
unidirectional or cross-ply fiber-resin composites using the Illinois Institute of Technology
Research Institute (IITRI) indirect compression test method was also investigated.

In utilizing the direct compressive test method, the affects of specimen size and geometry
were studied on a uniaxially oriented FP-alumina fiber reinforced magnesium composite.
Cylindrical specimens 6.35, 9.53, and 12.7 mm in diameter, and a 9.53-mm-square specimen
were tested at a constant 1/d ratio of 2.0. The tabbed specimen size and geometry that was
employed in the IITRI test method was 2.54 mm thick by 6.35 mm wide by 152.4 mm long
with a 12.7 mm untabbed gage length. All IITRI test specimens were tabbed by employing
an improved method for bonding the aluminum tabs to the FP-alumina/magnesium surface.
This tabbing procedure was developed to overcome earlier difficulties that were encountered
in obtaining sufficient tabbed bond strength.

All of the test specimens investigated were from a single plate of as-cast composite material
that contained a fiber volume fraction of 55%.

Tests were conducted with the applied load parallel to the fiber axis. Each specimen was
strain gaged to provide a continuous load-strain curve to failure, to determine various materials
properties, and to monitor any bending of the specimen. Data obtained included the ultimate
compressive strength, the tangent modulus, the apparent proportional strain, strain to failure,
and Poisson’s ratio. Results from both the direct and the indirect compressive test methods
were statistically compared. Finally, post test metallographic and fractographic examinations
were performed to determine the principal failure modes.

Final results indicate that the cylindrical specimens, regardless of their respective diameters,
display the least scatter in their ultimate compressive strengths (UCS). Also, higher stress
values for the cylindrical specimens was obtained; as compared to the IITRI specimens.

KEY WORDS: direct compression, modified compressive fixture, metal matrix composites,
fixturing, shape factor, brooming

In the compression testing of metal matrix composites material, the Illinois Institute of
Technology Research Institute (IITRI) test method, also known as the indirect compressive
test, is currently the most widely used test method available. Misuse of this testing procedure
can lead to significant scatter in the data due to variables associated with the test fixturing
and specimen design. If the ITTRI test fixturing tolerances are not maintained, excessive
friction can occur, or the specimen will display significant bending. Specimen tabbing is

! Mechanical engineer, materials research engineer, and mechanical engineer, respectively, Materials
Technology Laboratory, Watertown, MA 02172-00001.
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necessary when using the ITTRI test fixture, because the compressive load that is transmitted
to the IITRI specimen is brought about by a side load applied to the tabbing which is then
translated to the specimen by a shearing action between the adhesive bond and the metal
matrix composite. Specimen tabbing poses a significant problem if the adhesive bonding
between the tab material and the metal matrix composite fail.

In earlier studies [Z,2], it was shown that axial compressive testing of metal matrix com-
posites with a 0° fiber orientation along the loading axis could be successfully accomplished
without brooming failures at the ends of the specimens. It was also shown [2] that a reusable
fixture could be designed to provide reliable and reproducible data. An equally important
emphasis was placed on a simple geometric specimen design that would allow samples to
be fabricated from any orientation of composite plate material one centimeter or greater in
thickness.

This paper represents a continuation of the previous work [2] on axial compressive testing
with the primary emphasis on cylindrical specimens of various diameters and a constant
aspect ratio of 2. Also included in this study was the testing of a square specimen with the
same aspect ratio. These results were compared to test data obtained from IITRI tests
performed on the same material.

Specimen Material and Preparation
Material Description

The candidate material chosen for this program was FP alumina/magnesium with a volume
fraction of 55%. All specimens (IITRI and axial compression) were cut from a 152.4-mm
by 152.4-mm by 19.05 mm (6-in. by 6-in. by 3/4-in.) plate. Fiber orientation was uniaxial.
Material was purchased from Du Pont.

Axial Compressive Specimens

The axial compressive specimens were broken down into two geometric shapes. The first
shape was cylindrical (12.7, 9.53, and 6.35-mm-diameter specimens). The second shape was
square (9.53 by 9.53 mm). Machining tolerance was +0.05 mm. The 12.7 and 9.53-mm-
diameter specimens were strain gaged with two 90° rosette strain gages. The 6.35-mm-
diameter specimens were gaged with two single element rosettes. The aspect ratio is defined
in this report as the gage-length divided by the diameter for the round specimens and the
gage length divided by the length of one side for the square specimens. All axial compressive
specimens had an aspect ratio of 2.

The IITRI Specimens

The IITRI specimens were machined to the same tolerances as the axial compressive
specimens. Overall specimen length was 13.97 cm (5 1/2 in.) in length. Tabbing material
was 6061 T6 aluminum 6.35 cm (2 1/2 in.) in length. Bonding between the metal maxtix
composite and the (MMC) aluminum tabbing was achieved by using Hysol EA-934 adhesive
and a modified version of Hysol’s bonding procedure. Each specimen was strain gaged with
two axial strain gages that were placed on opposite sides of the specimen. The aspect ratio
for the IITRI specimen is the gage length divided by the thickness of the gage section; the
aspect ratio for the IITRI specimens was 5. Specimen dimensions are shown in Table 1.
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TABLE 1—Specimen dimensions.

ROUND SPECIMENS

OVERALL GAGE ASPECT
DIAMETER LENGTH SECTION RATIO ()
mm in. mm in. mm in.
1270 Y2 375 1Y, 2540 10 2.0
953 35 2540 10 1905 ¥4 2.0
6.35 g 1905 34 1270 Vp 2.0

SQUARE SPECIMEN

OVERALL  GAGE ASPECT
THICKNESS ~~ WIDTH LENGTH  SECTION  RATIO (r)
mm in. mm in. mm in.  mm in.

953 3 953 3 2540 10 1905 34 2.0

OVERALL GAGE
THICKNESS WIDTH LENGTH SECTION
mm in, mm in. mm in. mm in.

254 0l0 635 44 1397 5B 1270 '

Experimental Procedure
Axial Test Method

The fixture used for the axial test was a modified version of the previous axial test fixture
[2]. The addition of two tungsten carbide inserts constituted the major modification (Fig.
1). The previous fixture relied on hardened steel anvils, which were inadequate in strength
and hardness because they yielded under load.

The retaining collars for the modified fixture were fabricated with a 5° taper on the top
side. Because the fixture was intended to be reusable, different collars were fabricated to
facilitate the compressive testing of specimens with different geometric configurations.

The axial stress loading was performed on a 300 kip open-loop hydraulic test machine at
approximately 25 cm/min. Careful alignment was maintained between the fixturing and the
anvils of the test machine. Two 0.013-mm-brass shims were placed between the tungsten
carbide anvils and the specimen. Each strain gage was monitored on separate X-Y recorders.
All specimens were loaded until failure occurred. Failure was indicated by an audible snap
and a slight decrease in load. The failed specimen was removed from the fixture, and the
mode of failure was examined metallographically. Mechanical properties obtained from the
test include the ultimate compressive strength, compressive modulus, Poisson’s ratio, strain
to the elastic limit, and strain to failure. Poisson’s ratio was not obtained for the 6.35-mm-
round specimens due to limited surface area.
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SPECIMEN
COLLAR

Not to scale

MODIFIED AXIAL COMPRESSION FIXTURE

FIG. 1—Modified axial compression fixture.

Indirect Compressive Test

The ITRI test fixture was used for the indirect compression test. The test fixture was
carefully aligned between the cross heads of a 20 kip electro-mechanical Instron. Testing
speed was 0.25 cm/min. Load versus strain was recorded on separate X-Y recorders.

The indirect compressive specimens were fabricated in accordance with ASTM Test Method
for Tensile Properties of Fiber-Resin Composites (D 3039 76 (1982)). Each specimen was
tabbed individually using 6061-T6 aluminum tabs. A gage section of 12.70 mm (1/2 in.)
between tabs was maintained. Each specimen was strain gaged with two longitudinal strain
gages. As in the case for the axial compressive specimens, the specimens were loaded until
an audible snap was heard, followed by a decrease in load. The mode of failure was also
determined using metallographic techniques. Mechanical properties obtained were ultimate
compressive stress, compressive modulus, elastic strain, and strain to failure.

Separate X-Y recorders were used in each test to monitor alignment of the specimen and
to determine if significant bending of the specimen was occurring during loading.

Results and Discussion

Compressive stress-strain curves obtained by the axial test method were essentially linear
up to a strain of approximately 1 %. Beyond one percent strain the curves became slightly
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FIG. 2—Formation of multiple kink bands; in and out of the midsection plane of a 0.635-
cm-diameter FP/ Mg cylinder specimen.

nonlinear up to failure which occurred at about 1.4% strain. A slight bulging that developed
in the gage section of the specimen may have been the cause of this nonlinearity. The test
was terminated once a sharp snapping sound was heard and before any appreciable drop in
load was observed. Interruption of the failure process in this manner suppressed extensive
localized damage usually found to take the form of one or more kink bands [1,2] as shown
in Fig. 2.

Post failure metallographic examination of the cylindrical specimens revealed no signs of
kink band formations in those cases where failure was terminated in the early stages of
development. The failure origin sites were easily located and were found to consist of local
fiber bending fractures (Fig. 3) that developed at the free surface near the stabilizing collars.
Axial stress concentrations probably developed at these areas due to the constraint intro-
duced by the collars.

The results of this study indicate that the compressive deformation and failure behavior
consist of at least four separate stages as shown in Fig. 4. The first stage, (a), is purely
elastic deformation exhibiting a linear compressive stress-strain curve. The second stage,
(b), consists of localized elastic bending of the fibers which is most intense at the free surface
of the specimen.

Plastic deformation of the matrix accompanies the fiber bending resulting in a nonlinear
stress-strain curve. When the second stage is unloaded, however, it also exhibits fully re-
versible deformation characterized by the closed hysterisis loop with no evidence of per-
manent set. If the fiber/matrix interface was weak, longitudinal splitting would occur in this
second stage. On the other hand, it has been shown that the Fp/Mg composite studied here
has a very strong fiber/matrix interfacial bond that is capable of supporting stress levels
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FIG. 3—Failure origin site of 0.635-cm-diameter FP/ Mg cylindrical specimen showing local
bending fracture of the free surface prior to kink band formation.
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FIG. 4—Schematic of proposed compressive deformation and failure behavior of uniaxially
fiber oriented metal matrix composites.

well above that of the matrix itself [3]. The third stage, (c), develops when fracture is
initiated by the breaking of fibers at or near the free surface and in an area of high stress
concentration, for example, at the constraining collars. The fourth and final stage, (d),
occurs when the fiber and matrix cracking near the free surface transforms into localized
deformation kink bands.

Although the stabilizing collars eliminated premature brooming, failure on the axially
loaded cylindrical specimens, the compressive failure stresses measured may still not be the
true compressive strengths for these composites. On the other hand, they are the highest
recorded data obtained with any other test method to date. These and other test results are
summarized in Table 2.

Unlike the cylindrical specimen results, the axially loaded square specimens exhibited
brooming and correspondingly lower failure stresses most likely due to excessive lateral
movement of material at the corners (Fig. 5). Both axially loaded geometries exhibited
reproducible results with little scatter. The maximal scatter (percent variation of an individual
value from the mean) of the data for ultimate compressive strength (Table 2) ranges from
1.6% (12.7-mm-diameter specimens) to 6.9% (6.35-mm-diameter specimens).

Of all the specimens tested, the IITRI test gave the greatest amount of scatter which was
probably due to eccentric loading affects. Except for one case, the relative eccentricity varied
from 15.7 to 18.8%. Values for relative eccentricity were obtained from the following
expression
e, — &

T X 100 a1

R =

where, €, and €, are strains obtained at the same load from back to back gages and € is the
average of €, and ¢,. The values of €, and ¢, were found by drawing the modulus line over
the primary elastic portion of the load strain curve from 0 load to the maximal load scale
for that specimen. For example, if the load scale for the 6.35 mm (1/4 in.) specimens was
1420 kg (50 1bs), then the modulus line would extend from 0 to 1420 kg (0 to 50 1b). The
strain was then taken over this region of the curve. ¢, was obtained from one of the lon-
gitudinal gages, while e, was obtained from the other longitudinal gage which was placed
on the same specimen except 180° opposite the strain gage from which e, was obtained.
Because the IITRI fixture applies an indirect compressive load through shear, greater
care must be used when aligning the IITRI specimens. Although considerable care was
taken to visually align the specimen in the fixture, a more objective procedure is required.
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FIG. 5—Failed square axial compression specimen.
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For example, a calibrated specimen whose dimensions would allow better alignment could
be placed in the fixture prior to each test in order to ensure accurate fixture and specimen
alignment.

The tabbing method used in this investigation proved to be very effective and resulted in
no evidence of tab failure as was encountered in an earlier study [2].

The prediction of the compressive elastic modulus, E., is based on the formula for the
rule of mixtures

E.=VE + V,E, )

where E;and E,, represent the elastic moduli of the fiber and matrix, and V;and V,, represent
the volume fractions of the fiber and matrix.

The Textile Fibers Department of E. I. du Pont de Nemours and Company, Inc. indicates
that FP fiber, which is essentially aluminum oxide (ALO;), has a modulus of 379.2 GPa,
and the magnesium has a modulus of 45.0 GPa. Using V; = 0.55 and V,, = 0.45 produces
E, = 228.8 GPa.

The average value of E, (Table 2) for the cylindrical and IITRI specimens is 228.3 GPa,
which is only 0.22% less than the value resulting from the rule of mixtures. The mean value
of E, for the square specimen is 218.8 GPa which is 4.37% less than the predicted value.

The strain €, is defined as that strain originating at the origin up to the point on the load-
strain curve where a change in slope occurs. € is defined as the strain to specimen failure
where any additional strain would result in a decrease in load. In all the tests, €, was shown
to be higher in value than €.

Poisson’s ratio was obtained for the 9.53, 12.70, and 9.53-mm-square specimens. The
range for these values was 0.28 to 0.31. Previous values published indicated a Poisson’s ratio
of approximately 0.28.

Conclusion

The axial compression test fixture has proven to be reliable in reproducing data for all
the MMC geometric specimens tested with the square specimen being the exception. Al-
though the square specimen failed by premature brooming, the cause of the failure was
directly attributed to a poorly machined collar.

This nonconformity was evident when comparing the resulting lower average stresses and
average modulus with those of the cylindrical and ITTRI specimens.

Although an adequate method for obtaining well bonded tabbed specimens was utilized,
indirect compressive testing such as the IITRI method proved that the IITRI test fixture
required a more diligent alignment procedure. Although the Material Technology Labo-
ratory (MTL) followed a careful alignment procedure in setting up the IITRI fixture, a
significant amount of scatter occurred in the compressive strength data as shown by the
standard deviation in Table 2. The relative eccentricity (R) for the IITRI specimens was
greater (12.0) than those for the cylindrical specimens (4.37 maximum for the 12.7 mm
diameter).

Even though the 9.53-mm-square specimens did not display a high average ultimate
compressive strength as did the cylindrical specimen, the scatter was still considerably less
than the IITRI specimens.

The ease of manufacturing the axial compressive specimens proved worthwhile in terms
of cost. Also, specimens could be cut out of actual components to be tested for their
compressive properties.
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ABSTRACT: The Atlantic Research Corporation has designed and built facilities for testing
metal matrix composites at elevated temperatures. The facilities are capable of performing
tension or compression tests of sheet-type specimens to 1927°C (3500°F) at heating rates in
excess of 38°C/s (100°F/s). Tension tests were performed on unidirectional and cross-ply
graphite/aluminum, unidirectional graphite/copper, and discontinuous silica carbide/alumi-
num materials. The continuously reinforced materials exhibited superior room temperature
properties and elevated temperature property retention when compared with the matrix metals
alone. The elevated temperature response of the discontinuously reinforced SiC/Al was com-
parable to that of aluminum. These test results indicate the potential advantages of using metal
matrix composites in rapid heating, elevated temperature applications, where the temperature
may approach the melting point of the matrix material.

KEY WORDS: composite materials, metal matrix composites, mechanical properties, test,
elevated temperature, test method

As metal matrix composites technology matures, new applications for these materials
arise. One example is the use of metal matrix composites at elevated temperatures that may
approach the melting point of the matrix. In these applications, metal matrix composites
would substitute for strategic materials, such as superalloys. Superalloys have high densities
which impose severe penalties on structures which may be weight critical. At elevated
temperatures, even these high-temperature metals lose a significant portion of their room
temperature properties. Metal matrix composites present an attractive alternative because
they are lower density, nonstrategic materials. Prior to 1982, when this work was performed,
the properties of metal matrix composites at elevated temperatures were largely unknown.
Therefore, tests were conducted to measure the properties of a variety of materials over a
range of temperatures.

An added consideration in this evaluation was the effect of heating rate on the response
of metal matrix composites. Some of the applications postulated included heating conditions
in which the temperature would increase from room temperature to near the matrix melting
point in a matter of seconds. It was hypothesized that, for a continuously reinforced com-
posite, the properties in the reinforcement direction would maintain a sufficient fraction of
their room temperature values as long as the matrix remained solid. Even for discontinuous
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composites, potentially acceptable elevated-temperature properties were theorized for high
heating rates and short exposure times. For the rapid heating rates of greatest interest, few,
if any, facilities were available to perform the required tests. Therefore, beginning in 1981,
the Materials Technology Department of Atlantic Research Corporation designed and fab-
ricated such a facility under IR&D funding. The high-heating rate, elevated-temperature
test facility was configured for tension testing of sheet-type specimens. The success of this
initial test facility led to the development in 1985 of a second facility, which incorporated
improved and expanded testing capability. The paper describes both of these test facilities,
their application to metal matrix composites, and selected test results.

Experimental Procedure
Equipment

The first test facility was designed to conduct tension tests on sheet specimens to 1927°C
(3500°F) at a heating rate of 38°C/s (100°F/s). Other design goals included:

1. The ability to test a broad range of materials, including metals, continuous and dis-
continuous reinforced metal matrix composites, and carbonaceous composites.

2. Programmable, flexible, independent control of temperature, load, displacement, and
strain as a function of time.

3. Compatibility with existing specimen designs, with specimen sizes up to 25.4 cm (10

in.) long by 3.18 cm (1.25 in.) wide by 0.64 cm (0.25 in.) thick.

. An inert gas environment.

. Highly automated data acquisition, reduction, and storage.

. Cyclic loading capability.

. Continuous, real-time measurement of load, strain, displacement, and temperature.

. The capability to observe the specimen during the test.

o sBEN W e WV I N

During the preliminary design phase, alternative approaches to meeting these goals were
evaluated. A fundamental decision was the selection of a heating technique. Several tech-
niques were considered, including induction, resistance, laser, and radiation heating. Direct
resistance heating was ultimately selected because it provided the required heating capability
and left the specimen accessible for instrumentation and observation.

The resulting tension test facility is shown in Fig. 1. The facility utilizes an MTS servo-
hydraulic, closed loop materials testing system, which produces monotonic and cyclic loading.
The load train, the grips, and the test chamber make up the remainder of the loading system.
The load train incorporates an insulating coupler to isolate the direct resistance heating
current. The grips are Instron tension grips with modified water-cooled inserts which provide
both the conductive path for the direct resistance heating and the serrated surfaces for
gripping the specimen. The test chamber provides an inert gas environment surrounding the
grips and the specimen. The front and back of the chamber are transparent for observing
the specimen during the test. The chamber also provides access and support for the laser
extensometer system.

Specimen heating is achieved via a closed loop system, including a transformer, a pro-
grammable controller, and thermocouples. The power for the direct resistance heating is
provided by a transformer, which was fabricated to meet the specific requirements of this
facility. The transformer operates in response to a programmable controller, which defines
the required power-time conditions to achieve the desired time-temperature response. The
specimen temperature is measured using thermocouples, which provide the feedback signal
for temperature control. The thermocouples are bonded to the specimen surface with ceramic
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FIG. 1—Elevated-temperature tension test facility.
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adhesive. One of the improvements incorporated in the subsequent test facility was to use
remote temperature measurement instead of thermocouples. Test results demonstrated that
the closed loop heating system does permit precise control of specimen heating and accurate
reproduction of the desired time-temperature response.

Strain is measured using a Zygo Model 120 laser extensometer, in conjunction with flags
bonded to the test specimen. The Zygo’s transmitter and receiver are mounted on opposite
sides of the test chamber. A vertical planar laser field is transmitted, passes by the specimen,
and is sensed by the receiver. The laser field is interrupted by the two flags, which are
ceramic tubes bonded to the specimen. The extensometer senses change in the distance
between the flags, from which strain is calculated. The output appears on the Zygo controller
and is also fed directly to the computer. The accuracy of the Zygo laser extensometer is
+0.0005 cm (+0.0002 in.). The gage length, which is defined by the distance between the
two flags, can be varied as long as the specimen deformation is such that the flags remain
within the 4.57 cm (1.8 in.) planar laser field. The capability of this strain measurement
system is illustrated in Fig. 2, a room temperature stress-strain curve for 7075-T6 aluminum.
This approach proved to be a practical solution to the requirement for continuous, real-
time strain measurement at elevated temperature.

Data acquisition instruments include a microcomputer, x-y plotters, and a strip chart
recorder. All test data are recorded and stored in the computer. The data can be then
reduced automatically and presented in tabular and graphical formats. Real-time load,
extension, and temperature data are displayed by the x-y plotters and the strip chart recorder.

A second test facility, shown in Fig. 3, was subsequently developed in 1985 to incorporate
greater capability than the tension test facility, including tension and compression testing
of sheet-type specimens, improved strain measurement accuracy, measurement of Poisson’s
ratio, and remote temperature sensing. Specially designed hydraulic grips permit tension
and compression testing of sheet-type specimens. Improved strain measurement is achieved
by employing a Zygo Model 121F laser extensometer, which is 10 times more accurate than
the Zygo Model 120 used in the tension test facility. Poisson’s ratio is obtained by adding
a second Zygo laser extensometer and monitoring the change in the specimen width in the
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gage section. Rather than thermocouples, optical pyrometers are used to measure temper-
ature remotely. This improved facility provides greater capability to evaluate the response
of metal matrix composites, as well as other materials, at temperatures up to 1027°C (3500°F)
and heating rates beyond 38°C/s (100°F/s). The work reported on in this paper was per-
formed using the original tension test facility.

Specimen Preparation

The test specimens were machined from sheet stock supplied to the program. The spec-
imens were nominally 20.3 cm (8.0 in.) long by 1.27 cm (0.5 in.) wide by the thickness of
the sheet. Four copper tabs 5.72 cm (2.25 in.) by 1.27 cm (0.5 in.) by 0.15 cm (0.060 in.)
were bonded to the ends of the specimen using EA934 epoxy adhesive. The tabs were
designed to incorporate an area adjacent to the gage section without adhesive to ensure a
conductive path for the direct resistance heating. The strain measurement flags were bonded
to the gage section with Ceramabond 569 ceramic adhesive. Both the tab and flag bonding
procedures utilized specially designed fixtures to enhance proper placement and adhesion.
A 93°C (200°F) cure was used for both adhesives. Because the grips were water cooled, the
tabbed region of the specimen remained at or near room temperature throughout the test.
Two thermocouples were bonded to one side of the specimen, one at the center and one at
the edge of the gage section. Figure 4 presents a drawing of an instrumented specimen.

Procedure

The tension test facility was used to perform these metal matrix composites tests. A
standard test procedure, which includes specimen preparation, testing, and data reduction,
was followed for each test to promote reproducibility. Following specimen preparation, the
test specimen is placed between the grips. The thermocouples are bonded to the specimen
surface, and the laser extensometer is aligned with respect to the flags. The test facility
parameters are set to provide the prescribed time-temperature and load-time conditions.

Typical Time Temperature Curve
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FIG. 5—Typical time-temperature curve.
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The parameters will change with test conditions, materials, and specimen configurations.
Prior to testing, all systems are checked, and the test chamber is purged with nitrogen for
30 min.

Testing begins by initiating the heating system controller program, and it continues au-
tomatically to failure of the specimen. For these tests, the specimen is heated to a standard
24°C (75°F) for 1 min, followed by heating at a constant rate of 10°C/s (50°F/s) to the
specified test temperature. After a specified hold time at temperature, the specimen is loaded
at a constant displacement rate of 0.013 cm/s (0.005 in./s) to failure. A standard hold time
of 2 s was employed, with some specimens tested after hold times of 2 and 5 min. During
the test, the strip chart recorder plots time versus temperature, as shown in Fig. 5. One x-
y plotter presents the temperature gradient along the gage length, which will vary depending
upon the material, specimen geometry, and test temperature. Typical gradients are less than
5%. At 427°C (800°F), a temperature variation of less than 14°C (25°F) is common. A second
x-y plotter displays load versus extension.

Results and Discussion

The elevated-temperature test facility has been used to test a variety of composite ma-
terials. These materials and the test temperatures at which they were tested are summarized
in Table 1. Generally, the test conditions were controlled in order to provide heating con-
ditions representative of a projected rapid heating application and a maximum test tem-
perature approaching the material melting point. In addition to the composite materials
shown in Table 1, various metals, including aluminum and copper, have been also tested.
Figure 6 shows an example of a test specimen at elevated temperature, in this case, carbon-
carbon at 1649°C (3000°F).

The metal matrix composite materials tested in this study are described in Table 2. The
materials include VSB32/6061-T6 graphite/aluminum (Gr/Al) from three manufacturers:
DWA, Composite Specialties, Inc., of Chatsworth, California; Material Concepts, Inc.
(MCI), of Columbus, Ohio; and Amercom, Inc., of Chatsworth, California; particulate and
whisker-reinforced silicon carbide/6061-T6 aluminum (SiC/Al) from DWA and ARCO Ad-
vanced Materials Operations of Greer, South Carolina; and a DWA VSB32/Cull3 graphite/
copper (Gr/Cu). The aluminum matrix composites were tested to 427°C (800°F) and the
copper matrix materials to 982°C (1800°F).

TABLE 1—Composite materials tested in elevated-temperature facility.

Maximum
Temperature
Material Reinforcement °C °F
Graphite/copper unidirectional, 2 ply 982 1800
Graphite/aluminum unidirectional 0/90/0 427 800
SiC,,/aluminum whisker 427 800
SiC,/aluminum particulate 427 800
SiC,/aluminum Ti clad particulate 260 500
SiC/aluminum unidirectional 0/90/0 482 900
Borsic/aluminum unidirectional cross ply 482 900
SiC/Ti René 41 clad unidirectional 982 1800
3-D carbon-carbon 1927 3500

2-D carbon phenolic 260 500
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FIG. 6—Test specimen at elevated temperature.
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The test results are summarized in Table 3, in which the elevated-temperature test results
are presented in terms of the extent of room-temperature property retention. Average and
standard deviation values are shown for ultimate tensile strength, failure strain, and tensile
elastic modulus. In general, all three test replicates were used to calculate these quantities.
In a few tests, where testing problems were identified, the data were not used in the statistical
computations. Typically, one observes a higher standard deviation for the failure strain and
modulus data than for the strength data. This is attributed to the greater difficulty inherent
in strain measurement, as compared to load measurement. In addition, the identification
of a failure strain for the discontinuous SiC/Al specimens was complicated by the very large
strains at elevated temperature and the lack of a well-defined failure event. These specimens,
tended to deform gradually with extreme reduction in areas. The modulus determination
was made difficult by the lack of an ideal initial linear segment of the stress-strain curve,
especially for the elevated-temperature SiC/Al specimens. Because a tangent modulus was
used, this stress-strain behavior contributed to the observed scatter in the modulus data.

The test results presented in Table 3 are illustrated graphically in Figs. 7 through 14. All
of the plots represent measured response after a 2 s hold at the specified test temperature.
Figures 7 through 10 display the variation of ultimate tensile strength with temperature,
where strength is expressed in terms of a percentage of the measured room temperature
value. The four figures each address a separate type of material, the unidirectional graphite/
aluminum (Gr/Al), cross-ply Gr/Al, discontinuous Gr/Al, and unidirectional graphite cop-
per (Gr/Cu). In addition, curves for unreinforced 6061-T6 aluminum and Cul13 copper are
also shown. The aluminum curve was derived from Military Handbook 5 [7] and the copper
curve from Materials and Design Engineering, Materials and Process Manual [2]. An identical
form of presentation is used in Figs. 11 through 14, which display the elastic modulus results.
In all cases, curves have been drawn between the data points to indicate the possible
temperature variation.

An examination of the ultimate tension strength results (Figs. 7 through 10) reveals some
overall trends. Perhaps most apparent is that the elevated temperature properties of the
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continuously reinforced composites are vastly superior to those of the matrix material alone,
either aluminum or copper. At 427°C (800°F), which is approximately 75% of its melting
point, aluminum has an ultimate tensile strength equivalent to 4% of its room-temperature
value. In comparison, the graphite/aluminum composites tested retain a minimum of 93%
of their room-temperature tensile strength at 427°C (800°F). The results were similar for
the copper matrix composites. At 649°C (1200°F), the graphite/copper specimens exhibited
65° of their room temperature tensile strength, as compared to 24% for unreinforced copper.
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The retained strength of graphite/copper only dropped to 62% of the room temperature
value at 982°C (1800°F), which is approximately 90% of the melting point for copper. The
lower values for graphite/copper, as compared to graphite/aluminum, at the same fraction
of the matrix melting point may be due in part to the fact that the graphite/copper was a
relatively new product at the time of this study. As a result, the immature material quality
may have adversely affected the elevated temperature property retention.

For the tensile elastic modulus data, the results are similar, in that the continuous metal
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matrix composites retain a greater portion of their room temperature stiffness at elevated
temperature. However, because the stiffness degradation for aluminum and copper is less
severe than the strength degradation, the composites display a less dramatic advantage. For
example, at 427°C (800°F), the stiffness of the graphite/aluminum composites was 89% of
the room-temperature value, as compared to 70% for aluminum alone. The graphite/copper
material retained 66% of its room temperature stiffness at 982°C (1800°F). For copper alone
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at 316°C (600°F), the highest temperature data available, the stiffness was 88% of the room
temperature value.

Based on retained tensile strength and stiffness, the clear superiority of the continuous
reinforced metal matrix composites over the unreinforced metal at elevated temperatures
has an added advantage not readily apparent from the data presented. The elevated tem-
perature property retention is based on the measured room temperature values for the metal
matrix composites and the handbook values for the matrix metals. The continuous metal
matrix composites exhibit a higher room temperature tensile strength and modulus in the
reinforcement direction than the metals. The combination of superior room temperature
properties and elevated temperature property retention makes the continuous metal matrix
composites even more attractive for potential elevated temperature applications. Of course,
other properties, such as elongation and transverse strength, must be considered when
evaluating such applications.

For the Gr/Al materials, the test results illustrated in the figures contain a characteristic
increase in both tensile strength and modulus at 260°C (500°F). The repetitive nature of this
response for the various materials and specimens tested leads one to believe that, in fact,
it is real. In some cases, the property increase exceeds 10%. One possible explanation for
this behavior is the realignment of the fibers to provide a more well aligned, more effective
load carrying structure. At this warm temperature for the aluminum matrix, the matrix is
such that it can likely accommodate this realignment and redistribution of load. This behavior
certainly deserves further study, so that if it is, in fact, material based, then full advantage
can be taken in the application of structures in this temperature regime.

For the cross-plied (0-90-0) Gr/Al materials, the strength retention in the two test direc-
tions (0° and 90°) is illustrated in Fig. 8. As shown in the figure, the 0° properties retain a
greater proportion of their room temperature values. This may be due to the greater fiber
volume fraction in the 0° direction. The difference between 0° and 90° retention is greater
in the Amercom material than the DWA material. In addition to the greater strength
retention in the 0° material direction, the actual elevated temperature properties at 0° and
90° will also differ due to the significantly lower 90° strength at room temperature.
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In the case of the discontinuous silica carbide/aluminum (SiC/Al) composites, the results
are very different, as shown in Figs. 10 and 14. The temperature dependency of the tensile
strength for both SiC/Al materials tested was comparable to that of 6061-T6 aluminum (Fig
10). For the elastic modulus (Fig. 14), the DWA particulate material exhibited a comparable
temperature dependency, but the response of the ARCO whisker material was significantly
worse than aluminum. No analysis was performed to evaluate this result, but the consistency
of the data appears to indicate a material cause, as opposed to a test method effect. Both
the DWA and ARCO materials produced room temperature properties significantly greater
than 6061-T6 aluminum. Therefore, with this higher room temperature base, the comparable
variation with temperature will still provide higher elevated temperature properties than
aluminum, but lower than the continuously reinforced metal matrix composites tested.

Referring to Table 3, one additional observation is that the effect of hold time at tem-
perature appears to be minimal. Most of the specimens were held for 2 s prior to applying
the load. The time was also increased to either 2 min, in the case of the DWA SiC /Al at
260°C (500°F), or to 5 mins, for the Gr/Cu at 871°C (1600°F). The differences between the
two sets of data, short and long hold times, was on the order of 10%. This result may be
unique to the direct resistance heating, which produces a rapid temperature response in the
thin specimens used. Hold time would be expected to have a greater effect for a thicker
section or a different heating technique, such as heat lamps, where the bulk response is
slower.

Conclusions

The results from these tests indicate that metal matrix composites may be suitable for
applications in which the material is exposed to rapid heating and elevated temperatures,
including temperatures approaching the melting point of the matrix material. For the con-
tinuously reinforced composites, elevated temperature properties in the reinforcement di-
rection were shown to be superior to those of either aluminum or copper matrix materials
alone. Continuous metal matrix composites retained a greater portion of their room tem-
perature tensile strength and stiffness at elevated temperatures and exhibited a higher room
temperature strength and modulus than did the metals. Testing also indicated that discon-
tinuous silica carbide/aluminum composites are suitable for application at higher elevated
temperatures than would be possible with aluminum, but lower than possible with the
continuous matrix composites.

In addition to verifying the hypothesized elevated temperature response of metal matrix
composites, the consistency of these test results indicates that the test methods employed
can indeed be used to accurately and reproducibly measure and evaluate material responses
at elevated temperatures up to 982°C (1800°F) and heating rates of 10°C/s (50°F/s). Sub-
sequent testing, not reported here, yielded similar results over a wider range of temperatures
and heating rates. In addition, these initial tests revealed needed test facility improvements,
such as greater strain measurement accuracy, simultaneous transverse strain measurement,
and compression testing capability. These improvements were incorporated in the subse-
quent test facility.
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ABSTRACT: While the Department of Defense initiated Metal Matrix Composite Information
Analysis Center (MMCIAC) has been charged with providing centralized information dealing
with metal matrix composites (MMCs), test procedures for obtaining primary MMC properties
have evolved from ASTM standards. These standards in turn have evolved from polymeric
matrix composite (PMC) test procedures and have not yet been established as appropriate for
MMC applications. Methods for obtaining short-term high-temperature tensile, flexural, and
pin bearing data for reinforced MMC are presented. In addition, coupon design and fabrication,
instrumentation, measurement techniques, and some lessons learned are discussed.

Rapid heating, typical of tactical missile aerodynamic heating, can be suitably simulated
using infrared quartz lamps. In fact, this type of furnace facilitates longer term baseline testing
since temperatures can be reached more quickly, and test fixtures and equipment can be easily
cooled. For short-term high-temperature strain measurements, extensometers were utilized.
A computerized, digital data acquisition and control system is necessary to maximize data
retrieval and minimize test errors during rapidly changing test conditions. Results show that
while tensile strength of MMCs subjected to rapid heating greatly exceed those strengths
obtained for long-term heating, flexure and pin bearing strength exhibit only moderate in-
creases. Furthermore, differences are observed for specimens fabricated from thin versus thick
panels.

KEY WORDS: metal matrix composites, missile aerodynamic heating, quartz lamps, exten-
someters, tensile strength

Some of the advantages and disadvantages of metal matrix composites (MMCs) compared
to polymeric reinforced composites (PRCs) have been discussed in Ref 7, as well as the role
of the Metal Matrix Composite Information Analysis Center (MMCIAC) in acquiring,
storing, and disseminating MMC technical data. However, very little data are available from
MMCIAC or other technical sources on strengths of MMCs when subjected to short-term
elevated heating, particularly its relations to long-term heating. In addition to lack of stan-
dard experimental procedures for evaluating short-term high-temperature strengths, it is
important to note that no ASTM standard exists for MMC coupon preparation and short-
term high-temperature testing procedures for either MMCs or PRCs.

No standard test specimen exists for tension testing of discontinuous and continuous metal
matrix reinforced materials.> Reviews of existing literature, test reports, symposia proceed-

! Manager and principal engineer, Advanced Materials, and program manager, respectively, Ray-
theon Company, Missile Systems Laboratories, Tewsksbury, MA 01876-0901.

> ASTM Standard D 3552, “Tensile Properties of Fiber-Reinforced Metal Matrix Composites,” is
presently under ASTM Committee D-30 review and has not been established as an appropriate test
standard for elevated temperature tests.
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ings, and ASTM D-30 committee and subcommittee meeting minutes indicate that significant
deviations exist among tension test coupons used for continuously reinforced polymeric
matrix composites and the recommended ASTM Test Method for Tensile Properties of
Fiber-Resin Composites (D 3039) test coupon. Issues such as tab angle, tab to coupon width
and thickness, tab to test material stiffness ratio, tab bonding procedures, and test machine
gripping procedures continue to be debated.

Test coupon designs used in the present study evolved from Raytheon test experience
and are consistent with those used in similar high-temperature composite experimental
studies.

Tension tests were conducted for both short-term high-temperature (<60-s exposure)
conditions and baseline high temperature (15-min exposure) conditions. Baseline tests were
also conducted for flexure and pin bearing tests. The temperatures ranged from room
temperature to 398°C (750°F) for baseline tests and 204 to 537°C (400 to 1000°F) for short-
term tests.

Detailed descriptions of coupon design, tool requirements, instrumentation, and test
procedures are found in Ref 2.

Specimen Panel Tests

Materials tested and reported on herein were as follows:

SiC,/2124-T4  (20% V/O)
SiC,/7090-T6  (25% V/O)
P55/6061-0 (43% V/0)

Here, V/O, refers to volume fraction of reinforcing material.

The P55/6061-0 was a continuously reinforced, unidirectional material. Materials were
received in panel form and were fabricated using the fabrication processes indicated in Table
1. These materials are similar to those reported in Ref 2; however, the reinforcement/matrix
ratios are slightly different for the first two materials.

All incoming discontinuously reinforced silicon carbide aluminum (SiCp/ Al) material was
subjected to hardness testing (Rockwell B) to check for proper heat treatment. Hardness
results are shown in Table 2 for Raytheon and vendor tests.

Discontinuously Reinforced Coupons

Dogbone coupons 203.2 mm (8 in.) were used for all tension tests for the SiC,/ Al materials
according to ASTM methods of Tension Testing of Metallic Materials (E.8). All coupons

TABLE 1—Test materials.

Fabrication Thickness,
Material Method Material Supplier in.’
SiC,/2124-T4 (20% V!/0O) hot rolled ARCO Metals 0.1
SiC,/7090-T6 (25% V/0O) hot rolled DWA Composites 0.1
Specialties, Inc.
P55/6061-0 (43% V/O) Rapi-Press® Material 0.1
process Concepts, Inc.

*1in. = 25.4 mm.
® MCI patented process—precursor wire vacuum pressed @ 585 to 600°C followed by isothermal
rolling. Five-ply panels with 0.005-in. 6061 cladding.
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TABLE 2—Rockwell hardness test results (Rg).

Material Raytheon Results Vendor Results

SiC,/7090-T6 (25% V/O) 97
100
>100
92 85 to 90¢
91
95

Ry = 95.8

SiC./2124-T4 (20% V/O) 86 89.7
34 89.6
86 90.4
87 89.9
100 R = 89.9
)
92

R, = 89.6

* DWA Composites Specialties, Inc. results verbal.

were identified according to their location within each of the composite panels so that the
origin of all test coupon fractures could be traced to a specific region on the original panel.
Examination of failed MMC coupons and test results showed a consistent failure pattern
within the gage section and reasonable uniformity of failure stress.

Continuously Reinforced Coupons

The test coupon used for the continuously reinforced graphite aluminum composite was
a 152.4 mm (6-in.) tabbed coupon with a 12.7 by 50.8 mm (1/2 by 2 in.) gage section and
is shown in Fig. 1. Both glass/polyimide and graphite/polyimide tabbing material were used.
Both tabbing materials were adequate and are recommended for both short-term and long-
term high-temperature testing. Tabs were bonded to the graphite aluminum panels.

All tabbing material was bonded to the test panels using HT-424F (film) adhesive obtained
from American Cyanamid, Aerospace Products Dept., Wayne, New Jersey. The prema-
chined tabbing material was bonded to the specimen panels using a precision bonding fixture
[2]. Assembly alignment pins are used to maintain the panel in a fixed position, and end
pins are fitted through each end of the prepared tabbing material to hold the entire panel
and tabbing material in place during bonding. After the film adhesive was layed in place
and the tabs fully assembled, the cover plate was installed, and the entire assembly was
placed in a hot press. Thickness of both the test panel and end tabs are limited solely by
the height of the removable dowel pins. Several sets of pins are available to accommodate
a wide variety of panel and tab material thicknesses. Thermocouples were installed in the
bond line to ensure that the proper HT-424F cure schedule was maintained. The cure
schedule used for HT-424F was: starting at room temperature, increase bond line temper-
ature to 176°C (350°F) in 1 h, then hold at 176°C (350°F) for 90 min, and cool in the press
to room temperature. Slightly higher than contact pressure was maintained by the press on
the tab bonding assembly coverplate during cure and cooldown. Nominal bond line thickness
was 0.009 in.

In these tests bevelling of the tabs were found to result in higher measured tensile strengths
as reported in Ref 2. A series of tension tests with and without bevels were conducted at
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room temperature on the 152.4-mm 6-in. coupons. Those with the bevel had an average
measured tensile strength 31% greater than those without the bevel. Thus all tabbing for
this testing was bevelled.

Heating Techniques

Two methods of heating were used. The first was limited to baseline high-temperature
tests up to 315°C (600°F) and 15 min exposure prior to coupon loading. This method used
a controlled closed oven (BEMCO model FTU 3.2). Two type K (028 gage) thermocouples
were used during the tests. One monitored and controlled the oven temperature while the
second was clipped to the test specimen to ensure the specimen and oven were at the same
temperature subsequent to initial transient variances. The coupon temperature control was
monitored on a strip chart recorder (Gould Model 110) from oven start-up to coupon
fracture.

For baseline temperatures at 398°C (750°F) and all short-term high-temperature tests,
radiant quartz heat lamps consisting of two Research Inc. (RI) AV 612 reflectors and an
RI MICRISTAR based power controller were used to develop steady-state and short-term
temperature profiles. Total available radiant power was 2000/watts per lamp. Eight lamps
were mounted in each reflector, and one reflector was placed per coupon side. The area of
each reflector was 390 cm? (60.5 in.). Closed loop radiant heating was found in earlier studies
on methodology described in Ref. 2 to be an effective method of rapidly increasing the
temperature of tension test coupons and holding maximum temperatures to predetermined
levels. New control microprocessors and computers now allow for more complex temperature
profiles to be preprogrammed for testing purposes.

Baseline Tests

Baseline tension tests were performed on all three MMC materials, SiC,/2124-T4 (20%
V/0), SiC,/7090-T6 (25% V/0O), and unidirectional P55/6061-0 (43% V/O). Tests were
conducted at room temperature, 204, 315, and 398°C (400, 600, and 750°F). For the elevated
temperture cases the test coupons were held at temperature for 15 min after reaching the
prescribed maximum temperature (within several minutes). For 204 and 315°C (400, and
600°F) a closed controlled convective oven was used with the test grips enclosed within the
oven. The 398°C (750°F) baseline tests were performed using quartz radiant lamps.

Biaxial strains were measured at room temperature 204°C (400°F), and 315°C (600°F)
using dual-sensor strain transducer (DSST), Model DSST-GP-BI-1.00-BL02, manufactured
by Measurements Technology Inc., Roswell, Georgia. While the results obtained using the
extensometer are encouraging for temperatures up to 315°C (600°F) several cautionary
comments are necessary lest the reader be given the impression that all which is required
to obtain these results is to clamp the extensometer in place, heat the specimens, and begin
recording readings. At 204 and 315°C (400 and 600°F) it was found necessary, based on past
experience, to recalibrate the extensometer following a series of six 204°C (400°F) tests and
three 315°C (600°F) tests. Also, great difficulty in determining transverse strain (so that
Poisson’s ratio could be calculated) was experienced. Virtually all transverse strains measured
at 315°C (600°F) are considered unreliable. However, in spite of these difficulties, with
proper handling and care the extensometer was found to substantially reduce the time
necessary to obtain strain readings compared with using high-temperature strain gages.

Spring loaded quartz rod high-temperature transducers appear to be an attractive method
of increasing the temperature range for which strains can be measured to at least 537°C
(1000°F). They were utilized for tests reported on later in this paper.
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Short-Term Tests

Short-term tension testing consisted of providing a rapid heating thermal environment
and load application. Procedures for these tests are described in Ref 2.

Maximum temperatures (typically reached in less than 20 s) of the materials for short-
term strengths were: 204, 315, 398, 482, and 537°C (400, 600, 750, 900, and 1000°F). No
moduli were measured during the short-term tests. It is assumed that no significant difference
between static and dynamic moduli exists for the loading rates used.

TABLE 3—Tension test results for SiC,/2124 T4 (20% V/0).

NoTE: All material hot rolled and tested in whisker direction.
(SS) = steady-state temperature exposure (15 min).
(ST) = short-term temperature exposure (25 to 60 s).

Coupon Temperature, Ultimate Stress, Modulus, Poisson’s Elongation,
Nos. °F* ksi® Msi Ratio %
AW28 75 87.6 16.0 0.27
AW32 75 89.0 16.3 0.28 34
AW33 75 90.4 14.6 0.28 3.6
AW18 400 (SS) 4 12.8 0.29 4
AW19 400 (SS) 67.0 12.8 0.32 3.8
AW20 400 (SS) 67.0 12.8 0.32 3.6
AW31 400 (SS) 66.5 3.7
AW21 600 (SS) 13.7 9.5 not reliable 12.0
AW22 600 (SS) 13.4 10.9 not reliable 14.0
AW23 600 (SS) 13.7 10.5 not reliable 14.5
AW24 750 (SS) 7.1 e e
AW?25 750 (SS) 8.7
AW26 750 (SS) 7.9
AW3 400 (ST) 73.6
AW17 400 (ST) 731
AW36 400 (ST) 71.3
AW4 600 (ST) 314
AWS 600 (ST) 329
AW6 600 (ST) 322
AW7 750 (ST) 13.9
AW9 750 (ST) 13.0
AW10 750 (ST) 13.2
AW11 900 (ST) 4.3
AW12 900 (ST) 4.7
AW13 900 (ST) 4.5
AW14 1000 (ST) 1.9
AW15 1000 (ST) 2.2
AW16 1000 (ST) 2.6

@°C = 5/9 (°F - 32).

®1in. = 25.4 mm.

< Extensometer disconnected prior to coupon fracture.
¢ Coupon failed in test grip.

¢ Not measured.
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Although the test grips are insulated and protected from direct radiation by high-emissivity
foil plates, the test grips do become heated after a number of experiments are conducted.
However, the initial temperature of the test coupon in the gage region never exceeded 37
to 51°C (100 to 125°F).

Specimen Panel Test Results

Tension test results are given in Tables 3 to 5, and short-term versus baseline data strength
are plotted in Fig. 2. At moderate and high temperatures very little data scatter exists for
the discontinuously reinforced aluminum. At least three tests were conducted at each test

TABLE 4—Tension test results for SiC,/7090 T6 (25% V/0).

NoTE: All material hot rolled and tested in final roll direction.
(SS) = Steady-state temperature exposure (15 min).
(ST) = Short-term temperature exposure (25 to 60 s).

Coupon Temperature, Ultimate Stress, Modulus, Poisson’s Elongation,
Nos. °Fe ksi® Msi Ratio %
XAl 75 111.1 15.5 (1) 1.7
XA2 75 110.3 15.5 0.24 2.0
XA3 75 110.5 15.5 0.26 2.0
XA4 400 (SS) 45.4 13.0 0.25 9.2
XAS 400 (SS) 45.1 14.0 0.28 8.5
XA6 400 (SS) 45.8 13.5 0.27 11.2
XA7 600 (SS) 7.7 9.5 L€ 13.0
XAS8 600 (SS) 8.1 7.5 15.0
XA9 600 (SS) 8.0 10.5 15.5
XA10 750 (SS) 4.8 LS L€
XAll 750 (SS) 4.9

XAlL2 750 (SS) 6.1
XA1l6 400 (ST) 73.1
XA17 400 (ST) 74.0
XA18 400 (ST) 68.0
XA13 600 (ST) 26.4
XA14 600 (ST) 26.9
XA15 600 (ST) 24.7
XA19 750 (ST) 11.2 LLE L€
XA20 750 (ST) 11.9
XA21 750 (ST) 10.9
XA22 900 (ST) 5.1
XA23 900 (ST) 5.1
XA24 900 (ST) 5.1
XA25 1000 (ST) 3.6
XA26 1000 (ST) 3.2
XA27 1000 (ST) 33

2°C = 5/9 (°F - 32).
®1in. = 25.4 mm.
¢ Not measured.
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TABLE 5—Tension test results for P55/6061-0 (43% V/O).

NoTE: Unidirectional graphite/aluminum—35 plies.
All material: 0.005 in. surface clad with 6061.
Tested in fiber direction
(SS) = Steady-state temperature exposure (15 min).
(ST) = Short-term temperature exposure (25 to 60 s).

Coupon Temperature, Ultimate Stress, Modulus, Poisson’s Elongation,
Nos. °F¢ ksi® Msi Ratio %
P1¢ 75 77.1 24.4 0.41 0.32
P2 75 74.3 24.2 ¢ 0.31
P3 75 771 22.7 0.31 0.34
P4 400 (SS) 739 26.5 0.42 0.29
P5 400 (SS) 70.6 28.6 0.48 0.25
Q1 400 (SS) 79.2 26.3 0.45 0.29

XX-1° 400 (SS) 73.6 e 4

XX-2 400 (SS) 74.0

XX-3 400 (SS) 78.6

Q2 600 (SS) 67.1 24.5 0.50 0.27
Q3 600 (SS) 73.2 24.0 0.51 0.30
Q4 600 (SS) 70.0 24.6 0.53 0.29
VV-1 600 (ST) 83.2 e e e
XX-4 600 (ST) 72.8
XX-5 600 (ST) 74.9

UU-1 750 (SS) 72.6

uu-2 750 (SS) 74.6

uu-3 750 (SS) 75.0

VV-2 750 (ST) 83.9
VV-3 750 (ST) 85.2
VV-4 750 (ST) 82.8

Ww-1 900 (ST) 70.3

Ww-2 900 (ST) 69.4

VV-5 900 (ST) 78.1

WW-3 1000 (ST) 52.1

Ww-4 1000 (ST) 50.1

WW-5 1000 (ST) 50.1

¢°C = 5/9 (°F - 32).

®1in. = 25.4 mm.

 Coupons P1 to P5, Q1 to Q4: bevelled (nominal tab thickness = 0.15 in.).

4 Not measured.

< All UU, VV, WW, XX coupons: bevelled 20-ply unidirectional Hy E 1678°F (Celion 6000/Larc
160) tabs (nominal tab thickness = 0.13 in.).

condition. Moderate to significant increases in short-term strength are evident for the dis-
continuously reinforced aluminum at a given temperature while this phenomenon is far less
pronounced for the graphite/aluminum.

While the average value of the room-temperature ultimate strength of SiC,/2124/T4 (20%
V/O) is less than the corresponding strength of SiC,/7090-T6 (25% V/O), 89 ksi compared
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FIG. 2—Baseline and short-term high-temperature strengths of SiC,/2124-T4 (20% V10)
and SiC,/7090-T6 (25% V/0).

to 110 ksi, the latter material strength decreases more rapidly with temperature. This is
primarily a function of the alloy rather than the reinforcement type.

The baseline test results are in general agreement with those reported in the literature
for discontinuously reinforced aluminum. The average strength of the graphite/aluminum
material at room temperature is low for the 43% V/O reported at Material Concept, Inc.
(MCI). However, in information transmitted verbally from MCI to Raytheon this was stated
to be MCT’s first attempt at fabricating 5-ply unidirectional graphite/aluminum using the
Rapi-Press process. No conclusions can be drawn regarding strength as a function of ply
thickness from the tests conducted during this program.

Short-term strength increases were the least for the continuously reinforced graphite/
aluminum material. However, since the material tested was fiber dominant such measure-
ments do not characterize the material nearly as fully as tests conducted with more matrix-
dominated lay-ups likely to be used in structural components.

Significant stiffness increases (compared to unreinforced aluminum) were measured for
the discontinuously reinforced aluminum composites. The room temperature increase was
60% greater for discontinuously reinforced aluminum compared to unreinforced aluminum.
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Although the particulate reinforced aluminum contained 25% reinforcement compared to
20% reinforcement for the whisker aluminum, stiffness increases were not evidenced by the
corresponding increase in reinforcement levels. The experiments performed were limited to
one reinforcement level, different for each material and with different matrices. Therefore,
it is difficult to make a direct comparison between whisker and particulate reinforced alu-
minum. The original program intent was to test particulate reinforced aluminum in 2124
aluminum. However, at the time material was being ordered optimization of the SiC,/2124
rolling process had not been completed resulting in lack of availability of this MMC for the
present test program.

Typical stress-strain curves at various temperatures for discontinuously reinforced material
are shown in Figs. 3-5 for room temperature, 204 and 315°C (400 and 600°F) baseline
conditions, respectively. These results were obtained using the DSST biaxial extensometer.
For 315°C (600°F), the transverse extensometer strain is unreliable and has been omitted.

Typical fractured coupons are shown in Fig. 6 for SiC,,/2124-T4 (20% V/QO) Coupon No.
AW-32, P55/6061-0 (43% V/0O) Coupon No. VV-5, and SiC,/7090-T6 (25% V/O) Coupon
No. XA-1. Coupons AW-32 and XA-1 were tested at room temperature, while Coupon
VV-5 was tested at 482°C (900°F) (short term). Note that all coupons failed within the gage
section and those shown in Fig. 6 are typical of all coupon failures.

Parent Panel Material Tests

MMC material obtained from parent panels of SiC,/2124-T6 (20% V/O) and SiC,/2124-
T4 (25% V/0), which were used to fabricate hardware, was used for additional material
tests. Originally it was intended that this material be used for the following tests:

1. Flexural—baseline high temperature.
2. Pin Bearing—baseline high temperature.
3. Tension—baseline and short term high temperature.

However, since only a limited amount of material was available, only tension tests were
conducted using the parent panels. Flexural and pin bearing tests utilized thin-rolled sheet
stock.

Engineering drawings of the flexural and pin bearing test coupons are shcwn in Figs. 7
and 8. ASTM Test Method for Flexual Properties of Unreinforced and Reinforced Plastics
and Electrical Insulating Materials (D 790) was developed for determining flexural strength
of plastics, but it has been used throughout the industry for isotropic metals and in many
cases for continuously reinforced polymerics and metallic composites.

Flexural and bearing test coupons were laid out and numbered on each panel so that each
coupon could be located with respect to panels identified by the SiCy/Al suppliers. All
flexural and bearing coupons were configured to be loaded in the final roll direction.

The tension test coupons were machined from full thickness panels subsequently used to
fabricate hardware. The nominal thickness of the SiC,/Al panel was 1.42 cm (0.56 in.) and
was 1.09 to 1.43 cm (0.43 to 0.45 in.) for the SiC,/Al panel. The directions of the tensile
coupons with respect to the final roll direction were 20° for the SiC,/Al and 45° for the
SiC,/Al. The inplane orientation of the coupons corresponded to the inplane orientation of
the full-thickness panels. The purpose of the tension tests was to determine whether material
originating from as fabricated thick stock was characterized by different strengths and stiff-
nesses as compared with the similar material in the thin rolled condition.
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SiC,/X7090T6 Coupon XA-2
Terhile Test Width 0.4990 in.

Test Temp, 75F
Head Rate 0.02 in./min.

Thick 0.1007 in.

Area 0.05023q. in.

140 —
12(H
lateral
100
longitudinal
Ult. Stress 111.7 ksi
Modulus 15.5 msi
Poisson’s Ratio 0.24
T | I T L T
10 15 20 25

Strain (0.001 in/in.

FIG. 3—Stress-strain curves: SiC,/7090-T6 (25% V/O)—room temperature.

PB-3
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SiC,,/2124-T4 Coupon AW-19
Tensile Test Width 0.5028 in,
Test Temp 400F 15 min. Thick 0.1000 in.
Head Rate 0.02 in./min Area 0.0503 sq. in,
70 lateral
60~
longitudinal
Ult. Stress 67.0 ksi
Modulus 12.8 msi
Poisson’s Ratio 0.32
1 |8 1 i 1T T T T — 1
0 2 4 6 8 10
Strain (0.001 in.fin.) PB-4

FIG. 4—Stress-strain curves: SiC,/2124-T4 (25% V/0)~204°C (400°F).
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8iC_,/2124-T4 Coupon AW-23
Tensile Test Width 0.4930 in.
Test Temp 600F 15 min, Thick 0.0994 in.
Head Rate 0.02 in./min. Area 0.0490 sq. in.
14
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6.—
7
2
UIt. Stress 13.7 ksi
Modulus 10.5 msi
0 T T T T T T T T
4] 2 4 6 8 10
Strain 0.001 in./in.) PB-6

FIG. 5—Stress-strain curve: SiC,/2124-T4 (20% V/0)—315°C (600°F).
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FIG. 6—Typicaltensile fractured metal matrix composite coupons: AW-32:SiC,,/2124-T4(20%
V/O)—room temperature; VV-5: P55/6061-0 (43% V/O)—482°C (900°F) (short term); XA-
1: 8iC,/7090-T6 (25% V!O)—room temperature.

Flexural Tests

Flexural tests were performed on the as rolled SiC,/2124-T4 (20% V/O) and 8iC,/2124-
T4 (25% V/O) material. The four-point bending fixture, adjustable for variable load and
span distances and also easily convertible to three-point bending, is shown in Fig. 9 together
with a SiC,/ Al test coupon. The distance between load points was 2,54 cm (1 in.) while the

] [

Note:

4.00 No Burrs or
.05 Nicks Permitted
On Edges

Do Not Touch
Up Surfaces
(Upper & Lower)
To Remain

As Rolled

Final Roll Direction
H
o

1.00__ | ‘
0,01~ —»=] |=—0.1 As Rolled .

FIG. 7—Flexural test coupon (D 790).
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+0.003
0.500 - 0.000 Dia. Diamond
Drill To Match 1/2 in. Diameter
Drill Rod,* Bedford Part No.
18-11.702-450

+ (*Diamond Drill N. Available
Must Be Carbide No Carbide Reamer
Available)

1.000
Drill Rod At 0.498/0.497

I —-—-‘ 0.750 |at— rey

FIG. 8—Pin bearing test coupon (ASTM E 238).

FIG. 9—Adjustable four-point bending fixture.
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TABLE 6—Flexural test results SiC,/2124-T4 (20% V/O).

Flexural
Coupon Temperature,*® Crosshead Strength, Flexural
No. °F Speed, in./min¢ ultimate Modulus, 10° psi

FW-1 RT* 0.02 132.1 17.3
FW-2 RT 0.02 127.9 16.7
FW-3 RT 0.02 135.1 16.9
FW-4 400 0.02 127.0

FW-5 400 0.02 119.4

FW-6 400 0.02 118.1

FW-7 600 0.1 30.3

FW-8 600 0.2 35.1

FW-9 600 0.2 35.0

FW-10 750 0.2 19.9

FW-11 750 02 18.4

FW-12 750 0.2 18.8

“ Exposure time = 15 min.
b°C = 5/9 (°F — 32).
¢1lin. = 25.4 mm.

¢ RT = room temperature,

distance between supports was 7.62 cm (3 in.). Three tests were conducted for each material
at each of the following temperatures: room temperature, 204°C (400°F), 315°C (600°F),
and 398°C (750°F). The coupons were held at temperature for 15 min and then loaded. The
SiC,/Al coupons were loaded at a machine crosshead rate of 0.05 cm (0.02 in./min). The
SiC,/ Al tests were conducted at crosshead rates from 0,05 to 0.5 cm (0.02 to 0.2 in./min).
All room temperature test coupons were strain gaged to obtain flexural moduli. Flexural
test results and associated data are presented in Tables 6 and 7.

Flexural strengths versus temperature are plotted for both MMC materials on Fig. 10.
As was observed for tensile strengths and will be demonstrated for bearing strengths, primary

TABLE 7—Flexural results SiC,/2124-T4 (25% V/0).

Flexural

Coupon Temperature,*? Crosshead Strength, Flexural

No. °F Speed, in./min* ultimate Modulus, 10° psi
FP-1 RT¢ 0.02 138.6 17.7
FP-2 RT 0.02 140.6 17.8
FP-3 RT 0.02 .
FP-4 400 0.02 121.6
FP-5 400 0.02 127.6
FP-6 400 0.02 1273
FP-7 600 0.02 2.6
FP-8 600 0.02 45.5
FP-9 600 0.02 46.0
FP-10 750 0.02 15.7
FP-11 750 0.02 17.7
FP-12 750 0.02 17.8

* Exposure time = 15 min.
b°C = 5/9 (°F — 32).
‘lin. = 25.4 mm.

¢ RT = room temperature.
¢ Invalid data.
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FIG. 10—Flexural strength versus temperature for SiC,/2124-T4 (20% V10) and SiC,12124-
T4 (25% V/0)—15 min exposure.

strength decrease occurs between 204 and 315°C (400 and 600°F). Also, while the affect of
particulate and whisker reinforcement results in approximately 50% tensile stress increase
compared to unreinforced material the strength increase in flexure is only 10 to 15%.

Pin Bearing Tests

Bearing tests were performed on the as-rolled SiC,/2124-T4 (20% V/O) and SiC,/2124-
T4 (25% V/0O) material. The pin bearing hole was 9.5 min (3/8 in.) and loading hole was
12.7mm (1/2 in.). Precision drill rod stock was used to load the bearing coupon. The coupon
installed in the test fixture and Bemco oven is shown in Fig. 11.

Bearing test data were developed for temperature exposures of 7 min instead of the usual
15 min exposure time. This occurred since the bearing tests, which were the first series of
tests performed, used a control thermocouple in the oven cavity rather than on the specimen.
Midway through the test series for SiC,/Al a dummy aluminum coupon was thermocoupled
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TABLE 8—Pin bearing test results SiC,/2124-T4 (20% V/0).

Coupon Temperature,*” Crosshead Bearing Strength,
No. °F Speed, in./min* ultimate, ksi

PBW-1 RT“ 0.02 92.2¢
PBW-2 RT 0.02 135.7
PBW-3 RT 0.02 130.6
PBW-4 400 0.02 1251
PBW-5 400 0.02 121.8
PBW-6 400 0.02 123.1
PBW-7 600 0.02 24.1
PBW-8 600 0.05 27.8
PBW-9 600 0.05 28.2
PBW-10 750 0.05 11.0
PBW-11 750 0.05 10.5
PBW-12 750 0.05 112

* Exposure time 7 min (PBW-9 exposure time 10 min).
beC = 5/9 (°F — 32).

€1lin. = 25.4 mm,

?RT = room temperature.

¢ Failed at support hole.

and hung off the protruding drill rod on the test fixture. It was deduced that the time the
test coupon was at maximum temperature was 7 min.

In order that data for bearing be obtained for consistent temperature exposure times the
change to 15 min. exposure at maximum temperature was not made. In future tests, it is
recommended that the thermocouple be clip mounted directly to the test specimen to monitor
temperature as was done on all previous tests.

Bearing strength versus temperature for both SiCp/Al materials are shown in Tables 8
and 9 and compared in the plots of Fig. 12 which show bearing strength versus temperature
for 15 min exposure.

Note that the particulate material (25% V/O) displayed higher bearing strength at 315°C
(600°F) than whisker material (20% V/O).

TABLE 9—Pin bearing test results SiC,/2124-T4 (25% V/0).

Coupon Temperature,*” Crosshead Bearing Strength,
No. °F Speed, in./min° ultimate, ksi
PBW-1 RT“ 0.02 125.6¢
PBW-2 RT 0.02 135.0
PBW-3 RT 0.02 126.9
PBW-4 400 0.02 121.9
PBW-5 400 0.02 123.8
PBW-6 400 0.02 119.8
PBW-7 600 0.02 352
PBW-8 600 0.05 42.4
PBW-9 600 0.05 42.5
PBW-10 750 0.05 14.8
PBW-11 750 0.05 15.0
PBW-12 750 0.05 15.0

¢ Exposure time 7 min.
b°C = 5/9 (°F — 32).
°1lin. = 25.4 mm.

¢ RT = room temperature.
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FIG. 12— Bearing strength versus temperature for SiC,/2124-T4 (20% V/O) and SiC,/2124-
T4 (25% VI0)—7 min exposure.

Tension Tests

The purpose of these tests was to better understand what changes, if any, exist in material
obtained from thick panels {from which hardware was fabricated) and MMC material in
thin-rolled sheet form. All test coupon dimensions were identical except for thickness as
noted.

Baseline Tests

Tests were conducted at room temperature and after 15 min exposure to high temperature.
An MTS 810 servohydraulic universal testing machine capable of both crosshead motion
rate and load rate control was used to develop preprogrammed tensile loads. Instron wedge
locking mechanical grips with 25 teeth/in. provided grip loads on the dogbone specimens.
A compact microprocessor controlled quartz lamp (Research Inc.) was used to heat the test
coupons.
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The test coupons were instrumented with two type K thermocouples, one on each side
of the coupon and supported during the tests with thin steel wire wrapped around the
coupons. A spot of AREMCO 568 high-temperature, high-thermal conductivity adhesive
was used to maintain direct thermocouple contact at its junction to the side face of the test
coupon in the gage section. Each coupon was pre-marked with 25.4 mm (1 in.) lines about
the center of the gage section to serve as a base for confirming strain deduced elongation,
as necessary. o

Baseline strength data for the tested SiC,/2124-T6 (20% V/O) and SiC,/2124-T4 (25%
V/0) thick material are shown in Table 10, where such data are compared with earlier
obtained tension strength data for thin-stock SiC,/2124-T4 (20% V/O) and SiC,/2124-T4
(30% V/0). During that time 25% V/O particulate reinforced 2124 material could not be
obtained from DWA Composites Specialties, Inc. within schedule so that the 30% V/O
material which was available had been tested. Also, note that the heat treat of the whisker
material tested was a T6 condition, while that tested earlier was T4. The new heat treat
schedule was used to increase strength of the hardware.

The significant findings regarding tensile strengths of rolled stock versus thick panel stock
are as follows:

1. SiC,/Al: significantly greater strength of the thick material (T6) was observed at 315°C
(600°F).

2. SiC,/Al: significantly greater strength of the thick stock (30% V/O) was observed at
315°C (600°F).

While those coupons having higher strength at 315°C (600°F) were thicker than the lower
strength coupons, scale effects do not explain the strength increase. For example, at room
temperature the trend is slightly reversed (with respect to coupon thickness) for both types
of reinforced material. The T6 heat treat condition seems to clearly benefit tensile strength
for the SiC,/Al at elevated temperatures. For the SiC,/Al material room temperature
strengths are approximately the same for 30 and 25% V/O, while the 5% V/O increase
appears to substantially increase strength at elevated temperatures. However, since the thick
material was fabricated by the vendor over one year after the thin-rolled material, other
effects not obvious may be present. Until substantially more test points are obtained for
both materials with controlled heat treat schedule and fabrication sequences, the baseline
data do not reveal any significant distinction between the particulate and whisker reinforced
material, at least at high temperatures. The baseline tensile data versus temperature are
shown in Fig. 13 where estimated local trends are shown for the SiC,/Al material.

Modulus measurements were made at room temperature, 204°C (400°F), and 315°C
(600°F) using an MTS 25.4 mm (1 in.) gage length water-cooled high-temperature quartz
rod extensometer system, Model No. 632-50B-02, which was mounted to the external load
frame. This extensometer significantly out performed and is recommended over the DSST
strain transducer used earlier. During high-temperature tests a dab of high-temperature
strain gage adhesive, Micromeasurement M Bond 610, was applied at the tip of each quartz
rod to minimize any tendency for the conically pointed extensometer rods to slip with respect
to the coupon.

Moduli and elongation ranges for the tests are shown in Table 11. No significant stiffness
or elongation differences were attributed to material extruded in thick-plate form compared
to thin-rolled material.
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Short-Term Tension Tests

Short-term testing was performed using radiant heat lamps and the thermocouple feedback
controller described earlier. Short-term tests were performed on SiC,/2124-T6 (20% V/O)
thick-panel material at 315, 482, and 537°C (600, 900, and 1000°F). No tests were performed
on the SiC,/2124-T4 (25% V/O) material. The results of the short-term tests are shown in
Table 12.

For the SiC,/Al, the thick panel stock (T6) exhibits slightly higher strength than the rolled
sheet stock (T4). The SiC,/Al sheet stock displayed the highest short-term tensile strength
above 315°C (600°F).

Short-term tension test results are plotted versus temperature in Fig. 14.

Failure Modes

A basic characteristic of failures in tension, flexure, and bearing is the transition from
relatively brittle failures at temperatures below approximately 260°C (500°F) to ductile type
failures at temperatures greater than 260°C (500°F). This is supported by the increased
elongation measured at 315°C (600°F) compared to elongation at 204°C (400°F) and lower.
This phenomenon is displayed rather clearly in Figs. 15 and 16.

Tension failures at room temperature and 204°C (400°F) were brittle-like with little necking
resulting from low elongation, while failures at 315°C (600°F) and higher showed more
pronounced necking. Flexural failures also displayed brittle transverse cracking at relatively
low curvatures and strains for room temperature and 204°C (400°F) conditions, while cur-
vatures were very large and ductile-like at 315°C (600°F) and above. These observations
were similar for both the whisker and particulate reinforced aluminum. Failures of pin
bearing coupons were more complex. An examination of Fig. 16 shows that final failure in
bearing at room temperature conditions (also for 204°C (400°F) conditions) was net tension

TABLE 12—Comparison of short-term tensile strength of thick-panel stock and thin-rolled stock for
various SiCp/ Al MMCs.

Temperature,* SIC,/2124-T4, SIC, /2124-T6, SIC,/2124-T4,
°F 20% V/O? 20% VIO® 30%
400 73.6 o 711
400 731 o 65.9
400 713 o 65.7
600 31.4 35.1 457
600 2.9 37.0 449
600 22 378 355
750 13.9 o 15.3
750 13.0 o 15.3
750 132 o 15.6
900 43 58 10.3
200 4.7 7.6 7.7
900 45 74 8.5

1000 19 17 X
1000 22 3.0 "
1000 26 59 g

°°C = 5/9 (°F — 32).

? Rolled sheet stock.

¢ Thick-panel stock (see Table 10 for thickness).
4 No test.
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FIG. 15—Tensile and flexural coupon failures at room temperature and 398°C (750°F).

across the test section indicating a wider coupon should be used in the future at these test
temperatures. At 315 and 398°C (600 and 750°F) conditions, however, as the material became
more ductile, combined net tension and bearing predominated the failures with some evi-
dence of shear out beginning.

Summary and Conclusions

Tensile strengths of silicon carbide particulate and whisker reinforced aluminum at tem-
perature after exposure to 60 s (maximum) of heating were significantly greater than strengths
subsequent to 15 min exposure to the same maximum temperatures. Short-term strengths
were measured for maximum temperatures to 537°C (1000°F) while baseline (15 min ex-
posure) were measured to 398°C (750°F). For example, at 204°C (400°F) the increases in
average strength of SiC,/2124/T4 (20% V/0O) and SiC,/7090-T6 (25% V/O) were 9 and
58%, respectively. At 315 and 398°C (600 and 750°F) the increases in average strength were
137 and 70% for the whisker material and 230 and 113° for the particulate material. For
unidirectional graphite aluminum the increase in strength was far less pronounced and more
difficult to assess because of the brittle nature of the graphite fibers and its associated strength
data scatter.

Until significant increases in graphite/aluminum unidirectional tensile and compressive,
transverse, and shear strengths are realized only specialized local application of this MMC
to achieve thermal stability (near zero CTE) appears feasible for highly loaded structures.

Increased stiffness of SiCp/Al was evident for all temperatures tested. At room temper-
ature the increase in stiffness of both SiC,/7090-T6 (25% V/O) and SiC,,/2124-T4 (20% V/
0O) was 57% compared to the unreinforced aluminum alloys. At 204 and 315°C (400 and
600°F), the increases were 64 and 77% at each of the respective temperatures for particulate
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FIG. 16—Pin bearing failures at room temperature and 398°C (750°F).

reinforced aluminum compared to 7000 series unreinforced aluminum, while the increases
were 44 and 49% for whisker reinforced aluminum compared to 2000 series aluminum at
the same respective temperatures.

Standard metallic 203.2 mm (8 in.) dogbone coupons (ASTM E 8) were found to satisfy
all testing requirements for SiCp/Al MMCs. Tabbing is not required since all coupons of
this type failed within the 12.7 by 50.8 mm (1/2 by 2 in.) gage section. The “bow tie,”
streamline, double radii, and other more complex coupon designs provide no improvement
upon the present design. Continuously reinforced MMCs require some type of stress relief
at the grips [2]. The most popular forms are bonded tabs with or without bevels. The present
study indicates bevelling is required. However, other studies and discussions with other
users indicate that no significant effect of tab bevel can be established. Furthermore, use
of a soft unbonded tabbing material, such as Lexan, together with hydraulically acutated
grips appear to be as satisfactory as bonded tabs [2].

No ASTM standards exist for SiCp/ Al tensile coupon design. Presently, ASTM Committee
D-30 on High Performance Fibers and Composites has formed a task group to rewrite the
outdated MMC tension testing standard. This task group is being chaired by one of the
authors. The first task will be to separate continous and discontinuous MMC testing pro-
cedures and rewrite them accordingly.

A review of high-temperature baseline testing procedures indicates the use of temperature
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controllable ovens or radiant heat lamps adequate for performing tests at elevated temper-
ature exposure of 15 min or more or both. Dual thermocouples, one attached to the coupon
and the other located randomly inside the oven, should be continuously monitored to reveal
significant differences between oven and test specimen temperatures.

Short time heating (<60 s) and high-temperature strain measurements >315°C (>600°F)
represent more difficult experimental tasks. Radiant heat lamps together with a prepro-
grammed microprocessor with thermocouple feedback from the test coupon is a reliable and
repeatable procedure. Direct resistance heating of the test specimen has been reviewed and
found less desirable than use of radiant heating. The use of radiant heat lJamps which can
be water cooled would provide greater flexibility for use with various coupon dimensions.
Together with the use of water-cooled grips this would provide an improved method for
short-term, high-temperature testing. These systems are moderately priced and can be
adapted directly to standard servomechanical loading systems, either hydraulic or screw
driven. If fatigue testing is envisioned, hydraulic servomechanical systems are required.

One interesting observation is that strength increases of reinforced aluminum at all tem-
peratures for flexure and bearing are not nearly as pronounced when compared to unrein-
forced aluminum as are increases in tensile strength. The strengthening mechanism at work
in tension is not translated to flexure and bearing (and possibly shear). While this might
appear reasonable for bearing it is difficult to explain why flexural strength increase with
reinforcement does not follow the tensile strengthening since the bending stress state is
predominantly uniaxial tension and compression. Although compression tests were not
conducted during this program, reported data indicate strength increases comparable to
those measured for tension.

These phenomena must be better understood in hardware design since both flexure and
bearing are often predominant stress states which exist at failure. Indeed, examination of
the high-temperature statically tested hardware failed in combined bending and bearing.

During the present study, laser and equivalent light sensing strain measuring systems were
reviewed. When review of turnkey systems was completed, the available resolution was not
adequate to accurately develop stress-strain curves at high temperature.

Several systems have been reported to have capabilities for measuring strain in the 1%
maximum range with an accuracy of 5% full range. However, consistent data showing this
capability could not be obtained. Based on the present study the following methods or
devices or both for developing stress-strain curves at high temperature are recommended:

1. Water cooled quartz rod (spring loaded) extensometers: These devices are off-the-
shelf items and easily adapted to radiant (nonclam shell enclosed) quartz heating
systems. They are good to 537 to 648°C (1000 to 1200°F) and capable of use for fatigue
testing.

2. High-temperature extensometers (both single axis and biaxial): These provide good to
excellent strain measuring capability. However, they must be handled with extreme
care, calibrated frequently for use at the upper limits of the rated temperature [315°C
(600°F)}, and are “operator” sensitive.

3. Capacitance type transducers: These sense changes in gap spacing and are available
off the shelf. However, because of their shadowing effect on the test coupon and their
mounting requirements, they present greater difficulties for measuring more than sev-
eral coupons, and thus represent a costly excercise when making numerous measure-
ments.

4. Strain gaging: This technique is effective for obtaining moduli at temperatures to 426°C
(800°F) and are limited mainly by the gage adhesive system. Further, because of
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adhesive high-temperature bonding times [1 to 2 h at 10°C (50°F) greater than use
temperature] specimen heat treat conditions are altered during bond affecting material
strength. Therefore, high-temperature strain gaged coupons are useful only for modulus
measurements. High-temperature strain gaging is time consuming and tedious, there-
fore, is costly and subject to frequent faults.

Test techniques and standards must be advanced by ASTM to evaluate reinforced MMCs
under different environmental conditions. The present situation of numerous and vaguely
described test procedures for developing a MMC data base does not provide designers with
the confidence required to consider MMCs among the first choice for structural application.
Independent evaluation of MMC capabilities must be accelerated to develop design confi-
dence and ensure that the most promising of these materials are introduced into production.

Finally, with the expanding role of lightweight, high-temperature, high-strength polymeric
reinforced composites, MMCs should be traded off with the former composites rather than
solely with traditional isotropic metals.
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ABSTRACT: This work describes the ultrasonic inspection of silicon carbide whisker and
particulate reinforced aluminum metal matrix composite billets, extrusions, forgings, and rolled
plate and sheet. Inspection techniques will be described and results discussed including me-
tallographic analysis of flaws. A correlation will be made between billet attributes and extrusion
results.

KEY WORDS: nondestructive evaluation, ultrasonic inspection, aluminum alloys, silicon
carbide, whiskers, particulate, discontinuous, metal matrix composite, composite

Advanced Composite Materials Corporation (ACMC) is a producer of aluminum-silicon
carbide discontinuous metal matrix composites (MMC). These composites, comprising a
range of matrix alloys and both whisker and particulate reinforcement have been under
continuous development by the ACMC group for approximately six years. This paper will
discuss the roll of ultrasonic inspection and characterization in transitioning Al-SiC from a
“best effort” to one which meets critical quality standards.

ACMC produces a family of MMCs under the SXA® trademark which comprise primarily
2124 and 6061 aluminum alloys as the matrix and silicon carbide whiskers or particulate in
volume fractions ranging from 15 to 40%, as the reinforcement. Billet sizes range from
approximately 7.5 to 60 cm in diameter and 7.5 to 60 cm in length.

The composites are formed by vacuum hot pressing a billet from a powder blend then
machining or hot forming to the final shape. The ultrasonic work with SXA® materials to
be reported here involves the characterization of billets for the effects of porosity and
discontinuities and the inspectability of subsequently processed shapes such as extrusion and
rolled plate.

Procedure

A variety of ultrasonic tests were performed on SXA® materials, primarily billets. Since
March 1984, all billets produced by ACMC have been ultrasonically inspected to determine

! Manager, Quality Control and Testing, Advanced Composite Materials Corporation, Greer, SC
29651.
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what conditions are deleterious to extruding the billet successfully or degrading physical
properties.

Billets are inspected for internal flaws by conventional pulse-echo methods using either
immersion or contact techniques. The billets are machined right circular cylinders and are
inspected by scanning across the flat faces. The hot pressing method causes flaws to generally
be planar in shape and lying orthogonal to the pressing direction, that is, parallel with the
flat faces of the cylinder. This orientation offers the best opportunity for detection by
ultrasonic inspection.

‘When immersion testing was employed, the billet was scanned either by rotating the billet
on a turntable and making a polar scan or indexing the transducer in a rectilinear scan by
means of a bridge (Fig. 1). Records were made of the output of the ultrasonic analyzer in
conventional C-scan orientation.

Contact testing was done by making a numbered grid on the billet face which coincided
with a grid on the inspection form. The billet was inspected section by section and the form
marked appropriately if any flaws were detected.

For all billet inspection, flat 5 MHz transducers 1.3 cm in diameter were used. The
ultrasonic analyzer was calibrated using a set of reference blocks fabricated of SXA® ma-
terial. Billets were inspected from one face then inverted and inspected from the other face.
Standards were used which contained 0.20-cm-diameter flat bottom holes according to ASTM
Fabricating and Checking Aluminum Alloy Ultrasonic Standard Reference Blocks (E 127).
The maximum metal path for a particular standard was selected to be approximately one
half the billet height. Two more standards, as near to one quarter and one half billet height
were also used. The recorder trigger level was set by maximizing the signal from the longest
standard, adjusting the analyzer gain so the signal was 80% of the fill CRT scale, then
setting the threshold trigger at 20% of full scale. Recordings were made of all three standards.

FIG. 1—Scan setup for small billet. Turntable is used for large billet inspection.
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Extrusions, forgings, and plate were inspected similarly. Standards were fabricated as
needed by producing flat bottom holes in representative material by drilling with tungsten
carbide tooling.

Sonic velocity measurements were made on a wide range of SXA® compositions in billet
and extruded form to determine the ultrasonic characteristics of the material. Those results
have been reported elsewhere {1] and will not be discussed in this work except to the extent
they were useful in determining the sensitivity of an inspection technique to certain flaw
types in billet material. The velocity measurements were made by the pulse-echo overlap
method using both longitudinal and shear wave transducers.

Results
Billets

Sound billets, extruded properly, produce extrusions which yield 85 to 90% useful material.
When a billet contains a large flaw for porosity, a defective extrusion will result. From a
commercial aspect then, nondestructive evaluation of billets can result in improved quality
by direction process modifications.

Porosity is observed as a ““grassy”” echo during billet inspection, and the recording appears
as a vaguely defined area (Fig. 2). Careful sectioning and inspection of a porous billet
showed the minimum porosity level which can be detected by backscattered ultrasonic waves
to be 1.0% by volume.

Discrete flaws appear as distinct round areas in a C-scan recording. Two types generally
observed were related to processing problems. The first was believed due to outgassing of
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FIG. 2—Portion of an ultrasonic recording showing porosity in an SXA® billet section.
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the aluminum during consolidation resulting in a void surrounded by porosity (Fig. 3) while
the second appeared to be caused by a lack of aluminum infiltration due to non-uniform
blending of the aluminum and silicon carbide (Fig. 4). A third flaw type is associated with
an impurity in the billet (Fig. 5). This flaw appeared to be caused by a piece of paper or
plastic in the powder blend.

A 30.5 cm diameter by 30 cm tall billet which exhibited porosity and discrete flaws was
machined to provide a 4-cm-thick slab of billet length providing a cross section of the billet
from center to outer surface. This slab was inspected and provided a recording (Fig. 2)
which showed the distribution of porosity in the billet. This information coupled with mi-
croscopic examination of discrete flaws in the billet provided guidance for improving billet
quality. The porosity distribution in the billet and heater construction in the hot press
indicated the nonisothermal conditions during pressing. The isolated porosity around voids
indicated the need for improved outgassing cycles during the die heat up and pump down.

The conditions were corrected by several process changes and improved controls. The
operation of the pressing-heating-vacuum cycle was placed under the control of a micro-
processor. The melting characteristics of the aluminum powder were observed using the
differential thermal analysis while the outgassing characteristics were determined by residual
gas analysis and experimentation with thermal cycles. A bottom plug heater was designed
for the die assembly which, with the microprocessor control, allowed uniform heating of
the powder mass. Mixing and blending technology were modified and equipment installed
to remove impurities from whiskers resulting in reduced impurity content. The overall result
of these changes was a decrease in defective billets, improved extrusion yields and more
uniform mechanical properties.

FIG. 3—Void in SXA® billet possibly caused by insufficient outgassing of powder blend
during vacuum hot pressing.
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FIG. 4—Flaw possibly caused by insufficient blending of aluminum alloy powder and silicon
carbide whiskers.

Extrusions

As stated earlier a billet which is not dense will not densify in the extrusion process but
will tear and result in scrap material. The effect of small discrete flaw is less clear. These
flaws cannot be easily followed through extrusion because favorable orientation to the sound
beam is lost unless the reduction is sufficiently high so as to reorient the flaw in a manner
amenable to detection. This condition appears to be met in the extrusion of round billets
to high aspect ratio rectangles such as a 15.25 cm diameter round billed to a 1.27 by 12.70
cm cross section, a cross sectional reduction ratio of 11.3 to 1. Back extrusion of billets to
form large diameter tubes also results in favorable orientation. A flaw detected in a tube
formed by back extrusion of a 30.5-cm-diameter billet appeared to be an unbonded area
caused by a silicon carbide rich area (Fig. 6).

The fabrication of sheet and plate begins with the extrusion of a billet. Generally, a 30.5
cm diameter billet is extruded to 6.35 by 17.78 cm then forged to a 2.54 cm thick by 53.34
cm by 71.12 cm plate. Forged plate of that thickness was amenable to ultrasonic inspection
and sufficient working of the material occurred to orient flaws favorably for detection. When
a forged plate containing known flaws was rolled to a thinner gage, the flaws were still
detectable, and their size did not appear to change appreciably although their spatial re-
lationship was altered by the rolling process. Metallographic examination showed such flaws
to be the result of silicon carbide rich areas not infiltrated or mixed with aluminum.

Discussion

The successful ultrasonic inspection of SXA® metal matrix composites relies heavily on
the determination of the types of flaws which can occur due to processing and how those
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flaws can be detected sonically. ACMC is inspecting billets 15.25 cm to 45.72 cm in diameter
and 2 cm to 61 cm in length and is attempting to characterize flaw types, their source, and
to determine corrective action. Sufficient experience has been gained to generate the internal
quality specification for billets to establish whether further processing is possible. The action
has resulted in higher extrusion yields and more uniform mechanical properties.

Inspection of billets does not improve quality unless their manufacture is modified in
response to the detection of systematic flaws. The manufacturing group at ACMC, apprised
of ultrasonic test and metallographic results, caused significant improvements to be made.

The ultrasonic inspection of extrusions must be approached with caution. Conventional
pulse-echo methods can cause flaws to be missed; alternative approaches have not yet been
developed.

Flat heavily worked product forms can be ultrasonically inspected with reliable results.
Currently ACMC applies Aluminum Association Standards to sheet and plate quality. As
forging and rolling of sheet and plate continue to be developed, ultrasonic inspection will
be relied upon to monitor the quality of the products.

Conclusious

The ultrasonic inspection of SXA® billets provided information which allowed process
changes that resulted in improved quality. The level of detection of porosity by back scattered
ultrasound was established, and internal flaws were evaluated to determine their source.
Significant increases in extrusion yields were realized when discrimination was used in
selecting only billets which were ultrasonically defect free. The satisfactory inspection of
extrusions was found to be dependent on the extrusion shape and amount of reduction. Low
extrusion ratio products did not have suitably oriented flaws for detection while increasing
the ratio improved the inspectability.

FIG. 5—Flaw due to impurity in the powder blend, possibly a piece of paper.
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FIG. 6—Discontinuity caused by silicon carbide rich area not being fused during hot pressing.

Forged and rolled plate are readily inspectable by conventional means. Flaws in these
products were able to be traced through process and appeared to be caused by silicon carbide
rich areas forming an interface. )

A final important conclusion of this work is the determination that flaws are not eliminated
by hot mechanical working such as extrusion or rolling. Flaws which exist in the billet are
carried through to the final product unless removed by trimming in intermediate processing.
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ABSTRACT: Three grades of silicon carbide (SiC) reinforced aluminium alloys are studied:
one grade fabricated by powder metallurgy and reinforced by =~25% volume fraction (vf) SiC
particulates; two grades produced by casting and reinforced by =~15% vf SiC whiskers.

Their behavior during hot working is simulated using unloading and holding times during
high temperature tension testing. The three grades are also worked by extrusion and forging
and the defects appearing on the wrought pieces are observed.

Mechanical properties of the three grades are represented versus temperature in the as
received state, in the annealed state and in some cases after forging and annealing.

Microstructure is observed and its influence on mechanical properties is discussed.

KEY WORDS: metal matrix composite, working, mechanical properties, microstructure

Low weight or inertia, a high elastic modulus, high tensile properties at elevated tem-
peratures and improved wear resistance make metal matrix composites high interest materials
for military, aircraft, spatial, and automotive components.

The use of metal matrix composite materials which may be produced by different ways
[1-4) depends on their ability to be formed by working. The conditions of their forming
may be very accurate, and their physical and mechanical properties are strongly dependant
on these forming conditions (working and heat treatment).

The aim of this work is to study for industrial application the forming conditions of metal
matrix composites fabricated by two different ways and to determine the physical and
mechanical characteristics of these materials after working and heat treatment; an attempt
of correlation is done with microstructure.

Materials and Experimental Techniques
Materials

Tests have been performed on three grades fabricated by two differents ways:

1. A 25% volume fraction (vf) silicon carbide (SiC) particulates reinforced 2124 alumin-
ium alloy fabricated by powder metallurgy (grade A).

! Research engineers, Department of Mechanics and composites, UNIREC, Groupe USINOR, Centre
de Recherches d’Unieux, 42701 Firminy, France.
2 Engineers, Groupe USINOR-SACILOR, France.
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2. A 15% vf SiC whiskers reinforced 2024 aluminium alloy fabricated by squeeze-casting
(grade B).

3. A 15% vf SiC whiskers reinforced AC8A aluminium alloy fabricated by squeeze casting
(grade C).

Table 1 gives, respectively, for each grade, the type of product matrix and reinforcement
initially used, the nominal chemical analysis, and SiC content.

Experimental Techniques
Transformation

The three grades were formed using following steps: extrusion (370°C), forging (455°C),
and heat treatment (490°C), 1 h, water quenched and 120°C, 2 h, aircooled).

Tests for simulation of hot working were performed using tension testing apparatus;
successive deformations of samples separated by holding times were used for predicting the
behavior of the materials during forging.

Micrographic Examination

Scanning electron microscopy was used in conjunction with optical microscopy and elec-
tron microprobe analysis to determine the distribution and morphology of SiC particulates
and whiskers and for evaluation of the quantity, shape size, and distribution of microvoids
before and after transformation.

Mechanical Properties

Following mechanical properties were measured:

Elastic Properties—Tensile modulus was determined by vibration on specimens of di-
mensions 100 by 10 by 4 mm. Same specimens were used to determine flexural modulus by
bending tests.

Flexural Strength—Flexural strength and modulus were determined by bending tests on
specimen of dimensions 100 by 10 by 4 mm. Roller pin diameter was 4 mm and distance
between pins 80 mm. Loading rate was 1 mm/min.

Tensile Strength and Ductility at Room and Elevated Temperature—Tension tests were
performed on round specimens of diameter 5 mm. Loading rate was 1.5 mm/min at room
temperature and 0.75 mm at high temperature. Ductility was measured by total elongation
at fracture.

TABLE 1—Type of products, nominal chemical analysis, and SiC content.

Type of Product Reinforcement Matrix

Grade A powder metallurgy billet particulate (25% vf Sic) aluminium alloy 2124
Grade B cast billet whisker (15% vf SiC) aluminium alloy 2024
Grade C cast billet whisker (15% vf SiC) aluminium alloy with 12% Si




HERITIER ET AL. ON INFLUENCE OF HEAT TREATMENTS 385

Hardness—Hardness measurements have been done on various specimens according to
ASTM Standard Test Methods for Rockwell Hardness and Rockwell Superficial Hardness
of Metallic Materials (E 18), with an applied load of 981 nitrogen and a diameter of ball of
1.588 mm.

Results
Hot Working

Extrusion was performed at 370°C as preparation before forging. 16-mm-diameter bars
were transformed in 10-mm-diameter bars in several steps. This first forming procedure
does not make all voids disappear.

Bars were forged at 455°C after extrusion from 16 to 14 mm diameter. Cracks begin to
appear for a reduction rate greater than 38% (height reduction).

The reasons of such cracks may be due to the choice of the forming conditions (temper-
ature, reduction rate, holding time, etc . . . ). In order to determine the most appropriate
forging conditions, preliminary tension tests were performed at high temperature. Tests were
done for Grade A at first with monotonically increasing loading and then with interrupted
loading periods (Fig. 1). Results appear on Fig. 2 and show the existence of a maximum
ductility about 520°C. This ductility is also improved at this temperature by increasing the
time of interrupted loading periods.

Mechanical Properties

The mechanical properties of the three grades before hot working appear in Table 2;
properties in the as-received state and after heat treatment (490°C, 1 h, water quenched,
and 120°C, 2 h, air cooled) are compared. The variation of ultimate strength, ductillity, and
Young’s modulus versus temperature are given on Fig. 3 for Grade A. Some values after
forging appear also on that figure.

Density (Table 3)

SiC content is measured by dissolving the aluminium alloy matrix as following:

(a) sampling (500 mg of chips),

(b) dissolving with 2.5 g sodium hydroxide (NaOH) and 30 mL water (H,0),
(c) dissolving hydroxides with 30 ml hydrochloric acid (HCl),

(d) filtering,

(e) burning at 1000°C,

(f) blowing hydrofluoric acid (HF) to eliminate silicon dioxide (SiO,),

(¢) burning, and

(h) weighing SiC.

Density measurement is done on specimens of weight 2 or 3 g by immersion.

Microscopic Examination

Figures 4, 5, and 6 show the size, shape, and distribution of SiC particulates or whiskers
in different orientations in the aluminium alloy matrix before hot working. Voids (diameter
between 5 and 10 um) due to incomplete compaction before hot working can be found. A
few of them may remain after extrusion.
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Discussion

A comparison of the two grades A and B (whose matrixes are very similar) shows the
following:

1. Ultimate tensile strength at room temperature on as received materials is lower for
Grade A despite the higher percentage of SiC.

2. Heat treatment however improves significantly mechanical properties at room tem-
perature for both grades, and both Grades A and B.

3. Young’s modulus is nevertheless not significantly changed by heat treatment and is
25% higher at room temperature for Grade A than for Grade B and its value is near 100 000
MPa.

4. Micrographic examinations as well as tension testing show an isotropic behavior for
Grade A. On the contrary for Grade B a difference of about 10% for yield strength and
ultimate tensile strength and of more than 50% for ductility appears between long and
transverse orientations. This anisotropy is due to a preferential orientation of SiC whiskers
as appears on Fig. 5.

5. Yield strength and ultimate tensile strength for Grade A at 300°C in the as heat-treated
state have respective values of 126 and 132 MPa.

6. Ductility of the three grades is very low for any state studied; one of the reasons seem
to be the presence of microvoids, but their suppression (uncomplete) by extrusion and forging
does not give a significant improvement of ductility.

7. The simulation of the behavior of Grade A during hot working allows to define con-
ditions of forging (temperature, deformation, holding times) which could reduce the number
of defects.

8. Tensile properties are higher for Grade B than for Grade C despite a similar SiC
content. Young’s modulus is on the contrary =10% higher for Grade C.

Conclusion

The comparison of three grades (A, B, C) of SiC reinforced aluminium alloys shows the
improvement of tensile and flexural properties due to SiC particulates or whiskers (at room
and elevated temperature).

Grades B and C reinforced with whiskers show a larger anisotropy of yield strength and
ultimate tensile strength on ductility than Grade A reinforced with particulates, and this
anisotropy may be explained by a preferential orientation of whiskers.

TABLE 3—Density and SiC content.

SiC, vf
Measured By
Density Si and C
Concentration Matrix
Nominal Measured Nominal Measurement Dissolution
Grade A 2.88 2.91 25 24.7 24.6
Grade B 2.83/2.85 15 14.4

Grade C 2.72/2.76 15 13.4
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Hot working conditions of these grades must be defined with accuracy because of the
very low ductility values, and successive reduction separated by holding times at elevated
temperature can be used to improve hot workability.

The comparison of the three grades does not show a significant difference for mechanical
properties of Grade A, reinforced by 25% vf SiC particulates and Grade B reinforced by
15% vf SiC particulates.
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ABSTRACT: The characterization of graphite/metal tubing will be discussed. Both destructive
and nondestructive testing will be addressed. Test procedures to be discussed will include
nondestructive (ultrasonic) modulus determination, longitudinal tension testing, short column
compression testing, the hydrostatic burst (transverse) test, and thin-wall tube torsion test.
The test fixtures and techniques used for these tests will be described, and typical test results
for pultruded graphite/metal tubing will be presented. The use of these procedures to determine
four of the five elastic constants and failure strengths necessary to characterize a transversely
isotropic material in plane stress laminate analysis will be also discussed. Directions for future
research in the testing area will be presented.

KEY WORDS: metal matrix composites, shear testing, compression testing, tension testing,
bursting test

This paper is concerned with the development of suitable testing techniques to obtain
tension, compressive, transverse bursting, and torsional test data on longitudinally reinforced
graphite/aluminum (Gr/Al) seamless metal matrix composite tubing. Problems unique to
the testing of metal matrix composites were encountered in the design of suitable test fixtures
and techniques. These are discussed, along with results for P55 and P100 reinforced Gr/Al
tubes.

The P55 tube consisted of two plies of P55/6061 precursor wire with an outside diameter
of 2.748 cm and wall thickness of 0.122 cm. The P100 tube consisted of two plies of P100/
6061 precursor wire with an outside diameter of 2.738 cm and wall thickness of 0.119 cm.

Test Procedures

These test procedures were developed in order to be able to test thin-walled graphite
aluminum composite tubes whose diameters are too small to obtain straight sided specimens.
By far the most difficult design problem was development of suitable grips for room tem-
perature tension testing of Gr/Al tubing. This development is discussed briefly in the next
section. Following are descriptions of the testing setups for the different tests listed previ-
ously.

! Engineer, Material Concepts Inc., Columbus, OH 43204.
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Tension Test Grip Development

The tension testing of unidirectional graphite/metal tubing has presented some unique
problems. These composites are too delicate to be tested in wedge type v-grips. The low
transverse strength of the composite crushes the tube if it is not reinforced on the inside
diameter, and, if it is reinforced, the low shear strength causes the grip area to fail pre-
maturely.

A conical wedge-type grip thus was developed (Fig. 1). This allows a more uniform contact
area between grip and tube. The inside of the tube in the grips was filled with a rigid material
for reinforcement. With this type of fixture, tensile failures were generated. Unfortunately,
most of the failures were in the grips, and the tensile strengths obtained were much lower
than predicted values or past testing history dictated. The shortcoming of this grip design

FIG. 1—Original tension grip design.
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is that the edge of the inner reinforcement causes a biaxial state of stress in the composite,
which, due to the low composite transverse strength, causes failure at lower values than are
encountered under uniaxial tension.

The tension grip design used in these studies is shown in Fig. 2. The tube is potted into
the grip using a high viscosity epoxy. There is no reinforcement on the inside and the slits
in the grip allow the tube to strain radially. This puts almost no transverse stress on the
tube, with the resulting stress being uniaxial.

1.27

3 cm \
.81

" RER
/ T

FIG. 2—Tube tension grips.
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Tension Test Configuration

The setup for a typical tension test is shown in Fig. 3. At least 0.076 m of each end of a
0.25-m tube are sanded and the surface prepared for epoxy bonding. The inside of the grips
are similarly prepared. A suitable two-part epoxy is then applied to the inside of the grips,
and the prepared outside surface of the tube (Fusor 304 epoxy manufactured by Lord
Chemical Products has been successfully used). The tube is then inserted into the grips and
any excess epoxy removed with a clean cloth. The epoxy is cured at 49°C for 1 h. When
the epoxy has hardened, two two-element 90° “tee’ rosette strain gages are bonded to the

FIG. 3—Tension test setup.
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surface 180° apart. Micro Measurements CEA-00-125UT-12 gages were used. The axes of
the gages are aligned with the geometric axis of the tube. The tube is then placed in a tension
tester which has a machined yoke to accept the tensile grips via pin loading. The specimen
is loaded to failure with strain measurements taken at fixed intervals, or the load-strain
curve is continuously recorded on an X-Y recorder.

Compression Test Configuration

The compression test fixture is shown in Fig. 4, and the setup is shown in Fig. 5. The
specimen used is 0.089 m long for a 0.025-m-diameter tube with the ends machined flat and
parallel to within 2.5 X 10-° m in order to prevent buckling. The surface of 0.013 m of each
end is then prepared for epoxy bonding. A small amount of epoxy is then placed in the
hold in each grip, and the tube is inserted. A fixture is necessary to hold the ends of the
grips flat and parallel while the epoxy is curing.

When the epoxy has cured, a pair of strain gages are bonded to the tube surface 180°
apart along its geometric axis. The tube is then placed in a compressive test machine and
loaded to failure with strain gage readings being made at fixed intervals.

Transverse Bursting Test Configuration

The grips used for a transverse test are shown in Fig. 6, and the setup is shown in Fig.
7. One tenth of a meter (0.10 m) on the outside diameter of each end of a 0.31-m-tube is
prepared for epoxy bonding. The inside of the grips is prepared similarly. Both the inside
of the grips and the end of the tube are coated with epoxy and joined. A uniform coating
of epoxy (allowing the tube to be pressurized) is important.

The specimen is strain gaged with either a single element gage perpendicular to the tube
axis or a two element 90° “tee” element gage if determination of Poisson’s ratio is desired.
Micro Measurements CEA-00-125UT-12 is the “tee” element that may be used, and their
CEA-00-125UW-12 is the single element.

3.18 cm

6.35 cm

FIG. 4—Compression grips.
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FIG. 5—Compression test setup.

The tube is then filled with hydraulic fluid and a pump attached to one of the holding
fixtures. A pressure readout is attached in line with the system. The system is pressurized,
and strain readings made at fixed pressure intervals until the tube bursts.

Torsion Test Configuration

The grips used for a torsion test are shown in Fig. 8, and the test setup in Fig. 9. A 0.25-
m-tube is used for the test. A 0.038-m-area on each end is prepared for bonding with epoxy.
The epoxy is smoothed over the prepared ends of the tube and the inside of the grips and
the tube slipped into the grips. Any excess epoxy is cleaned off and the epoxy allowed to
cure.

Two strain gages are then placed at +45° to the tube axis and wired to form a shear gage.
Micro Measurements CEA-00-125UT-12 strain gages were used. The tube is placed in a
standard low-range torsion testing fixture and torqued to failure, with the shear strain being
read out at fixed intervals.

Discussion of Results

Table 1 lists the results of the testing of a P55/6061 tube along with the stiffness values
predicted by the Halpin-Tsai equations [I], while Table 2 lists corresponding values for a
P100/6061 tube. At this time there is no similar set of equations for the prediction of strength
values.
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FIG. 6—Transverse fest grips.
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FIG. 7—Transverse test setup.

Tension Tests

The data from this test allows calculation of the longitudinal modulus, Poisson’s ratio,
and the ultimate tensile strength of the tube. Typical results for a P55/6061 tube are shown
in Table 1 and for a P100/6061 tube in Table 2.

The results of the longitudinal tension test are 88% of those predicted by the Halpin-Tsai

TABLE 1—Properties of pultruded P55/6061 GR/AL tube with 39.5 volume percent fiber.

Destructive ~ Ultrasonically  Halpin-Tsai

Test Results  Determined Prediction

Elastic modulus (longitudinal, tension) L 148 GPa 191.7 GPa
Ultimate tensile strength (longitudinal, tension) 485.0 MPa

Elastic modulus (longitudinal, compression) 120.7 GPa 102 GPa 191.7 GPa
Ultimate compressive strength 282.2 MPa

Elastic modulus (transverse) 37.9 GPa 37.2 GPa
Ultimate tensile strength (transverse) 12.4 MPa

Shear modulus (longitudinal, transverse) 29.6 GPa 23.4 GPa
Ultimate shear strength 24.1 MPa
e 0.36

Poisson’s ratio (longitudinal, transverse)

“Not measured due to strain gage problems.

NOTE—

(a) One example per test was performed.

(b) The moduli were determined from the initial straight line portion of the stress-strain curve. For
elastic modulus (longitudinal tension) and elastic modulus (longitudinal compression) these curves
are linear to failure, whereas for elastic modulus (transverse) and shear modulus (longitudinal
transverse) they become nonlinear.
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FIG. 8—Torsion grip.

FIG. 9—Torsion test setup.
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TABLE 2—Properties of pultruded P100/6061 GR/AL tube with 43.5 volume percent fiber.

Destructive  Ultrasonically  Halpin-Tsai

Test Results Determined Prediction
Elastic modulus (longitudinal, tension) 300.6 GPa 269 GPa 339.2 GPa
Ultimate tensile strength (longitudinal, tension) 543.0 MPa
Elastic modulus (longitudinal, compression) 289.6 GPa 170 GPa 339.2 GPa
Ultimate compressive strength 263.6 MPa
Elastic modulus (transverse) 48.0 GPa 35.2 GPa
Ultimate tensile strength (transverse) 13.0 MPa
Shear modulus (longitudinal, transverse) 11.7 GPa 23.4 GPa
Ultimate shear strength 28.3 MPa .
Poisson’s ratio (longitudinal, transverse) 0.29 0.36

NOTE—

(a) One example per test was performed.

(b) The moduli were determined from the initial straight line portion of the stress-strain curve. For
elastic modulus (longitudinal tension) and elastic modulus (longitudinal compression) these curves
are linear to failure, whereas for elastic modulus (transverse) and shear modulus (longitudinal
transverse) they become nonlinear.

equation for P100/6061. This is in line with values obtained for other pultruded Gr/Al tubes,
with most values falling in the range of 85 to 90% of that predicted by Halpin-Tsai. The
strength values for Gr/Al tubing made from either P55 or P100 fiber generally fall into the
482 to 551 MPa range in the as-fabricated condition. Both of the tubes tested fall into this
range. The value for Poisson’s ratio is 80% of that predicted by the Halpin-Tsai equations.

The tension test is by far the most highly developed test for metal matrix composite tubes.
Itis used extensively at Material Concepts, Inc. (MCI) in the quality control and development
of graphite/metal tubes. As aresult of the low scatter of tension results for similarly processed
tubes observed in duplicate tests at Material Concepts Inc., it is suggested that this design
may be suitable for adoption as the standard for tension testing of these composites in the
tubular configuration.

In addition, preliminary investigations were conducted to evaluate the uniformity of the
state of stress in the subject grip design. Two tests were performed. In the first, a brittle
coating was applied to a tube and the tube incrementally loaded. The cracks that developed
in the brittle coating when the coating threshold strength was reached were uniform over
the entire gage length. In the second test, the tube was strain gaged at the grips and at the
center of the gage section. There was no significant difference in the strain measurements
obtained from either gage. Further work in this area is necessary using methods that are
more sensitive to a biaxial state of stress in order to establish the uniformity of the stress
state in this procedure.

Compressive Tests

The data from this test allows measurement of the longitudinal modulus in compression
and tube ultimate compressive strength. Results for P55/6061 and P100/6061 tubes are
shown in Tables 1 and 2, respectively.

The low compressive values (relative to tensile) may be attributed to microbuckling of
the fiber due to the twist in the tow or shift misalignment of the specimen in the test fixture
or both. The modulus determined in compression is close to that obtained for tension test
specimens, as would be expected in the absence of bending.
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There is considerable room for improvement in this test. Work needs to be performed
on the effects of end conditions as well as the optimum tube length to be used. Studies also
need to be performed in order to ensure the uniformity of the stress state during the test.

Transverse Bursting Tests

The equation used to convert the pressure to a stress is

o = PD/2t
where
o = transverse stress,
P = applied pressure,
D = mean diameter of the tube, and
t = wall thickness of the tube.

With these data, the transverse modulus and the transverse strength of the tube can be
measured. Data for P55/6061 and P100/6061 tubes are shown in Tables 1 and 2, respectively.

The transverse modulus resuits for the P55 specimen were well in line with the Halpin-
Tsai predictions. The high results for the P100 tube cannot be explained at the present time,
given the small number of tests that have been performed. The low strength values in the
transverse direction are typical for Gr/Al, which usually exhibits a range of from 10 to 23
MPa.

Due to the nature of the test, the introduction of a biaxial state of stress is unavoidabie,
and the effects of this stress state on bursting strength should be studied. The edge effects
of the constraint of the grips should be also studied in order to optimize the grip design.

Torsional Tests

The torque is converted to shear stress through the formula

T =TrlJ

where

T shear stress,

T = applied torque,

r = mean radius of the tube, and
J = momemt of inertia of the tube.

With these data, the shear modulus and the ultimate shear strength of the tube can be
measured. Preliminary results for P55/6061 and P100/6061 tubes are shown in Tables 1 and
2, respectively.

The grips were designed to be accommodated by existing test equipment. There is much
room for improvement in this test configuration, particularly with regard to the iength and
degree of taper in the grips.

The P35 tube is well in line with the Halpin-Tsai prediction for stiffness. The P100 tube
is low and was rerun with the same results. One possible explanation for this is that there
might have been an area of poor bonding along the length of one side of the tube. The
strength results have been rather consistent for the few tests done with metal matrix com-
posite tubes.
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Nondestructive Evaluation of Composite Tubes

The complete destructive testing of a composite tube is time consuming and requires a
large amount of material. This, combined with the fact that many of the defects found in
composites can be highly localized, makes the development of nondestructive testing and
evaluation procedures of paramount importance in the field of metal matrix composites.

The ability to accurately determine the longitudinal modulus of a tube using ultrasonics
has been already shown [2]. This technique requires access to the ends of the tube and is
only suitable for the determination of the longitudinal modulus. This method gives an average
stiffness value. Work is also being done on the development of contactless electromagnetic
methods for the ultrasonic evaluation of metal matrix composites [3]. This method allows
for the measurement of both the longitudinal and transverse moduli both over local areas
and average values for the whole tube. A suitable method does not exist at present to
accurately determine the shear modulus of metal matrix tubes.

The nondestructive procedure used for the longitudinal moduli in Tables 1 and 2 is that
described previously. The procedure is as follows: a sending transducer is placed at one end
of the tube and a receiving transducer at the other end. The time delay of the first arrival
signal is then measured. This value is used with the length of the tube to obtain a velocity
which, if the distance is sufficiently short, will be a phase velocity. This, in conjunction with
the density and Poisson’s ratio for the composite (usually assumed to be 0.30), allows a
good estimate of the longitudinal modulus.

Methods for the nondestructive evaluation for strength are not as straightforward as those
for the determination of stiffness. Correlation of stress wave factor with the tensile strength
of flat graphite/polyimide composites has been studied [4]. Recent work has extended this
method into the frequency domain, and it is logical to assume that these methods can be
extended to metal matrix composites.

Conclusions

As mentioned previously, there is much room for improvement in the development of
testing procedures for graphite/metal composite tubing. Particular attention is needed to
develop acceptable procedures for burst and torsion testing. Based on experience with the
longitudinal test procedures described, it is recommended that this test be considered as a
standard. The compression test described has been used many times. However, information
needs to be obtained as to the nature of the end constraints and their effect on test results.

The development of testing for graphite/metal tubes is important in two areas. First, it
serves to develop a data base that may be used by designers for the utilization of composite
tubing in structures. Second, it is necessary to check the accuracy and reliability of non-
destructive evaluation procedures on these composite materials.

It is apparent that although much work has been done in the area of the nondestructive
evaluation of metal matrix composites, there are still many areas where research would be
beneficial.
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ABSTRACT: The mechanical properties of many metal matrix composites are known to be
degraded when the metal matrix composite is subjected to thermal exposure. We have studied
the effect of thermal exposure on the mechanical properties, namely, longitudinal and trans-
verse strength and work of fracture of a boron fiber reinforced 1100 aluminum composite. It
is found in this study that as the thermal exposure time increases, the longitudinal strength
and work of fracture decrease, whereas the transverse strength increases slightly. The above
experimental results are explained by analytical models, with reasonably good agreement
between the experimental and analytical results.

KEY WORDS: longitudinal strength, transverse strength, work of fracture, thermal exposure,
interface reaction

Metal matrix composites (MMCs) are superior to polymer matrix composites in demanding
environments, particularly at elevated temperature. Thus, the maintenance of undegraded
mechanical properties in a MMC that undergoes temperature excursions is vitally important
if the MMC is to be used as a high-temperature material. Temperature excursions include
not only the thermal loading which the MMC is designed to suffer in use, but also the past
thermal history that the MMC has undergone during its fabrication. It is known that tem-
perature excursions affect the condition of the fiber/matrix interface and, thus, the longi-
tudinal strength, o, [1-7] of the composite.

DiCarlo [7] recently developed a theoretical model to predict the longitudinal strength
of continuous fiber MMCs subjected to isothermal exposure. In DiCarlo’s model, the for-
mation of a brittle reaction product at the fiber/matrix interface plays a very important role.

Though the longitudinal strength and stiffness of MMCs have been always focused on as
primary properties, the transverse strength, oy, as well as toughness of MMCs must be also
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Sonoyama, Otsu, Shiga 520, Japan.

% Associate professor, Department of Mechanical Engineering, University of Delaware, Newark, DE
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considered to be equally important for some applications. Unfortunately, these properties
often conflict with each other.

Several studies have been reported on the transverse properties of MMCs [1,8-15]. How-
ever, no attempt has been made to formulate a correlation between the transverse tensile
properties and the reaction at the fiber/matrix interface at elevated temperature except for
the work of Amateau et al. [15]. As regards toughness of MMCs, it has been reported [16—
23] that the concept of stress intensity factor, K, based on linear fracture mechanics, can
not be applicable to most composites, particularly continuous fiber composites. Taya and
his co-workers [24-28] have recently used three-point bending test to measure the work of
fracture, <y, for various types of MMCs which are as-fabricated [24-26] and subjected to
isothermal exposure [27]. They have also constructed a theoretical model to predict y,. A
good agreement between experimental, and theoretical vy, has led them to propose that -y,
can be used as a measure of the toughness of MMCs.

In this paper we will report on the results of the room temperature values of o, and oy
of continuous fiber MMCs that were subjected to exposure to elevated temperature. Based
on the previous results of vy, [27] and the present reults of ¢;; and oy, we will discuss the
correlation among these three properties. An attempt is also made to predict the transverse
tensile stress-strain curve of the isothermally exposed MMC.

Since the detailed results of y; have been described in our previous paper [27], only a
summary of the case of vy, will be presented here, outlining the main steps and conclusions
of the derivation.

Experimental Procedures
Materials

Boron fiber reinforced 1100 aluminum (B/Al composites), supplied by AVCO Specialty
Materials Division, Lowell, Massachusetts, were selected for our study, and two different
volume fractions of the fiber, V; = 0.3 and 0.5, were used. The mechanical properties of
boron fiber and 1100 aluminum are given as

Boron fiber
d =102 x 10™“*m
o7, = 3520 MPa
E; = 400 GPa
v, = 0.18 [10]
1100 aluminum
O = 90 MPa
E, = 69 GPa
7, = 20 MPa

v, = 0.33
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1100 aluminum was selected as the matrix metal in order to avoid as far as possible the
presence of any second phase or precipitate particles in the matrix which might affect o,
oyr, and vyr, particularly o7, after isothermal exposure. The B/Al composite plates were
fabricated by a diffusion bonding method, and two different plies were used, 8 plies for
tension tests and 42 plies for three-point bending tests.

Isothermal Exposure

B/Al composite specimens were exposed at 500°C in argon for times, ¢, of 1, 8, 24, or 72
h. Although 500°C is considerably higher than any conceivable temperature which might be
met in service, this temperature was specified because it is known to be sufficient to cause
drastic changes in the tensile properties of B/ Al composites and should allow rapid formation
of reaction products at the fiber/matrix interface.

Tension Tests of Composites

Both longitudinal and transverse tension tests were carried out on as-fabricated as well
as isothermally exposed composites. Specimens for longitudinal tests were 152.4 mm long,
12.7 mm wide, and 1.27 mm thick for V; = 0.3 and 0.88 mm thick for V; = 0.5, respectively,
and those for transverse tension tests differ only in that they had a width of 25.4 mm. Strain
gages were mounted to the middle of the gage length (76.2 mm), and aluminum end tabs
were adhesively bonded to each side of the specimen in the grip area. All tests were conducted
at room temperature on a standard Instron machine at a strain rate of 6.7 X 1073 min~!,
deduced from the crosshead speed, and data acquisition was by means of an X-Y recorder.

Tension Tests of Fibers

In order to obtain the ultimate tensile strength, oy, and Weibull modulus, ®, of iso-
thermally exposed fibers, boron fibers were extracted from the composites with 10% sodium
hydroxide (NaOH). Tension tests were conducted on 50 fibers for each isothermally exposed
condition by using a standard Instron machine with pneumatic action grips. The fibers were
held between papers to prevent breakage in the grips. Tests were conducted at constant
crosshead speed and an initial strain rate of 5 x 107 min~!. These tests provided data
concerning the distribution of fiber strengths, from which the Weibull modulus was com-
puted.

Three-Point Bending Tests

Three-point bending tests were conducted on both as-fabricated and isothermally exposed
composites in order to measure yy. The configuration of the three-point bending tests and
a typical load versus deflection record are shown schematically in Fig. 1. Specimens were
76.2 mm long, 6.10 mm wide, and 6.10 mm thick for V; = 0.3, and 4.06 mm thick for
V; = 0.5. The ligament in the center is an isosceles triangle, and slits were cut using an
0.864-mm-thick diamond wheel. The slit plane is parallel to the plane of the triangular
section. Specimens were mounted in a three-point bending fixture with a span length of
63.5 mm and were loaded to failure by using a standard Instron testing machine at a cross-
head speed of 1.27 mm/min. Upon loading, a crack was initiated at the apex of the tri-
angular section and propagated in a well-controlled manner until complete fracture of the
specimen. The area under the load, P, versus deflection, 8, curve, which is considered to
be equal to the total energy absorbed during the whole fracture process (shaded area in
Fig. 1), W;, was measured: d is taken to be equal to the displacement of the crosshead. The



412 METAL MATRIX COMPOSITES

LOAD P

DEFLECTION 8

FIG. 1-Three-point bending test and load, P, versus displacement, 8, curve used to obtain
the fracture energy, We.

work of fracture, v, was computed as v = W:/2A, where A is the area of the triangular
section. Tests were conducted on three specimens of isothermally exposed composite for
each exposure time.

Experimental Results and Discussion
Tension Tests of Composites

The experimental results of the longitudinal, oy, and transverse strength, oyr, are plotted
as a function of exposure time, #, in Figs. 2 and 3, respectively, where the open symbols
and vertical lines denote the mean values of three tests and the band of scattered data,
respectively. It follows from Figs. 2 and 3 that ¢, decreases beyond ¢ = 8 h, while ayr
increases gradually with ¢. In order to find some clues for this observation, we have examined
the fracture surfaces of both longitudinally and transversely tested specimens, the scanning
electron microscope (SEM) pictures of which are shown in Figs. 4 and 5, respectively, where
(a), (b), and (c) denote the fracture surface of samples as-fabricated and exposed at 500°C
for 8 and 72 h, respectively. Figure 4 indicates that at longer exposure time the fracture
surface tends to be flatter with less fiber pull-out, while Fig. 5 reveals that at longer exposure
the mode of fiber splitting is more likely to occur in the transversely tested specimen. This
SEM observation indicates that the fiber/matrix bond strength increases at longer exposure
time due to the chemical reaction. For the longitudinally tested specimens, circumferential
cracks can form in the brittle reaction layer, due to the high tensile stress there along the
fiber axis [28], resulting in reduced longitudinal strength [1]. By contrast, in the transversely
tested specimen, the high circumferential stress in the reaction layer can cause a splitting
type crack [28]. Once the splitting type crack in the reaction layer occurs, it can propagate
further into the fiber; consequently, fiber splitting is more likely to occur than interfacial
debonding particularly for thermally exposed composites in which interfacial reaction occurs.



KYONO ET AL. ON THERMAL EXPOSURE 413

1.4 T T T T T
s lazf T
a
o
bS' 1.0 p? 7
- J
&
5 0.8 'P—_“
3
pl ]
» .
O.GL
a
<<
=z
S 0.4L T
[
g
S oz} ]
0o b—w L 1 B N | 1
0 0.5 [ 5 10 50 100

EXPOSURE TIME t ( hour )

FIG. 2—Longitudinal strength of thermally exposed B/ Al as a function of exposure time t,
at 500°C.

Tensile Tests of Fibers

The results of the tension tests on as-fabricated and as-exposed fibers are shown as a solid
curve with experimental error band in Fig. 6. As-exposed fibers were extracted from the
composites that were subjected to isothermal exposure of T = 500°C. In the same figure
the results of fiber strengths predicted by DiCarlo’s model [7] are also plotted as a dashed
curve. DiCarlo’s formula to predict the fiber strength, o, (in GPa), is given by

M

O = 3.5 X 107V exp [g’ﬁ]

TRANSVERSE STRENGTH oyt { MPa )
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FIG. 3—Transverse strength of thermally exposed B/ Al as a function of exposure time, t,
at 500°C.
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FIG. 4—SEM photographs of the fracture surfaces of the longitudinally tensile tested B/ Al
of, (a) as-fabricated; exposed at 500°C for (b) 8 h and (c) 72 h.

where

t = exposure time [hour], and
T = exposure temperature [K].

It is clear from Fig. 6 that the fiber strength decreases with increasing exposure time, ¢,
and this can be ascribed to the formation of the fiber/matrix reaction product which has
been identified previously as aluminum boride (AlB,) by X-ray diffraction technique [1,29].
However, the reduction in the fiber strength measured as ¢ increases is less than the theo-
retically predicted value. The discrepancy between the experimental and theoretical results
is considered to be partly due to the difference of the interface condition between the present
experiment and DiCarlo’s idealized experiment [7]. The details are described in our recent
paper [27], but, briefly, it appears that the pre-existing oxide layer on the surface of the
aluminum acts as a diffusion barrier and reduces the extent of the reaction.

The SEM photographs of the surfaces of fibers extracted from as-fabricated and as-
thermally exposed composites are shown in Fig. 7. No significant differences were observed
in surface appearance of fibers from as-fabricated composite or material exposed for times
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FIG. 4—Continued.

up to 8 h. After 24 h exposure, occasional crystals were visible on the surface, and after 72
h the surface was essentially covered with small angular crystals. The strength distribution
of the boron fibers is shown in Fig. 8 for ¢ = 0 (a), 1 (b), 8 (¢), 24 (d), and 72 h (e). The
coefficients of variation in the fiber strength, CV, are close to those of as-received boron
fibers used by DiCarlo and Smith [28], that is, CV = 6 ~ 10% except for the value at 1 h
exposure.

Work of Fracture, v;, by Three-Point Bending Test

The experimentally determined values of vy are plotted as open circles in Fig. 9 where
(a) and (b) denote the cases of V, = 0.3 and 0.5, respectively. Figure 9 indicates that the
scatter of data is large, particularly at shorter exposure times, and the mean values of vy,
decrease with increasing exposure time, ¢, except for the data of 1 h exposure. It is noted
in Fig. 9 that the volume fraction of fibers, V;, has some effect on the work of fracture at
shorter exposure times, but it diminishes as ¢ increases, which is almost the same trend as
for the case of the longitudinal tensile strength of composites (see Fig. 2). Typical fracto-
graphs from specimens with V; = 0.3 are shown in Fig. 10 for ¢ = 1 h (a) and 72 h (b). It
is seen from Fig. 10 that the fracture surface at ¢ = 72 h appears flat indicating a brittle
fracture pattern, while in the fracture surface at# = 1 h a number of fibers which underwent
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FIG. 4—Continued.

extensive pullout are quite visible. These SEM observations are consistent with the values
of vy measured, that is, the average values of y; at ¢t = 1 and 72 h are 34.1 and 8.3 kJ/m?,
respectively.

Analytical Models

An attempt is made to construct analytical models to explain the trend of the transverse
tensile stress-strain curves and to predict vy, of B/ Al composites.

Model for Transverse Tensile Behavior

The transverse tensile stress-strain curve of B/Al composite indicates two stages, linear
and nonlinear stages. In the linear stage the fiber/matrix interface is considered to be
perfectly bonded and both matrix and fiber deform elastically under the applied stress, @;’.
However, the slopes of the linear stage of B/Al composite with different exposure times
do not coincide except for the initial part of the linear stage. Thus, we speculate that in the
thermally exposed specimen some of boron fibers were not well bonded to the matrix even
in the linear stage of the stress-strain curve. In the nonlinear stage, several possible micro-
mechanical modes of deformation can be considered, for example, plastic deformation in
the matrix and the debonding of the fiber/matrix interface.

Based on the previous discussion, we have constructed two models to simulate the behavior
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FIG. 6—Tensile strength, oy, of boron fibers extracted from as-fabricated and thermally
exposed composite.

o
o
o

FIG. 7—SEM photographs of the surfaces of the boron fibers extracted from the composite
(a) as-fabricated and (b) 72 h.
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FIG. 7—Continued.

of the transverse tensile stress-strain curve. Figures 11 and 12 are the analytical model for
the linear stage and nonlinear stage, respectively, where the fiber axes are taken along the
X-axis. In the linear stage model, both the matrix and fibers (shaded in Fig. 11) are assumed
to deform elastically, while it is assumed in the nonlinear stage model (Fig. 12) that the
fibers deform elastically but the matrix deforms plastically with uniform plastic strain (e,
—€/2, — €/2)[31,32]. In both models, Eshelby’s equivalent inclusion method will be applied
[33]. Semi-detailed description of these two models will be given next.

In the linear stage model (Fig. 11) two different types of inhomogeneities are considered
to be embedded in an infinite matrix, that is, perfectly bonded fibers, (,, and debonded
fibers, ;. Thus, the system of Fig. 11 can be considered as a hybrid composite. A general
formulation for hybrid composite has been given by Taya and Chou [34] and the method
of treating the debonded fiber within the framework of Eshelby’s method has been also
discussed [35,36]. Moreover, the general formulation to compute the effective stiffness of
a composite is well documented by Mura [37]. Thus, the remaining task in modelling is to
assume the volume fraction of the debonded fibers, f5. f5 is considered to increase with the
applied stress o,. However, the relation between f; and o,° is difficult to find.

As to the nonlinear stage model (Fig. 12), most of the formulations used for the linear
stage model are also applicable to this model. As far as the computation of the total potential
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FIG. 8—Strength distribution of boron fibers extracted from composite (a) in as-fabricated
condition and exposed to 500°C for, (b) 1 h, (c) 8 h, (d) 24 h, and (e) 72 h. The total number
of fibers tested in each condition is 50. (CV is the coefficient of variation and o is Weibull
modulus).

energy and the inter stress field in the composite are concerned, the model of Fig. 12 is
equivalent to the model in which the plastic strain with opposite sign is prescribed in the
fibers and the matrix remains elastic under the applied stress, ¢, [32]. In introducing the
concept of debonded fibers in a plastically deforming matrix, we encounter the same dilemma
as in the linear stage model, that is, the determination of the volume fraction of debonded
fibers, f5. This will be discussed in the next section. We have also attempted to predict the
stength of the transversely tested composite, oyr, by the present model. The key criterion
to predict oy is to set the average matrix stress along the x;-axis, (loading direction, see
Fig. 12) equal to the breaking stress of the matrix, o,,.

Comparison Between the Experimental and Analytical Results of the Transverse
Stress-strain Curve

The experimental results of the stress-strain curves that were obtained by transverse
tension tests conducted on B/ Al composites as-fabricated and thermally exposed for several



KYONO ET AL. ON THERMAL EXPOSURE 423

20 _‘
s L }+— mean value

FREQUENCY
o
—
1

5 CV=9o.1%
r l w=13.2

o 11 ‘l ! —

I5 20 25 30 35 40 45

TENSILE STRENGTH OF FIBERS % (GPa)
(d) 24 hrs exposure

20
mean —»|
Lvalue
15 .
>
o
=
S
3 1ot .
i}
o
[T
5 | CV=76% |
' ' w=15.7
o Ll |

T T
1.5 2.0 2.5 3.0 3.5 4.0 4.5
TENSILE STRENGTH OF FIBERS %t (GPa)
(e) 72 hrs exposure

FIG. 8—Continued.

time durations, are shown as solid curves with open symbols in Fig. 13, where (a) and (b)
denote the case of V; = 0.3 and 0.5, respectively. In the same figures the analytical results
of two cases, the case of perfectly bonded fibers (f4 = V;, f5 = 0) and that of completely
debonded fibers (f, = 0, f3 = V;) are plotted by thick solid lines. Also the transverse
Young’s modulus, E;, of B/Al with perfectly bonded fibers is predicted by the present
model, and the results are plotted as dash-dot lines in Fig. 13.

It follows from Fig. 13 that the experimental results are bounded by the analytical ones,
and a good agreement between the experimental and analytical E, is obtained. In order to
simulate the nonlinear section of the stress-strain curve, we have attempted to compute the
nonlinear stages for a number of f;, 0 = f; = 0.3 in the case of V; = 0.3 by using the stress
criterion of the average matrix stress discussed in the preceding section. The results are
plotted in Fig. 14 where the matrix breaking stress @,,, = 90 MPa was used. Due to limited
number of different values of f, taken, the nonlinear stage of the stress-strain curve becomes
zigzag path in the figure. In reality, f; changes continuously from f, = 0 to a certain value
which is equal to or less than f; = 0.3 (for example, Fig. 14 shows the case in which the
composite fractures at f; = 0.24); thus, the corresponding path should become smooth
(shown as a dashed curve in Fig. 14).

In this fracture criterion the matrix breaking stress, o,,, plays an important role. To be
precise, we should consider the dependence of o,,, on the temperature, 7, and the exposure
time, ¢, and the effect of fiber splitting. However, we have not used either such a precise
value of g, or the fiber splitting stress in this model. Another important point to improve
the present model is to identify some relationship between the applied stress (or strain) and



424 METAL MATRIX COMPOSITES

80 T T T T T
& measured by three point bonding test
50 | —— prediction based on the experimentally 4
obtained w and o
2 2 fu

~—~prediction based on DiCarla's medel {w=5)

WORK OF FRACTURE YF {ky/m?)

o L 2 L 1 1 1 1
(o] 0.5 | 5 10 50 100
EXPOSURE TIME t (hour)
(a) v¢=0.3

10 + $ measured by three point bending test > .
~— prediction based on the experimentally obtained w and oy
-=-- prediction based on DiCarlo's model (w=5)

WORK OF FRACTURE y, (kJ/m2)

u

[y — 1 . L " )
o 0.5 | 5 10 50 100
EXPOSURE TIME t (hour)

(b) V4= 0.5

FIG. 9—Work of fracture, vz, as a function of exposure time, t, for Ve = 0.3 (a) and
0.5 (b).

the volume fraction of debonded fibers, fz. With this relationship, the nonlinear part of the
stress-strain curve will become smooth.

Work of Fracture
Analytical Formulation

The analytical model was developed by Taya et al. [24-28] for both short and continuous
fiber MMCs and modified by Kyono et al. [27] to account for the effects of thermal exposure.
We will only present a brief summary of the analytical model next.

It was found [24] that three mechanisms can contribute to the total fracture energy, W,
of a three-point bending test specimen with a triangular ligament; namely, elastic strain
energy, plastic work along the matrix-fiber interface, and fiber pullout energy. In the for-
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mulae describing these three contributions, the fiber ultimate tensile strength, oy, (hereafter
referred to as fiber strength), plays an important role, and oy, is strongly dependent on the

thermal exposure temperature, T, and exposure time, ¢, which was shown in Eq 1.
The formula to predict y; is given by

v T ek g+ -

where

_2(1 = )(os + o* = 20))(0,, + 0*)E g G \/T) 1(d
- wo’E, 5 ey a 27 \a;

g = 810 — 0ok [2(F) Ja 1 (d }
B wo’E, 5 \oy, ar 2w \ay

FIG. 10-—SEM photographs of the fracture surfaces by three point bending test of composite
exposed at 500°C, (a) for 1 h and (b) 72 h.

)


file:///5/aJ/af

426 METAL MATRIX COMPOSITES

FIG. 10—Continued.

In the derivation of Eqs 2, 3, and 4 we have used

E =V,E, + V.F,
¢ =V,0, + Vo; (5)
v = vam + Vf'l)f

where

V; = volume fraction of the i-phase (i = m and f),

E; = Young’s modulus of the i-phase (i = m and f),
o = breaking stress of the composite, and
o =

= average stress of the i-phase (i = m and f) defined by

O, =0

(6)

byl

I

Oy

(o — V,0,)/V; @)
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FIG. 11—Analytical model for the linear stage.

respectively

v; = Poisson’s ratio of the i-phase (i = m and f), and
o™ = the fiber strength at weak points which is set equal to the fiber bundle strength,
o, which is related to the Weibull modulus, «, as [39].

o5 = o, I:(u”"’ exp (i)r<1 + i)]l 8)

where
I' = Gamma function,
o = 1.2/CV [7],

CV = the coefficient of variation of the distribution of fiber strengths,

the ratio of the strength defined by n = ¢*/0y,,

oy, = fiber ultimate tensile strength obtained by Eq 1 or experimentally, and
a, = the radius of a penny-shaped crack of initial configuration given by

=3
Il

1
5, = d) ©)
where

b, = average spacing between the centers of fibers for a hexagonal array of fibers

d = fiber diameter, and
a; = the radius of penny-shaped crack of final configuration given by
wh
= 4| 1
4=\ (10)
where

w = the width of the specimen, and
h = the thickness of the specimen.
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FIG. 12—Analytical model for the non-linear stage.

Comparison Between Experimental and Analytical Results of e

An attempt was made to compare the experimental results for vy, with analytical ones,
and this is summarized in Fig. 9.

In evaluation of y; given by Eq 2, the fiber breaking stress, o,, and fiber bundle strength,
a3, play important roles. Thus, we have employed two methods to obtain the value of gy,
and o5, which is strongly related to Weibull modulus, w, that is, one by DiCarlo’s model
[7] (Eq 1) and the other by the present experiment. In DiCarlo’s model o was set equal to
5, while the present experimental results for oy, yielded a larger value of o (see Fig. 6). It
is clear from Fig. 9 that the analytical results based on DiCarlo’s model tend to overestimate

o
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FIG. 13—Stress-strain curve of transversely tensile tested B/Al.
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FIG. 13—Continued.

vr for shorter ¢ but agree well with the experimental ones for larger ¢, whereas the analytical
results based on the experimentally measured oy, and w agree well with the experimental
ones for the entire range of r. It is noted from the present study that work of fracture is
strongly dependent on the distribution of the fiber strength, that is, the mean value of oy,
and Weibull modulus, w, and also that the fiber pull out tends to increase with V;.

Conclusion

Three important mechanical properties of continuous fiber MMCs, that is, longitudinal
strength, oy, transverse strength, oy, and work of fracture, v,, are studied in this paper.

IOO 1 T T T T T
Vi=0.3

80 omu= 90 MPa i
o
a
E 60 o® i
b}—
w
L 40 .
o
-
w

20 =

O 1 1 i ) S
0] 0. 0.2 0.3 0.4 0.5 06 07

STRAIN ¢ (%)
FIG. 14— Predicted stress-strain curve of B/ Al with V; = 0.3.
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Analytical models are also developed to predict y; and .. As regards work of fracture,
vr, @ good agreement between the experimental and analytical results was obtained. Though
we are successful in explaining the nonlinearity in the transverse tensile stress-strain curve,
the model needs to be improved.

Regarding the correlation bétween three properties, oy., Gy, and -y, it can be concluded
that as the thermal exposure time at temperature 500°C increases, oy, and vy, decreases, but
oyrincreases. However, a study on the effect of thermal exposure at lower temperature for
example 400°C on the mechanical properties of B/Al composite is recommended for the
future.
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Summary

The first objective of this symposium was to define the testing procedures needed for
metal matrix composites. The second objective was to gain an understanding of the physical
and theoretical behavior.

The mechanics of how to do tests was addressed by several authors. It is also obvious
that the test methods for short fiber reinforced metal matrix composites is quite different
from those for long fiber reinforced metal matrix composites. The test specimens made for
composites with short fibers (whisker or particulate) and their procedures are based upon
test methods derived from isotropic homogenious metals. The best discussion of the methods
is the work by co-editor DiGiovanni et al. They discuss tensile, flexure, and bearing. Besides
ambient temperature tests they did elevated temperature tests. Compression tests are dis-
cussed by authors Awerbuch et al., Chou et al., and Bethoney et al. The procedures seem
to be such that standard test methods could be drafted. The ASTM Committee D-30 on
High Modulus Fibers and Their Composites has instituted a task group to draft these
standards. Several papers discussed toughness testing, but there does not seem to be a shear
test method.

While the methods of evaluating metal matrix composites made with short fibers seem
to exist, the methods for evaluating metal matrix composites made with long fibers are not
as developed. The most developed test method seems to be the tension test method and,
in fact, a standard (D 3552) does exist. The various tension tests are discussed in at least
four papers. Majidi et al. discussed compression, shear, and toughness tests. Francini dis-
cussed test methods for tubural configurations. Clearly more effort will be needed in order
to define a standard.

One important use of metal matrix composites may well be in thermally stable structures.
For this class of applications the important properties are the coefficient of thermal expansion
(CTE) and the modulus of elasticity. The CTE measurement methods are discussed very
aptly by Tompkins and Dries. Several papers discuss the measurement of the modulus by
ultrasonic methods rather than by mechanical methods. For these type of applications this
appears to be a good technique.

Nondestructive evaluation of materials is important in any application. The work reported
here shows that the effort related to metal matrix composites is still in its infancy and more
effort is needed.

Beside simply measuring properties, there is a clear need to understand the implication
of the findings. The two papers presented by Chamis and Hopkins and one by Adams clearly
helps the investigator to do this.

Finally, if metal matrix composites are to be used, the data must be statistically based.
The work by Wu and Chou is exemplary in the understanding of scatter in composites. His
work shows the effects of the matrix in reducing the scatter. Harmsworth discusses the
direction that we must proceed in order to obtain true statistically based allowables.
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As this summary is being prepared a second conference on testing of metal matrix com-
posites is being planned. The new effort will discuss the efforts in the last two years since
this conference was held. The new finds should be also prepared as a special technical
publication in the future.

N. R. Adsit

Rohr Industries, Chula Vista, CA 92012,
symposium co-chairman and co-editor.
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mechanical properties, 385, 386—-390
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411-430
boron fibers, 409, 413—430
thermoviscoplastic behavior
high-temperature metal matrix compos-
ites, 177-196
turbine airfoil, 180-196
Through-transmission, 231-234
Torsion testing
graphite fiber/aluminum tubing, 401
silicon carbide whisker/aluminum cylin-
ders, 310-311
Tubes, composite
graphite fiber/aluminum, 222, 396-407
pultruded, 396-407
tungsen fiber reinforced, 3, 9-17
Tungsten
fiber reinforcement, 3, 9-17
Turbine airfoils
microstress analysis, 170-173
thermoviscoplastic nonlinear constitutive
relationships, 180-196

U

Ultrasonic inspection, 208209, 216225, 232—
234, 238-247, 376382
ASTM Standard E 127, 377
Uniaxial stresses
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failure modes, 123, 139-142, 370-372
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ite, 208-210, 386—389, 390



ISBN 0-8031-09kL7-9



