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Foreword

This publication, Chevron-Notch Fracture Test Experience: Metals and Non-Metals,
contains papers presented at the symposium of the same name held in Indianapolis,
Indiana on 6 May 1991. The symposium was sponsored by ASTM Committee E-24 on
Fracture Testing. Symposium co-chairmen were Kevin R. Brown, Kaiser Aluminum and
Chemical Corp., Pleasanton, CA, and Francis I. Baratta, Army Materials, Technology
Lab, Watertown, MA.



Contents

Overview 1

STUDIES OF THE TEST METHOD

Some Observations in Fracture Toughness and Fatigue Testing with Chevron-Notched
Specimens —JONATHAN A. SALEM, JOHN L. SHANNON, JR., AND
MICHAEL G. JENKINS 9

Applicability of the Short Rod Fracture Toughness Test to New Microalloyed Bar
Steels—T. C. TSCHANZ, D. K. MATLOCK, AND G. KRAUSS 26

Specimen Size and Orientation Effects in Chevron-Notch Fracture Testing of
Aluminum Alloy Plate—J. MORRISON AND K. J. KARISALLEN 43

Analysis of Some Compliance Calibration Data for Chevron-Notch Bar and Rod
Specimens-—THOMAS W. ORANGE, RAYMOND T. BUBSEY,
WILLIAM S. PIERCE, AND JOHN L. SHANNON, JR. 54

Fracture Toughness Evaluation of Ceramic Bonds Using a Chevron-Notch Disk
Specimen—A. R. ROSENFIELD AND B. S. MAJUMDAR 63

Fracture Toughness of Composite Laminates and Metallic Materials Using a
Modified CNSB Specimen—JAMES P. LUCAS 74

APPLICATIONS TO METALLIC MATERIALS

Fracture Toughness and Fractography of Corroded Dental Amalgams—
HERBERT J. MUELLER 91

Aluminum-Lithium Alloys: Evaluation of Fracture Toughness by Two Test
Standards, ASTM Method E 813 and E 1304 —PATRICK T. PURTSCHER,
J. DAVID McCOLSKEY, AND ELIZABETH S. DREXLER 110

Use of the Chevron-Notched Short Bar Test to Guarantee Fracture Toughness for
Lot Release in Aluminum Alloys—JACK W. BRAY 131



Using Chevron-Notch, Short-Bar Specimens for Measuring the Fracture Toughness
of a Martensitic Stainless Steel at High Hardness—CHARLES W. MARSCHALL,
PAUL R. HELD, AND FRED J. DOLAN 144

APPLICATIONS TO NON-METALLICS

Chevron-Notched, Flexure Tests for Measuring the Elevated-Temperature Fracture
Resistances of Structural Ceramics—MICHAEL G. JENKINS,
MATTISON K. FERBER, ASISH GHOSH, JOUKO T. PEUSSA, AND
JONATHAN A. SALEM 159

Short Bar Chevron-Notch Fracture Toughness of Bone Cement—
SUSHIL K. BHAMBRI AND LESLIE N. GILBERTSON 178

Rock Fracture Toughness Determination with Chevron-Notched and Straight-
Through-Notched Three-Point Bend Round Bar Specimens—WANG QIZHI
AND XIAN XUEFU 191



STP1172-EB/Aug. 1992

Overview

The chevron-notched (CN) test specimen has been the subject of experimentation for
over 15 years; however, it has had the status of an ASTM standard only since December
1989. The CN specimen and test procedure was the subject of another ASTM symposium
held in 1983; and a volume of those proceedings was published as a Special Technical
Publication, ASTM STP 855. It is hoped that the contents of this current STP, which include
papers presented at the symposium on 6 May 1991, will serve to promote greater interest
in this unique specimen configuration, help refine the test method, and hasten its further
acceptance.

The purposes of the symposium were three-fold:

1. To gather together the range of experience by users of the E 1304 Test Method when
the method was applied to a variety of materials, in particular to uncover any problems,
deficiencies, or opportunities so that improvements can be made when the E 1304
document is revised in 1993, according to ASTM regulations.

2. To examine applications and geometries outside the current standard, to assess their
usefulness, and to provide data for possible inclusion in future revisions of the standard.

3. To invite the investigation of many different materials, including ceramics, so that the
resulting data would aid in the development of standard fracture toughness tests for
such materials utilizing the chevron-notched beam, the short rod, and the short bar.

In these respects, the symposium was a success. The papers included a bewildering variety
of materials, representing metals, rock, plastics composites, adhesives, and ceramics. There
is a very high probability that in the near future engineers and researchers will find within
the experience summarized in this volume: (1) guidance that will help in the testing of most
structural materials, (2) improvement of the E 1304 test method, and (3) aid to those
concerned in the development of fracture toughness test methods for brittle materials.

The chevron-notched specimen has several advantages over other fracture toughness test
specimens in providing a measure of fracture toughness. The specimen need be only half
the size of an equivalent K. (ASTM E 399) specimen to develop plane strain conditions at
the crack tip. Further, it needs no fatigue precrack, which frees it from the need for fatigue
equipment that can be both capital intensive and expensive to run. In addition, the specimen
is particularly attractive to researchers testing brittle materials, such as ceramics, because a
CN specimen will self-precrack without specially designed fixtures or a stiff loading system.
Also, the specimen will fracture in a stable manner, and the maximum load is obtainable
at a predetermined crack length; thus, the parameters required for fracture toughness are
readily determined for brittle materials having a flat R-curve.

The remaining questions relate to the significance, applicability, and relevance of the
numerical value determined by the test. It has long been seen by many researchers as a
substitute for the well-accepted K. test (ASTM E 399), but with some scientific and engi-
neering conjecture over how well it fits the role: Is it a substitute, or is it a successor, or is
it neither? This symposium has helped to resolve some of these questions.

Several papers examined the range of application of the CN specimen and are therefore
extremely useful in establishing or modifying the ranges for future revisions of E 1304. In
that regard, the paper by Orange et al. provides more general formulas for a wide range

1
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2 CHEVRON-NOTCH FRACTURE TEST EXPERIENCE

of notch geometries for the short rod and short bar having geometries not included in E
1304. Three-point round bend bars having chevron notches and straight-through notches,
as used by Qizhi and Xuefu, as well as the chevron-notched rectangular cross-sectioned
beam tested by Jenkins et al. and Salem et al. are examples of potential standard geometries
not included in the current standard. Further, they would be most appropriate as possible
candidates for a standard fracture-toughness test method for both metals and more brittle
materials.

Salem, Shannon, and Jenkins demonstrated that, although the CN toughness of metals
and ceramics could agree well with those determined with other specimens, such as bend
or compact tension, the CN specimen could give a nonconservative measure of toughness
compared to established test methods, when “‘rising R-curve behavior” occurred, i.e., when
toughness increased with crack extension. In some engineering endeavors, ‘“nonconserva-
tive” translates to “possibly unsafe,” so their conclusions should be indelibly noted.

The same observation is made by Bray, who correlated the results of ASTM E 399 and
chevron-notched E 1304 testing on a wide range of aluminum alloys used in aerospace. He
notes that the CN specimen yields a nonconservative measure of K. or K, as the toughness
level increases. In some instances he explains this in the same manner as Salem et al., i.e.,
a rising R-curve effect, but in some cases the higher values are due to sample heterogeneity.
Surface-to-center toughness variations are common in heat-treated aluminum alloy plates.

Bray proposes using the E 1304 method for the release testing of aluminum alloys for
aerospace use, but only after establishing the correlation between K, and K, to confidence
levels adopted by Military Handbook 5E. Given his data and information on the relative
economics of the two test methods, it would appear to be only a matter of time before
ASTM E 1304, i.e., K|, testing becomes the most common method.

Whereas Bray compared the CN test results on aluminum alloys obtained with ASTM
E 1304 with those obtained with ASTM E 399, i.e., K. or K, Purtscher et al. made their
comparisons with ASTM E 813, the J,. test method. They found that the CN specimens
tended to give higher numerical measures of toughness, except in the case of lithium-
aluminum alloys that suffered extensive interlaminar separation during fracture. In these
alloys the delamination fracture mode is responsible for the relative changes in the measured
toughness values.

The toughness of aluminum alloys was also the subject of the paper by Morrison and
KarisAllen. Creatively, they compared the results of their side-grooved compact tension
specimens (similar to those used to measure K, ) with the results of CN specimens. It is
generally accepted that it is the inherent side grooving of the CN specimen that permits the
use of a smaller specimen size than that of the CT specimen; why then would side-grooved
CT specimens not give more comparable results? For aluminum-lithium alloy 8090, the
comparisons were good, but for other aluminum alloys, the CT side grooves reduced
R-curve effects.

The CN results compared well with the CT results for aluminum alloy 6061, but they were
marginally higher for the other alloys tested. Morrison et al. speculate, as did Bray, that
this may be a result of the different volumes of nonuniform metal sampled by the differently
sized specimens.

Martensitic stainless steels of high hardness were the subject of the Marschall et al. paper
of side-by-side comparisons of the results of CN and CT specimens. They found that the
CN specimen consistently gave toughness values 18% higher than K,_, but, unlike Bray and
Morrison et al., they could not attribute the difference to sample heterogeneity. They
conclude that there is a different nature of the crack extension in the two specimens. In
contrast, in a similar comparison of M-50 bearing steel, also of high hardness, Salem and
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coworkers found no difference in measured toughness between 14 replicate CT tests and 9
CN tests of three different geometries. This suggests that there is a material dependency of
crack growth behavior, and it lends credence to the warning in E 1304 that K,. and K|,
cannot be used interchangeably unless correlations have been established previously. These
authors also attempted to use the CN specimen to measure the fatigue crack growth rates
in this steel and concluded that the chevron-notched shape accelerated crack growth.

In contrast to these high hardness steels, Tschanz, Matlock, and Krauss used the CN
geometry of ASTM E 1304 to examine the static fracture behavior at various temperatures
of much softer microalloyed steels with harnesses in the range 25 to 30 Rockwell C. In room
temperature tests, the CN specimen sizes they used were all invalid, as were most of their
low temperature tests, but they consider much of the data to be significant after considering
the microstructural processes at the crack tips. They claimed that the processes, such as
martensite formation, invalidate the validity checks in E 1304, and that the appropriate
values should be considered “valid.” This is an interesting concept that could apply to other
nonferrous materials. If they are correct, then such changes could be considered for future
revisions of the standard test method; but more work would be required to understand and
characterize those materials that are detrimentally affected by the present validity checks
of E 1304.

A number of authors sought to apply the chevron-notched geometry to the determination
of interface toughness, or of the toughness of thin layers of a material between two thicker
materials; this is probably because of the ability of this geometry to restrict crack growth
to the region of the interface.

Rosenfield and Majumdar used a disc-shaped specimen loaded diametrically in compres-
sion, similar to ASTM standards used to determine tensile strength of concrete (C 496) and
rock core samples (D 3967). The specimen used by these authors acted as a chevron-notched
specimen for only a limited range of crack extension while the crack was within the chevron
ligament. For greater extensions, the crack occupied the full specimen thickness, and, be-
cause of the absence of side grooves and the specimen being biaxially stressed, it was free
to change mode. In this way, mode 1, mode 2, and mixed mode fractures could be studied
in both monolithic and bonded specimens. Nevertheless, for large crack extensions, the
specimen is no more a chevron-notched specimen than is a compact tension E 399 specimen
with a chevron-shaped fatigue crack starter.

Lucas used the geometry of the 1304 standard method to examine a sandwich construction
he calls a hybrid specimen. He claims reasonable agreement between the measured mode
1 toughnesses of materials measured by monolithic and by hybrid CN specimens after
corrections were made for the different moduli of elasticity of the materials in the hybrid
specimens. Rosenfield and Majumdar made no such correction because they claimed that
the elasticity moduli of the materials were quite similar, but they also reported good agree-
ment with data from bend specimens.

Rosenfield and Majumdar also examined the fractography of the failed interfaces between
dissimilar materials and established the significance of the measured values in terms of the
component being fractured. The fractures in the study by Lucas were, with little doubt,
entirely within the expected layer, which was relatively thicker than Rosenfield’s interfaces
or “adhesive’” material. To avoid generating misleading data, an investigator using thinner
layers would have to follow the example of Rosenfield and Majumdar and take the precaution
of making a mechanistic fractographic study.

It is also likely that other hybrid systems may be influenced strongly by residual stresses,
such as those generated in high-temperature bonding or heat treatment or by shrinkage of
adhesives. In the systems studied above, the selection of materials has enabled these prob-



4 CHEVRON-NOTCH FRACTURE TEST EXPERIENCE

lems to be avoided, perhaps fortuitously, or perhaps by the skillful avoidance of compli-
cations by the experimenters.

With these caveats in mind, it seems that the authors have demonstrated clearly that
chevron-notched specimens can be of use in measuring the fracture properties of interfaces.

The practical usefulness of the chevron-notched specimen is demonstrated in the paper
by Mueller. He used the specimen to demonstrate the effect of corrosion on the toughness
of dental amalgams. Dental amalgams are materials from which it is difficult to obtain
fracture test specimens from field exposures, but which can easily be used to produce a cast
CN specimen for laboratory exposure. Similar circumstances apply to the PMMA bone
cements studied by Bhambri and Gilbertson, to the benefit of those with cemented implants.
They examined the specimen size range over which useful data can be obtained, and they
noted strain-rate effects that might affect the design of equipment for impact sports, but,
tactfully, the authors stop short of imposing restrictions that might destroy the confidence
of patients indulging in these activities.

A number of papers dealt with ceramics, another class of nonmetallics. Qizhi and Xuefu
used three-point round bend bars containing straight and chevron-notches to measure the
toughness of limestone. They found the chevron-notched specimen easier to control and
obtain useful data because of the greater crack stability and the side groove constraint which
kept the crack in the desired plane. They did observe a size effect in the CN specimen: the
test value increased slightly with diameter, which was attributed to the R-curve effect. They
also noted that the CN specimen gave higher values of toughness than the straight-through-
notched specimen.

Jenkins et al. used the CN specimen to study the high-temperature fracture of a wide
range of ceramics, both monolithic and reinforced. The three-point bend bar was chosen
for simplicity of loading, which is an important consideration at elevated temperatures. They
acknowledge the usefulness of the geometry for material comparisons and extend the range
of parameters derived from the test to include R-curves and work of fracture. They conclude
that these parameters are necessary to fully evaluate materials showing nonlinear behavior,
an important point for those interested in developing a fracture toughness test for brittle
materials, as well as a possible addition to the present E 1304 test method.

Salem et al. also used the CN beam at elevated temperatures and examined the range of
geometry and sizes for which useful data can be obtained from the CN test. They concluded,
as did Jenkins and his colleagues, that test results on materials with flat R-curves are
independent of notch geometry and specimen size, but that this is not true for materials
with rising R-curves.

The papers briefly outlined here should provide the latest information and innovative
experimentation in the area of fracture-toughness testing using chevron-notched specimens.
Greater detail is provided within this volume to the reader having an interest in specific
papers.

Regarding the general but important questions posed earlier in this overview, i.e., is
ASTM Test Method E 1304 a substitute for ASTM Test Method E 399, a successor, or
neither? As with many general questions such as these, the answers are not clear-cut, but
have to be qualified. The results from several papers indicate that indeed the CN specimen
can be substituted if it is certain that the material being tested exhibits a flat R-curve response
or if statistical correlations have been established. The first, of course, implies a priori
knowledge of such material behavior. It also implies the employment of an R-curve test
prior to the use of E 1304. Thus, as cautioned in the test method itself, earlier in this
overview, and also by several authors, the E 1304 Test Method is neither a complete
substitute for the E 399 Test Method nor a successor. Nevertheless, it can and does serve
in many situations as a practical fracture-toughness test, as shown by all of the authors here.
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Can a chevron-notched configuration be a candidate for a standard fracture toughness
test of brittle monolithic materials? Again, from the results of several papers presented here
(and of course elsewhere), it certainly appears so. Again; however, the same caveats are
indeed applicable.

Kevin R. Brown

Kaiser Aluminum and
Chemical Corp.,
Pleasanton, CA

Francis 1. Baratta

Army Materials
Technology Lab,
Watertown, MA
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Jonathan A. Salem,' John L. Shannon, Jr.,' and
Michael G. Jenkins?

Some Observations in Fracture Toughness
and Fatigue Testing with Chevron-Notched
Specimens

REFERENCE: Salem, J. A., Shannon, J. L., Jr., and Jenkins, M. G., “Some Observations
in Fracture Toughness and Fatigue Testing with Chevron-Notched Specimens,”® Chevron-Notch
Fracture Test Experience. Metals and Non-Metals, ASTM STP 1172, K. R. Brown and F. 1.
Baratta, Eds., American Society for Testing and Materials, Philadelphia, 1992, pp. 9-25.

ABSTRACT: Chevron-notched specimens were used to test metallic and ceramic materials
over a range of temperatures and testing conditions. The materials tested were M-50 bearing
steel, alumina, silicon carbide, monolithic silicon nitride, and in situ toughened silicon nitride.
Results were compared to measurements performed with compact-tension specimens, single-
edge notched beam specimens, or single-edge precracked beam specimens.

Measured properties included fracture toughness, crack growth resistance, and fatigue crack
growth rate. For materials with rising R-curves, the fracture toughness measured with chevron-
notched specimens was dependent on specimen proportions and notch geometry, as related
to the amount of crack extension to the measurement point. For materials with flat R-curves,
the chevron-notch test is independent of notch geometry and specimen proportions.

KEY WORDS: silicon nitride, silicon carbide, alumina, bearing steel, crack growth resistance,
fracture toughness, chevron notch, fatigue crack growth

Nomenclature

a Crack length
a,, Crack length corresponding to minimum stress intensity factor coefficient
a, Crack length corresponding to stable crack extension
a, Initial crack length
a; Length of chevron-notch at specimen surface (distance from line of load application
to point of chevron emergence at specimen surface)
Aa Crack extension: length of measured crack after application of load minus the initial
crack or notch length, a,
B Specimen thickness
b Crack front width
da/dN Crack growth rate per fatigue load cycle
H Specimen half-height
K. Measured fracture toughness
K; Applied stress intensity factor
K. Fracture toughness in accordance with ASTM E 399-83

'National Aeronautics and Space Administration, Lewis Research Center, Cleveland, OH 44135.
2Qak Ridge National Laboratory, Oak Ridge, TN 37831.

9
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10 CHEVRON-NOTCH FRACTURE TEST EXPERIENCE

K, Resistive stress intensity factor corresponding to stable crack extension (crack growth
resistance)
AK, Difference in maximum and minimum stress intensity factors applied in fatigue
cycling
m  Slope of the fatigue curve
P,.., Maximum applied load in a fracture toughness or fatigue test
P, Minimum applied load in a fatigue test
S; Major span
S, Minor span
W Specimen width
Y* Dimensionless stress intensity factor coefficient for chevron-notched specimen
Y: Minimum value of Y*
a aW
oy a/w
o, /W

Introduction

Fracture toughness is a critical parameter in the design and life prediction of structural
components made from metallic and ceramic materials. Both mature and developing material
systems are applied over a range of temperatures and environments. Thus, fracture toughness
test methodologies must consider and adequately account for ramifications of these envi-
ronments in the measurement of fracture toughness. Desirable characteristics of a fracture
toughness test specimen include simplicity, ability to withstand elevated temperatures, small
specimen volume, and independence of the measurement on specimen geometry.

A major complication to fracture toughness measurements of brittle materials, such as
ceramics, glass, and beryllium, has been the development of sharp “starter cracks.” Many
novel techniques have been developed [1-9], each having limitations when contrasted with
the desirable characteristics mentioned previously [8,9].

The chevron-notched specimen solved precracking complications by developing the crack
concurrently with the fracture toughness measurement [10,11]. Such crack growth, however,
inherently promotes any naturally occurring damage mechanisms associated with monotonic
crack extension. The use of different chevron-notch geometries and proportions results in
different monotonic crack extensions to maximum load and a corresponding variation of
measured fracture toughness for materials that exhibit damage mechanisms. Such depen-
dencies are not all bad since they elucidate the initiation and plateau of damage mechanisms
that may develop during the growth of a crack. The issue thus created is what crack extension
history needs to be measured for design of components, material comparisons, and quality
control. Most desirable is a measurement that will quickly and easily elucidate all aspects
of a material’s crack tolerance.

This paper presents positive and negative aspects of the chevron-notched fracture tough-
ness specimen from an experimental viewpoint. Other approaches to fracture toughness
measurement that could supersede it in standardization are also considered.

Test Procedures

Materials

Ceramic test materials were 96% alumina® exhibiting a rising R-curve [12], hot-pressed
silicon nitride* exhibiting a flat R-curve [13], in situ toughened silicon nitride® exhibiting a
SALSIMAG 614 96% alumina, G.E. Ceramics, Laurens, SC.

“NC-132 hot-pressed silicon nitride, Norton Co., MA.
5SN251 sintered silicon nitride, Kyocera Corp., Kyoto, Japan.
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rising R-curve [14], and sintered a-silicon carbide® exhibiting a flat R-curve. The alumina
was processed in isopressed, dry-pressed, and extruded forms. Each form exhibited slightly
different properties. The only metallic material tested was quenched and tempered M-50
bearing steel conforming to AMS 6491. Typical microstructures are shown in Fig. 1, and a
summary of material properties is given in Table 1.

Geometries

Chevron-notched short-bar (CNSB) and chevron-notched beam (CNB) specimens are
illustrated in Fig. 2. The single-edge precracked beam (SEPB), single-edge notched beam
(SENB), and compact-tension (CT) specimens were also tested for comparison. Details of
specimen proportions, notch geometries, and testing procedures are described along with
the application.

SHexoloy SA a-silicon carbide, Carborundum, Niagara Falls, NY.

FIG. 1— Microstructures.
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TABLE 1— Material properties.

Density, Grain Diameter, Hardness,* Young’s Modulus,
Material glem?® pm GPa GPa
Alumina
Isopressed 3.74 6.2 10 324
Drypressed 3.74 11.3 R -
Extruded 3.71 7.3 A L
Silicon nitride (NC-132) 3.25 0.11t02.0 16 310
Silicon nitride (SN251) 3.4 R 15 299
Silicon carbide 3.16 4.2 25 397
M-50 steel 8.03 19 562 203

“Vickers mean contact pressure hardness H = 2P/d>.
#Rockwell C scale.

Chevron-notched short bar

1 a0=aOIW
@ a1=a1/W
b
V

<

1A
v

Lt— O —]

Crack plane section

S~ Support
roller

Chevron-notched beam
(four-point ioading)

FIG. 2— Chevron-notched specimens.
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Results
Specimen Proportions and Notch Geometry

The effects of notch geometry on fracture toughness were investigated with CNSB spec-
imens made from the extruded alumina, silicon carbide, silicon nitride (NC-132), and
M-50 steel. Aspects of notch geometry and specimen proportions considered included o,
a,, W/H ratio, and specimen size, since these influence the amount of crack extension and
cracked area occurring during the test. Results were compared with those from CNB, CT,
SEPB, and SENB specimens. Specimen-loading rates and proportions are listed in Tables
2to 4.

The fracture toughness, K, of the chevron-notched specimens was calculated from the
maximum test load, P, and the minimum coefficient of the stress intensity factor, Y,

PmaXY:":lin
K= vw @

TABLE 2— Effects of specimen type and proportions on measured fracture toughness of
silicon nitride and silicon carbide.

Fracture
Number Toughness,®
Specimen Geometry aq o, B m W, mm of Tests MPa Vm
NC-132 SILICON NITRIDE
CNSB 0.2 1 8.9 13.4 3 4.6 = 0.1
0.3 1 8.9 13.4 3 4.7 02
0.4 1 8.9 134 3 4.6 + 0.2
0.5 1 8.9 13.4 3 46 + 0.1
0.2 1 8.9 17.8 3 48 £ 03
0.3 1 8.9 . 17.8 3 4.6 + 0.01
0.4 1 8.9 17.8 3 4.7+ 02
0.5 1 8.9 17.8 3 4.6 = 0.2
avg 4.7 £ 0.2
CNB¢ 0.2 1 35 5 2 4.8
0.2 1 9.0 13 2 4.9
SEPB“ 0.43 .. 3 4 3 45+ 04
HEXOLOY SA SILICON CARBIDE
CNSB 0.1 1 25.4 38 2 27 0.1
0.3 1 25.4 38 2 2.8 + 0.01
0.5 1 25.4 38 3 28 03
0.1 1 25.4 51 3 2.7 = 0.02
0.3 1 25.4 51 3 2.8 = 0.1
0.5 1 25.4 51 3 2.8 + 0.1
0.2 0.6 25.4 51 3 2.7 £ 0.1
0.2 0.8 25.4 51 3 2.7 = 0.02
0.2 1 25.4 51 3 2.7 + 0.02
avg 2.8 = 0.1
CNB* 0.44 1 6.5 6.5 3 2.9 =03

“B = 2H for the CNSB specimens; stroke rate = 0.05 mm/min.

“Plus or minus one standard deviation.

Stroke rate = (.05 mm/min; four-point spans = 10 and 40 mm and 20 and 40 mm for W = 5 and
13 mm, respectively.

“Stroke rate = 0.2 mm/min; four-point spans = 10 and 18 mm.

*From Ref 18; stroke rate = 0.01 mm/min; three-point test span = 40 mm.
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TABLE 3— Fracture toughness of NC-132 hot-pressed
silicon nitride.

Fracture
Toughness,*
Method Reference MPa Vm
Controlled flaw (Knoop)
Anneal, °C
1000 [19] 46 =02
1200 [20] 46 + 0.2
1300 [20] 45+ 01
1400 [20] 43 +04
Indentation Fracture
Evans calibration
Load, kg
5 [21] 51 % 0.1
3 Lt 5.0 = 0.1
5 L. b 53+ 0.1
10 b 5802
Anstis calibration
Load, kg
3 L 38+02
5 b 39 + 0.1
10 AR 41+02
Double torsion [22] 48 +03
Double cantilever beam [6] 4.0

“Plus or minus one standard deviation.
tSalem, J. A., unpublished research.

TABLE 4— Effects of specimen type and propornons on measured fracture toughness of
M-50 bearing steel.

Crack Fracture
Length,’ Number Toughness,*

Specimen Geometry a, o B, mm W, mm mm of Tests MPa Vm
CNSB 02 1 24 50 15 3 20.1 £ 04
CNSB 05 1 24 50 10 3 18.8 x 0.2
CNSB 02 04 24 50 15 3 204 = 0.1
CT 04 ... 7.4 25 12 14 193 £ 04

“B = 2H for the chevron-notched specimens; stroke rate = 0.24 mm/min.

#Stable crack extension from g, to a,, for CNSB specimens and length of fatigue precracked region
for CT specimens; stroke rate = 1.2 mm/min.

Plus or minus one standard deviation.

where Y7, was determined from experimental and analytical techniques {15,16] for the
short-bar and four-point bend specimens, respectively. Fracture toughness of the SEPB,
SENB, and CT specimens was calculated with the equations given in Refs 15 and 17.

Flat R-Curve Materials—The results of chevron-notch geometry on fracture toughness of
the hot-pressed silicon nitride (NC-132) and silicon carbide are tabulated in Table 2 and
illustrated in Fig. 3 for the silicon nitride. There was no effect of specimen type or chevron-
notch proportions on K. Use of a four-point configuration to test the silicon nitride and

silicon carbide resulted in slightly higher mean values (4 and 5%, respectively), indicating
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FIG. 3—Effects of ay and W/H on the K_ of hot-pressed silicon nitride (NC-132) determined with
chevron-notched short-bar (CNSB) specimens [13].
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FIG. 4—Effect of a, on K, of alumina (extruded ALSIMAG 614) determined with chevron-notched
short-bar (CNSB) specimens [26). B = 12.7 mm; W/H = 4.0; ay, = 0.2.

good correlation between vastly different configurations and proportions. It should be noted
that the crack growth resistance of these materials is independent of crack extension [/3,18].

Application of the SEPB technique to a different lot of NC-132 resulted in a slightly lower
fracture toughness (4%) than the average value determined with the CNSB specimens (Table
2). These results are comparable with the results of most researchers [6,/9-22],” as shown
in Table 3. However, it should be noted that this hot-pressed B-silicon nitride exhibits texture.
In one study of NC-132, the texture resulted in a 19% difference in average strength with
test orientation [23] and differences of 21 and 19% in strength and fracture energy (9% in
toughness) for another B-silicon nitride [24]. This may account for the large difference in
value reported by Ref 6 and the low indentation strength results observed in this study. The
calibration for the indentation fracture method given in Ref 6 was based on the double
cantilever beam result of K, = 4.0 MPa Vm.

The measured fracture toughness of M-50 bearing steel was also independent of notch
geometry as shown in Table 4. Measurement of the plane strain fracture toughness with the
CT specimen in accordance with ASTM E 399 [/7] indicated a K. of 19.3 + 0.4 MPa Vm,
in good agreement with the CNSB specimen results of 18 + 0.2 MPa Vm to 20.4 = 0.1
MPa V'm, as tabulated in Table 4.

Rising R-Curve Materials—The alumina, which exhibited a rising R-curve, did show
dependence of measured fracture toughness on notch geometry, as illustrated in Fig. 4 for
the extruded form [25]. The dependence resulted from the rising R-curve of the material
and the different crack extensions generated with cach geometry, as shown in Fig. 5, where
the fracture toughness is plotted as a function of the crack length at maximum load, a,,,, less

'Salem, J. A., unpublished research.
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B, W/2H aq ag
mm
O 254 2.0 1.0 0.21 to 0.43
¢ 254 1.5 1.0 0.22 to 0.41
o 127 20 1.0 0.19 to 0.44
e 127 1.5 1.0 0.09 to 0.37
o 127 20 | 0.40t0o 10 0.2
¥
2H
4
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FIG. 5— Variation in K, of alumina (extruded ALSIMAG 614) with amount of crack extension to
maximum load for chevron-notched short-bar (CNSB) specimens [27].

the initial notch length, a,. The different curves may result from the assumption of corre-
spondence between maximum load and the minimum stress intensity factor coefficient, which
may not be the case for materials with a rising crack growth resistance curve. Figure 5 also
indicates that the R-curve is not only a function of crack extension, but depends on other
geometric factors as well [26].

The effect of specimen size, without alteration in notch geometry, was determined with
an isopressed version of the alumina. The fracture toughness increased by 7% from 3.67 *
0.05 MPa Vm to 3.93 = 0.04 MPa Vm; the specimen size was more than doubled, as
shown in Table 5. The use of the SEPB configuration with much shorter crack length resulted
in 3.09 = 0.17 MPa Vm, lower by 16%. This specimen size dependence is expected for a
material that exhibits R-curve behavior.

For the nominally brittle materials (i.e., fine-grained silicon nitride and M-50 steel that
did not exhibit a rising R-curve), the notch geometry and specimen configuration did not
affect the measured fracture toughness within the limits investigated; however, for a rising
R-curve material, there was a discernable effect.

Elevated Temperature Measurements

The application of ceramic materials to advanced heat engines has generated interest in
measurement of fracture toughness at temperatures as high as 1371°C. Such data are required
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TABLE 5— Effects of specimen type and proportions on measured fracture toughness of alumina
(isopressed ALSIMAG 614).

Crack Fracture
Length,> Number Toughness,*

Specimen Geometry o a; B mm W, mm mm of Tests MPa Vm
CNSB 0.2 1 10 20 8 6 37 +0.1
CNSB 0.2 1 25 50 16 3 39 + 0.1
SEPB“ 0.2-05 ... 3 6 1to3 10 31=+02
SEPB¢ 02-05 ... 3 6 103 3 31 =0.1

DT/ 38=+0.1

“B = 2H for the chevron-notched specimens; stroke rate = 0.05 mm/min.

bStable crack extension from 4, to a,, for CNSB specimens and length of rapidly precracked region
in SEPB specimens.

Plus or minus one standard deviation.

4Stroke rate = 0.2 mm/min; four-point spans = 10 and 18 mm.

Stroke rate = 0.2 mm/min; four-point spans = 20 and 40 mm.

/From Ref 36; double torsion; 5 mm/min, dry N,.

for design and life prediction of components in which slow crack growth is governed by the
ratio of the applied stress intensity factor and the materials fracture toughness [27]. The
chevron-notched specimen has demonstrated applicability at such temperature [28], although
some cautions are warranted.

At elevated temperatures, the intergranular phases in silicon nitrides soften, and crack
extension changes from a mixture of intergranular and transgranular fracture to intergranular
slow crack growth and creep. Such combined effects can affect test results as illustrated in
the following paragraphs for the in situ toughened silicon nitride.

Fracture toughness was determined with the CNB, SEPB, and SENB methods in air with
three-point bending. Specimens measured 3 by 4 by 30 mm in width, height, and span, and
the chevron-notch parameters o, and a,; were 0.625 and 1.0, respectively. The chevron
stress-intensity factor coefficient was determined with a slice model [16] and an interlaminar
shear factor of 1.453. The CNB specimens were tested at a displacement rate of 0.005 mm/
min, and the SEPB and SENB specimens were tested at 0.05 mm/min. The low displacement
rate was used for the CN to ensure stable crack extension. Such slow rates were successful
in the testing of SiC/TiB, composites at elevated temperatures [28].

The resulting load-displacement diagrams and calculated fracture toughness values are
illustrated in Fig. 6 and tabulated in Table 6, respectively. The fracture toughness decreased
with increasing temperature to 1200°C. However, at 1371°C the fracture toughness appeared
to increase substantially, The corresponding load-displacement behavior was severely non-
linear with a much higher maximum load than exhibited by lower temperature tests. This
maximum was followed by a large, residual load-bearing ability and incomplete failure of
the specimen.

Fractography of the CNB specimens tested at 1371°C indicated that the crack grew partially
through the chevron and stalled, resulting in the ridge shown in Fig. 7a. The crack stalled
because of hinging and deformation of the uncracked ligament. The stalled crack was oxi-
dized (Fig. 7b), and the long grains oriented normal to the crack plane were pulled out by
viscous deformation of the grain boundaries (Fig. 7c). These effects resulted in the high
maximum and residual loads displayed and the high apparent fracture toughness. The grain
pullout was indicative of crack tip deformation instead of bridging because high apparent
fracture toughness was also observed for fine-grained monolithic and whisker-reinforced
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FIG. 6— Load-displacement diagrams for silicon nitride (SN251) tested in three-point bending at room
and elevated temperatures.

silicon nitrides tested at 1400°C with loading rates of 0.05 mm/min and notch parameters
of a; = 0.2 and a; = 0.7 [29].

The SEPB specimens, though convenient at room temperature, exhibited fracture tough-
ness values dependent on heating rate and hold time at elevated temperature, as shown in
Table 6. The heating rate and hold-time dependence of fracture toughness was due to healing
of the precrack, which has a very small opening at the specimen surface (<5 wm). The
SENB specimen with a 50-pm saw-notch width exhibited a fracture toughness in agreement
with the trend of the chevron notch at temperatures up to 1200°C, as shown in Table 6. It

TABLE 6— Effects of temperature and specimen type on
fracture toughness of in situ toughened silicon nitride.

Fracture
Temperature, Number Toughness,*
Test Method °C of Tests MPa vm
CNB 25 5 7.9 + 0.4
800 5 7.1 = 0.7
1000 3 6.9 = 0.4
1200 4 6.0 = 0.3
1371 2 10.4 = 0.5
SEPB 25 7 7.4 = 0.5
k1371 1 9.9
1371 1 9.0
91371 1 6.5
SENB 1371 4 6.1 =04

aPlus or minus one standard deviation.

*Heating rate of 12°C/min with soak time of 30 min.
“Heating rate of 12°C/min with soak time of 15 min.
“Heating rate of 20°C/min with soak time of 15 min.
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FIG. 7— Fracture surface of a silicon nitride (SN251) chevron-notched bend specimen tested at 1371°C:
(a) overall view; (b) oxidized wake region; (c) crack tip region.

should be noted that the SENB typically overestimates room temperature fracture toughness
unless the notch radius is sufficiently small, as shown in Fig. 8 for the drypressed version
of the 96% alumina used in this study [16].

Crack Growth Resistance

The application of brittle materials as structural components has generated the need for
increased fracture toughness and a degree of damage tolerance. Mechanisms that increase
toughness and/or impart damage tolerance are thus being studied. One measurement that
gives insight to toughening mechanisms is crack growth resistance. The inherent stability of
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FIG. 8—Effect of notch width, N, on K, of alumina (drypressed ALSIMAG 614) for single-edge
precracked beam (SEPB) and single-edge notched beam (SENB) specimens [16].

the chevron notch allows measurement of crack growth resistance at room and elevated
temperatures; however, the inherent stability may complicate results.

Quasistatic crack growth resistance tests were performed at room temperature by gradually
loading CNSB specimens until a small increment of stable crack extension occurred, and
then partially unloading to a small residual load. This sequence was repeated until the crack
propagation became unstable. The crack growth resistance, K,, was calculated from the
maximum load sustained prior to unloading, P,, and from the stress intensity factor coef-
ficient, Y*, for the corresponding crack lengths that were determined from the unloading
load-displacement slopes and experimental compliance relations [15]

PY*
K =3 N (2

where B is the specimen thickness and W is the specimen width.

The resulting crack growth resistance curves for three geometries of CNSB made from
M-50 steel are shown in Fig. 9, where the stress intensity factor is plotted as a function of
the crack extension from the chevron-notch tip. Notch geometry did not affect the level or
slope of the R-curve.

Crack growth resistance curves for alumina in the isopressed form are shown in Fig. 10.
The CNSB data in Fig. 10 were generated with the method described previously; however,
the CNSB specimens were loaded continuously in a dry nitrogen (10 ppm or less H,O)
atmosphere until the desired increment of stable crack extension occurred. The crack lengths
were demarcated by injecting dye penetrant into the crack and reloading the specimen
several times to one third of the maximum previous load. Load-displacement diagrams were
recorded to ensure that no crack extension occurred during the reloading process. After
drying the penetrant, the specimens were broken in air and the crack length was determined
by averaging five optical measurements of the crack length. The optically measured crack
lengths corresponded to crack lengths determined from the unloading slopes of the load-
displacement diagrams and experimental compliance relations [15], as shown in Fig. 11. The
crack growth resistance was calculated with Eq 2.
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FIG. 9—Effects of chevron-notched short-bar (CNSB) parameters oy and o, on the crack growth
resistance of M-50 steel.

The slopes and ranges of the R-curves in Fig. 10 depended on the chevron-notch param-
eters employed, although the range of K, values measured was similar. For comparison, the
indentation technique of Krause [30] was used to generate an R-curve in ambient air, as
shown in Fig. 10. Although the range of K, values measured was similar for the two methods,
the crack sizes and extensions differed by two orders of magnitude. This indicates that
additional crack parameters control the shape of the R-curve. The configuration of the crack
controls the rate of crack growth resistance. For materials that exhibit crack growth resistance
due to grain bridging behind the crack tip, the R-curve may be better plotted as a function
of the size of traction zone, since the traction zone may be a more geometry-independent
measure of the R-curve than crack extension.

Stability is another aspect affecting R-curve measurement with chevron-notched speci-
mens. Stability of the specimen configuration may also influence the measured fracture
toughness, if one assumes that the R-curve is a function of crack extension only. Chevron
notches have a decreasing stress intensity coefficient with increasing crack length. This
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] | ]
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FIG. 10— Crack growth resistance curves for alumina (isopressed ALSIMAG 614) determined with
chevron-notched short-bar (CNSB) specimens and the indentation strength method.
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FIG. 11— Comparison of normalized crack lengths (a/W) determined from optical measurement and
the compliance method for alumina (isopressed ALSIMAG 614).

characteristic allows more stable crack extension than commonly used test configurations
such as the CT, SEPB, and SENB. For materials with a flat R-curve, the added crack
extension in the stable test configuration will result in the same measured fracture toughness,
as illustrated in Fig. 124. For a material with a rising R-curve, the higher stability results in
additional crack extension which in turn leads to higher measured fracture toughness values,
as illustrated in Fig. 12b.

Ideally, if crack extension is used as the independent variable, the R-curve should be
measured with cracks of the size, geometry, and stability that control component failure,
thereby excluding the effects of other parameters. For ceramic compenents, critical crack
lengths are about 1 mm. The CNB, the controlled flaw [19], and the SEPB specimens have
crack sizes that correspond to this crack length; however, only the controlled surface flaw
simulates crack shapes expected in real components.

Fatigue Crack Growth

Fatigue crack growth was conducted with M-50 steel at room temperature. Both CNSB
and CT specimens were cyclically loaded in tension at 20 Hz in the load control mode. The
crack length, a, and stress intensities K, and AK; were computed from compliance and stress
intensity relationships [37-33], and the maximum and minimum loads (P, and P,,,) were
adjusted to maintain an R ratio (P_;/P,.,) of 0.1 with a constant AK;.

CNSB specimens were fatigued at AK; levels of 5.5 to 10 MPa Vm. The cracks were
propagated for a distance of 2.5 mm at each AK| level, with each AK] level being repeated
at different points along the chevron. Fatigue cracking of the CT specimens was done at
constant AK; levels ranging from 4.1 to 16 MPa V'm. The cracks were grown from an initial
through-the-thickness relative crack length of /W = 0.4.

Fatigue crack growth rates, da/dN, are plotted in Fig. 13. Each CT data point represents
a single specimen fatigue cracked at a fixed AK,. The data indicate that fatigue cracks
propagate in hardened M-50 steel at AK; as low as 4.1 MPa Vm. The fatigue growth rates
determined from the CT specimens compared well with the results of Rescalve and Averbach
[34], and the slope, m, of the fatigue curve was 3.2 in the Paris regime, in good agreement
with the value of 3 reported by Rescalvo and Averbach [34].

The da/dN values for the CNSB specimen were consistently higher than the values obtained
with CT specimens. In the CNSB specimen, for a fixed AK;, da/dN decreased with increasing

max
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FIG. 12— Dependence of instability points on specimen geometry: (a) Flat R-curve; (b) Rising

R-curve.

crack length and approached the CT specimen values as the crack length approached a,
(the straight-through crack condition). The differences in crack growth rates were attributed
to the large side grooving of the chevron notch, which increased constraint [35].

Conclusions

The chevron-notched specimen is very useful in fracture testing of a wide range of material
geometries at room and elevated temperatures. The conclusions of this study follow:

1. For materials with a flat R-curve, the fracture toughness as measured with CNSB and
CNB specimens was independent of proportions and notch geometry and was com-
parable to fracture toughness measured with SEPB or CT specimens.

2. For materials exhibiting rising R-curve behavior, the fracture toughness measured with
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FIG. 13—Crack growth rates in M-50 steel determined with chevron-notched short-bar (CNSB) and
compact-tension (CT) specimens.

CNSB specimens was dependent on specimen proportions and notch geometry. The
dependence was not a function of crack extension alone.

3. Chevron-notch bend tests conducted at low loading rates and high temperatures can
estimate fracture toughness to be greater than less stable configurations such as the
SEPB and SENB.

4. Fatigue crack growth rates determined with chevron-notched specimens were greater
than those determined with CT specimens. The growth rate decreased as the crack
approached the straight-through crack condition.
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ABSTRACT: The applicability of the short rod fracture toughness test to fracture analyses of
new microalloyed bar steels, under consideration as substitutes for quenched and tempered
steels, is evaluated. Data on two bainitic steels processed with microstructures of ferrite and
austenite in which the austenite transforms to martensite with strain are compared to data on
4140 steel and 1045V steel. The applicability of the short rod fracture toughness test is discussed
in conjunction with an analysis of the unique deformation behaviors of the four steels. Al-
terations to the test criteria for materials with microstructures which change with strain are
suggested.

KEY WORDS: microalloyed bar steels, stress assisted martensite formation, strain assisted
martensite formation, stress strain analysis, transition temperature, validity requirements

The use of new microalloyed steel grades offers significant potential cost savings in ap-
plications which require yield strength levels in the range of 560 to 700 MPa [I-3]. Some
of the microalloyed steels exhibit deformation behavior, as summarized in the following
sections, which differs significantly from conventional steels. Universal acceptance of the
new microalloyed steels has been limited by a lack of a complete understanding of their
fracture behavior. Many of the forged bar products under consideration have dimensions
(e.g., <30 mm) that make use of standard plane strain fracture toughness tests inapplicable
[4]. As a result, the Charpy impact test has been used to evaluate fracture properties. If
full acceptance of these new steel grades is to be obtained, then design-oriented fracture
toughness data obtained over the complete design temperature range are required. There-
fore, the short rod test, which offers many advantages including adaptability to dimensional
requirements and inexpensive specimen preparation, was evaluated.

Experimental Materials

Four bar steels were chosen for this study. The steels include two medium-carbon mi-
croalloyed bar steels processed with bainite microstructures (designated 0.24%C-Mn-Mo-V
and 0.35%C-Mn-Mo-V), a microalloyed ferrite-pearlite steel (1045V), and a conventional
quenched and tempered bar steel (4140). The steel processing histories and compositions
are summarized in Tables 1 and 2 respectively. All steels were heat treated to produce
hardnesses in the range of 25 to 30 HRC.

Senior Materials Engineer, Martin Marietta Astronautics Group, Denver, CO 80201. Now metal-
lurgical engineer, Metallurgical Services of Kentucky.

2professor, Advanced Steel Processing and Products Research Center, Department of Metallurgical
and Materials Engineering, Colorado School of Mines, Golden, CO 80401.

26

Copyright© 1992 by ASTM International Www,astm,org



27

TSCHANZ ET AL. ON NEW MICROALLOYED BAR STEELS

91°0 6L°0 6100 (40X 90°0 61°0 1 90°0 L0°0 Se0 0v0°0 ‘Teq A-OW-UN-DSED
e1’0 w0 8200 9100 LT0 wo 8L'1 ¥ro £1°0 ¥¢'0 100°0 ‘Teq A-ON-UN-DVT0
€10 6C'0 1200 £10°0 010 o 68°0 ¥¢0 ¥8°0 geo 100°0 ‘Teq orly
o 920 00 00 81°0 £0°0 6L°0 Y10 120 Sv'o 6100 ‘Teq ASHOL
A IS S d IN O UN lLe; D 0 A4 EL1 Aoy
WAy
‘[s'v] s12215 prusunuadxa mof ayp fo ‘wasiad ySpm W ‘suomsodwiod (pO1UYD—T7 TTAV.L
palo0) Iy
L0E—6'9C Sjurey D00TT @ Y T paziuaisny (sT1) 8°1¢ A-OW-UN-DSE°0
pa1oo) 1y
¥'8C-¢°SC suted D001T @ Y T pazntuaisny (61°1) T0€ A-ON-UN-DPT0
00D 1y
0:0L9 @ Y T 1aduray,
JYSUdIBIN payouand [Q
9'8¢—T'8C paraduway, D.5v8 @ U [ paznuaisny sz gie orly
¥'8¢—8'LC SU[Iead /1118 PIAIIY-SV sz gie ASPOL
(OIH) SINIONIISOIIA wawieal], 189 ("ur) ww AoV
ssaupreH ‘1219ureI( Ieg

‘[s°p] s12215 jo1usuaiadxs fo sanppa ssaupipy pup ‘sainpdndsoonu ‘saporsty Sutssadosd fo Apunung—1 GTAVL



28 CHEVRON-NOTCH FRACTURE TEST EXPERIENCE

The 0.24%C-Mn-Mo-V and 0.35%C-Mn-Mo-V steels were processed by controlled cool-
ing to produce steels with fine bainitic microstructures. In contrast to bainites which consist
of ferrite and cementite, the microstructures of the bainite steels of this investigation con-
sisted of ferrite and retained sustenite [5,6]. The 0.35%C-Mn-Mo-V steel had a higher
volume fraction of retained austenite than the 0.24%C-Mn-Mo-V steel [5]. The ferrite-
pearlite of the 1045V steel was composed of grain boundary allotriomorphs of proeutectoid
ferrite and a high volume fraction of pearlite. The vanadium contributed to precipitation
strengthening of the ferrite. The 4140 steel had a standard quenched and tempered mar-
tensitic structure. Complete summaries of the processing microstructures of the steels are
presented elsewhere [4,5].

The mechanical properties as measured by standard Charpy V-notch testing, instrumented
impact testing, and crack tip opening displacement (CTOD) testing were evaluated previ-
ously as a function of temperature [5]. The temperature-dependent tensile properties of the
two bainitic steels differed significantly from both the ferrite-pearlite (1045V) and martensitic
steel (4140). Figures 1a and 1b show the effect of test temperature on the 0.2% offset yield
(0,) and ultimate strengths (oyys), respectively. The temperature dependence of the yield
strength for both the 1045V and 4140 steel decrease with an increase in temperature, a
behavior which is common to most steels. In contrast, the yield strengths of the two bainitic
steels decreased with decreasing test temperatures. All four steels exhibit similar effects of
temperature on the ultimate tensile strength, an increase with a decrease in temperature.

Figure 2 shows two sets of schematic stress strain curves based on complete experimental
stress-strain curves [5] and illustrates the effects of temperature on the overall deformation
behavior of the four steels. Figure 2a illustrates the behavior observed for the bainitic steels,
while Fig. 2b illustrates the behavior for the 1045V and 4140 steel. The schematic stress-
strain curves in Fig. 2 clearly show that the temperature dependences of both the yield and
ultimate tensile strengths shown in Fig. 1 translate into two distinctively different sets of
flow curves. The stress-strain behavior shown in Fig. 2b illustrates the anticipated response
of most alloy system with stable microstructures. In contrast, the behavior illustrated in Fig.
2a, where the stress-strain curves at various temperature cross at an intermediate strain
level, reflects the effects of an unstable microstructure in which the microstructure changes
with strain. The retained austenite in the bainitic steels transforms to martensite with strain.
Austenite transformation with deformation occurs by either stress-assisted or strain-assisted
mechanisms and is enhanced with a decrease in test temperature [7]. Therefore the decrease
in yield strength with decreasing temperature for the bainitic steels reflects contributions of
low-strain stress-assisted transformation of austenite to martensite. Transformation of aus-
tenite to martensite produces an extra increment in strain at stress levels less than the
conventional macroscopic 0.2% offset yield stress. Thus the initial shape of the curve is
altered to produce the behavior shown in Fig. 2a in which the proportional limit decreases
with a decrease in temperature. Therefore conventional yield strength definitions (i.e., the
0.2% offset) lead to a decrease in yield strength with a decrease in temperature as shown
in Fig. la. Note also for the bainitic steels that immediately after yielding, high strain
hardening rates are observed, leading to low ratios of yield strength to ultimate tensile
strength.

Most fracture criteria consider the yield strength a critical parameter as it can be used to
assist in descriptions of crack tip constraint. However, conventional fracture toughness tests
inherently assume that the stress-strain behavior is as illustrated in Fig. 2b; thus potential
effects of the yield behavior illustrated in Fig. 2a must be incorporated in fracture criteria.
In this study the effects of the different yielding and deformation behavior of the four steels
on fracture behavior are considered.
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FIG. 1— Effects of test temperature on the tensile properties of the four experimental steels. (a) 0.2%
yield stress. (b) Ultimate tensile strength [5).
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FIG. 2— Schematic summary of the effects of test temperature on the stress-strain behavior of the four
experimental steels. This figure is based on the experimental data of Grassi [S). (a) 0.24%C-Mn-Mo-V
and 0.35% C-Mn-Mo-V bainitic steels. (b) 1045V and 4140 steels.

Experimental Procedure

Cylindrical short rod fracture toughness test specimens were machined and tested in
accordance with ASTM Test for Plane-Strain (Chevron-Notch) Fracture Toughness of Me-
tallic Materials (E 1304-89). Full sized (25.4 mm) and sub-sized (12.7 mm) diameter spec-
imens were machined with the dimensions summarized in Table 3. According to the no-
menclature for the test orientations summarized in ASTM Terminology Relating to Fracture
Testing (E 616-89), full sized samples were machined in the R-L orientation while sub-sized
samples were machined in both the R-L and L-R orientations. Fifteen full sized (25.4 mm)
specimens were machined in the R-L orientation for each of the four steels and tested as a
function of temperature. Eight sub-sized (12.7 mm) short rod specimens were also machined
for each orientation (L-R and R-L}). All the short rod specimens were removed from center
of the heat treated bar stock.

Chevron notches were machined with either a diamond slitting saw or by electrical dis-
charge machining (EDM). Slitting of the chevron notch with the diamond saw proved to
be difficult and time consuming. Achieving proper slot alignment on both sides of the
specimen was very difficult because the diamond blade warped due to overheating or
misalignment.

As an alternative to slitting, the slots in the samples were machined by electrical discharge
machining (EDM). After EDM, the depths of the chevron tip (a) were found to be slightly
out-of-tolerance because of inconsistent grip groove depths (S in Table 3) which were used
as a reference for a,. The as-machined a, measurements for the 25.4 mm diameter samples
were out-of-tolerance with an average a, of 11.58 mm. Even though the samples were slightly
out-of-tolerance, the results, corrected with the method summarized below in the Discussion,
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TABLE 3-—ASTM E 1304 dimensional requirements for short
rod specimens (dimensions in mm),

25.4 mm Specimen 12.7 mm Specimen

Symbol* Dimension Tolerance Dimension  Tolerance

25.4 C 12.7 C
36.830 +0.254 18.415 +0.127
12.217 +0.127 6.109 +0.064
3.302 +0.254 1.651 +0.127
1.270 +0.076 0.635 +0.038
7.950 +0.127 3.975 +0.064
=0.762 . =0.381 .
54.6° +0.5° 54.6° +0.5°

)

SN D I [ A T

Specimen Diameter
Length

Distance to Chevron Tip
Grip Groove Depth
Distance to Load Line
Grip Groove Width

Slot Thickness

= Slot Angle

([

[ (i

were included in this study and found to correlate directly with those on samples with
acceptable dimensions.

In contrast to the machining of the 25.4 mm samples, in which the grip groove and chevron
notch were machined in two steps, all machining was done in a single EDM step on the
sub-sized samples. As a result, the dimensional tolerances of the sub-sized samples were
acceptable according to ASTM E 1304 [4].

Machining of specimens within the dimensional tolerances specified by ASTM E 1304 for
the sample geometries used in these steels (W/B = 1.45 and a,/W = 0.332 configuration)
may result in specimens which do not meet the tolerance for the chevron slot angle, ¢. This
point is demonstrated in Fig. 3, where ¢ is determined geometrically by assuming the
maximum and minimum dimensions within the tolerance bands. For example, as summarized
in Table 4, if W is at the high end of the tolerance band while a, is at the low end of the
band (i.e., W = 37.084 mm and a, = 12.090 mm respectively), then the calculated ¢ is
53.9°. If the reverse conditions are chosen for W and 4, (i.e., W = 36.576 mm and a, =
12.34 mm), then ¢ is 55.3°. Thus even though the dimensions are within the allowable
specification, the calculated value of ¢ is outside the allowable range of 54.6° + 0.5°. In
practice direct measurement of ¢ is not made during machining, and the acceptability of a
sample is based primarily on dimensions. Careful consideration of all the dimensions must
be given to ensure that all specifications are satisfied.

Short rod testing was performed on a commercial short rod fracture toughness test unit
equipped with computer control. The test unit meets the requirements of ASTM E 1304.
Copper heating and cooling jackets were used for temperature control in the temperature
range of —100°C to +125°C. For cooling, liquid nitrogen was sprayed though four nozzles
into each corner of the copper jackets; for heating four resistance heaters were used. The
jackets heat or cool the specimens through conduction. Two thermocouples were used:
(1) a control thermocouple in the copper jackets near the heating/cooling elements, and
(2) a monitoring thermocouple placed in the machined notch and held in place against the
inside surface of the notch on the short rod specimen.
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FIG. 3—Schematic drawing of chevron notch in the short rod test sample identifying the parameters
used in the calculations summarized in Table 4.

TABLE 4—Calculated chevron notch angles based on tolerance
extremes in ASTM E 1304.

Assumed Values

Tolerance Case B w ap Resulting ¢
Ideal 25.400 36.830 12.217 54.6°
Worst (+, —)  25.400  37.084  12.09 53.9°
Worst (—, +)  25.400  36.576  12.344 55.3°
Worst (+, +) 25.400 37.084 12.344 54.3°
Worst (—, —) 25400  36.576  12.090 54.8°

Results

Load-displacement data as a function of test temperature were obtained for the samples,
and the results were used to calculate the critical stress intensity factors. In this paper selected
data are discussed to illustrate the relationship between stress-strain behavior (as shown in
Fig. 2) and calculated short rod fracture toughness data. A complete discussion of all the
data is included elsewhere [4]. The resulting calculated stress intensity data for the 1045V
steel and the two bainitic steels are shown in Figs. 4, 5, and 6. All three materials exhibit
a decrease in toughness with a decrease in temperature. In contrast, the 4140 steel exhibited
a slight increase in toughness with a decrease in temperature. As the load-displacement data
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FIG. 4— Effect of test temperature on the critical stress intensity factor for 25.4 mm diameter specimens
of 1045V steel as measured with the short rod fracture toughness test. The arrows indicate the samples
used for the fracture analysis summarized in Fig. 7. The dashed line marks the transition from crack
jump to smooth crack growth behavior.

for the 4140 steel differ significantly from the other steels, and the UTS data are higher,
further analysis of the fracture toughness data are omitted from the discussion below.

Two different types of load-displacement data were observed: (1) incremental instabilities
associated with “crack jump” and (2) smooth data associated with stable or ductile crack
growth. Crack jump behavior is characterized by “pop-ins’ associated with unstable growth.

Unstable crack growth can occur several times within a single test, and at each point of
instability the stress intensity reaches a critical value (K,;) which is equivalent to the plane-
strain fracture toughness. At lower test temperatures only incremental load drops were
observed, while at higher temperatures only smooth crack behavior occurred.

The plane-strain fracture toughness was determined using different loads for different
types of behavior:

Il

K. = Y*mP_/(BVW) 6))

Il

Ky; = Y*P /(BVW) )

where K, is the toughness based on smooth crack growth behavior, K, is the toughness
based on crack jump behavior, and P, and P, are the critical loads for smooth crack and
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FIG. S—Effect of test temperature on the critical stress intensity factor for the 0.24%C-Mn-Mo-V
bainitic steel as measured with the short rod fracture toughness test. Data for two specimen diameters
(25.4 and 12.7 mm) and two orientations (R-L and L-R) are shown. The dashed line marks the transition
from crack jump to smooth crack growth behavior.

crack jump behavior, respectively. During a test both types of behavior require unloading
and reloading, which measure the compliance through the unloading slope ratios, r.

The equation for the stress intensity coefficient (Y*) as a function of the slope ratio is
given in ASTM E 1304 by

Y* = exp(5.052 — 9.488r + 19.78r* — 18.48r° + 6.92r%) 3)

Furthermore, the minimum value of the stress intensity coefficient (Y*) can be found by
inserting the critical slope ratio (r.) for a given specimen into Eq 3. For the short rod
specimen in this study (i.e., a/B of 1.45 and a,/W of 0.332) the critical slope ratio is 0.52,
resulting in a Y7 value of 29.21. The accuracy of Eq 3 is estimated to be +0.5% for slope
ratios between 0.2 and 0.85. Generally, crack jump behavior indicates lower fracture tough-
ness because the crack tends to grow in an unstable manner, whereas smooth crack behavior
is associated with stable crack growth.

The transition from crack-jump to smooth crack growth with test temperature is indicated
by the dashed line in Figs. 4, 5, and 6. All the load-displacement curves for the 4140 steel
exhibited smooth crack behavior over the test temperature range (> —70°C).

The critical stress intensity data for the 25.4 mm diameter samples in Figs. 4 to 6 indicate
similar behavior, a gradual increase with temperature followed by a transition region to an
upper plateau. The observed transition in toughness is mirrored by a change in fracture
surface appearance. For example, the fracture surfaces for the four 1045V steel samples,
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FIG. 6—Effect of test temperature on the critical stress intensity factor for the 0.35%C-Mn-Mo-V
bainitic steel as measured with the short rod fracture toughness test. Data for two specimen diameters
(25.4 and 12.7 mm) and two orientations (R-L and L-R) are shown. The dashed line marks the transition
from crack jump to smooth crack growth behavior.

indicated by the letters A, B, C, and D in Fig. 4, are shown in Fig. 7. The scanning electron
microscope fractographs in Fig. 7 were taken at the crack position which corresponded to
the crack lengths used in the toughness calculations.

All fracture surfaces for samples tested below the transition region had a shiny faceted
appearance when viewed without magnification. Figure 7a, for a specimen at the lowest test
temperature (—25°C), exhibits primarily brittle cleavage fracture. The 90°C sample shown
in Fig. 7b exhibits a mixed-mode cleavage fracture with increased microvoid coalescence.
Between 90 and 95°C, the fracture toughness increased abruptly to a upper plateau. Above
95°C, the fracture surface consists of microvoid coalescence due to ductile rupture as shown
by fractographs in Figs. 7¢ (95°C) and 7d (141°C). Thus the transition in toughness shown
in Fig. 4 directly reflects a transition in fracture surface morphology and correspondingly a
true transition temperature between 90 and 95°C. Below the transition region, the load
versus displacement plots were characterized by crack jump or unstable behavior (between
—25 to 90°C) and high strain rates. Within this 5°C range the load displacement curves were
found to change from crack jump to smooth crack growth behavior. In other words, the
upper plateau is characterized by smooth (stable) crack growth behavior (=95°C) and low
strain rates. Therefore the test record directly reflects the change in the fracture mode that
accompanies the transition zone.

Similar correlations between the fracture surface and the load versus displacement records
are demonstrated by the bainitic steels with 25.4 mm short rod specimens shown in Figs. 5
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"~ Crack Propagation

FIG. 7—Scanning electron microscope fractographs of the 1045V steel at the temperatures indicated
in Fig. 4. (a) —25°C. (b) 90°C. (c) 95°C. (d) 140°C.

and 6. Both steels demonstrated three different types of load versus displacement behavior
as a function of temperature: 100% crack jump, mixed mode, and smooth crack growth
behavior. At low temperatures, crack jump behavior was observed where the specimens
displayed multiple small crack jumps in the valid slope ratio region. At intermediate tem-
peratures the specimens displayed mixed mode behavior, where the initial portions of the
load versus displacement plot showed smooth crack growth behavior (i.e., woody fracture
texture) followed by crack jump behavior (i.e., shiny faceted texture) in the final portions
of the test record. This smooth crack growth behavior occurred in the initial part of the
load versus displacement data and accounted for a larger fraction of the test record as the
temperature increased. An example of a specimen with both types of behavior and the
corresponding fracture surface is shown in Fig. 8 for a sample of the 0.24%C-Mn-Mo-V
steel tested at 70°C. The increasing load is associated with ductile tearing, while the abrupt
load drop is associated with crack growth which leads to the observed brittle fracture (shiny
regions).

The effect of sample diameter and orientation was evaluated with sub-sized samples (12.7
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FIG. 8—A comparison of the fracture surface (a) and the load-displacement trace (b) for a sample
0f 0.24% C-Mn-Mo-V steel tested at 70°C, a temperature near the transition temperature. The shiny cleaved
regions in (a) correlate to the load drops indicated by the arrows in (b).

mm diameter) for the four steels. The results for the bainitic steels are included in Figs. 5
and 6. All sub-sized samples of the 1045V steel exhibited bulk yielding except for the two
L-R samples tested below —77°C. Calculated toughness values for these samples were
significantly higher than the data shown in Fig. 4. For the bainitic steels there was no
observable effect of orientation for either steel. However, the effect of sample size differed
between the two steels. Data for the sub-sized samples of the 0.24%C-Mn-Mo-V steel in
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Fig. 5 exhibited the same behavior as for the 1045V steel (i.e., higher toughnesses for
subsized specimens). In contrast, there was no apparent sample size effect for the 0.35%C-
Mn-Mo-V steel as shown in Fig. 6 where the data for the two sample diameters are super-
imposed. The significance of the sample size effects are discussed below in conjunction with
a discussion of validity requirements.

Discussion

To interpret the fracture data shown in Figs. 4 to 6, it is necessary to evaluate the validity
requirements described in ASTM E 1304 along with a consideration of the various stress-
strain behaviors exhibited by the steels in this study. Two criteria, the specimen size re-
quirement and the allowable compliance plasticity factor, may be influenced by the extent
of stress-induced martensite formation in the plastic zone onloading. Asindicated previously,
the decrease in yield strength with a decrease in temperature (Fig. 1) was a result of increasing
amounts of martensite formation with decreasing test temperatures. Furthermore, the re-
tained austenite volume fraction was higher in the 0.35%C-Mn-Mo-V steel and as a result
the extent of transformation was greater.

Specimen Size Requirement

The specimen size requirement given by ASTM E 1304 states that allowable diameters
must be larger than the quantity, 1.25 (K+/0,)?. Calculations based on the yield data shown
in Fig. 1 indicate that valid toughness measurements on the 0.35%C-Mn-Mo-V steel require
diameters of 61 to 70 mm, dimensions which are significantly greater than those used in this
study. However, the coincidence of the fracture data for the two sample diameters shown
in Fig. 6 suggests that both sets of data are valid; otherwise a measurable size effect would
have been observed. The possible difference between the observed behavior and the pre-
diction of the allowable diameter may reflect the value of the yield strength used in the
dimension validity calculation. Most steels exhibit yield strengths of approximately 0.70 5.
However, the bainitic steels exhibit low yield strengths, as low as 0.30rs, and high initial
strain hardening rates. Thus, use of abnormally low yield strengths in the constraint re-
quirement would predict larger than required diameters. Therefore it is concluded that the
data shown in Fig. 6 are valid. This leads to the further conclusion that the size validity
requirement is not applicable to the 0.35%C-Mn-Mo-V steel and needs to be modified. One
possible modification is to use o, an average flow stress defined by

o, + Oyrs

(o, + Oyrs) OF Of = ) 4)

N =

O =

The average flow stress in Eq 4 would more realistically describe the constraint requirements.

In contrast to the behavior of the 0.35%C-Mn-Mo-V bainitic steel, the other three low
steels exhibited fracture data which depended on specimen diameter, and the smaller di-
ameter samples did not produce valid fracture toughness measurements. The 0.24%C-Mn-
Mo-V steel, with its lower volume fraction of retained austenite, did not produce significant
austenite transformation to offset the size effect.

Compliance Plasticity Factor

The austenite transformation may also influence analysis of the compliance plasticity
factor. The compliance plasticity factor, p, is illustrated in Fig. 9 for materials that exhibit
two different deformation behaviors. Idealized behavior in Fig. 9a obeys the basic principles
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FIG. 9— Schematic drawings of the load versus crack mouth opening displacement data used to evaluate
the compliance plasticity factor as defined in ASTM E 1304-89. () Linear elastic behavior. (b) Elastic-
plastic behavior.

of linear elastic fracture mechanics (LEFM), which is displayed by linear unloading/reloading
paths. If the material behaves in an elastic manner, the specimen would completely close
when unloaded. In the case of elastic/plastic behavior, the formation of a plastic zone at
the crack tip (and the resulting residual stresses) prevent the specimen from completely
closing. This causes the slopes of the unloading/reloading cycles to deviate from the origin
of the load versus crack mount as shown in Fig. 9b. Since LEFM requires negligible plasticity,
an elastic-plastic validity check has been developed for short rod specimens to account for
plasticity effects. The plasticity is measured by a sequence of unloading and reloading cycles,
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which allows graphical determination of the “plasticity”’ from load versus crack mouth
opening displacements ratio, Ax /Ax, and must be between —0.05 and 0.1 for a valid short
rod test. Values outside this range indicate excessive residual stresses (p < —0.05) or
excessive plasticity (p > 0.1), which may indicate specimen failure by plastic tearing instead
of crack extension. Thus the mouth opening or plasticity can be taken as a measure of the
degree to which LEFM assumptions are violated.

The compliance plasticity factor (p) exceeded the maximum value of 0.1 by a large margin
(0.33 to 0.41) for the 0.35%C-Mn-Mo-V bainitic steel and to a lesser extent (approximately
0.17) for the 0.24%C-Mn-Mo-V bainitic steel. However, the maximum load plasticity validity
requirement was met (i.e., the 1.1P. > P, requirement). This indicates that the compliance
plasticity factor (p) may be affected by austenite transformation in the plastic zone. The
plasticity factor may be affected if the slopes of the compliance measurements are altered
by crack closure effects due to martensite formation on loading. In other words, martensite
formation may alter closure mechanisms as follows: (1) as stress and resulting induced strain
is applied to the crack tip, the retained austenite transforms to martensite; (2) a volume
expansion is associated with the transformation from austenite to martensite [5]; (3) the
expansion produces compressive residual stress at the crack or notch tip; and (4) the com-
pressive residual stress tends to increase the stress needed to propagate the crack (similar
to crack closure effects in fatigue). This mecbanism would be expected to decrease the
CMOD and reduce the compliance or slope of the unloading/reloading, indicating a smaller
crack length than actually exists. Therefore the formation of martensite may alter the ap-
pearance of the load displacement curve.

To illustrate the effects of martensite formation on load displacement data, Fig. 10 shows
how the increased volume fraction of retained austenite affects load versus displacement
records displaying smooth crack growth behavior and may affect the compliance for the
various steels studied. These test records were taken just above the transition from crack
jump to smooth crack growth behavior, so they can be directly compared without concern
for additional plasticity due to elevated test temperatures. In the 4140 steel the load versus
displacement record displays linear elastic behavior as shown in Fig. 10a. This steel has little
or no retained austenite. For the 0.24%C-Mn-Mo-V steel in Fig. 10b, the test record dem-
onstrates increased elastic/plastic behavior where the slopes of the unloading/reloading cycles
deviate from the origin (i.e., as previously shown in Fig. 9b). The final test record for the
0.35%C-Mn-Mo-V steel, shown in Fig. 10c, demonstrates elastic/plastic behavior to even a
greater extent than the 0.24%C-Mn-Mo-V steel in Fig. 10b. As previously mentioned, the
0.35%C-Mn-Mo-V steel has considerably larger volume fraction of retained austenite than
the 0.24%C-Mn-Mo-V steel, which resulted in more martensite formation with strain. These
results indicate two major changes in the load/displacement plots as the degree of martensite
formation with strain increases: (1) the Ax, term in Fig. 10 increases while the Ax term
remains relatively constant for all the test records, and (2) the degree of elastic/plastic
behavior increases. The increase of the Ax, term relative to the Ax term would result in
larger p values, which may be associated with the larger volume fraction of retained austenite
which transforms to martensite on deformation.

This mechanism may also affect the toughness results in crack jump behavior, since the
toughness is determined by evaluating the slope ratios of the critical load (i.e., 0.8r. = r =
1.2r,). If the slope ratios or compliances are altered by austenite transformation to marten-
site, the critical loads (P,) used to evaluate K;,; may also be altered.

Evaluation of Out-of-Tolerance Specimens

The short rod fracture toughness values were reported as apparent fracture toughness
values, K., instead of true plane-strain values primarily due to specimens out-of-tolerance
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FIG. 10— Direct traces of the load versus displacement test records for the 4140 steel in (a) and the
two bainitic steels in (b) and (c).
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with respect to the machined notch depth, a,. An analysis, presented elsewhere [4], showed
that correction of the calculations based on the modified stress intensity coefficients deter-
mined by Bubsey et al. [8] indicated that the out-of-tolerance crack lengths contributed a
maximum error of 4% to the toughness values. Errors of this magnitude are within the
experimental measuring capability of most equipment. Thus it is concluded that coefficients
in ASTM E 1304 result in conservative limitations to crack geometries, and that proper
correction factors can be used to expand the dimension range for short rod samples which
produce valid results.

Summary and Conclusions

The results of this study have shown that the short rod test is a viable test for the evaluation
of the fracture behavior of several new bar steel grades if the steel microstructures are
considered in the analysis. The specification, as written, is appropriate for steels with stable
microstructures that exhibit conventional behavior (i.e., both yield and ultimate tensile
strengths increase with a decrease in test temperature and the yield to tensile strength ratio
is approximately 0.7). However, for steels with microstructures and properties as were
exhibited for the bainitic steels, modifications to the validity requirements may be required
in order to properly evaluate the fracture toughness.
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ABSTRACT: Side grooving of specimens can have a pronounced effect on the fracture behavior
of aluminum alloys during plane-strain fracture tests. The first part of this paper describes an
investigation of the effect of different amounts of side grooving on K. determined using
compact specimens of varying thicknesses machined from a 6061~T651 plate. The results are
also related to K,, mcasurcments made on the same material and arc discussed in terms of
rising R-curve effects on compact and short-bar fracture specimens.

Chevron-notch fracture tests in accordance with ASTM E 1304-89 were also carried out on
nominally 13-mm-thick plates of aluminum alloys 2024-T351, 7075-T651, and 8090-T8771.
Various spccimen orientations were used, including both in-plane and short-transverse loading.
Tension and also, where possible, compact specimen fracture tests have also been carried out
on the same plates.

Data are presented showing the variation in load-deflection behavior and measured tough-
ness with alloy type, and also with specimen orientation. Correlations of toughness and strength
with plate rolling direction have been made. Problems arising from the E 1304 test method
are also highlighted.

KEY WORDS: fracture toughness, chevron-notched specimens, aluminum, fracture mechanics

During the development and standardization of ASTM E 13042 short-bar test procedure
for plane-strain fracture toughness, a number of studies were made of its applicability to
various aluminum alloys [/-9]. Results of particular interest included possible R-curve
influences [3.9] and the effect of variations in fracture toughness through the thickness of
the material [2,5,6], both of which were considered to lead to discrepancies between plane-
strain fracture toughnesses mecasured on chevron-notched short bar and those measured on
through-notched fatigue precracked specimens.

In an analysis of R-curve effects on chevron-notched and compact specimens, Barker [9]
has suggested that the chevron-notched specimen is intrinsically independent of the rising
portion of the R-curve. The rising R-curve effect is viewed as an increase in stress intensity
resulting from the development of a crack-tip plastic zone. A valid K|, toughness is measured
only after a considerable amount of crack extension and. correspondingly, full development
of crack tip plasticity up to an R-curve plateau. Depending on the material behavior and
the degree of crack-tip constraint in a bend or compact specimen E 399 test, the 5% secant

'Defence scientist, Defence Research Establishment Pacific, Victoria, British Columbia, Canada,
VOS 1BO.
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offset toughness measurement point may vary with specimen size as a result of a rising
R-curve. The toughness might therefore be less than that measured on the corresponding
chevron-notched specimen (ignoring any through-thickness toughness variation). This effect
would be more pronounced in high toughness alloys, for example Alloy 2024, where the
associated plasticity effects are more important.

In a recent study of specimen size effects in 6061-T651 [8], it was shown that 25 and 50-
mm chevron-notched specimens gave equivalent K, results in all E 1304 standard geom-
etries, testifying to their inherent R-curve independence. In the same study, a limited number
of standard compact specimens from the same plate were also tested. A dramatic effect
of side grooving on the load-displacement behavior was observed, producing a maximum
load instability rather than gradual ductile tearing. This paper describes some further side-
grooving experiments on compact specimens of the same material aimed at clarification of
the R-curve behavior. Since the R-curve is expected to rise more rapidly to a plateau value
as the crack tip constraint is increased, side grooving should produce the same trend in K,
as increasing specimen thickness.

Heat-treatable aluminum alloys, typically in plate form, have usually been found to have
lower strength and higher toughness at midthickness relative to the surface [5-7]. In certain
orientations, therefore, higher toughness measurements can be expected from chevron-
notched specimens than from through-thickness notched bend or compact specimens since
the advancing crack will sample a greater proportion of the center of the plate. It is of
interest to examine the relationship between K, and K|, in an aluminum alloy with greater
strength (and perhaps lower toughness) in the center than at the surface of the plate, and
also with pronounced anisotrophy of mechanical properties within the rolling plane. As part
of an evaluation of the suitability of the short bar procedure for testing relatively thin sections
of 8090 aluminum-lithium alloy, a comparison has been made between short bar and com-
pact specimen data, and also with conventional heat-treated aluminum alloys of the same
thickness.

Materials and Procedure
Effect of Side Grooving on Toughness

The 63-mm-thick commercial plate had a center line transverse yield strength of 290 MPa,
UTS of 320 MPa, and 15% elongation. The standard T-L oriented compact tension specimens
had thicknesses of both 25 and 50 mm, the 25-mm-thick specimens being machined from
the center of the plate. The specimens were side grooved a total of 0, 10, or 20% of the
thickness, with equal material removal on each side and a maximum included angle of
groove of 60°. Duplicate specimens, precracked to a/W = 0.5, were tested in accordance
with the ASTM E 399 procedure, with K, measured from either maximum load or a 5%
secant offset as appropriate. In calculating K, the expression provided in ASTM Standard
E 813 was employed (using \/B - By, where B and B, are the thicknesses before and after
side grooving). Extensive chevron-notch short-bar test results are available from the same
plate [8].

Effect of Specimen Orientation on Toughness

The conventional aluminum alloys 7075-T651 and 2024-T351 and also the lithium-bearing
8090-T8771 alloy were procured in the form of plate with thicknesses in the range 13 to 15
mm. The room temperature tensile properties of each plate in both the transverse and

*Test Method for J,., a Measure of Fracture Toughness (E 813).
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longitudinal orientations were measured using rectangular specimens with a 6 by 6-mm
reduced cross section and 25-mm gauge length. The specimens were machined from the
center of the plate and thus sampled approximately half of the thickness. In the case of
Alloy 8090, because of its known directionality of properties, additional orientations were
included with the long axis of the specimens at 30° intervals between 0 and 150° clockwise
from the rolling direction. The tension test results are shown in Table 1. In all cases the
highest yield strength and stiffness are obtained in the longitudinal (0°) direction. It has also
been established [10] that, in contrast to published results on 7075 and 2024, center line
strength in the 8090 plate is higher than that of the material closer to the surface. In addition
to the in-plane directionality, there is also a tendency for longitudinal splits or delaminations
to occur during tension testing of Alloy 8090. Table 1 also agrees with published reports
that, in 8090 aluminum, minimum strength occurs at about 55° from the rolling direction
[11,12].

For each of the orientations for which tensile data were obtained, duplicate fracture
toughness tests were carried out at room temperature using both fatigue precracked compact
and also chevron-notched short-bar specimens. In this case the orientation refers to the
direction of crack extension; the yield stress of interest would, of course, be that for the
corresponding loading direction.

The compact specimens had a nominal thickness of 13 mm with a width W of 51 mm and
a through-thickness machined notch 23 mm long (nominal a/W = (.45 before precracking).
For these specimens the 0 and 90° orientations correspond to the T-L and L-T designations,
respectively, using the standard crack plane orientation code. They were precracked to
a/W equal to 0.5 in accordance with ASTM Standard E 399 at an R ratio of 0.1 and frequency
of 10 Hz, and then side grooved 10% of the thickness on each side prior to the toughness
determination.

As with the side-grooving experiments, toughness was measured as appropriate either
from maximum load or the 5% secant offset load, using the K expressions of ASTM E 399
and modified net thickness in accordance with ASTM Standard E 813. In a standard plane-
strain toughness test, the maximum K capacity of any of these specimens based on the
B = 2.5(K/q,)? criteria would be 26 MPaVm for the range of yield stress given in Table 1.
Based on published values [13], none of the Alloy 2024 tests were expected to yield a valid

TABLE 1— Tensile properties.

Orientation— Degrees Clockwise from Rolling Direction

Alloy 0 30 60 90 120 150
2024-T351
0.2% proof stress, MPa 395 . . 355
UTS, MPa 490 B S 490
Elongation, % 18 R A 15
Young’s modulus, GPa 73 c R 67
7075-T651
0.2% proof stress, MPa 535 L C. 510
UTS, MPa 575 S . 580
Elongation, % 12 S S 12
Young’s modulus, GPa 71 L A 67
8090-T8771 [12]
0.2% proof stress, MPa 530 460 385 495 380 455
UTS, MPa 560 520 500 550 505 525
Elongation, % 6 9 14 9 13 9

Young’s modulus, GPa 83 80 81 79 78 81
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K., and the 7075 alloy results were expected to be borderline with respect to specimen
thickness.

The standard chevron-notched short-bar specimens were 13 mm square with W/B equal
to 2; the chevron tip was thus located at the midthickness of the plate. Both the through
thickness and short transverse loading directions were investigated, with crack planes normal
and parallel to the plate surface, respectively. In this case the 0° orientations correspond to
the T-L and S-L designations, and the 90° orientations to the L-T and S-T designations.
Tests were conducted in accordance with ASTM Standard E 1304. As a result of limitations
in machining capability, difficulty was experienced consistently cutting the chevron slots to
the required width (0.38 mm maximum) with the desired tip profile. A reproducible slot
width of 0.48 mm was employed, and the lack of validity of the resulting data is indicated
by the use of the K, ,, designation throughout. The maximum measurable X for the through-
thickness notched specimens ranged between 25 and 38 MPaVm.

All of the toughness measurements in this and the previous subsection were carried out
under ambient conditions in an automated servohydraulic testing machine using displacement
control.

Results
Effect of Side Grooving on Toughness

The results of the compact specimen K. tests are shown in Table 2 together with the
toughness values determined from the same plate using chevron-notched short bar tests [8].
The minimum required thickness for a valid K. test was 29 mm and half of this value for
a valid K,. However, even in the case of the 50-mm-thick compact specimens P,,/P, ex-
ceeded the 1.1 limit. Short bar toughness was determined using the unloading slopes pro-
cedure of E 1304, but only the W/B = 2 specimen data yielded a valid K;,. The effect of
side grooving on the compact specimen load displacement curve was similar for both thick-
nesses and is shown in Fig. 1. There is a change from a slow ductile tearing (accompanied
by the formation of large shear lips) to a sudden crack extension and load drop at maximum
load. Side-grooved specimen toughness is therefore calculated from maximum load rather
than a 5% secant offset. A small amount of plasticity (more evident in 10% side-grooved
specimens than 20%) usually preceeded failure, and the fracture surface was flat.

In the absence of side grooving, there is a small but systematic trend to higher K, values
with specimen thickness, whereas in short bar tests no consistent thickness effect is observed.
Side grooving also increases K, to the extent that, in specimens with 20% grooving, the
thickness effect disappears. The effects are small and might be more evident in higher

TABLE 2—6061-T651 compact specimen and chevron-notch
test results.

COMPACT SPECIMENS, K, MPa VVm

% Sidegrooved B = 25 mm B = 50 mm
0 29 31
10 30 31
20 32 32
CHEVRON-NOTCHED SPECIMENS, K, (MPa \/m) [8]
Short Bar Type B =25 mm B = 50 mm
W/B = 145, BI[H = 0.5 31 31
W/iB =2 31 29
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FIG. 1—Effect of side grooving on 6061-T651 load-displacement curves.

toughness aluminum, but they tend to confirm the greater R-curve influence on compact
specimens.

Effect of Specimen Orientation on Toughness

The compact specimen test results are given in Table 3. The Alloy 7075 specimens failed
abruptly at maximum load with little or no prior crack growth, while the tougher 2024
specimens slowly tore open (Fig. 2). Based on the above results, any R-curve effect would
therefore be expected to be more pronounced in the 2024 rather than 7075 alloy. In both
alloys, T-L and L-T specimens behave in a qualitatively similar manner. However, only the
7075 K, results meet the minimum thickness requirement for a valid K, test.

The 8090 alloy shows both kinds of behavior depending on the orientation. The T-L
specimens showed sudden crack extension at peak load, while, in orientations near L-T,
gradual tearing was observed as well as a higher toughness (Fig. 3). After separation of the
specimen halves, differences were also observed in the form of the fatigue precrack and the
tendency of the crack to deviate from the intended plane. The T-L and L-T orientations
showed a relatively large nonlinearity in load displacement during precracking, presumably
as aresult of crack closure, and also rough-surfaced fatigue cracks, the L-T having an inverted
crack front (i.e., the precrack was longer at the surfaces than in the center of the specimen).
The remaining orientations (those loaded in the lower yield strength directions) showed
smoother, more thumb-nail shaped, fatigue cracks, particularly at 30 and 150°. Figure 4

TABLE 3—Compact specimen fracture toughness test results.

Toughness K,, MPa Vm
Crack Growth Direction—Degrees from Longitudinal

Alloy 0 30 60 90 120 150
2024-T351 30 C. e 35
7075-T651 23 C. . 28

8090-T8771 28 33 36 36 36 30
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FIG. 2— Compact specimen load-displacement curves.

shows an example of each type. Some of these specimens also contained splits ahead of the
precrack parallel to the plate surfaces. The T-L fatigue crack was the most prone to deviation
from the intended path, whereas during the toughness test after sidegrooving, this orientation
was the least inclined to wander.

Table 4 shows the results of the short-bar tests. A characteristic of the 2.0 ratio short bar
specimen relative to the 1.45 ratio is frequently a longer flat region of stable tearing. Alloy
7075 specimens showed varying degrees of crack instability, from marked jumps in short
transversely loaded specimens, to relatively small serrations in L-T specimens (Fig. 5).
T-L specimens frequently showed a preliminary peak prior to a series of smaller instabilities,
perhaps indicative of a lack of sufficient constraint at the notch root. Characteristically,
Alloy 2024 showed relatively smooth stable tearing in all orientations (Fig 6). However,
2024 T-L specimens tended to tear out of plane.

10.0

= 6.0

LOAD (kN
-
=

4.0

2.01

0.0, T T T T
0.0 02 0.4 0.6 0.8 1.0

DISPLACEMENT (mm)
FIG. 3—Compact specimen load-displacement curves for 8090-T8771.
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FIG. 4—Effect of orientation on fatigue precrack appearance in 13-mm-thick 8090-T8771 compact
tension specimens.

Alloy 8090 showed a strong orientation effect. Short transverse specimens showed behavior
similar to 7075, with relatively few big crack instabilities and a final sudden separation, the
jumps being most pronounced at orientations with crack extension in close to the transverse
direction. Specimens loaded in the plane of the plate showed relatively stable tearing, with
a flat load-displacement curve at 0°/30°, but as the crack extension direction rotated away
from the rolling direction, the crack plane deviated in a conical fashion as the crack extended.
The corresponding load-deflection curve showed an initial peak followed by a large increase
in load as the crack deviated. At the 120° orientation, the peak was hardly noticeable.
L-T 2024 specimens also tore out of plane. The through-thickness notched broken specimens

TABLE 4—Short bar fracture toughness test results (W/B = 2).

Toughness Ky, MPa v/m
Crack Growth Direction—Degrees from Longitudinal

Alloy 0 30 60 90 120 150

2024-T351

Short transverse 30 C.. L 33

Through thickness 40 R R 46
7075-T651

Short transverse 22 - . 26

Through thickness 30 R R 38
8090-T8771 [12]

Short transverse 14 15 17 19 19 14

Through thickness 27 27 284 324 294 28

“Prior to onset of out of plane tearing.
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FIG. 5—Short-bar specimen load-displacement curves for 7075-T651.
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FIG. 6—Short-bar specimen load-displacement curves for 2024-T351.

of Alloy 8090 showed some delaminations, most noticeably at the quarter thickness positions.
The short transverse specimen fracture surfaces in both 8090 and 7075 were much smoother
than in Alloy 2024.

In order to present comparable data from the different alloys and orientations, toughness
was calculated as Ky, in accordance with ASTM standard E 1304. In the case of the
through-thickness 8090 specimens oriented between 60 and 120°, where out-of-plane tearing
inflated the load, the initial peak values are listed for reference. Obviously, these data do
not meet the requirement that P,, occur after the 1.2 r. point.

As expected, only the T-L 7075 alloy compact specimen tests met the ASTM E 399
thickness requirement. However, the rest of the 2024 and 7075 alloy compact specimen
results are in good agreement with K. values reported elsewhere [13]. The short-bar tests
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FIG. 7T—Short-bar specimen load-displacement curves for 8090-T8771.

met the thickness requirement for 7075 and for most of the 8090 tests (marginal at the lowest
strength orientations). However, the K., for 2024 and 7075 are significantly higher than
K, from compact specimens in the corresponding orientations. The fact that the short
transverse results for these alloys are close to those from compact specimens indicates that
they are also somewhat inflated.

In contrast, the 8090 data agree well with the manufacturer’s K, values for 8090 of 28
MPaVm for T-L and 31 MPaVm for L-T. Table 4 indicates that the ratio of short transverse
toughness to that in the plane of the plate is relatively low in Alloy 8090. There is a consis-
tent trend to higher toughness as the crack growth direction moves away from the rolling
direction.

Discussion

The results do not provide a clearcut rationale for the higher toughness in the short bar
tests on 2024 and 7075 relative to the compact specimen results. A contribution may arise
from the plate center being tougher than the outside in these alloys, the opposite trend
being evident for Alloy 8090. This might be expected to be more noticeable in the case of
7075 than 2024, but such is not the case. On the other hand, the R-curve effect might be
expected to be more evident in 2024, as was the tendency to tear out of plane in these
specimens. In Tables 3 and 4 short-bar toughness shows an increase of about one third over
the corresponding compact specimen toughness for both 7075 and 2024. Similar differences
have been reported previously for aluminum alloys with K,_greater than 30 MPaVm [3,8].
Munz [3] developed an empirical relationship to account for the R-curve discrepancy between
K. and K|,,,. His expression would account for about half of the differences found for Alloy
2024 in the present study, and about one third of those found for Alloy 7075. An additional
contribution will arise from the limited specimen thickness available for this study; insuf-
ficient for a valid compact specimen toughness measurement. This is expected to reduce
further the K, values. On the other hand, the insufficiently narrow and/or sharply contoured
groove tip, which tended to promote an inflated initial load peak prior to crack extension,
may continue to influence crack growth resistance as the crack extends.
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In most cases 8090 short bar data are in reasonable agreement with those from compact
specimens and show the pronounced toughness dependence on orientation characteristic of
this alloy. It is interesting that the K, values taken from an early peak prior to the out-
of-plane tearing in some of these specimens are lower than the corresponding K, results.
This arises in part from the fact that these K, determinations were made at a shorter
crack length and higher stress intensity factor coefficient than the standard calibration values.
Short-bar tests are currently being carried out on thicker 8090 plate as a means of further
evaluating the effect of through thickness strength and toughness variations.

Conclusions

A comparison has been made of compact and short-bar specimen fracture toughness for
a variety of aluminum alloys. Chevron-notched specimen toughness has also been measured
using both short-transverse and in-plane loaded specimens. Side-grooving compact specimens
of Alloy 6061 resulted in a small increase in toughness, of the same order as increasing
specimen thickness, indicating a small R-curve effect not observed in short-bar specimens.
In Alloys 2024 and 7075, short-bar toughness was much higher than that from compact
specimens, because, it is believed, of the combined effect of higher center-line toughness,
a rising R-curve, and a tendency to out-of-plane tearing. Although most of the data were
invalid, good agreement was found between toughnesses measured on both compact and
short-bar specimens in Alloy 8090. The chevron-notched tests of Alloy 8090 have also been
used to demonstrate this material’s strong directionality of toughness and relatively low,
short transverse fracture resistance. A further investigation of the relative importance of
R-curve and through-thickness variability in these alloys is underway.
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Nomenclature (see Fig. 1)

Crack length (measured from load line)

Distance from load line to tip of chevron

Crack length at which Y* is minimum

Specimen thickness

Specimen compliance, C = EBV/P

Diameter (rod), D = B

Elastic (Young’s) modulus

Opening-mode stress intensity factor

Plane-strain fracture toughness for chevron-notch specimens
Applied load

Crack mouth opening displacement

Width

Dimensionless stress intensity factor for a crack in a chevron notch, K;BW%/P
Minimum value of Y* as a function of o
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Introduction

This paper presents a set of equations describing certain fracture mechanics parameters
for chevron-notch bar and rod specimens. They are developed by fitting previously reported
experimental compliance calibration data. Their use will facilitate the testing and analysis
of brittle metals and the tougher ceramics. The equations present the various parameters
in forms suitable for determining fracture toughness from maximum load, for determining
the crack-extension resistance curve (R-curve), and for setting instrument sensitivities. The
data encompass the entire range of the specimen geometries most commonly used.

We first discuss briefly the background of the chevron-notch specimens and the experi-
mental data to be used. Then we present a more extensive discussion on some particular
characteristics of the chevron-notch specimens and their practical application. The fitted
equations are presented and their fitting accuracies are discussed. Finally, problems in
determining the minimum stress intensity coefficient and the critical crack length are dis-
cussed.

Background

The chevron-notch specimens are fairly recent additions to the field of fracture mechanics.
Consequently they do not have the same historical background of extensive stress intensity
and displacement analysis as do the more common specimen types. But, like the earliest
specimen types, we can develop useful expressions using experimental compliance data.

Compliance data for the chevron-notch bar [I] and rod [2] specimens were previously
reported. In each paper, one fitted equation was presented relating the minimum stress
intensity factor to the initial crack length and to the specimen dimensions. A later paper
[3] reported additional data for specimens having smaller initial crack lengths and also revised
the previous equations to cover the wider range of crack lengths. But those equations alone
are not sufficient for all analyses and tests involving high-toughness ceramics. To make them
more complete and useful, a new set of generalized equations are presented in this paper.
These equations are developed by fitting curves to the existing data. They are usable over
a wide range of specimen dimensions.

Characteristics of Chevron-Notch Specimens

For most common fracture test specimens, the dimensionless stress intensity factor (Y)
increases continually with increasing relative crack length (a/W). But due to the wedge shape
of the unnotched material in the chevron-notch specimen, the corresponding factor (Y*)
reaches a minimum, denoted Y%, as the crack length reaches a value denoted a,,. The values
of Y and «,, are functions of specimen dimensions and notch geometry only and are
independent of material properties.

If the material being tested has a crack growth resistance curve which increases rapidly
to a relatively constant plateau (known as a “flat” R-curve), instability will occur at a =
a, and P = P_... Then the fracture toughness (K,,) can be calculated from

P
_ % max
KIv - Ym BW2 (l)
and no other test measurements are necessary.
For some materials (even some ceramics), however, the R-curve does not reach a plateau
but continues to increase with increasing crack extension (a “rising” R-curve). For such
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FIG. 1b— Chevron-notch rod specimen.

materials, Eq 1 does not apply and it may be desirable to determine the complete R-curve.
In this case ASTM Practice for R-Curve Determination (E 561-86) may be used for guidance.
If crack mouth opening displacement (CMOD) is measured during the test and appropriate
compliance relations are available, one can calculate the instantaneous crack length. From
crack length and load, one can calculate the crack extension resistance as

P
K =Y* BWA ()

A plot of crack extension resistance against crack advance is the R-curve.
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Procedure
Experimental Procedure

The experimental procedure is described in detail in Refs 7 and 2. The complete data are
presented in Ref 4. At least three replicate tests for each crack length were averaged to
obtain the data reported here. For each specimen, 7 to 15 crack lengths (depending on the
initial crack length) were tested.

Basic Data Reduction

Analysis of the data is based on the following equation [/] and its derivative with respect
to a:
1 d EBV]”
o — O
I P D 3
[2 o — oy da P ] )

In Refs 1 to 3 the logarithms of the basic compliance data (C = EBV/P) were fit with a
fourth-degree polynomial in a. The fitted curve was differentiated and the values of Y*
calculated from Eq 3.

In Ref I, the reported values of Y7, and o, corresponded to the minimum of that fitted
curve. In Ref 2, Y* and «,, were determined in the same way, but the data range was
restricted to seven points symmetrical about the value of o, found by the first fitting.
Reference 3 used still another procedure. Seven points were selected by the previous cri-
terion. Then a fourth-degree polynomial was fit to the logarithms of the compliance deriv-
atives. That second polynomial was used to calculate Y7, and o,.

In the process of verifying these calculations, some general concerns arose concerning
procedures for determining Y7 and a,,. These will be discussed later.

Development of Generalized Equations

The following expressions are useful for computing the plane strain fracture toughness
K;, when the material has a relatively “flat” R-curve:

o, = Ay + Ay + Aod + A0 4
and

Y} = By + B,ay, + B, + B3} (5)

These were developed by first fitting third-degree polynomials in o, for each specimen type
(bar or rod) and each value of W/B. Then the coefficients of the intermediate polynomials
were in turn fit to a second-degree polynomial in W/B to produce the final forms of Eqs 4
and 5. Values of the coefficients for Eqs 4 and 5 are given in Tables 1 and 2, respectively.

An expression for determining the relative crack length « as a function of measured
displacements is

a=Cy + CU + GU? + GU* + C,U* (6)
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TABLE 1— Coefficients for Eq 1.

Specimen  Coeff. Expression

Bar Ao ~ 0.110 + 0.354 (W/B) — 0.088 (W/B)?
A, 0.268 + 1.628 (W/B) — 0.400 (W/B)?

A, 1.637 — 6.358 (W/B) + 1.872 (W/B)?

A, 0.075 + 4.462 (W/B) — 1.508 (W/B)?

Rod A, 0.147 + 0.089 (W/B) — 0.026 (W/B)?
A, 0.358 + 1.150 (W/B) — 0.096 (W/B)
A, 2.860 — 5.190 (W/B) + 0.770 (W/B)?
A, — 3.610 + 5.100 (W/B) — 0.800 (W/B)?

“Range: 1.5 < (W/B) =< 2.0, 0 < o, = 0.5.

TABLE 2— Coefficients for Eq 5.°

Specimen Coeff. Expression
Bar B, - 17.03 + 2994 (W/B) — 5.0 (W/B)*
B, — 116.00 + 141.60 (W/B) — 29.6 (W/B)*
B, 1131.00 —~ 1304.00 (W/B) + 342.0 (W/B)*
B; — 1351.00 + 1654.00 (W/B) — 443.2 (W/B)*
Rod B, 5.47 + 6.29 (W/B) + 2.46 (W/B)?
B, - 6593 + 72.62(W/B) — 5.62 (W/B)?
B, 622.00 — 659.80 (W/B) + 146.10 (W/B)>
+

(=]
W
|

541.40 629.10 (W/B) — 135.20 (W/B)?

“Range: 1.5 = (W/B) = 2.0,0 < o, = 0.5.

where U is the Saxena and Hudak form [5]:

BN S
EBV1/2+1
P

The coefficients for Eq 6 are given in Table 3. This equation lends itself to computer-
controlled fracture toughness testing, since the subcritical crack growth can be determined
from automated load and deflection data acquisition.

When the relative crack length « is known, the stress intensity factor Y* and the dimen-
sionless compliance EBV/P can be computed from the following expressions:

Y* = Pot+Diat D202+ D3a3 + Diat (7)
and

EBV

= = eEO+E1(x+E2(x2+E3u3+E4u4 (8)

The coefficients for Eqs 7 and 8 are given in Tables 4 and 5, respectively.
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TABLE 3— Coefficients for Eq 6.

Specimen Coelff. Expression
Bar Co 3.09 - 24.1204 + 57.1204
W/B = 1.5 C, - 10930 + 1227.000g — 2 876.0003
C, 1908.00 — 22216.000, + 51 286.000
Cs — 14 900.00 + 168 580.000, — 381 240.0003
C, 41 390.00 ~— 451 059.00c, + 987 080.0003
Bar G 208 — 8. 740y + 16.9303
W/B = 2.0 C, - 63.31 + 540.000 —  1019.0003
C 1086.00 — 11296.000, + 20 043.0003
G — 932700 + 98493.000, — 158 690.0003
C, 28 430.00 — 284 970.00c, + 366 330.0005
Rod Co 0.672 + 4.850 — 23.93a3
W/B = 1.5 C, 25.670 — 361.900, + 1 624.0003
G, - 858.000 + 9512.00cp — 39 580.0003
Cs 9219.000 — 105 260.00cy + 411 440.0003
C, — 35 145.000 + 417 050.000, — 1 550 300.000:3
Rod Co 0.896 + 7.2400 — 26.50
W/B = 2.0 C, 21.800 ~ 590.400, + 2 087.003
C, — 1192.000 + 17 166.00cy — 58 980.003
G 16 772.000 — 213 330.000, + 713 640.003
C, — 78 837.000 + 961 870.00c, — 3 146 400.005

“Range: 0.18 = 0y = 0.22, 0y = a = 0.8.

TABLE 3— Coefficients for Eq 6.

Specimen Coeff. Expression
Bar o 3.09 - 24120y + 57.1203
W/IB = 1.5 C, - 10930 + 1227.000, — 2 876.0003
C, 1908.00 — 22216.000 + 51 286.0003
Cs — 14 900.00 + 168 580.000, — 381 240.0003
C, 41 390.00 — 451 059.00a, + 987 080.000:3
Bar Cy 2.08 — 8.740, + 16.9303
W/iB = 2.0 oh - 63.31 + 540.000, — 1 019.0003
C, 1086.00 — 11296.000, + 20 043.0003
C, - 9327.00 + 98493.000, — 158 690.0003
C, 28 430.00 — 284 970.000, + 366 330.0003
Rod C, 0.672 + 4.8505 — 23.9303
W/B = 1.5 oh 25.670 — 361.900, + 1 624.000:2
G, —  858.000 + 9512.000,, — 39 580.0003
C, 9219.000 —~ 105 260.000, + 411 440.0003
C, — 35 145.000 + 417 050.00c; — 1 550 300.0003
Rod Co 0.896 + 72405 — 26.503
WiB = 2.0 on 21.800 — 590.400, + 2 087.0a3
C, - 1192.000 + 17 166.000, — 58 980.003
Cs 16 772.000 — 213 330.000, + 713 640.003
C, — 78 837.000 + 961 870.000, — 3 146 400.003

“Range: 0.1 < oy = 0.35 (bar), 0.1 = a4 = 0.40 (rod), op = a = 0.8.
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TABLE 5— Coefficients for Eq 8.

Specimen Coeff. Expression
Bar E, 2.850 —  6.48ay + 61.5603
WiB = 1.5 E, 1177 + 26.59, — 349.3003
E, 9.650 — 8.37ay + 708.9003
E, — 16.240 — 62.60a, — 597.0003
E, 10.450 + 56.82a + 167.90a3
Bar E, 3.885 — 17.75a, + 94.9703
WiB = 2.0 E, — 5.160 + 123200y — 624.2003
E, 34.270 — 324.500, + 1562.0003
E, — 52.330 + 386.80a, — 1756.0003
E, 27950 — 173.20a9 + 741.4003
Rod E, 391 -~ 23.18ap + 138.4 of — 91.8403
W/B = 1.5 E, — 10.01 + 237.700, — 1356.0 o} + 1325.0003
E, 51.60 — 758.800, + 4284.0 o — 4777.0003
E, — 74.66 + 969.60a, — 5480.0 o} + 6516.6003
E, 37.83 - 433.000, + 2464.5 o} — 3043.00a3
Rod E, 292 +  0.28ay + 266703 + 332703
W/B =20 E, 1.68 + 28.5205 — 336.0003 + 111.4003
E, 20.59 — 135840, + 1157.0003 — 918.40a3
E, — 39.16 + 218.100, — 1581.00a3 + 1581.0003
E, 22.64 — 115780, + 756.6003 — 837.20a3

“Range : 0.1 = o, = 0.35 (bar), 0.1 = oy = 0.40 (rod), oy = a =< 0.8.

Discussion
Generalized Equations

Equation 4 fits the calculated values of o, within 0.013W for the bar specimens and within
0.006W for the rod specimens. Equation 5 fits the calculated values of Y* within 1.0% for
the bar specimens and within 2.7% for the rod specimens.

Within the ranges of o and o, specified in Tables 3 to 5, Eq 6 fits the measured values
of a within 0.003W for the bar specimen and within 0.002W for the rod specimen; Eq 7 fits
the calculated values of Y* within 2.9% for the bar specimen and within 2.1% for the rod
specimen; and Eq 8 fits the measured values of EBV/P within 1.4% for both the bar and
the rod specimen.

Table 3 of ASTM Test for Plane-Strain (Chevron-Notch) Fracture Toughness of Metallic
Materials (E 1304-89) gives values of Y7, and a critical slope ratio r.. That ratio is the ratio
of the compliances corresponding to o, and a,. For specimens with W/B = 2.0, the values
of Y}, computed from Eq 5 for both the bar and rod specimens are within 0.6% of those in
Ref 7. The critical slope ratio computed from Eq 8 is within 1% for the bar specimen but
is 7.8% low for the rod specimen.

Problems in Determining Y and o,

The method of data analysis used in Ref 3 was not given explicitly and could not be
determined directly from archival records. In attempting to verify the numerical analysis
(by duplication), several methods were tried. Each produced a significantly different value
for a,, for the same data set, and this is a problem that should be discussed.
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The problem is inherent in the chevron-notch specimen. It is due to the same characteristic
that makes it desirable, namely the fact that Y* has a minimum. For example, assume that
we have a function f such that

EBV
5 = fl@)

where f includes the data transform (if any) and a fitting function. Substituting this into the
derivative of Eq 3 and eliminating non-zero terms, we have

0 = = f'a) — fe) ©

o, —

where f' and f" are the first and second derivatives and o, is the root of this equation.
Unlike simpler specimens, we need to determine the second derivative as well. This presents
a strong challenge to the analyst.

Figure 2, from Ref I, shows the typical variation of Y* with a for different values of a.
Experimental compliance data would be expected to scatter about these lines. It is apparent
from this figure that for a short initial crack (say, a, = 0.2) Y7 will be relatively insensitive
to the method of curve fitting but a,,, will be very sensitive. However, for a long initial crack
(say, oy, = 0.5) the opposite will be true.

Thus if the primary objective of the test is to determine K|, the initial crack length should
be short. This is the case in ASTM E 1304. However, a long initial crack length may be
preferable if the critical crack length is important for, say, fractographic purposes.

60—

Y*

30

20—

FIG. 2— Typical variation of stress intensity factor with crack length for chevron-notch specimens [1]
Arrows denote minima.
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It should be pointed out that numerical analyses (i.e., finite element or boundary integral
methods) are subject to the same problem, although to a lesser degree. Discrete pairs of
(Y*, a,) for several initial crack lengths must be fitted with a function to calculate a minimum.
Three pairs are required; more would be preferred.

Conclusions

The equations presented here are in forms suitable for several purposes in fracture testing
with chevron-notch specimens. They encompass the range of specimen geometries most
commonly used and provide a good fit to the basic compliance data.

Determination of the minimum stress intensity factor and the critical crack length requires
numerical differentiation. This presents a problem which is unique to the chevron-notch
specimens, and that problem is discussed.
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ABSTRACT: The chevron-notched diametrally compressed disk specimen has been used to
measure the fracture toughness of zirconia/zirconia bonds and zirconia/nodular-cast-iron bonds.
The data are reasonably consistent with experience obtained using monolithic ceramics. In
particular, the strain energy release rate increases with increasing shear:tension ratio, and the
opening-mode fracture toughness measured using the disks is generally within 20% of the
value obtained with bend beams. However, the shear toughnesses of the bonds investigated
are approximately 2.4 times the opening toughness, a ratio somewhat higher than that for
monolithic ceramics. The high ratio can be attributed to rubbing of mutually opposed crack
faces, deviation of the fracture plane into higher-toughness zirconia prior to instability for the
ceramic/ceramic bonds, and shear of the braze-metal interlayer in the case of the metal/ceramic
bonds.
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Cylinders loaded in compression along a diameter have been used for many years to
measure “splitting,” i.e. tensile strength of rocks (ASTM D 3967)? and concrete (ASTM C
496),> and a comprehensive review of this test geometry has appeared recently [I]. The
driving force for fracture in the specimen is generated from a tensile stress located at its
center and normal to the loading axis, whose magnitude is one third of the principal com-
pressive stress. Both of the existing ASTM standards employ relatively large specimens; for
example, the minimum diameter in D 3967 is 47 mm and the length is typically twice the
diameter. In addition, the standards call for a padding material (cardboard and/or plywood)
inserted between the brittle cylinder and the loading points to distribute the load and inhibit
localized crushing.

Recently there has been increasing interest in applying diametral compression of cylinders
to fracture toughness testing of advanced ceramics, which have much finer microstructures
than rocks and concrete. The specimens used in such experiments are considerably thinner
(length:diameter =1/10) than the unnotched ASTM design. The difference in geometry
arises from the need to supply the fracture toughness specimen with a notch, which is most

'Research leader and principal research scientist, respectively, Metals and Ceramics Department,
Battelle Memorial Institute, Columbus, OH 43212-2693.

“Test Method for Splitting Tensile Strength of Intact Rock Core Specimens (D 3967).

*Test Method for Splitting Tensile Strength of Cylindrical Concrete Specimens (C 496).
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easily accomplished using circular sawcuts normal to the specimen faces to produce a chevron
[2]- The sharp crack is created by stable crack growth which fractures the chevron region
prior to instability. The fine microstructures of advanced ceramics insure that the notch-tip
stress field will sample a representative amount of material, even when the specimen is only
a few millimetres thick.

An added advantage of the notched-disk specimen is that the crack plane can be rotated
around the disk axis (Fig. 1a) to provide any desired combination of tension/longitudinal-
shear loading on the notch [3], and the crack plane can also be rotated around the diameter
to provide a range of tension/transverse-shear loading [4]. Because of this flexibility, a
number of mixed-mode failure envelopes have been generated for brittle materials, e.g. [5],
and stable crack growth has been measured in glass under combined shear and tension
loadings [6]. Disks with straight-through notches have also been used to study mixed-mode
failure in polymer-bonded materials [7,8].

This paper reports experiments using chevron-notched disks to measure fracture tough-
ness of bonds, with at least one of the substrates being partially stabilized zirconia (PSZ).
Opening-mode fracture toughness values for bonds, as well as that of the bulk interlayer
used in PSZ/PSZ joints, were also determined using straight-notched bend bars (Fig. 1b).
Because the interlayer has different elastic constants than the substrate, bonds present
unusual analytical problems, even for the case of a material bonded to itself. Although the
loading system may produce only a Mode I stress field in a homogeneous material, the

l”\A
?
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Join 2 8236 mm
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FIG. la—Chevron-notch bonded disk specimen.
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FIG. 1b—Straight-notch bend bar.
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elastic mismatch at a bimaterial interface gives rise to mixed-mode stress intensity factors
for a crack [9,10], and the local stress intensities generally have to be determined using the
finite-element method. However, if the crack lies along the interlayer/substrate interface,
a stress-intensity approach is not sufficient to characterize the local stress fields at the crack
tip, and a strain-energy-release rate approach is found to be superior [11].

In the special case where two pieces of the same material are joined and there is a crack
at the interlayer/substrate interface, Hutchinson [11] has used an asymptotic analysis to show
that

G = (1 - vi)(K} + KR)/E, (1)

where K; and K|, are the far-field stress intensity factors for a homogeneous material of the
same geometry and loading as the bonded specimen, while E, and v, are the elastic constants
of the substrate. The term, mixity, is denoted ¥ and is used to describe the relative shear
and tensile contributions to G

¥ = tan"! (K/K)) + o )

where w is a known function of the elastic moduli of the substrate and bonding material
and is evaluated in Ref /1. For homogeneous specimens o = (.

Failure envelopes can be generated either as relations between G and ¥ or as relations
between K, and K,,,, which are used in this paper to denote far-field stress intensity com-
ponents at failure. The term, K|, is used for opening-mode toughness, even though there
is no ASTM standard for ceramics. As an example of the alternative methods of presenting
the data, consider the previously reported results for alumina [5] and porcelain [12], which
Fig. 2a shows to satisfy the relation

K. /K. + (K,

iiq

ICK)? =1 3

where C = 2 for these materials was obtained by curve-fitting the data. Figure 2b is a replot
of the same data in G/'¥ space. The solid line in Fig. 2b is

G/G, = 1 + (W/¥,)? )]
1.25 T T T T o 4 T T
o e O Alumina [5] O
z © O Porcelain {12
< 1.00( O =] @ _ ¢ [ ] /
g 23 i
X & )
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g o £, ]
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FIG. 2—Mixed-mode failure envelopes for ceramics.
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where ¥, = 1 radian for alumina and porcelain. Even though Eq 4 will be used to describe
failure envelopes, far-field stress intensity values will be retained for reporting the relative
fracture resistance at the endpoints (cracks stressed completely in tension or shear) because
of the difficulty of obtaining a physical feeling for ¥, or w.

The object of this paper is to show that the chevron-notched disk specimen provides a
simple, inexpensive method for evaluating mixed-mode toughness of bonds. As an initial
step in developing a bonded-joint fracture-toughness test, preliminary results are reported
on the measurement of toughness of zirconia/zirconia (PSZ/PSZ}) and zirconia/nodular-cast-
iron (PSZ/NCI) bonds, loaded both in tension and in shear. Since partially stabilized zirconia
and nodular cast iron have very similar elastic moduli (202 and 163 GPa, respectively) and
thermal expansion coefficients (10.3 and 14.9 x 10-%°C, respectively), residual stresses
arising from bonding were found not to have any significant influence on the fracture
toughness parameters [/3] and have been neglected here.

Experimental Procedure

The disk specimen for measuring toughness of zirconia/zirconia bonds consisted of two
semicircular pieces of partially stabilized zirconia (PSZ) bonded along the diameter (Fig.
1) using a thin glass-ceramic/powdered-zirconia interlayer that was molten at the joining
temperature. The thickness of the bonds ranged between 100 and 150 pm. Zirconia/iron
bonds were fabricated using high-quality ferritic nodular cast iron (NCI) and a braze alloy
containing Ag, Cu, Ti, and In to produce bonds between 15 and 30 wm thick. Further details
on bonding procedures are found in Ref 13.

The notches were approximately 250 pm wide and were machined using a diamond-
impregnated wafering wheel approximately 20 mm in diameter. Care was taken to align the
notch along the center line of the joint. The notch-length (2a) to diameter (2R) ratio (a/R)
was typically 0.5. Specimens were loaded in compression at a cross-head rate of 0.85
wm/s. Thin cardboard was used to inhibit crushing by cushioning the specimen/loading-
platen interface. Crack-mouth-opening displacements were monitored using a strain-gage
extensometer, Figure 3a illustrates the experimental arrangement.

For chevron-notched disk specimens, with 8 = 0, it has been shown [2] that fast fracture
occurs after the crack has grown stably and completely through the chevron notch. This
behavior was also inferred from markings observed on the fracture surface of bonded spec-
imens. Therefore, the critical crack length at fracture (a.)} was set equal to a, for calculation
of the critical stress intensity factor. On the other hand, for 6 + 0, fast fracture occurred’
when the crack had propagated only partway through the chevron notch. In this mixed-
mode case, fracture involved complete deviation of the crack plane from the original chevron-
notch plane towards the loading points (see Fig. 35).* Therefore for 8 # 0, stress intensity
factors were based on measured crack lengths at the onset of fast fracture; typically a./R
ranged from 0.42 to 0.46 for 6 # 0 and was 0.5 for & = 0. The full thickness, B, of the
specimen was used when calculating mixed-mode stress intensity factors using Atkinson’s
formulae [14], even though fast fracture occurred when the crack had grown only partially
through the chevron notch in the case of 8§ # 0. The reasoning was that the sudden kinking
of the crack at the point of instability consumed the entire thickness, so that the strain
energy release rate must be based on the full thickness of the specimen. Although concerns
may exist that standard through-crack formulae are not applicable for kinked cracks, and
for cracks that have not grown through the entire chevron region, we believe that the

*The only exception was the case of PSZ/NCI joints, where there was the normal crack-path deviation

on the PSZ side; on the NCI side the crack propagated along the NCI interface instead of deviating
towards the load point because of the much higher toughness of NCI.
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FIG. 3a— Loading arrangement for PSZINCI bonded disk specimen with gage attached for crack-
mouth-opening displacement measurement.

Interlayer

Substrate

| Substrate
2a, I 2ac = 2%

Fracture Path

FIG. 3b—Schematic diagram illustrating fracture path for opening-mode and mixed-mode fracture
(2a, and 2a, are point and end of chevron, respectively; 2a_ is instability length).

approach that we have used here provides rational characterization of the crack tip at the
point of fast fracture.

Specimens were oriented to produce nominal Mode I loading (notch parallel to load line),
nominal Mode II loading (notch at an angle of approximately 23° to the load line), or
nominal mixed-mode loading. In addition to the disk specimens, straight-notched four-point-
bend bars were used to determine nominal Mode I fracture toughness for comparison with

the disk-specimen results.

Results and Discussion

Failure Envelopes

Figure 4 shows a typical load/crack-mouth-opening-displacement curve for the cracked-
disk specimen. From finite-element analysis it was found that stress intensity was typically
within 2% of Atkinson’s analytical solution for a homogeneous cracked disk [/4]. The good
match was due to the similarity of elastic modulus between PSZ (200 GPa) and the thin
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FIG. 4— Typical load/displacement plot.

ceramic interlayer (130 GPa) for PSZ/PSZ bonds and between PSZ and nodular cast iron
(163 GPa) for the PSZ/cast-iron bonds.

Figure 5 shows the bond data on a G/Gy, versus ¥ plot, where G,, = 20.9 J/m? for the
PSZ/PSZ as measured independently using bend bars fabricated from bulk interlayer ma-
terial, since the crack path in bonded specimens ran only through interlayer material. For
PSZ/NCI joints Gy, = 238 J/m? was used, as measured independently on a bend bar by
cutting a notch into the reaction zone of the zirconia. A reason for this location was that
cracks in PSZ/NCI joints ran largely through the reaction zone of the zirconia.

Strain—Energy Release Rate, G/G .

5

A PSZ/PSZ Bonds »
¥ PSZ/NCI Bonds //

T T

1 1

=30

30 60 90

Phase Angle,, dea.

FIG. 5— Mixed-mode failure envelope for ceramic bonds.
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The solid line in Fig. 5 is Eq 4 with ¥ = 0.7 radians, a smaller value (steeper curve) than
for monoliths, while the dashed lines represent 50 and 150% of the solid line, reflecting the
scatter usually associated with fracture of bonds.

Far-Field Mode I and Mode II Toughness

Table 1 summarizes the fracture toughness results in terms of far-field stress intensities
at failure. For the PSZ/PSZ bonds the bulk interlayer data were obtained from notched
bend bars machined from separately cast interlayer blocks. The PSZ/PSZ joint toughnesses
were approximately half that of the PSZ substrate.

Figure 6 compares pure opening mode toughness (Ki.) values obtained using the disk
specimen with those obtained using other test geometries for both homogeneous and bonded
specimens. This figure includes values given in Table 1, along with those tabulated in Ref
15. As shown in Fig. 6, the Mode I (K} data for bonds are consistent with experience with
monolithic ceramics, which has shown that fracture toughnesses measured using the disk
specimen are comparable to those measured using more common technical ceramic designs,
such as the double-torsion and chevron-bend specimens [15]. The two types of bonds exhibit
opposite trends; the bend-bar result is higher than the disk for PSZ/PSZ bonds and lower
than the disk for PSZ/NCI bonds. Note that these latter data can be plotted on this brittle-
material graph since fractography revealed that zirconia occupied at least half of the fracture
surface for all PSZ/cast-iron joints, the balance of the surface being the PSZ/braze-metal
interface.

Table 2 reports the literature data while Fig. 7 compares tensile and shear toughness
results, with the upper dashed line representing a 2:1 ratio (K. = 2 K.} and the lower

TABLE 1—Experimental results for bonded zirconia specimens
used for test-method comparison.

Toughness, MPa\/m

Tension® Tension® Shear®

BULK MATERIALS

NCI 92 [16}¢ L

PSZ (as-received) 9.7 8.6

PSZ (heat treated)” 5.6 .

MASZ-67 interlayer/ 21

MASZ-80 interlayer”/ 2.9

PSZ/PSZ Bonbs
MASZ-67 25 2.1 5.0¢
MASZ-80 32 2.5
PSZ/Cast-IRON BONDS
Braze interlayer 5.9 6.6 16.2%

“Four-point bend.

*Diametrically compressed disk.

“Diametrically compressed disk.

4Compact specimen.

“Heated to produce the temperature/time history during bond-
ing.

/The interlayer material is designated MASZ-XX, with XX
being the weight percent of zirconia powder.

¢Interpolated from K; versus K;; plot.

#Extrapolated from K, versus Kj; plot.
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FIG. 6—Comparison of fracture toughness test methods.

dashed line representing a 1:1 ratio, or K;;. = K. The data divide roughly into two families.
Chevron-notch diametral compression results lie closer to the higher ratio because fracture
instability occurs after some stable crack growth for this notch configuration (e, > a, > a,,
see Fig. 3b). The associated rubbing of opposing crack faces under Mode II loading prior
to instability shields the tip from the full applied shear stress intensity. In addition to the
chevron-notched disks, the notched block result on mortar exhibits a high K, .:K|. ratio [17].
The author of that paper noted that the fracture surfaces were so rough that interference
of the relative motion of the opposing faces occurred, strongly implying a shielding effect.

The rubbing effect can be ameliorated by using a straight-through notch [15] with the
potential penalty of producing artificially high K; . values due to reduced acuity. This point
was examined in Ref 15, which reported the same K|, values for both a blunt notch and a
chevron crack in porcelain specimens. As can be seen in Table 2, the Mode II:Mode I ratio
is close to unity for porcelain, presumably because blunt notches was used for both opening
and longitudinal shear loads, and rubbing was eliminated.

It is not clear that rubbing is undesirable. On the one hand, specimens free of rubbing
provide actual notch-tip stress intensity values, while rubbing induces crack-tip screening
and a resultant apparent elevation of stress intensity at failure. On the other hand, rubbing
is characteristic of the sharp crack under Mode II loading and thus is a real feature of crack
growth. Thus, there is a dilemma in mixed-mode fracture toughness test development, which
cannot be resolved at present: either use a blunt notch, which can lead to nonconservative
K, values due to acuity effects, or use a sharp crack, which may lead to nonconservative
K, values due to crack-face interference.

Rubbing provides one reason why the critical G value (strain energy release rate) increases
with an increasing ratio of shear:tension loading. Other possible contributions can be ex-
pected on the basis of microscopic examination [13,27]. In the PSZ/PSZ couple, mixed-
mode fracture was accompanied by growth of the crack into the higher-toughness zirconia
substrate during fracture of the chevron region. In the PSZ/NCI couple, shear of the braze
metal was observed, indicating a plasticity contribution to fracture energy.
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TABLE 2— Published K /K, data for ceramics (MPa\/m).

Material® K, K. Reference
STRAIGHT-THROUGH NOTCHED Disks; COMPRESSION
Glass 0.73 0.90 18]
Graphite 0.689 0.762 19
Graphite 0.724 0.830 {19]
Graphite 0.943 1.09 [19]
Graphite 0.814 0.886 {19]
Plaster 0.130 0.148 {19]
Marble 0.933 1.05 (19]
Cement paste 0.271 0.298 {20]
Porcelain 1.13 1.3 [15]
WC/Co 13.4 15 [21]
CHEVRON-NOTCHED DIsks; COMPRESSION
Alumina 3.35 6.7 51
Zirconia 7.3 11 5]
Zirconia 4.2 6.5 5]
Zirconia 5.4 9.0 i3]
PSZ/PSZ bonds 2.1 5.0 This work
PSZ/cast-iron bonds 6.6 16.2 This work
NOTCHED PLATES; TENSION
Glass 0.51 0.41 [22]°
Glass 0.75 0.60 {23)
NOTCHED BLOCKS; SHEAR
Mortar 0.7 1.82 {17]
Concrete 2.25 2.58 {24]
Concrete 2.25 2.46 [24]
Concrete 2.24 2.58 [24]
SLOTTED TUBES; TORSION
Silicon nitride 6.76 5.32 {25]
SURFACE-CRACKED PLATES; BENDING + PRESSURE
Glass 1.1 1.16 {26]

“Multiple entries per material indicate that several different compositions and/or heat treatments
were used.

®Units are not clearly given; the ratio of the toughnesses is correct, however.

cAbsolute values of toughness not reported; K, was estimated and K, /K, ratio digitized from graph.

Conclusions

The notched diametrally compressed disk provides a simple, inexpensive method for
evaluating bonds in ceramic/ceramic and ceramic/metal systems. As is the case for monolithic
disks, the opening mode fracture toughness (K, values obtained using the disk are com-
parable to the notched-bend specimen. There are two additive components of apparent
shear toughness (K;.) for the chevron-notch specimen fabricated from a monolithic material;
one component arises from the crack-tip stress intensity while the second arises from crack-
tip screening associated with rubbing. While the screening component may depend on
material, a typical value is about equal to K. for an unscreened crack. Bonded specimens
introduce added complications for all specimen geometries; thermal-expansion mismatches
lead to residual stresses, and elastic-modulus mismatches lead to a second component of
screening. Additional differences arise from crack deviation from the interlayer and, in the
case of the metal/ceramic bond, plastic deformation of the braze metal.
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ABSTRACT: Mode I fracture toughness was determined for several unidirectional, continuous
fiber reinforced polymer matrix composites and a monolithic homogeneous alloy using a
modified chevron-notch short bar (CNSB) specimen. The modified short bar specimen con-
sisted of two dissimilar materials and is, consequently, referred to as the hybrid short bar
(HSB) specimen. The HSB specimen comprised the host material that contained the chevron
notch ligament through which fracture occurred during testing. Bonded to both sides of the
host material were metallic adherends. Similar geometric dimensions were maintained between
the monolithic (i.e., standard) and the hybrid short bar specimens. Maintaining geometric
consistency between the specimens enabled standard short bar fracture toughness analysis
techniques to be used in the data reduction of all specimens. Using metal/laminate HSB
specimens, Mode I delamination fracture toughness was determined for graphite epoxy and
graphite thermoplastic polymer matrix composite laminates. Also, plane strain chevron notch
fracture toughness, Kj,, was determined for 6061-T651 Al using a metal/metal HSB specimen.
The metalimetal HSB specimen consisted of Al 6061-T651 as the host material onto which Ni
adherends were bonded via electroplating. Using a low-temperature electroplating process in
fabricating the metal/metal HSB specimens provided two significant benefits. First, a strong
metallurgical bond was achieved between the dissimilar materials of the metal/metal HSB
specimen. Second, during the plating process, modification of the host material microstructure
was insignificant. Maintaining consistent microstructures between the metal/metal HSB and
the monolithic short bar (SB) specimens permitted direct comparison of experimental fracture
toughness test results. After correcting the HSB fracture toughness data to account for effects
due to compliance mismatch of dissimilar materials, good agreement was observed between
the toughness results obtained using hybrid short bar and monolithic short bar specimens.

KEY WORDS: fracture toughness, delamination toughness, monolithic short bar, hybrid short
bar, composite laminates

Understanding stable crack growth behavior in materials is of great significance in pro-
viding knowledge which can aid the materials selection process and in promoting confidence
in design and analysis of fail-safe structures. Linear elastic fracture mechanics (LEFM)
provides an analytical approach that enables the design of engineering materials and struc-
tures using flaw tolerance analysis. From LEFM analysis, the critical stress intensity param-
eter, K, which is related to the product of the critical flaw size and the applied stress of the
material, can be determined, thus enabling failure limits to be calculated for materials and

1Associate Professor, Department of Metallurgy Mechanics and Materials Science, Michigan State
University, East Lansing, MI 48824-1126. Formerly: Senior Member of Technical Staff, Organic and
Composite Materials Division, Org. 8311, Sandia National Laboratories, Livermore, CA 94551-0969.
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structures, Standard test methods [7,2] exist for determining the stress intensity parameter
of fracture toughness that employ various specimen geometries. Yet, for nearly all specimen
geometries, a necessary requirement is that the crack length be determined as a prerequisite
to assessing fracture toughness or critical stress intensity factor of materials. Often, crack
length measurement can be an arduous process depending on the specimen geometry and/
or test methods. Consequently, by alleviating the necessity to measure crack length, fracture
toughness testing can be simplified and made more economical. Approximately a decade
ago, a fracture toughness testing technique was introduced by Barker [3-5] which utilized
a specimen design that permitted fracture toughness determination without measurement
of the crack length. The chevron notch short bar (CNSB) specimen met the criterion in that
the fracture toughness could be determined without explicit knowledge of the crack length.
The use of the CNSB also alleviated the need for specimen precracking. Using CNSB
specimens allowed fracture toughness to be determined essentially by knowing only the
applied maximum load.

Characterization of fracture in materials is frequently assessed by the analysis of fracture
toughness results. Often times, however, limited material availability, non-standard ge-
ometry, and the inability to conveniently measure the crack length preclude fracture tough-
ness determination by more conventional test methods. Alternative test methods are some-
times deemed necessary to obtain fracture toughness of materials when such compatibility
issues arise for testing by more established methods. Attempting to address testing incom-
patibility issues, an alternative test specimen was fabricated and evaluated.

In this investigation, a modified version of the monolithic chevron notch short bar (SB)
specimen was utilized to determine fracture toughness of a metallic alloy and of resin matrix
composite laminates. The configuration of the modified short bar specimen (i.e., hybrid
short bar, HSB) consists of the host material, for which the fracture toughness is determined,
bonded to metallic adherends. More specifically, the delamination fracture toughness was
determined for continuous carbon fiber reinforced thermoset and thermoplastic matrices
composite laminates; and, plain strain chevron notch fracture toughness (Ky,) was obtained
for 6061-T651 Al alloy. Fabrication, testing, and data reduction and analysis associated with
the HSB specimen are discussed.

Experimental Procedure
Metal/ Laminate HSB Specimens

Three different composite laminates were examined. One laminate was a graphite fiber
reinforced epoxy (Gr/Ep) composite which was supplied by Fiberite Corporation. The lam-
inate layup was unidirectional, 16 plies, 2.2 mm thick consisting of T300 fibers (elastic
modulus, £ = 148 GPa) in a 934 epoxy matrix. The second laminate was 3.6 mm thick
containing 24 plies of unidirectional AS4 fibers (E = 131 GPa) in a 938 epoxy matrix. The
final laminate examined was a graphite fiber reinforced thermoplastic (Gr/Tp) composite
containing IM6 fibers (E = 270 MPa) in a PEEK (polyether-etherketone) resin matrix.

The first stage of fabrication of metal/laminate hybrid short bar test specimens involved
adhesively bonding metal adherends (6061-T6 aluminum) to the composite laminates to form
hybrid stock panels (HSP) from which test specimens were subsequently extracted by con-
ventional machining methods. Components of the hybrid stock panel are shown in Fig. 1.
Using a hydraulic laminating press, the composite laminate was adhesively bonded to grooved,
anodized, 12.5 mm thick 6061-T6 aluminum platens. Adhesive film placed on both sides of
the laminate provided sufficient adhesive bonding integrity. Moreover, the adhesive bonding
integrity of the adherends to the laminate was enhanced by mechanical locking provided by
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FIG. 1— The hybrid stock panel (HSP) components are shown prior to consolidation and after con-
solidation. The metal/laminate HSB specimen is machined from the HSP.

adhesive-filled grooves (~1.3 mm deep, 0.6 mm, and angled 60° with respect to the plane
of the laminate) that were machined in the Al platens. Consolidation of the HSP took place
under a pressure of 50 MPa at 125°C (400 K) for 5.1 X 10%s).

After consolidation, metal/laminate hybrid short bar specimens were machined from the
hybrid stock panel. A metal/laminate HSB test specimen is exhibited in Fig. 2. The chevron
V-notch ligament was machined into the host (laminate) material of the HSB specimen with
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'B = 19.05 mm (0.750")

W = 2880 mm (1.125m)

FIG. 2— The metal/laminate HSB specimen is shown containing a carbon fiber resin matrix composite
laminate as the host material and Al adherends.

a slitting saw using a fine grit diamond-impregnated blade. The dimensions of the metal/
laminate HSBs were: length (W) = 28.8 mm, width (B) = 19.1, and height (H) = 16.1
mm (Fig. 2).

Metal/Metal HSB Specimens

The metal/metal hybrid short bar specimen consisted of electrodeposited nickel adherends
with 6061-T651 Al as the host material. Electrodeposition of thick Ni coating was chosen
over other bonding techniques because a strong metallurgical bond was achievable between
the dissimilar materials without significantly altering the microstructure of the Al host ma-
terial. Surface preparation of the host material prior to electrodeposition involved surface
grinding with 600-grit abrasive paper, followed by a solvent rinse, and hot vapor degreasing
in trichloroethylene. The final phase of surface preparation included electroplating of copper,
0.002 mm thick, on the Al substrate. The thin copper coating was required in order to bond
the Ni coating (adherends) to the Al alloy substrate (host material).

Thick (10 mm) Ni coating was deposited on the Al substrate in a heated (54°C, 327 K)
Ni sulphamate plating bath in which the plating current density was 2.15 x 10~* A/mm?.
These deposition parameters produced a Ni plating rate of approximately 1 mil/h or 4.2 x
10~* mm/min. Upon reaching a minimum required thickness (~6.4 mm) for the Ni coating,
the electrodeposition process was terminated and excess coating was machined off to meet
the dimensional requirements of the standard SB specimen. Schematically depicted in Fig.
3 are various stages in the fabrication process leading to the metal/metal hybrid short bar
specimen. Metal/metal HSB specimens were fabricated from the electrodeposited Al/Ni
lamina construction by electrospark discharge machining. The dimensions of the metal/metal
HSB specimens were as follows: B = 12.7 mm, W = 19.1 mm, and H = 11.1 mm (Fig. 4).
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FIG. 3— A schematic diagram of the electroplating process shows that (a) thick Ni coating is electrodeposited
onto Al (host material) and it shows (b) a metallmetal hybrid short bar specimen machined from the
electrodeposited Ni/Al material.

CNSB Theory and Test Method

The theory of fracture toughness as related to the chevron notch short bar method was
analyzed thoroughly by Barker [3-5] and others [6]. The expression for CNSB fracture
toughness K, is derived from basic energy principles. The energy required to advance a
crack an increment, Aaq, is given as

AW = G,.- b - Aa e))

where G,. is the strain energy release rate or fracture energy and b is the instantaneous
crack front width at crack length, a + Aa. Irrecoverable work, AW, when the crack advances
an amount Aa can be expressed in terms of the elastic compliance change while loading the
material. Thus irrecoverable work is expressed as

P2AC

N @
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a

FIG. 4—A metalimetal HSB specimen is shown (a) comprising 6061-T651 Al as the host material with
electrodeposited, thick Ni adherends. The monolithic 6061-T651 Al SB specimen is shown (b) for com-

parison.

where P is the applied load and AC is the incremental change in compliance due to crack
advance, Ag. Combining Eqs 1 and 2 gives the strain energy release rate as the classical
compliance equation [7] from linear elastic fracture mechanics (LEFM), That is,

. )

Gre = 2b  oa

The strain energy release rate is expressed in terms of the stress intensity factor. Note
that the fracture toughness is denoted as K, to be consistent with the recent standard test
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procedure (ASTM E 1304-89) adopted for chevron notch short bar specimen testing. There-
fore the energy release rate is given by

K3, (1 — v?
G = I(T) 4

where E is the elastic modulus and v is Poisson’s ratio. Combining Eqs 3 and 4 gives the
stress intensity [3,4]:

3 P(1 — v?)~12 ‘ a
Ky, = B2 f( ) (5)

where B is the width of the specimen and
(a) ~ (B a(CEB)) " y
\B) =\ d(a/B) ©)
The expression in parentheses is a dimensionless factor depending only on the specimen
geometry. For the short bar geometry (W/B = 1.45), the value of f(a/B) = 22.5. For the
short bar method, often, only the maximum load is needed to determine the fracture tough-
ness, provided that LEFM criteria are satisfied. With the short bar geometry, it has been
shown [3,4] that a critical crack length is reached under stable crack growth conditions that
is coincident with the occurrence of the maximum load.

During testing of the HSB specimen, load is applied normal to the plane of the propagating
crack front in the V-notch ligament (i.e., Mode I loading). All tests were performed in air
at room temperature at 37% relative humidity. Tests were run on a commercially available
chevron notch short bar test system. The specimen mouth opening displacement rate was
5.8 x 10~*mm/s. The mouth-opening displacement was measured with a clip gage positioned
in the grip slot of the SB specimen. A typical load-displacement profile obtained from testing
a metal/laminate HSB specimen is shown in Fig. 5. The load-displacement response is linear
on initial loading, corresponding to the elastic compliance of the test specimen before sharp
crack growth initiation. However, steadily increasing the load causes deviation of the load/
displacement profile from linearity, indicating the onset of stable crack growth in the chevron
notch ligament. The crack grows initially in a stable manner, reaching a critical length under

the influence of a high stress intensity field. At the point of maximum load, the fracture
toughness can be determined using Eq 5.

Results and Discussion
Fracture Toughness of Metal/Metal HSB Specimens

As noted earlier the metal/metal hybrid CNSB specimen consisted of the host material
6061-T651 Al with Ni adherends. The experimental fracture toughness results of monolithic
6061 Al [8] are listed in Table 1 for both the monolithic and the hybrid short bar test
specimens. Clearly, the raw data in Table 1 show that significantly higher fracture toughness
values were obtained for HSB specimens than for monolithic aluminum SB specimens. Since
the magnitude of fracture toughness values obtained using HSB was distinctly different from
those values obtained using monolithic SB specimens, this matter was investigated in attempt
to isolate and to explain the reason for the toughness disparity. Subsequent to fracture
toughness testing, an examination of the crack profile and the fracture surfaces of the



LUCAS ON MODIFIED CNSB SPECIMEN 81

‘\
Stable crack
growth regine

Load

Metal/laminate HSB
Specimen
B =0.75" (19.1 mm)

i

Load line displacement

FIG. 5—A typical load versus displacement profile is shown for metalllaminate hybrid short bar
specimen. Stable crack growth in the laminate is demonstrated.

TABLE 1— Fracture toughness results obtained for monolithic and metal/metal short bar specimens.
The HSB fracture toughness results in the right hand column have been corrected for compliance mis-
match differences.

Fracture Toughness of Metallic SB Specimens

K, (Monolithic) K,, (Hybrid) K, (Al
Specimen #ID (MPa \/m) (MPa \/m) (MPa \/m)
M1 343
M2 343
M3 33.0
M4 342
M5 329
M5 33.8 S oL
H1 L 43.0 34.0
H2 L 43.0 34.0
H3 L 422 33.4
H4 L 42.1 333
H5 ... 43.5 343
Hé6 S 42.4 334
Avg. K, 338 42.7 33.7
Std. Deviation 338 = 0.7 42.7 05 33.7 0.4

“Corrected for compliance difference: [ E(host)/ E(hybrid)]2.
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monolithic SB and HSB specimens was conducted using light-optics and SEM microscopy.
The crack profile and the fracture surfaces characteristics were remarkably similar between
the two specimen types (Fig. 6). Examining the fracture surfaces, it is evident that the
primary void growth size associated with fractured precipitates was virtually identical for
both specimens. Also, shear ligaments failure mode on the fracture surface due to microvoid
coalescence appeared to be quite similar. There was also generally consistency in the tor-
tuosity of the crack propagation paths. Such similarity in fracture features suggested that
fracture modes and microfracture mechanisms were consistent for both specimen types
during the fracture process. Consequently, the observed disparity in K;, results was not
caused by differences in the crack tip fracture mechanisms relative to the specimen design.
In addition, for the metal/metal HSB specimen, the crack tip plastic zone size (R, = 0.86
mm) was well within the confines of the Al host material as delineated by its thickness,
T = 5 mm. Since the T/R, ratio ~ 6, the plastic zone size was not affected (constrained)
by the elastic moduli mismatch between the host material and the adherends. Thus it was
surmised that neither the crack tip plasticity nor the crack tip stress environment experienced
during fracture was responsible for the observed fracture toughness difference in the HSB
and the monolithic SB specimens. It was concluded therefore that the crack tip microfracture
process had essentially no effect on the disparity in fracture toughness.

However, it is recognized that the strain energy release rate G, for the aluminum (a
material property) is the same regardless of whether G,. values were obtained using the
elastic moduli mismatched HSB specimen or monolithic modulus, short bar (MSB) specimen.
Since the strain energy release rate, G, is related to the stress intensity factor, X, by K =
(EG)'2, the fracture toughness of the 6061 aluminum material should be the same irrespective
of test method and geometry. Therefore an adjustment factor was required in order to attain
consistency between the HSB and monolithic SB fracture toughness data. Higher fracture
toughness was manifested by a higher maximum load, P_,,,, observed for the HSB specimens.
The difference in the maximum load between HSB and MSB specimens is illustrated by
load-opening displacement profiles of Fig. 7. The increased fracture toughness observed for
the HSB specimen was due to the compliance difference between the specimen arms of the
monolithic and hybrid short bar specimens. Appropriately treating the arms of the SB
specimens as cantilever beams, the compliance of the monolithic and the hybrid SB specimens
can be compared by determining the rigidity modulus, EI, where E is the elastic modulus
and [ is area moment of inertia. Since the hybrid test specimen consisted of Ni adherends
[elastic moduli mismatch: Ey; (190 GPa) vy; (0.35) > E,, (69 GPa) v, (0.3)], EI for the
composite hybrid specimen will be greater than the monotlithic Al test specimen. Also, an
effective elastic modulus can be found from the rigidity modulus, EZ, of the hybrid (com-
posite) SB specimen. The fracture toughness of a hybrid specimen consisting of dissimilar
materials (E,,v, and E,,v,) can be corrected for the compliance difference by following an
elastic analysis similar to that proposed by Wang et al. {9]. For a composite double cantilever
beam (DCB) specimen, the analysis [9] suggested that the fracture toughness of the host
material was dependent on the elastic moduli ratio between the host material and adherend
material of the specimen. Hence, in order to determine the fracture toughness of the host
material, the observed toughness values of the hybrid (composite) specimen had to be
modified by an adjustment factor equivalent to the square root ratio of the respective elastic
(effective) moduli of the dissimilar materials. The fracture toughness of the host material
of the hybrid specimen is given by the following expression

E(host) " .
Ky (host) = (W> - Ky, (hybrid) )
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FIG. 7—Typical load versus displacement profile is shown for a monolithic short bar specimen and
for ametallmetal hybrid short bar specimen with the same specimen geometries. These profiles demonstrate
that the maximum load for the HSB specimen is greater than the maximum load for the monolithic SB
specimen. (Note: The elastic slopes of the load-displacement curves were electronically forced to appear
similar in the graphical presentation; however, in actuality the elastic slopes are quite dissimilar due to
compliance mismatch of the HSB specimen. However, this procedure does not affect the maximum loads
observed for the respective specimens. The maximum load value is critical in determining the K,,.)

where E(host) is the elastic modulus of the host materials (i.e., elastic modulus of Al and
E(hybrid) is the effective elastic modulus of the hybrid beam (arm) determined from the
equivalent EJ of the hybrid specimen. Note that the arm of the hybrid test can be analyzed
as a composite beam [10]. Unlike E(host), E(hybrid) will change as the thickness ratio
between the host and adherend materials changes.

Fracture Toughness of Metal/Laminate HSB Specimens

Fracture toughness results obtained for metal/laminate HSB specimens are given in Tables
2 to 4. Listed in Tables 2 to 4 are K|, results for T300/934, AS4/938, and IM6/PEEK resin
matrix composites, respectively. The fracture toughness values for the laminate, K, (laminate),
were calculated from experimentally observed HSB fracture toughness values, K (hybrid,
using the compliance correction factor approach discussed previously for metal/metal HSB
specimens. More specifically, the arm of the metal/laminate HSB specimen was treated as
a composite beam of dissimilar materials (E,,v, and E,,v,) using simple beam theory [10]
analysis to calculated E(hybrid). Applying Eq 7 to the metal/laminate HSB specimen shows
that the fracture toughness of the laminate is be given by the relationship

E(laminate)

1/2
K, (laminate) = < E(hybrid) ) - Ky, (hybrid) (8)

where E(laminate) is the transverse orthotropic modulus of the laminate and E(hybrid) is



LUCAS ON MODIFIED CNSB SPECIMEN 85
TABLE 2— Fracture toughness results for a T300/934 graphite
epoxy laminate.
Fracture Toughness, T300/934
Fiber K, (Hybrid)™* K;, (laminate)* *+ G
orientation (MPa Vm) (MPa Vm) (J/m?)
0° 1.61 0.79 65
0° 1.52 0.75 61
0° 1.42 0.74 56
0° 1.61 0.79 65
Avg. K, 1.58 0.77 62
*Hybrid test specimen contains unidirectional fiber laminate
(2.2 mm thick) with 6061 Al adherends.
+*Corrected for compliance difference.
TABLE 3— Fracture toughness results for an AS4/938 graphite epoxy laminate.
Fracture Toughness, AS4/938
Fiber Ky, (Hybrid)* Ky, (laminate)* Gi.*
orientation (MPa vVm) (MPa Ym?
0° 2.0 1.17 131.1
0° 22 1.30 164.1
0° 2.1 1.23 146.9
0° 2.3 1.36 179.6
0° 2.2 1.30 164.1
0° 2.1 1.19 137.5
Avg. = 2.15 131 166.3

*+Unidirectional fiber laminate (3.6 mm thick), 6061 Al adherends hybrid specimen.
**Data corrected for compliance difference.

TABLE 4—Fracture toughness results for an IM6/PEEK
graphite thermoplastic laminate.

Fracture Toughness, IM6/PEEK

Fiber K,, (Hybrid)* K, (laminate)* * Gt
orientation (MPa Vm) (MPa vm) J/m?
0° 5.1 3.1 995

0° 5.1 3.1 995

0° 49 2.9 876

0° 5.1 3.1 995

0° 4.9 2.9 876

0° 5.0 3.0 933
Avg. K|, 5.0 £ 0.1 3.0 933

Std. Deviation

*Unidirectional fiber laminate (3.5 mm thick), 6061 Al ad-
herends hybrid specimen.
**Data corrected for compliance difference.
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the effective modulus of the composite beam calculated from the rigidity modulus, EI, of
the hybrid composite beam.

The fracture energy of the laminate, G, was subsequently determined from the fracture
mechanics relationship that exists between K versus G. That is,

K2 (lami
G,(laminate) = % 9)

where E’ is the plane strain transverse modulus of the composite laminate.

Test data in Tables 2 to 4 show that the K|, values observed for the HSB specimen are
highly reproducible but higher than the toughness results determined for the laminate host
material. When the HSB fracture toughness data are corrected for compliance differences
using the square root of the moduli ratio factor, the fracture toughness and fracture energy
results of the laminate were found to be somewhat lower than fracture toughness results
obtained in previous investigations using the SB method [1] or other conventional test
methods like those using DCB and CN (center notched) specimens [12-14]. For comparison,
fracture toughness (energy) results from several investigations [12,13,15-23] are shown in
Table 5 for brittle thermoset composites and ductile thermoplastic composites. The modified
CNSB test method tended to give conservative delamination fracture toughness and fracture
energy values for composite laminates. Nonetheless, from this investigation it is apparent
that employing the modified CNSB specimen is viable for determining delamination fracture
toughness in composite laminates, and for determining plain strain fracture toughness in
metallic materials.

Conclusions

1. Plane strain fracture toughness was determined for 6061-T651 aluminum alloy using a
metal/metal hybrid short bar specimen. Also, delamination fracture toughness was deter-
mined for composite laminates using metal/laminate hybrid short bar specimen.

TABLE 5—Comparison of Mode I delamination fracture
energy for graphite fiber reinforced thermosets and thermoplas-
tics composite laminates.

Composite

Laminate Gic Kic or Ky

Fiber/matrix J/m> MPaV/m  Test Method  Reference
T300/934 90 o DCB 12
T300/934 103 . DCB 13
T300/5208 100 A DCB 15
T300/1034C 77 0.96 DCB 16
T300/5208 93 L DCB 17
T300/934 65 0.79 CNSB This Study
AS4/938 166 1.31 CNSB This Study
AS4/PEEK 1770 2.24 DCB 18
AS4/PEEK 1560 A DCB 19
AS4/PEEK 1120 . RS 16
AS4/PEEK 3.6 CN 20
AS4/PEEK 1800 5.3 DCB 21
IM6/PEEK 2150 e DCB 22
CF/PEEK 2000 5.0 DCB 23
IM6/PEEK 995 3.1 CNSB This Study

DCB = double cantilever beam, CN = center notch, RS =
rail shear, CNSB = chevron notch short bar.
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2. In general, fracture toughness results obtained using hybrid short bar specimens were
consistently higher fracture toughness results obtained using monolithic short bar specimens.
When compliance correction was made for hybrid short bar specimens resulting from in-
creased stiffening by adherends due the elastic moduli mismatch, fracture toughness values
were found to be in reasonable agreement with values obtained using monolithic SB test
specimens.
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ABSTRACT: The plane strain short-rod fracture toughness of six dental amalgams after having
been aged in air or exposed to 0.1% sodium chloride for 2 years was investigated. Amalgams
were also corroded by polarization. Their fractured chevron surfaces were characterized by
scanning electron microscopy. Results revealed an effect from sample diameter. The 6.35 mm
diameter high-copper amalgams had a fracture toughness 20-37% higher than that for 11.28
mm diameter size. Only one amalgam, one with indium revealed significantly higher tough-
ness, this being 16% after immersion, whereas the other amalgams showed no significant
differences between air and solution conditioning. Increases in toughness were also obtained
by polarization-induced corrosion, which after excessive charge transfer, decreased toughness.
Chlorine was detected within regions of the fractured chevron planes indicating diffusion to
a depth of 300 pm and more. It was thought that chlorides were deposited along Ag-Hg matrix
phase grain boundaries inhibiting their decohesive rupturing thereby enhancing toughness.

KEY WORDS: plane strain, fracture toughness, short-rod, chevron notch, crack jump, smooth
crack advance, load versus mouth opening displacement, fractography, microstructure, dental
amalgam, corrosion, polarization

Dental amalgam is a restorative material used for the filling of teeth. Deterioration,
corrosion, and property changes occur due to environmental conditioning with the oral
bioelectrolytes. Bulk and edge (margin) fractures occur with amalgam restorations requiring
either repair or replacement.

The property of fracture toughness has been used to a limited extent as an indicator of
the mechanical usefulness of amalgam as a restorative material [1-3]. The effects of dete-
rioration and corrosion upon possible changes in fracture toughness of amalgam have not
been investigated. Since amalgam restorations are continually exposed to the oral electro-
lytes, localized deterioration and corrosion occur routinely. Susceptible locations include
interfacial crevice regions with tooth structure where stagnant conditions and differential
aeration cells prevail. Some corrosion of the adjacent amalgam at the tooth-amalgam in-
terface is beneficial, since a better sealing of the interface from the ingress of electrolytes
occurs. In some instances more of the amalgam bulk becomes involved with deterioration
and corrosion. In this regard, the conventional amalgams which have a low copper content
are most susceptible due to the presence of the corrosion prone, tin-mercury phase. The
higher copper-content amalgams, either dispersed phase or of a single particle type are more
resistant to corrosion.

'Research Associate, Council on Dental Materials, Instruments and Equipment, American Dental
Association, Chicago, IL 60611.
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Microindentation [4], three-point bending [/,2], and chevron notched short-rod techniques
[3] have been used to assess fracture toughness of amalgam. The microindentation technique
appears to offer some favorable features, since it is possible to assess fracture toughness
within surface regions that have undergone deterioration and corrosion. The chevron notch
sample geometry also offers advantages, since the chevron notches can provide a means to
localize the corrosion along the edges of the chevron plane, and in more advanced stages
of corrosion to include most of the material contained within the chevron plane. By choosing
a short rod sample with smaller diameter, bulk material contained within the chevron plane
is reduced thereby increasing the percentage of corroded material. The chevron notch sample
also permits easy fractographic analysis of the fractured sample halves. With the microin-
dentation technique this is not possible, only polished cross sections are capable of analysis.

The purpose of this project was to investigate whether corrosion influences the fracture
toughness of amalgam so that better predictions of amalgam’s time to fracture can be made.

Materials and Methods
Amalgams and Sample Processing

Table 1 summarizes details of the amalgam alloy powders used. Six commercial alloys
representing two conventional, one dispersed phase, and three single particle high-copper
varieties were included.

Amalgams were processed from the powders by conventional dental procedures and by
following the manufacturers’ recommended instructions. The powders and recommended
percentages of mercury were mechanically mixed in a plastic capsule with an amalgamator
operating at 70 Hz for times from S to 10 s. An amalgamator operates in a back-and-forth
motion over several inches of travel, thereby intimately contacting the mercury with the
surface of the alloy particles. Chemical reactions begin immediately generating silver-mercury,
copper-tin and tin-mercury phases. The unset amalgam plastic masses were packed into a
6.35 mm diameter stainless steel mold and placed under a load of 445 N with plungers for
a duration of 2 min commencing at 3 min after the start of mixing. Mercury released while
under load was collected and weighed.

Fracture Toughness

Samples—Figure 1 details the short-rod sample geometry vsed. It is noted that a square
end groove design instead of a tapered design was used. Following removal of the samples

TABLE 1—Amalgam alloy powders used.

Composition, wt%

Material Source Type Ag Sn Cu DTS, MN m~2
Sybraloy Kerr Single 40.0 31.2 28.8 48.2 6]
Unison J&J° Single 56.7 28.6 14.7 ..
Spheraloy* Kerr Conven. 71.2 25.2 33 60.7 [6]
Dispersalloy® T&1J Dual 69.3 18.1 18.5 48.2 6]
Indiloy? Shofu Single 60.0 22.0 13.0 44.8 [6]
True Dentalloy S.S. White Conven. 70.4 25.8 3.8 63.4 [7]

224 hour.

*Johnson & Johnson.
°Also contains up to 1% Zn.
4Also contains 5% In.
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FIG. 1—Short-rod sample geometry.

from the mold, the lengths were ground to size on wet silicon carbide abrasive papers and
ground with diamond wheels with a water soluble cutting oil. A Fractometer specimen saw
model 4901 (Terra Tek) was used to cut the chevron slots and end groove. The samples
were thoroughly rinsed with water followed by alcohol prior to drying.

Samples for Corrosion by Polarization—These samples were prepared in a slightly mod-
ified manner from above explanation. Samples measuring 13—15 mm in length were initially
prepared. In the end opposite the ground end groove, a No. 3-48 tapped hole about 3 mm
in length was formed, which served to hold the sample and make electrical contact onto
and to a stainless steel electrode rod (Corrosion Cell System, Model 9700, Princeton Applied
Research). Following abrasion with No. 600 grit paper, the surface of the sample was coated
with several layers of a masking resin (MicroMask Stop-Off Lacquer, Michigan Chrome).
After drying the sample was again ground with the 0.18 mm thick diamond wheel but only
to remove masking resin overlaying the chevron slots. Hence, the samples for polarization
were only exposed to electrolyte along the two chevron slots. After polarization, the resin
was mechanically stripped and the samples made to length at the end containing the tapped
hole.

Testing—The short-rod plane strain fracture toughness K, gx similar to but not exactly
the same as K, which is in accordance with ASTM Standard Test Method for Plane-Strain
(Chevron-Notch) Fracture Toughness of Metallic Materials (E 1304-89), was determined
with a Fractometer II Model 2101A machine (Terra Tek) [5]. The details were the same as
those used in a related report [3]. Applied load versus mouth opening displacement (MOD)
plots were obtained for each sample during testing. Unloading-reloading cycles were initiated
throughout the tests. For samples fracturing via a smooth crack advance, two cycles which
bracketed the critical slope ratio, r, = 0.55, were obtained. The criterion for plane strain
conditions (ASTM E 1304) is

Ky, = 1.25 (K, /o) 1)

Diametrical tensile stresses [6,7] of the amalgams, similar to their tensile yield stresses,
are presented in Table 1. K g, which is referred to here as K, was obtained from

KIV = APc(l + p)B73/2 (2)
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where
K, = plane strain fracture toughness, MN m =32,
P, = applied load at critical slope ratio, N,
A = calibration constant, 22.0, dimensionless,
p = plasticity, dimensionless, and
B = diameter, m.

For samples fracturing via crack jumping process, K,,; was obtained from

K., = A P;B~3* 3

K.,; = plane strain fracture toughness for crack jumping,
A, = calibration related to crack jump at slope ratio r, and
P, = load initiating a crack jump.

Corrosion

Polarization—The amalgam samples were corroded by polarization under constant cur-
rent conditions in air-exposed 1 wt% sodium chloride (NaCl) solution. A Wenking poten-
tiostat Model LP75M in combination with an external resistor controlled a constant current
between amalgam working electrode and graphite counter electrodes. Currents selected
corresponded to between 1-10 mA which approximated 1-10 mA/cm?. A Wenking voltage
integrator integrated the anodic output charge by means of a current to voltage converter
in the potentiostat.

Environmental Conditioning— Six short-rod samples of each amalgam were processed and
prepared as described and each sample conditioned in its own glass vial containing 5 mL of
0.1% NaCl solution and sealed with parafilm for 2 years at 25°C. For comparison, six similar
samples of each amalgam were conditioned in air for the same time interval. Samples were
also prepared and aged 1 week or less before testing. Statistical significance between means
was obtained by using Tukey’s multiple comparison test [8].

Fractography

The fractured sample halves of selected samples were submitted to scanning electron
microscopy (SEM) analysis. Those samples containing non-conductive corrosion products
were first coated with a thin gold film to eliminate charging. Energy dispersive spectrocopy
(EDS) was also utilized on selected samples in a qualitative and semi quantitative manner.
A Cambridge scanning electron microscope equipped with a Princeton Gamma Tech spec-
trometer and related hardware and software were used. Compositions were obtained with
computer program taking into account atomic number, absorbance, and fluorescence (ZAF)
interactional effects between elements.

Results
Short-Rod Diameter

Figure 2 presents the fracture toughness of 6.35 mm diameter samples for the six amalgams
aged for 1 week in air. Also shown are the results on the 11.28 mm diameter samples after
similar aging as previously reported [3]. Except for the Spheraloy amalgam, which revealed
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FIG. 2— Fracture toughness versus amalgam for 6.35 and 11.28 mm diameter samples (see Table 1
for alloy identification.) Mean and standard deviation are shown.

almost the same fracture toughness for both diameters, the other five amalgams all revealed
higher mean values for the smaller diameter. Because of the large standard deviation as-
sociated with True Dentalloy, a significant difference did not occur between the two sizes.

Load Versus MOD

Except for True Dentalloy, which displayed a smooth crack advance, all other amalgams
displayed a crack jumping behavior. Figures 3 and 4 represent typical plots for amalgams
of each type.

Fracture Toughness

Corrosion by Immersion—Table 2 presents the fracture toughness of the amalgams after
having been immersed in 0.1% NaCl or conditioned in air for 2 years. Data are also presented
for similar amalgams after aging in air for only 1 week.

Corrosion by Polarization— Table 3 presents the fracture toughness of the amalgams after
having been corroded by various amounts of anodic charge. Figure 5 presents load versus
MOD plots for an Indiloy amalgam corroded by immersion for 2 years and another having
been polarized by 90 C of charge.

Fractography

Conventional Amalgams—Figures 6 to 23 present SEM micrographs of the fractured
surfaces of the short-rod samples. Figures 6 and 7 compare at low magnification two-year-
old True Dentalloy samples after air and NaCl conditioning, respectively. The NaCl exposed
surface readily reveals corrosion products covering most of the surface outside of the chevron
plane. Figure 8 shows the chevron plane of the corroded sample directly beneath its apex,
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TABLE 2—Short-rod fracture toughness results.®

KIc8R> MN m~ 2

Material 1 Week-Air 2 Year-Air 2 Year-Immersion®
Sybraloy 1.834 + 0.047 1.571 = 0.042 A
Unison 1.931 = 0.058 1.866 = 0.177 1.910 = 0.131
Spheraloy 1.918 + 0.077 2.017 = 0.133 2.172 = 0.088
Dispersalloy 2.149 + 0.124 2.085 = 0.080 2.187 = 0.189
Indiloy 2.548 = 0.098 2.530 + 0.234 2.936 = 0.110
True Dentalloy” 2.841 + 0.353 2.550 * 0.168 2.841 = 0.351

“Means and standard deviations of 5-6 samples each.
*In 0.1% NaCl solution.
‘Not including plasticity in calculation.

TABLE 3— Fracture toughness results® for polarized®
amalgams.

Kicsr, MN m~37?

Material 15C 30C 60 C 75 C 90 C
Sybraloy C 1.331 R S <
Dispersalloy Ca . 1.954 2.197 1.803
Indiloy 2.971 BN 1.804 C 0.769
True Dentalloy . 3.076  3.112 2812 2.636

“1 test per condition.
PIndicated as anodic charge in coulombs.
‘Broke while handling.

indicating regions of porosity. Inspection of a central region in Fig. 8, and at higher mag-
nification shown in Fig. 9, reveals porosity or voids (labeled “V”’) and that product deposition
had occurred within some of the pores (labeled “P’’). The rod-shaped product as shown by
EDS to contain tin, mercury, and chlorine. Hence, chloride for this particular corrosion
product had diffused about 100 pm. The voids revealed in Fig. 9 were a result of either
true porosity contained within the amalgam or voids due to the dissolution of the Sn,Hg
phase. Figure 10 reveals the features of the fractured plane from a Spheraloy sample exposed
to NaCl. No differences were obvious between this surface and that of Spheraloy aged in
air. The crack has propagated intergranularly through the Ag-Hg matrix grains and around
the unreacted alloy particles.

High Copper Amalgams—Figures 11 and 12 compare the fractured surfaces of Dispers-
alloy corroded in NaCl by either immersion for 2 years or by polarization with 90 C of
charge. The surface from the polarized sample has obviously been alter by the excessive
corrosion. Figure 13 presents the fractured chevron plane for Unison amalgam exposed to
0.1% NacCl for 2 years prior to testing. Flat-like features which were common to both aged
and corroded surfaces were evident. Sybraloy also revealed flat-like fractured surface fea-
tures. Figure 14 reveals the needle-like CuSns amalgamation phase, labeled as “N,” covering
the unreacted alloy particles on the fractured chevron plane surface for Sybraloy amalgam.
With corrosion by polarization, the fractured chevron plane for Sybraloy amalgam, shown
in Fig. 15, revealed an abundance of corroded CuSn, phase. For Indiloy, one of the corroded
samples revealed a ring around the apex of the chevron plane (Fig. 16). Chlorine was detected
over much of the chevron plane. For example, the Cl concentrations for the dark background
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FIG. 5—Load Versus MOD for Indiloy amalgams after corrosion by immersion for 2 years and after
corrosion by polarization with the passage of 90 C of charge.

FIG. 6—SEM micrograph of the fractured chevron plane for True Dentalloy amalgam aged in air for
2 years prior to testing.
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FIG. 7—SEM micrograph of the fractured chevron plane for True Dentalloy amalgam exposed to
0.1% NaCl solution for 2 years prior to testing.

FIG. 8—SEM micrograph of the region in Fig. 7 below the apex at higher magnification.
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FIG. 9—SEM micrograph of the central region in Fig. 8 at higher magnification. “V" labeled for void
or pore and “P” labeled for product of corrosion.

FIG. 10—SEM micrograph of the fractured chevron plane for Spheraloy amalgam exposed to 0.1%
NaCl solution for 2 years prior to testing.
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FIG. 11—SEM micrograph of the fractured chevron plane for Dispersalloy amalgam exposed to 0.1%
NaCl solution for 2 years prior to testing.

FIG. 12—SEM micrograph of the fractured chevron plane for Dispersalloy amalgam corroded in 1%
NaCl solution by polarization with 90 C of charge prior to testing.
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FIG. 13—SEM micrograph of the fractured chevron plane for Unison amalgam exposed to 0.1% NaCl
solution prior to testing.

FIG. 14—SEM micrograph of the fractured chevron plane for Sybraloy amalgam aged in air for 2
years prior to testing. “N” labeled for needle-like Cu-Sn amalgamation reaction products.
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FIG. 15—SEM micrograph of the fractured chevron plane for Sybraloy amalgam corroded in 1%
NaCl solution by polarization with 90 C of charge. “N” labeled for corroded Cu-Sn amalgamation phase.

FIG. 16—SEM micrograph of the fractured chevron plane for Indiloy amalgam after exposure to
0.1% NaCl solution for 2 years prior to testing.



104 CHEVRON-NOTCH FRACTURE TEST EXPERIENCE

FIG. 17—SEM micrograph of the region below the apex in Fig. 16 at higher magnification. EDS
analysis of area labeled “B” contained 12 wt% Cl content.
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FIG. 18— Chlorine concentration across the chevron plane in Fig. 17 at different distances from the
apex.
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FIG. 19—SEM micrograph of region in Fig. 17 at higher magnification.
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(labeled “B”’) and lighter surrounding material in Fig. 17 were 12.6 and 3.9 wt%, respec-
tively. Figure 18 presents Cl percentages at various distances from the chevron apex. Higher
magnification of the fractured plane (Fig. 19) revealed intergranular fracture of the Ag-Hg
matrix phase and with a waviness to the surface. Unreacted alloy particles were not detected.
A similar appearance was noted with Indiloy aged in air. Figures 20 and 21 present the
fractured chevron plane surface from a polarized Indiloy sample corroded with the passage
of 15 C of charge. In both figures “P” is labeled for small particle products dispersed across
the fractured surface. Figures 22 and 23 present the fractured chevron plane surface again
from a polarized Indiloy sample but with the passage of 90 C of charge. Larger prismatic-
like products were detected as well as of evidence for the propagation of the crack to have
occurred through these products.

Discussion
Short-Rod Diameter

Except for Spheraloy and True Dentalloy, K|, was dependent on the diameter of the
short-rod samples. The smaller size gave higher values of K|,. Previous data [3] have shown
this trend, but not to this magnitude. The largest increase occurred with Sybraloy (37%),
followed with Unison (22%), Indiloy (20%), and Dispersalloy (20%). Interestingly, the
three materials revealing between 20—-22% increases in fracture toughness contained copper
within a small range between 14.7-18.5%, while the one material indicating the largest
increase with the smaller diameter also contained the largest copper content of 28%. Spher-
aloy gave the same values with both diameters, while True Dentalloy showed a mean increase
by 6% with the smaller size. Because of the large standard deviations with True Dentalloy,
this small increase was not significant.
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FIG. 20—SEM micrograph of fractured chevron plane for Indiloy amalgam corroded in 1% NaCl
solution by polarization with 15 C of charge prior to testing. “‘P” labeled for small-particle products
dispersed across surface.

FIG. 21—SEM micrograph of a region in Fig. 20 ar higher magnification. “P” labeled for small-
particle products.
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FIG. 22—SEM micrograph of fractured chevron plane for Indiloy amaigam corroded in 1% NaCl
solution by polarization with 90 C of charge. “‘P” labeled for larger prismatic products located along the
edges of the chevron slot.

FIG. 23—SEM micrograph of a region in Fig. 22 at higher magnification. “P” labeled for larger
prismatic products.
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The two materials not showing a dependency upon diameter were conventional low-copper
amalgams. Spheraloy and True Dentalloy reveal, respectively, 1.26-1.35 and 1.32-1.42
times larger diametrical tensile stresses (Table 1) than those for the high copper amalgams.
It does appear, therefore, that the dependency of K, on diameter can be explained with a
consideration of Eq 1.

If the yield strengths obtained in bending [I] are used instead of the diametrical tensile
stresses, then Eq 1 does not predict the effect of sample diameter on K,. That is, the yield
stresses in bending for the high copper amalgams were as high or higher than for the
conventional amalgams. This anomaly, however, may then be linked to the so called “R-
curve effect” [9]. With amalgams behaving as viscoelastic materials, this could cause an R-
curve effect which gives rise to an increased K, for larger diameters.

Corrosion Affecting Fracture Toughness

A comparison of the 2-year-aged amalgams in air to 1 week samples revealed no significant
differences in fracture toughness except for Sybraloy which had a 14% reduction by aging
in air. Because of the increased copper-content of this amalgam, it may be that oxides of
copper were more easily formed with this amalgam and were detrimental to fracture toughness.

Amalgams exposed to 0.1% NaCl solution instead of air for 2 years revealed small increases
in fracture toughness, but only for Indiloy was this increase significant. It was also shown
for Indiloy that chloride had diffused within some regions of the chevron plane and may
have been a reason for affecting fracture toughness. It was unexpected that an increase
would have occurred, since any process attempting to dealloy the amalgam would be sus-
ceptible for degrading alloy properties. Besides, any products formed with chloride, such
as with copper, tin, and indium would not be expected to improve fracture toughness. Since
fracturing of amalgams occurs mainly by intergranular fracture of the Ag-Hg phase matrix
grains, speculation is put forth that chloride products were formed along matrix grain bound-
aries inhibiting intergranular fracture and tending to toughen the material. It is also likely
that indium may be linked to the toughening, since a significant increase in fracture toughness
only occurred with an indium-containing amalgam.

It is interesting that the Indiloy amalgam corroded by polarization revealed an increase
in fracture toughness after 15 C of charge had passed. Increasing the amount of charge
beyond this amount also significantly decreased fracture toughness. It may be that at 60 and
90 C of charge, gross corrosion degradation had occurred which reversed any effects from
a toughening process occurring at lower amounts of charge transfer.

True Dentalloy also revealed increases in fracture toughness with corrosion by polari-
zation. Even though values began to reverse as the amount of charge reached 75 C, this
amalgam, like with Dispersalloy, still showed remarkable toughness after large amounts of
charge transfer. As corrosion began to consume the easily corrodable phases, Sn-Hg in True
Dentalloy and Cu-Sn in Dispersalloy, the more corrosion resistant phases began to become
deteriorated and began to undermine the entire structure. Sybraloy showed reduction in
toughness already with 30 C of charge, and at 90 C the toughness had degraded to the point
where the amalgam was able to sustain only very small loads.

Analysis of Fractured Surfaces

Even though no significant differences in fracture toughness for Dispersalloy and Unison
between the air and solution exposed samples occurred, differences between their fracto-
graphic surfaces were still noted. Dispersalloy aged in air instead of solution revealed more
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irregular surface characteristics. Even though not as noticeable as with Dispersalloy, Unison
also revealed a somewhat of a similar trend. This indicated the path by which fracturing
occurred was different between the two conditions even though the toughness measurements
were the same. At high magnification, Unison in both conditions revealed a flatter surface
texture than that occurring with Dispersalloy in either condition.

Conclusions

1. The 6.35 mm diameter short-rod samples from four dental high-copper amalgams were
20, 20, 22, and 37% higher in toughness than for the amalgams fabricated from 11.28 mm
diameter samples. For two conventional amalgams sample size effect should have been
noticed but was not.

2. Differences in fracture toughnesses between air and 0.1% NaCl storage for two years
were not significant except for one amalgam containing indium. In this case, NaCl storage
increased fracture toughness by 16%.

3. Chlorides were detected within the fractured chevron plane showing diffusion to a
distance of at least 300 wm and more.

4. The formation of chloride corrosion products along Ag-Hg phase grain boundaries was
postulated as a possible mechanism for increasing fracture toughness.

5. Corrosion by polarization was also able to increase fracture toughness. However, as
the amount of charge became excessive fracture toughness decreased.
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ABSTRACT: Fracture toughness of three aluminum-lithium alloys and Alloy 2219 (a total of
nine different plates) was measured with two different types of specimens and methods:
(1) compact specimens using ASTM E 813 and (2) chevron-notched short-bar specimens using
ASTM E 1304. The properties were measured in two orientations (T-L and L-T) and at three
temperatures (295, 76, and 4 K). In general, the short-bar specimens exhibited a higher fracture
toughness than the compact specimens. The difference between the two procedures was rel-
atively constant, independent of test orientation and strength. However, when the specimens
exhibited extensive delaminations on the fracture surface, the compact specimens had a higher
fracture toughness than the short bar specimens. The difference in fracture toughness measured
by the two procedures is explained in terms of the alloys’ crack growth behavior.

KEY WORDS: fracture toughness, aluminum-lithium alloys, delaminations, cryogenic prop-
erties, Alloy 2219

A simple, inexpensive method of measuring fracture toughness is needed to compare
different materials and to evaluate the effect of processing variables on the materials. The
chevron-notched specimens presented by Barker [1] and others [2~3] is applicable to a wide
range of materials including metals, ceramics, polymers, and rocks.

Aluminum-lithium (Al-Li) alloys are a relatively new class of materials that have been
introduced on a commercial scale within the last five years and are slowly being incorporated
into manufacture and construction of aerospace structures. The properties of these new
alloys have received attention because a large increase in fracture toughness has been
observed with decreasing test temperature. Their use in industry has been hampered by
production problems and the users’ lack of familiarity with the material.

The purpose of this paper is to compare the fracture toughness of high-strength Al alloys
by two different ASTM methods: (1) E 813 for Ji, [4] specimens that was initially approved
in 1981 and recently revised in 1988 and (2) E 1304 for K, [5] that was adopted in 1989.
These results are part of a comprehensive study of the mechanical properties of Al-Li alloys
[6]. Alloy 2219, which does not contain Li, is included in the study for comparison purposes.

'Materials research engineer, physical scientist, and materials research engineer, respectively, Ma-
terials Reliability Division, National Institute of Standards and Technology, Boulder, CO 80303.
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The purpose of this work is to create a data base of cryogenic material properties available
for current (1989 vintage), commercial Al-Li alloys.

Materials and Procedures

The chemical compositions and alloy characterization of the aluminum alloys used in this
study are shown in Table 1. The “x” in front of Alloy 2095 indicates that it is an experimental
alloy. Most of the plates were 12.7 mm thick, but a 19-mm-thick plate of 2090 was also
included. The T8 tempers are slightly less than peak aged. The microstructures of the plates
show large pancake-shaped grains. The grain size for each alloy is shown in Table 2 along
with the room temperature hardness. Undissolved intermetallic or constituent particles, 1
to 10 pm in size, were elongated along the rolling direction in all alloys. The X2095 plates
had the highest volume fraction of constituent particles followed by the plates of 2219 and
8090. The 2090 plates had the lowest volume fraction of constituent particles.

The procedures used in tension testing of cylindrical specimens, 25-mm gage length and
6-mm diameter, at cryogenic temperatures are found elsewhere [6]. Fracture toughness tests
on compact, C(T), and chevron-notched short-bar specimens were performed in the T-L
and L-T orientations with respect to the rolling direction of the plates. The mechanical
testing was performed in three different test environments: room air at approximately 295
K; liquid nitrogen, which is at a temperature of 76 K in Boulder, Colorado where the altitude
is approximately 1.6 km above sea level; and liquid helium, which is at a temperature of 4
K in Boulder, Colorado. The specimen dimensions for the fracture toughness specimens are
summarized in Table 3.

The tests were conducted in stroke control on a servohydraulic controlled test machine.
The cryogenic tests (4 and 76 K) were precracked at 76 K. Crack growth was monitored by
the unloading compliance technique. The value of J;. was determined by the intersection
of the tearing and blunting lines drawn according to ASTM Test Method for J,., a Measure
of Fracture Toughness (E 813-81). The 1981 test method tends to give more conservative
values for J. than the latest version, revised in 1987, due to the different definitions of J,
used in the two methods [7]. The fracture toughness measured in the J;. test is converted
to Ki(J), assuming plane stress conditions, by the formula

Ky =J. E 1

where E = Young’s modulus measured in tension testing at the same test temperature. If
plane strain conditions were assumed instead of plane stress, the fracture toughness would
be slightly higher and nonconservative.

The short-bar specimens were tested at 295 and 76 K in a screw-driven test machine. At
4 K, the tests were run in the servohydraulic controlled test machine used for C(T) testing.
The side slots were cut into the short-bar specimen with a diamond blade. A ring gage was
placed in one of the side slots to monitor the crack opening during testing, approximately
3 mm from the mouth of the specimen. A schematic of the short-bar specimen and the
testing arrangement is shown in Fig. 1. The ring gage is shown mounted at the grips for
clarity only, but during testing the gage was in the side slot.

Method E 813, using C(T) specimens, requires fatigue precracking while the short-bar
specimens do not. In Method E 813, the critical point on the test record where the fracture
toughness is evaluated is related to the area under the load-displacement curve (absorbed
energy) at a short relative crack extension. In Method E 1304, measured with chevron-
notched short-bar specimens, the fracture toughness is a mechanics-based value rather than
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TABLE 2—Summary of grain size and hardness data.

Average Grain Size, um

Alloy L= T= N Hardness, Ry
8090-T8151 600 380 20 70
8090-T8771 600 380 20 74
2090-T81-1/2 2000 1400 200 85
2090-T81-3/4 2000 1400 100 76
X2095-T351 1000 1000 40 76
X2095-T651 800 400 25 89
X2095-T851 4000 to 100 800 to 100 30 88
2219-T37 220 140 40 71
2219-T851 220 130 40 73

?L, T, and S refer to the longitudinal, long-transverse, and short-transverse orientation with respect
to the rolling direction of the plate, respectively.

TABLE 3— Dimensions for fracture mechanics specimens.

Width, mm Thickness, mm Crack Length/Width
C(T) 50.8 12.7 0.60
C(T)= 50.8 19.0 0.60
Chevron-notched 19.0 12.7 0.33

“One plate called 2090-T81-3/4.

LOADING
ROD

\\\\r—-

CLIP |
GAGE SPECIMEN

U LOADING
KNIFE
EDGES

FIG. 1-—Short-bar specimen dimensions and testing arrangement.
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an energy-based toughness, and the critical point is measured after relatively large crack
extension.

The toughness measured in short-bar testing is quantified by Ki,, the plane-strain (chevron-
notched) fracture toughness. K, relates to crack extension resistance with respect to slowly
advancing, steady-state crack advance. The main validity check on K, is the value of p
defined as

p = AX,/AX )

where A X, is the horizontal distance between the two effective unloading lines, and AX is
the distance between the effective unloading lines along the zero load line.

Results

The tension and fracture toughness tests are summarized in Tables 4 through 12. The
yield and ultimate strengths of each alloy increase and the tensile ductility parameters
(elongation and reduction in area) remain relatively constant or decrease as the test tem-
perature is decreased. Alloy X2095-T851 has the highest strength of any alloy at each
temperature, while the lowest strength material was Alloy 2219-T37.

No trends that describe the temperature dependence of the fracture toughness of these
materials as a group are observed. The K (/) values increased 20 to 30% in Alloy 2219
between room and liquid nitrogen temperatures, but did not change significantly between
liquid nitrogen and helium temperatures. For Alloy 2090, K (/) at cryogenic temperatures
were appreciably higher than at room temperature, except for the thicker plate when tested
at 76 K. In Alloy X2095, K,.(J) of artificially aged plates, T851 and T651 tempers, showed
little temperature dependence, but the deformed and naturally aged plate, T351 temper,
showed a 25% decrease in K;.(J) between 295 and 76 K and a 45% decrease between 295
and 4 K. For Alloy 8090, K (/) either decreased or increased at cryogenic temperature
relative to room temperature, depending upon the test orientation and temper. Clearly, the
effect of temperature on the fracture toughness of high-strength aluminum alloys is complex.

Plots that compare the fracture toughness measured by the two procedures at 295, 76,
and 4 K are shown in Figs. 2, 3, and 4, respectively. In many cases, the fracture toughness
from the chevron-notched specimens is greater than the fracture toughness from C(T) spec-
imens. The disparity between the two test methods does not appear to vary with the fracture
toughness or test temperature.

Little data are found in the literature for Al-Li alloys where fatigue precracked C(T)
specimens can be compared to chevron-notched specimens. Rao et al. [8] used fatigue-
precracked specimens of Alloy 2090 to measure K;, by Method E 399 [9] in the L-T ori-
entation. Similar data were reported by Dorward [10], who used the chevron-notched spec-
imens. Comparing these two sets of data at a similar strength level, we find that the chevron-
notched specimens produce lower fracture toughness (K;, = 31 and 40 MPa - /m at 295
and 88 K compared to 36 and 51 MPa - V/m for K. at 295 and 77 K, respectively). A similar
comparison between fatigue-precracked C(T) specimens and chevron-notched specimens of
Alloy 2090 in the S-L orientation again shows that K, is less than K| [1I]. For non-Li-
containing Al alloys, Brown [2] found that the fracture toughness of fatigue-precracked
C(T) specimens and chevron-notched specimens were equal at low values of fracture tough-
ness (20 MPa - V/m), and K, was significantly higher than K, for higher fracture toughness
Al alloys (greater than 35 MPa - Vm).
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FIG. 2—Comparison of fracture toughness calculated by Method E 813 and E 1304 at 295 K.
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FIG. 4—Comparison of fracture toughness calculated by ASTM E 813 and E 1304 at 4 K.

Exceptions to this trend occur for Alloys 8090 and 2090, which exhibit extensive delam-
inations on the fracture surface. For these alloys, the fracture toughness from C(T) specimens
is usually larger than the fracture toughness from the chevron-notched specimens. The
behavior of Alloys 8090 and 2090 is tied to delaminations along the pancaked grain bound-
aries that form free surfaces perpendicular to the crack front. An example of the size and
frequency of delaminations are shown in Fig. 5, which is a scanning electron microscope
photograph of the fracture surface of alloy 2090-T81-1/2 tested at 4 K.

The appearance of the curves of load (P) versus crack mouth opening displacement (CMOD)
in the fracture toughness tests was a function of the material’s tendency to delaminate. The
delaminations produce an increase in the CMOD reading without an appreciable change in
unloading compliance. In this way, the formation of a delamination resembles plastic defor-
mation, adding to the fracture toughness in the J,_ test. In the chevron-notched specimens, if
the load-displacement curve shows extensive displacement before maximum load, that dis-
placement does not directly add to the fracture toughness as in the Jy test.

Representative P-versus-CMOD curves for both test methods from a plate that delami-
nated (Alloy 2090-T81-1/2) and one that did not (Alloy X2095-T851) are shown in Figs. 6
and 7. The curves for Alloy 2090 from the two test procedures, Figs. 6a and 7a, are similar
in that they both show relatively large CMOD values before the maximum load is reached.
The curves for Alloy X2095, Figs. 6b and 7b, show less CMOD than observed for Alloy
2090.

The influence of delaminations on the determination of J; can be seen by comparing Fig.
6a and b. The fracture toughness of the C(T) specimen by Method E 813 is approximated
by the area under the curve up to the point where the compliance increases significantly,
marked as J,_ on the curve. If the P-versus-CMOD curves of C(T) specimens were analyzed
by Method E 399, the critical load that corresponds to the intersection of the curve with
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FIG. 5—Fracture surface of C(T) specimen from Alloy 2090-T81-1/2 tested at 4 K.

the 5% secant is marked as K. For Alloy 2090, the critical points on the curve are signif-
icantly different, while for Alloy X2095, the points are nearly the same.

For Alloy X2095, there is little evidence for delaminations on the fracture surface. The
P-versus-CMOD curve for the C(T) specimen, shown in Fig. 6b, is nearly linear-elastic with
a relatively small CMOD to reach the maximum load. The C(T) curve can also be evaluated
by Method E 399 [9] for K|, but in general the ratio of P,,,/P, is greater than 1.10, so a

(a)
2090-T81-1/2
T-L
4K
(b)
X2095-T851
TL
N 4K

max. fatigue
load

6 kN

LOAD

LOAD LINE DISPLACEMENT
FIG. 6—P-versus-CMOD curves for C(T) specimens of alloys (a) 2090-T81-1/2 and (b) X2095-T851.
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FIG. 7—P-versus-CMOD curves for chevron-notched specimens of alloys (a) 2090-T81-1/2 and
(b) X2095-T851.

K. analysis is not always valid for the X2095 specimens. An R-curve analysis for each
P-versus-CMOD curve from a C(T) specimen would show that the maximum K is increasing
with crack growth, but for Alloy X2095 the increasing R-curve is particularly significant
because the fracture toughness is relatively low and plane strain conditions are maintained
at the crack front (evidenced by small shear lips).

In the chevron-notched specimen, the fracture toughness is proportional to the load at
the critical point on the curve. Alloy 2090 in Fig. 7 shows larger hysteresis in the unloading
portions of the curve than in alloy X2095. If the value of p (as defined by Eq 2) is calculated,
the test for Alloy 2090 is invalid. Normally, the value of p is a measure of the plastic zone,
but in this case, the large hysteresis and value of p are indications of delaminations. The
value of p for Alloy X2095 is nearly zero at all crack length, indicating that the plastic zone
remains relatively small throughout the test and plane strain conditions are maintained.

Discussion

The behavior of the aluminum alloys in fracture toughness testing is complex. The two
tests, Methods E 1304 and E 813, do not always give equivalent results for characterizing
the fracture toughness of this new class of materials. The differences between the two test
methods can be understood by looking closely at the material behavior with respect to the
test.

At the lowest fracture toughness, Alloy X2095-T851 and T651 show a large relative
discrepancy between the two tests where the fracture toughness of chevron-notched speci-
mens can be 100% greater than that of C(T) specimens (Alloy X2095-T851 at 76 K in the
L-T orientation). At similar K;. toughness, Brown found good agreement between fatigue
precracked C(T) and chevron-notched specimens [9]. The X2095-T851 and -T651 show a
rising crack growth resistance under plane strain conditions similar to that observed in AL O,
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by Munz et al. [3]. The maximum K that can be calculated from Fig. 6b is about 10% greater
than K,.(J), but in other specimens from alloy X2095, it was as large as 100% larger. Because
K (J) is evaluated at a relatively short crack extension and K, is evaluated at a relatively
long crack extension, one might expect Ky, to be higher than K (/).

When delaminations form in a C(T) specimen before the critical point on the P-versus-
CMOD curve, the local stress state at the crack front is no longer plane strain. The relative
influence of delaminations on fracture toughness is critically linked to the point the delam-
inations nucleate and their size. Rao et al. [8] sectioned interrupted C(T) specimens and
found that the load for delaminations was about 85% of the critical load measured in Method
E 399 testing. For these results, we assume that the delaminations form in the C(T) specimen
soon after the P-versus-CMOD curve departs from linearity, then the plastic component of
the CMOD at J,, can be attributed to delamination. The ability of the 2090 and 8090 alloys
to plastically deform is relatively low, as seen in the tension test results (Table 4), so the
assumption that delamination starts when the P-versus-CMOD curve becomes inelastic
seems appropriate. For the curve shown in Fig. 6a, the delamination contribution to K.(J)
can be estimated to be 50% of the total. If K, .(J) is reduced by 50%, then K|, is greater
than K (J), similar to the correlation for other alloys. Also, the delamination toughening
varies from specimen to specimen because the location of the weak grain boundaries varies
with respect to the fatigue precrack, contributing to the scatter in K (J) for Alloys 2090
and 8090.

These comparisons between the two test methods are informative because they highlight
the differences between the methods and the materials’ fracture behavior. Method E 813
is best used when the material shows significant plastic deformation prior to crack growth
(elastic-plastic behavior). The energy dissipated through plastic deformation before crack
growth can be converted to an equivalent elastic stress intensity by Eq 1. The problem arises
when the material shows extensive delamination toughening that is treated in the data
analysis the same as plastic deformation. There is no equivalent elastic stress intensity factor
to account for delamination toughening. For this reason, the K;.(J) values reported here
for 2090 and 8090 cannot be considered plane-strain, lower-bound estimates of fracture
toughness. The E 1304 method is not based on the area under the P-versus-CMOD curve
and is therefore not influenced by delamination toughening to the same degree as the
E 813 method. The K|, values appear to be better estimates for design purposes of the
lower-bound fracture toughness than the K;(J) values when the alloy exhibits extensive
delaminations.

These considerations of the results highlight the need to understand the limitations of a
test before the results are used. We can consider that the fracture toughness measured in
a test under given conditions is composed of intrinsic and extrinsic components. The intrinsic
part is the material property and the extrinsic part depends upon the given set of test
conditions, like specimen width and thickness. The standard test methods for fracture tough-
ness are set up so that if the guidelines are followed, the extrinsic component is minimized.
However, in forming the guidelines, certain assumptions are made with regard to how the
material will behave. If the material shows unusual behavior, the guidelines may not insure
that the extrinsic contribution to the measured fracture toughness, the delamination tough-
ening, is small compared to the material property. The behavior seen here for Alloys 2090
and 8090 are good examples of how delaminations complicate the evaluation of fracture
toughness.

In summary, the two methods discussed in this paper for measuring fracture toughness
do not always agree. Each has its advantages and disadvantages. The short-bar specimen is
smaller and requires lower loads to test. The procedure is simpler and faster, and when the
material exhibits delaminations, K, is lower than K;(J) and may be a better engineering
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estimate of the lower-bound fracture toughness. In the end, we must agree with Brown [9]
and consider that the short-bar specimen is useful for screening purposes even when there
is no 1:1 correlation with K, .(J). The fatigue-precracked C(T) specimen tested for J. is a
widely used technique to measure plane-strain fracture toughness in elastic-plastic materials.
However, high-strength Al-Li alloys are not elastic-plastic at cryogenic temperatures and,
depending upon composition and temper, exhibit extensive delaminations that can lead to
an overestimation of the lower-bound fracture toughness.

Conclusions

1. For high-strength Al alloys, K;, measured with chevron-notched short-bar specimens
does not have a 1:1 correlation to K; (J) measured with a fatigue-precracked compact
specimen. Typically, K, is higher than K,.(J).

2. The exception to the trend is for materials that exhibit extensive delaminations on the
surface, Alloys 2090 and 8090. In this case, Ky, is lower than K.(J), and K;.(J) does not
represent a lower-bound, plane-strain fracture toughness.

3. Alloys X2095 and 2219 in T8 and T6 tempers have relatively low K;(/), and much
higher K,,. The difference in fracture toughness between the two test procedures is thought
to be due to an increase in the crack growth resistance in plane strain conditions.

4. The chevron-notched short-bar specimen is useful for ranking different alloys and
correlating the effects of thermomechanical processing with respect to fracture toughness.
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ABSTRACT: Chevron-notched short bar fracture toughness (K, per ASTM E 1304) has
been correlated with plane strain fracture toughness (K. or K, per ASTM E 399 or ASTM
B 645) for commercial 2124-T851, 7050-T7451, 7050-T7651, and 7475-T7351 plate.

It was found that the chevron-notched and K, (K,,) test methods correlated regardless of
alloy, orientation, or temper. However, larger scatter in the higher toughness materials resulted
in expected retest rate advantages (% of time the correlative test would fail and the referee
test would pass lot release) when separating the results into “low” and “high” toughness
databases. An A value minimum approach, via computation of derived properties (as defined
in paragraphs 9.2.10 and 9.2.11 of Military Handbook 5E), was used to calculate the lot release
correlations between K, and K, (K,). In addition, statistical correlations were performed
on the entire database in order to utilize the chevron-notched short bar test more effectively
for research and development programs.

KEY WORDS: fracture toughness, chevron-notch short bar, fracture test invalidity, aluminum
alloys, correlations, A minimums, K., Ko, K, Ky, 2124, 7050, 7475, lot release

Background

The use of fracture mechanics to guarantee the damage tolerance of high-strength alu-
minum aerospace materials has grown steadily since the early 1960s. The fracture toughness
characterization parameter of preference for linear elastic materials is K|, the plane-strain
fracture toughness, which is generated per ASTM E 399, Standard Test Method for Plane-
Strain Fracture Toughness of Metallic Materials. The fatigue-precracked compact tension
K, test (specimen shown in Fig. 1) is relatively expensive to perform, however, and various
tests have been utilized to predict K,., most notably the notched tensile strength test [1].
Unfortunately, this test often correlates poorly with K;. and is sensitive to the acuity of the
notch root radius and the load train alignment. Recently, ASTM Subcommittee E24.01 has
developed a chevron-notched fracture test method (Standard Test Method for Plane-Strain
(Chevron-Notch) Fracture Toughness of Metallic Materials, ASTM E 1304), for which the
specimen does not require fatigue precracking and is therefore less expensive to evaluate.
Unlike the notch tensile test, the short bar specimen provides a relative measure of the
plane-strain fracture toughness [2,3]. Thus, the chevron-notched test is expected to provide
a better prediction of plane strain fracture toughness K, . Indeed, with sufficiently brittle
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FIG. 1—Compact tension test specimen (ASTM E 399).

materials it can be shown that the short bar test result (K;,) generated per ASTM E 1304
is numerically equivalent to K [4]. In addition to K, a simplified (based on the maximum
load) test parameter Kj,,, can be calculated from the chevron-notched load-displacement
curves. Ky, is simpler to analyze and requires only a thickness validity check (Table 1).
Thus, the short bar test can also be advantageous from a standpoint of providing invalidity
alleviation. The chevron-notched short bar specimen is shown in Fig. 2. Further details of
the mechanics of the short bar test can be found elsewhere [4-6].

For heavier section aluminum alloy plate, K_ is typically generated via ASTM B 645
(Standard Practice for Plane-Strain Fracture Toughness Testing of Aluminum Alloys).
B 645-90 allows some alleviation from the E 399 requirements for excess plasticity and
specimen thickness (which ensure that plane strain conditions are met). Certain results
calculated per B 645 estimate K. and are considered “meaningful” and acceptable for lot
release. For relatively high toughness aluminum alloys (such as 7475-T7351) K, results often
cannot be considered meaningful [7]. However, under certain testing conditions (paragraph
11.2.5 of B 645-90) the invalid K, results can be utilized for lot release. Therefore, in
accordance with ASTM B 645-90, test results are used in this study which fall into the
category of valid K, meaningful K,,, and invalid K. The invalid K, results met the B 645-
90 criteria for lot release and were thus included in order to establish the K (K, and
K.(K,) relationships over the full range of K -tested commercial aluminum aerospace
alloys.

The purpose of this study was twofold: (1) to establish correlative database(s) whereby
the short bar K,,.(K},) could be utilized to guarantee K, (K,,) for lot release purposes; and
(2) to determine the feasibility of using the chevron-notched fracture test results to predict
K. (Kyp). Lot release K;, (or K) and short bar K (K,) datd pairs were generated inde-
pendently by multiple producers (Reynolds Metals, Kaiser Aluminum, Ravenswood Alu-
minum) on a variety of aluminum alloys, plate thicknesses, and directions. The relationships
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TABLE 1—Validity requirements for fracture toughness tests.

ASTM Test
Parameter  Method Validity Check
K E 399 1. Pmax/Po <= 1.10 Ensures that

plane strain conditions are met.
2. a,B >= 2.5 (K,/YS)?
Ensures that plane strain condi-
tions are met.

K, B 645 1. a >= 2.5 (K,/YS)*> Ensures
that the plastic zone is small com-
pared to the crack length.

2. Poux/Py <= 1.15, depending
upon B/W ratios. Ensures that K,
approximates K.

K, E 1304 1. P/P. <= 1.10 Ensures that
plane strain conditions are met.

2. B >= 1.25(K,,/YS)* Ensures
that plane strain conditions are met.

3. -0.05 <= p <= 0.10

Ensures that residual stresses are
low or absent.

Kiom E 1304 1. B >= 1.25 (K /YS)?

Ensures that plane strain condi-
tions are met.

FIG. 2— Chevron-notched short bar test specimen (ASTM E 1304).

between K. (Kp) and Ky(Kj,) were examined utilizing linear regression statistical tech-
niques. For correlative purposes, the “Direct Computational Procedure” given in chapter
9.2.11.1 of Military Handbook, SE [8] was applied. This model identifies the short bar
toughness level to guarantee a particular K, (Ky) with 99% compliance at 95% confidence.

Experimental Procedures

Data Generation

Lot release K, tests were performed on commercial aluminum aerospace materials, using
the compact tension specimen, to ASTM E 399 or B 645 for the range of alloys, directions,
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and tempers shown in Table 2. All specimen sizes and sample locations were in accordance
to the aerospace specification for which the plate was produced. In some circumstances valid
(E 399) or meaningful (B 645) K;. or K,, values could not be achieved; in these cases the
material was released on the basis of: (a) K, being acceptable for lot release per B 645-90,
and (b) following the acceptance of the invalidity or invalidities by the user(s). Therefore,
the invalid K, results were included in the correlative database, as the primary goal was to
utilize the short bar test for lot release.

Short bar specimens with B = 1.0 in., and a W/B ratio of 1.45, were machined from
either the broken K, specimen halves or adjacent material. The sample location was chosen
such that the fracture planes of the compact tension and the short bar specimen were
identically located (e.g., L-T K. at #2 paired with L-T K ,,(K,) at #2, etc.). The short bar
tests were performed and analyzed in accordance with ASTM E 1304. Similarly to the K|,
test results, the short bar Kj,(K;,) results were not excluded from the database due to
invalidity issues.

K (Ky) and K,,(K},) data were generated as described above independently by multiple
aluminum companies on materials produced at their respective plate mills. Subsequent
combining of these database(s) ensured that the correlation would not be a function of the
plate processing route.

Statistical Analysis

An A value correlation statistical approach for determining design allowables by regression
analysis was applied in order to calculate the Kj,\(Kj,) values to guarantee K (K,). Known
as the ““Direct Computational Procedure,” it is applicable when the relationship between
the dependent and independent variables is linear. (Note: The assumption is made that the
Y’s are normally distributed around the mean for a given value of X.) This approach is
outlined in Chapter 9 (in particular 9.2.11) of MIL-Hdbk-5E [8] and is described in detail
by Ruff [9]. In essence, this approach allows identification of the short bar fracture toughness
level which guarantees a particular K;.(K,) (typically the specification minimum) at 95%
confidence with 99% compliance. The regression analysis procedure is summarized as fol-
lows:

1. Perform (least squares) linear regression on the X (K; (K1), Y (K .(K,)) data pairs.

2. Utilize analysis of variance (F, ) to verify the linearity of the regression equation.

3. Calculate the A value lower bound (99% conforming with 95% confidence) according
to:

A = (Dep. Var.) — k,*s'={1 + 1/n

+ [xo — sum(x)/n]¥[sum(x?) — ((sum(x))*/n)]}*? )

TABLE 2— Materials evaluated.

Alloy-Temper Directions Gages
2124-T851 L-T, T-L 2.75"-6.00"
7050-T7451 L-T, T-L 1.00"-6.00"
7050-T7651 L-T, T-L 1.00"-2.50"

7475-T7351 L-T, T-L, S-L 1.00"-4.25"
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where

Dep. Var. = K .(K,)

k, = one-sided tolerance-limit factor corresponding to a proportion at ieast 0.99 of
a normal distribution and a confidence coefficient of 0.95,
s’ = standard error of estimate,
x, = K. calculated from the linear regression for the particular dependent variable
Ic»
n = number of observations, and
sum(x) = summation of dependent variables (Kj,u(Ky,))-

This analytical technique provides the construction of a parabolic lower bound to the
linear regression of the dependent and independent variables. This lower bound represents
the value of the independent variable (in this case, short bar fracture toughness Ki,)
necessary to guarantee a specific level of the dependent variable (in this case K. or K,,) at
the confidence level of 95% with 99% conformance. (Note: This lower bound, referred to
in the figures as A Value Minimums,” is not to be confused with the A basis mechanical
property values of MIL-Hdbk-5, which are calculated from a normally distributed population
of a single variable.) An X-Y plot showing both the linear regression and the A value lower
bound allows the user (graphically) to ascertain the necessary A correlation value minimum
at the dependent variable level of interest.

Figure 3, using demonstration data, illustrates graphically the A correlation value ap-
proach. From the referee value of interest (typically a specification minimum), a horizontal
line is drawn to the A value lower confidence band in order to establish the A correlative
test value. This graph also demonstrates, through the marked quadrants, the effectiveness
of the correlation test in replacing the referee test.

Prior to performing the A correlation value calculation, the “Y = bX + ¢” linear regres-
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FIG. 3— Correlation model illustration; referee minimum = 0, correlation “A” value = 20.
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sion was performed both with b = K;,,(K\,) and b = Natural Logarithm (K,,(K},)). The
logarithmic model was forced, as previous researchers have shown that the relationship
between K. and K;,(K;,) is curvilinear at higher toughness [10].

Results and Discussion
General

Preliminary analysis of the data showed that a slightly better regression (based on the
linear regression R?) was obtained when the Ki,,, parameter was correlated with K (K),
as opposed to Kj,. As the Ky, parameter is easier to generate and requires fewer validity
checks than K|,, subsequent correlation efforts centered on it.

A plot of all data pairs regardless of alloy, direction, or plate thickness is shown in Fig.
4. Tt is evident from this plot that the correlation between K\, and K.(K,,) exists essentially
on the basis of the test methods and is not a function of material; thus, various alloys,
directions, and plate thicknesses can be grouped together for correlative purposes. It is
noted, however, that greater scatter is present in the higher toughness 7475 alloy. Therefore,
in order to reduce retest rates when using the A correlation value K, to guarantee Ki.(K,),
the lower toughness 2124-T851, 7050-T7451, and 7050-T 7651 were analyzed as one database
and 7475-T7351 was analyzed as another (discussion following).

Use of K,u to Predict K,.(Kq)

It was found that selecting a logarithmic data model (described earlier) resulted in es-
sentially the same R? value as did a linear fit (0.928 versus 0.929) when utilizing Ky, to
predict K, (K,,) for the entire database. The linear and logarithmic models are shown in
Fig. 5. The equation coefficients are as follows:

(o)}
o0 o
™ 7ol I
(i e Wl W %X
= 730 DATA PAIRS . L *iﬂz N
- 60 - x Xk X Fax  *
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FIG. 4—XK,, or Kq vs. K,,,; all alloys, directions, plate thicknesses.
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FIG. 5—Models of K,. or Kq as a function of K,,,; all alloys, directions, plate thicknesses.

® [inear Regression:
Ky = 0.681 (K ) + 9.259 2
R = 0.929
® Forced Logarithmic (Linear) Regression:
K. = 34.13 (In (Kp\)) — 88.19 (3)
R? = (0.928

It is well established that R-curve and/or thickness heterogeneity effects cause K, to
overpredict K, (using absolute magnitude) at K, values higher than, roughly, 40 MPa-m'?
{10,11]. One researcher has found that a logarithmic correction can be used to collapse K,
to Ky [10]. However, the data analyzed in this report indicate that, over the range, specimen
size, and validity of the K (K,) results evaluated, the linear model was as good as the
logarithmic model in utilizing the independent variable X (K,,) to explain the variance in
the dependent variable Y (K (K)). It is not proposed that the current data are in conflict
with earlier findings; indeed, close examination of Figs. 5 and 6 indicates that, at lower
toughness, K, and K (K,) converge. It is proposed that, under the conditions mentioned
above, a linear regression model of K, (K,)) versus Ky, is as effective for a correlative lot
release procedure as one involving more complicated mathematics. Thus, the linear regres-
sion model, which has been used previously for correlating K. with notch tensile/yield
strength ratios [12], was utilized for the K, A correlation value analysis. The linear regres-
sion model listed above (Eq 2) is recommended for use to predict Ki.(K,)) from K, data.
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Use of K, to Guarantee a Minimum K, (Ko)

As noted previously, more scatter was apparent in the 7475-T7351 K;,/Ki(K,) data
pairs than for lower toughness alloys. In order to optimize the effectiveness of the A value
minimum approach, the data pairs were separated into “lower toughness’ alloys (2124-
T851, 7050-T 7451, and 7050-T7651) and “‘higher toughness™ alloys (7475-T7351). Subse-
quently, an analysis of variance approach was applied to establish the validity of the linear
regression by calculating the F ...y (unexplained/explained variance). It was found that
each database gave good linear regression results, with F,, i .pm, < 0.0001 (Table 3).

Lower-Toughness Alloys

The correlation plot with calculated A correlation value K, minimum for alloys 2124-
T851, 7050-T7451, and 7050-T 7651 is shown in Fig. 6. All K, results in this database are
valid. The K, and/or K, results were valid (E 399) or meaningful (B 645). At the lower
toughness of these alloys, no appreciable scatter was noted due to alloy, temper, direction,
or plate thickness.

TABLE 3—Analysis of variance statistics.

No. of
Database Observations F Probability
Low Toughness 402 2707 <0.0001

High Toughness 328 1284 <0.0001
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Higher-Toughness Alloys

The correlation plot with calculated A value K, minimums for 7475-T7351 is shown in
Fig. 7. Most K, results in this database were valid, while some failed the thickness check
of ASTM E 1304. The K|, and/or K, values represented valid (E 399), meaningful (B 645),
and invalid (albeit acceptable for lot release per B 645-90) results.

Representative data were further analyzed to ascertain the reasons for the higher scatter
in the “high toughness” database. Figures 8, 9, and 10 show respectively the influences of
validity, orientation, and plate thickness on the K, (K,,)/K .\ relationships. Validity issues
and test orientation did not account for data scatter. However, as shown in Fig. 10, it was
found that thinner plate thicknesses (for the L-T and T-L orientations) produced generally
higher K, values for the same range of K;.(K,)) values. This phenomenon has been
investigated in aluminum alloys by Brown [/1], who found that the shift in K., values with
plate thickness is attributed primarily to through-thickness fracture toughness variations,
and to a lesser degree R-curve and K|, specimen size effects. The plate thickness effect arises
when the short bar specimen (with an effective width of essentially B/3) samples material
which has an average toughness greater than the average toughness of the wider sampling
path of the larger K| test specimen. This phenomenon is shown graphically in Fig. 11. The
rising R-curve phenomena (which causes Ki,\ to overpredict K;,) is well established [13].
More recently, Barker [14] has proposed that it is the K| (K,)) which is influenced by the
R-curve effect, with the hypothesis that, if large enough specimens are tested, K. and the
short bar result should be in agreement. It is interesting to note that, in Fig. 10, where the
7475-T7351 L-T 4.25 in. K, results were generated with an unusually large compact tension
specimen (W = 8.5 in., compared to W = 6.0 in. maximum for lighter gage L-T tests), the
trend for Kj,\ to more closely approximate K, is indeed observed.

Regardless, due to availability of data, all “*high toughness” plate thicknesses were grouped
together for the calculation of the A correlation value minimums. As additional data become
available, it may prove beneficial to further subdivide this database into “thin” and “‘thick”
original plate thicknesses in order to improve the statistics and retest rates.
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Conclusions

A linear regression approach is successful in using K, to predict K;.(K,)) in commercial
aluminum aerospace alloys; it is proposed, where appropriate, that this relationship (Eq 2)
be applied as a resource-saving measure.

Short bar Ky, (ASTM E 1304) has been successfully correlated with K,.(K,) (ASTM
B 645 or E 399) to guarantee fracture toughness minimums for lot release purposes for
commercial aluminum aerospace materials.

It has been shown that a correlation exists between the two test methods and is independent
of alloy, direction, or temper. In higher toughness materials (notably 7475) heterogeneity
in fracture toughness through the plate thickness can introduce data scatter when differing
original plate thicknesses are grouped together. Due to this inherent scatter in higher tough-
ness materials, it is advantageous, when utilizing K,,,, to guarantee K,(K,) in aluminum
alloys for lot release, to separate the data by higher-toughness alloys (7475) and lower
toughness alloys (2124-T851, 7050-T7X51).

A correlation value minimums for utilizing Kj,,, for lot release have been calculated for
(relatively) “low”” and “high” toughness aluminum alloy databases; it is proposed that they
be applied, respectively, for (lower-toughness) alloys 2124 and 7050, and higher toughness
alloy 7475.
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g
plate thickness

FIG. 11—Schematic representation of through-thickness toughness effects when correlating short bar
and compact tension test results (Courtesy Kaiser Aluminum).
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Using Chevron-Notch, Short-Bar Specimens
for Measuring the Fracture Toughness of a
Martensitic Stainless Steel at High Hardness
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Short-Bar Specimens for Measuring the Fracture Toughness of a Martensitic Stainless Steel at
High Hardness,”” Chevron-Notch Fracture Test Experience: Metals and Non-Metals, ASTM
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ABSTRACT: Fracture toughness tests were conducted at room temperature and at —196°C
on a martensitic stainless steel that had been quenched and tempered to a hardness of Rockwell
C 61-63. The fracture toughness specimens were chevron-notch, short-bar specimens for which
B was 12.7 mm and W was 25.4 mm. Tests were conducted in accordance with ASTM Test
Method for Plane-Strain (Chevron Notch) Fracture Toughness of Metallic Materials (E 1304-89).

Five tests were conducted at each temperature, and each test produced a valid K, result.
Test results were unusually reproducible for plane-strain fracture toughness tests; the standard
deviation for room temperature tests was approximately +5% and for —196°C tests was
approximately =2% of the mean value of Kj,.

For comparison with the chevron-notch test results, three standard K, tests were conducted
on fatigue-precracked compact (tension) specimens at room temperature. The tests were
conducted in accordance with ASTM Test Method for Plane-Strain Fracture Toughness of
Metallic Materials (E 399). As was the case for the K, tests, the K|, tests produced very
reproducible results: the standard deviation for three tests was approximately =2% of the
mean value. However, it was found that the mean K|, values for this high-hardness steel were
approximately 18% greater than the mean K|, values. That result confirms the warning included
in ASTM E 1304 that K;, values may be larger than K. values in some materials.

KEY WORDS: fracture toughness, martensitic stainless steel, cryogenic testing, chevron-notch
specimens, short-bar specimens, ultra-high-strength steel

In a program conducted at Battelle for NASA Marshall Space Flight Center, fracture
toughness tests were conducted on CRB-7 martensitic stainess steel that had been quenched
and tempered to a hardness of Rockwell C 61-63. It was decided initially that the tests
would utilize chevron-notch, short-bar specimens, partly because similar specimens had been
used previously in testing other martensitic stainless steels and partly because difficulties
were anticipated in fatigue precracking compact-tension or bend specimens at these high
hardness levels. However, because ASTM Test Method for Plane-Strain (Chevron Notch)
Fracture Toughness of Metallic Materials (E 1304-89) warns that the toughness value ob-
tained from this method, K;,, may be larger than K, obtained from ASTM Test Method
for Plane-Strain Fracture Toughness of Metallic Materials (E 399), it was decided that several

1Senior research scientist and researcher, respectively, Metals and Ceramics Department, Battelle,
505 King Avenue, Columbus, OH 43201.

2Deputy division chief, Engineering Physics, NASA, Marshall Space Flight Center, Huntsville, AL
35812.
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additional tests would be conducted to determine K. so that the two fracture toughness
parameters could be compared directly. Of course, the success of these additional tests
required that fatigue precracking could be accomplished in reasonable times at appropriate
AK levels.

A total of ten chevron-notch (short-bar) specimens and three compact-tension specimens
were fabricated and tested. Five of the chevron-notch specimens were tested at 20°C (68°F)
and five were tested at — 196°C (—320°F). The three compact-tension specimens were tested
at 20°C (68°F).

Material Investigated

The material investigated was a cylinder of CRB-7 martensitic stainless steel, furnished
to Battelle in the spheroidized annealed condition by NASA/MSFC. Its diameter was 114
mm (4.5 in.), and its length was 31.8 mm (1.25 in.). The chemical composition furnished
by the manufacturer, Carpenter Technology Corporation, is given in Table 1. Also shown
in Table 1 is the composition specified in AMS 5900A to which the material was purchased.
The reported chemical composition of the cylinder is seen to meet the specification.

Hardening of the steel was accomplished after specimen blanks had been machined from
the cylinder. Blanking, hardening, and finish machining are described in the next section.

Experimental Procedures

Details of specimen fabrication, heat treatment, and testing have been included so that
the reader can judge the validity of the comparisons made between experimentally deter-
mined X, and K|, values.

Blanking and Finish Machining of Specimens

Specimen blanks were machined from the stainless steel cylinder as described in Appendix
A. Specimens included ten short-bar fracture toughness specimens and three compact spec-
imens; in both types of specimens, B was 12.7 mm (0.5 in.) and W was 25.4 mm (1 in.).
The orientation of the fracture-toughness specimens was C-R, as defined in ASTM E 399.
Dimensions of the short-bar specimens are shown in Fig. 1. Compact specimens were of

TABLE 1— Chemical composition of CRB-7 bearing steel (Heat
No. 99067) tested in this investigation.

Chemical Composition, wt%

Element Heat No. 99067 AMS 5900A
Carbon 1.12 1.05-1.15
Manganese 0.40 0.25-0.50
Silicon 0.30 0.20-0.40
Phosphorus 0.015 0.015 max
Sulfur 0.006 0.010 max
Chromium 14.14 13.75-14.75
Molybdenum 2.07 1.90-2.25
Columbium 0.29 0.25-0.35
Vanadium 1.01 0.90-1.15
Nickel 0.13 0.35 max

Copper 0.03 0.35 max
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Symbol Name Value, inch Tolerance, inch
B Thickness 0.500 + 0.001
W Length 1.000 + 0.005
g Distance to chevron tip 0.200 + 0.0025
S Grip groove depth 0.075 + 0.005
X Distance to load line 0.050 + 0.0015
T Grip groove width 0.175 + 0.0025
2H Height 0.500 + 0.0025

To convert inches to mm, multiply by 25.4

FIG. 1—Chevron-notch short-bar specimen used in this investigation.

the design specified in ASTM E 399. Specimen blanks were prepared 0.25-mm (0.010-in.)
oversize to allow for possible oxidation and/or decarburization during heat treatment.

Following heat treatment of the blanks, described in the next section, the specimens were
ground to final dimensions by removing approximately 0.13 mm (0.005 in.) from each
surface. Notching of the short-bar and compact specimens and introducing holes in the
compact specimens were accomplished using electric-discharge wire cutting. Each specimen
was inspected to ensure that its dimensions were in compliance with specifications.

Although electric-discharge machining (EDM) can produce a damaged surface layer of
recast metal, it was the authors’ opinion that such a layer would be inconsequential in testing
both the compact specimens and the short-bar specimens. In the compact specimens, the
notch formed by EDM was subsequently sharpened by fatigue precracking, thereby negating
any harmful effect of the EDM-damaged layer on the measured toughness. In the short-
bar specimens, K, was determined at a point in the test at which a stable crack had grown
approximately one third of the length of the chevron; hence, even though the material at
the very tips of that crack may have been damaged by the EDM process, it is likely that
the net effect was simply to sharpen the grooves which formed the chevron and guarantee
plane-strain conditions during the test.
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Heat Treatment of Specimen Blanks

Prior to being heat treated, the specimen blanks were degreased and then were encap-
sulated in two separate Vycor™ tubes that were evacuated and back filled with approximately
one third atmosphere of argon gas. Capsules 1 and 2 contained the following specimen
blanks:

Capsule 1 Capsule 2
Short-bar specimens nos. 1, 3,4, 5,7, and 9 Short-bar specimens nos. 2, 6, 8, and 10
Compact specimen no. 3 Compact specimen nos. 1 and 2

The capsules were used to protect the specimen blanks from oxidation and decarburization
during the austenitization portion of the heat treatment. When the capsules were removed
from the austenitizing furnace, they were fractured immediately over the oil-quench bath
so that the specimens fell directly into a wire basket suspended within the bath.

The heat treatment procedure followed at Battelle was specified by NASA/MSFC. Details
of that procedure can be found in Appendix B.

Rockwell C hardness tests were conducted on each of the specimens after they had been
ground to final dimensions. Individual hardness readings ranged from C 61 to 63; the average
value for all the readings on all the specimens was C 62.3 and the standard deviation was
C 0.5. Therefore, each specimen met the heat treatment specification for hardness of C 61
to 64.

Fatigue Precracking of Compact Specimens

Fatigue precracking of compact specimens was conducted in a servohydraulic testing
machine at a minimum-load/maximum-load ratio of 0.1. Maximum loads ranged from 1225
to 1780 N (275 to 400 Ibf), and the number of cycles to initiate and grow the fatigue crack
was slightly in excess of one million. Initiation and growth of the fatigue crack were monitored
using Krak Gages™ bonded to both sides of the compact specimens. These gages are capable
of detecting small changes in crack length through changes in electric resistance of the gage.

It was intended that the fatigue crack would be grown approximately 1.25 mm (0.05 in.)
beyond the original notch tip. However, because of an error in setting the calibration factor
for the Krak Gages™, the actual growth of the fatigue crack was slightly in excess of 2.5
mm (0.100 in.). That result produced specimens having a/W ratios slightly in excess of 0.55,
where a is crack length and W is specimen width. Actual values of a/W for the three specimens
ranged from 0.554 to 0.563. The range of /W values specified in ASTM E 399 is 0.45 to
0.55. Thus, the compact specimens used in this investigation fell slightly outside that spec-
ification. However, it is believed that the slight deviation from specifications that existed in
these specimens did not have a significant effect on the K, results [7]. Calculation of K, for
these specimens employed the expression in Paragraph A4.5.3 of ASTM E 399.

Testing of Short-Bar Specimens

Testing of chevron-notch short-bar specimens was conducted in accordance with instruc-
tions set forth in ASTM E 1304 to obtain a value for P,, the load required to advance the
crack when the crack was at the critical crack length. A conditional value, K,,,, of the plane-
strain toughness was first calculated as follows

K,, = Y:P/(BVW)
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where Y7 is the minimum stress intensity factor coefficient (equal to 29.90 for the specimens
used in this investigation) and B and W have the values shown in Fig. 1. If B = 1.25(K,,,/
Tys)?, and if P,, (the maximum-load value) was less than 1.10P,, and if certain requirements
regarding the unloading slopes were satisfied, and if all other validity criteria were met,
then the test was valid, and K,, = Kj,. In all ten specimens tested in this investigation,
each of the validity requirements was satisfied and K,,, was equal to K.

For short-bar tests conducted at —196°C (—320°F), the entire specimen and the displace-
ment gage were submerged in liquid nitrogen and held there for a time sufficient to allow
temperatures to equilibrate prior to loading the specimen.

Testing of Compact Specimens

ASTM E 399 was used to determine the value of K., believed to represent a lower,
limiting value of fracture toughness. Specimens were tested under displacement control in
a screw-driven Instron testing machine at a loading rate such that the rate of increase of
stress intensity was within the range from 0.55 to 2.75 MPaVm/s (30 to 150 ksiV/in./min).
A test record of load versus displacement was obtained autographically after first adjusting
the load (y axis) and displacement (x axis) sensitivities of the recorder to obtain a convenient-
size trace and an initial elastic-loading slope between 0.7 and 1.5. Loading was continued
until the specimen fractured.

In order to establish that a valid K|, value was determined, it was necessary first to calculate
a conditional result, K, which involved a construction on the test record, and then to
determine whether this result was consistent with the size and yield strength of the specimen.
In all three compact-specimen tests, the load-displacement record was Type 1 (see ASTM
E 399) and the calculated values of K, satisfied the validity requirements of ASTM E 399.

Experimental Results
Chevron-Notch Short-Bar Tests

Each of the five short-bar specimens tested at room temperature and each of the five
short-bar specimens tested at —196°C (—320°F) produced valid K, results. Representative
load-displacement curves for room-temperature and cryogenic-temperature tests are shown
in Figs. 2 and 3, respectively.

Results of the tests are summarized in Table 2. In addition to showing P, and Kj, values,
Table 1 shows P,, and K, values, where the M subscript refers to values at maximum load
in the test. In all ten tests, the difference between K, and K.\ was small. At room tem-
perature, the average value of K, was 2.3% greater than the average value of K;,, while
at —196°C (—320°F), K, values exceeded Kj, values by an average of 1.2%.

As was anticipated, the K, values at room temperature were significantly greater than
those at —196°C (—320°F). The values were consistent among five tests, displaying a stan-
dard deviation of approximately 5 and 2% of the mean value, respectively, for room-
temperature and cryogenic-temperature tests.

Compact Specimen Tests

Each of the three compact specimens tested at room temperature gave valid K| results.
A representative load-displacement curve is shown in Fig. 4. K. values are given in Table
3. As was the case for the K|, values in Table 2, K|  values exhibited little scatter among
replicate tests; the standard deviation was approximately 2% of the mean value.
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FIG. 4—Copy of the test record for compact specimen CT-1, tested at room temperature.

Comparison of K,, and K,, Values

Comparison of the mean K, value (Table 2) with the mean K, value (Table 3) at room
temperature reveals that K, for this high hardness steel is approximately 18% greater than
K,.. Because of the way that the specimens were prepared from the starting cylinder of
steel, the authors consider it unlikely that the difference in results is due to metallurgical
differences at the crack tip in the two specimen types. Rather, the difference between K,
and K, is thought to be due to the different nature of the crack extension process in the
two specimens. In the K, test, fracture toughness is relative to a slowly advancing, steady
state crack initiated at a chevron-shape notch and propagating in a chevron-shaped ligament.
In the K| test, on the other hand, attention is centered on the start of crack extension from
a fatigue precrack.

The authors are not aware of a body of statistical data comparing K. and K|, values for
ultrahigh-strength steels. Barker and Baratta [2] performed limited testing of two quenched-
and-tempered low-alloy steels that were substantially tougher than the steels tested in this
study. For 4340 steel, they found that K;_values were approximately 6% less than K, values.
For D6AC steel, on the other hand, they found the opposite result, i.e., K|, values were
approximately 6% greater than K|, values.

Most of the statistical comparisons between the two test methods are for high-strength
aluminum alloys. For example, Brown [3], in a statistical study of high-strength heat-treated
aluminum alloys, found that K, correlated well with K|, especially when differences arising
from metallurgical heterogeneity were eliminated from the data comparisons. For a variety
of aluminum alloys and temper designations, Brown reported that

Ky, = 1.017 (+0.014)K,,
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with a standard deviation of 1.97 and a correlation coefficient of 0.998 for values of K;. up
to 40.7 MPaVm (37 ksiVin.).

The limited data reported here for ultrahigh-strength steel indicate that K;, and K|, values
for these materials do not agree as well as has been reported for high-strength aluminum
alloys by Brown. Numerous additional tests would be required to establish a statistical
correlation between the two toughness parameters for these types of materials. As a small
step in that direction, Battelle is currently conducting both K|, and K, tests on another high
hardness bearing steel.

Conclusions

Based on the experimental work reported here, the following conclusions can be drawn
for CRB-7 martensitic stainless steel quenched and tempered to a hardness of 61 to 63
Rockwell C:

1. At room temperature, the mean value of K|, from chevron-notch short-bar specimens
(C-R orientation) was 24.7 + 1.3 MPaVm (22.5 + 1.2 ksiV/in.).

2. Atroom temperature, the mean value of K, from compact specimens (C-R orientation)
was 20.9 + 0.5 MPaVm (19.0 + 0.4 ksiVin.). Thus, K, for this material was ap-
proximately 18% greater than K.

3. At —196°C (—320°F), the mean value of K|, from chevron-notch short-bar specimens
(C-R orientation) was 11.8 = 0.2 MPaVm (10.8 + 0.2 ksiVin.). That value is ap-
proximately 48% of the K|, value at room temperature.
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APPENDIX A

Instructions for Blanking and Finish Machining of Test Specimens from CRB-7 Steel Disk
MACHINING OF TEST SPECIMENS FROM CRB-7 STEEL DISK

Material:

CRB-7 martensitic stainless steel, 114 by 31.8 mm (4% diameter by 1% in.) long.

Specimens Required:

10 short-bar fracture toughness specimens [B = 12.7 mm (0.500 in.)].
3 compact-tension specimens (B = 0.5in., W = 1.0 in.).

Instructions:

1. Slice the disk provided to obtain two disks (Disks A and B), each about % in. thick.



154

CHEVRON-NOTCH FRACTURE TEST EXPERIENCE

From Disk A (Fig. A-1) prepare 10 short-bar specimen blanks (Spec. Nos. SB-1 through
SB-10).

Note:

(a) Blanks must line up with a radius, as in Sketch 1.

(b) Mark the top of each short-bar specimen blank as shown in Fig. A-1 to maintain
proper orientation of subsequent notch plane.

(c) Blanks should be 12.95 by 12.95 by 26.92 mm (0.510 by 0.510 by 1.060 in.)
prior to heat treatment; later they will be finish machined to 12.7 by 12.7 by 26.67
mm (0.500 by 0.500 by 1.050 in.).

. From Disk B (Fig. A-2) prepare 3 compact-tension specimen blanks (Spec. Nos. CT-1

through CT-3).
Note:

(a) Blanks must line up with a radius, as in Fig. A-2.

(b) Mark the top of each compact-specimen blank as shown in Fig. A-2 to maintain
proper orientation of subsequent notch plane.

(c) Compact specimen blanks should be 30.73 by 32.00 by 12.95 mm (1.210 by 1.260
by 0.510 in.) prior to heat treatment; later they will be finish machined to 30.48
by 31.75 by 12.7 mm (1.200 by 1.250 by 0.500 in.).

. Return all blanks for heat treatment to Rockwell C 61 to 64. Also return all leftover

material.

. After the heat-treated blanks are returned to the shop, complete final machining as

shown in Fig. 1 (short bar specimens) and in ASTM E 399 (compact tension specimens).
Take special care in ensuring that the short bar and compact tension specimens have
the proper orientation.

. Inspect the specimens for compliance with dimensional and perpendicularity require-

ments.

Disk A

SB-10
‘5%/9

FIG. A-1—Cutting pattern for machining short-bar-specimen blanks from disk of CRB-7.
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Disk B

FIG. A-2—Cutting pattern for machining compact specimen blanks from disk of CRB-7.

APPENDIX B

Detailed Requirements for Heat Treatment of CRB-7, AMS 5900 (Requirements Supplied
by NASA/MSFC)

The procedure given here was obtained from notes on Rockwell International Drawing
7R032203.

(U

ROV XNANE

1. Preheat at 815 = 15°C (1500 = 25°F) to equalize temperature.
2.
3. Quench in an acceptable medium at a temperature not to exceed 480°C (900°F).

Austenitize at 1150 = 15°C (2100 = 25°F) for 30 min minimum.

(Note: Battelle, acting upon instructions from the NASA/MSFC project monitor,
quenched the specimen blanks in oil that had been heated to 60°C (140°F).

Cool in air to room temperature.

Stress relieve at 150 = 15°C (300 = 25°F) for 60 *+ 5 min.

Cool in air to room temperature.

Stabilize at —196°C (—320°F) in liquid nitrogen for 30 min minimum.

Warm in air to room temperature.

Temper at 525 = 8°C (975 = 15°F) for 2 h, =15 min.

Cool in air to room temperature.

Repeat temper cycle in Steps 9 and 10.

Time Tolerance: The bearing details shall be subjected to a time tolerance of 2 h or less

between Steps 3 and 6 and between Steps 6 and 8 during heat treatment.
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Hardness Test: A hardness test shall be performed on item surfaces in accordance with
ASTM E 18 to determine conformance with the hardness requirement. The
hardness of the material after final tempering shall be within the range of
Rockwell C 61-64. Failure to meet the hardness requirement shall be cause
for rejection.
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ABSTRACT: Chevron-notched, three-point flexure specimens were used to study the quasi-
static fracture behaviour of a variety of structural ceramics at temperatures to 1400°C. Types
of materials tested included monolithic ceramics (SiC, Si;N,, MgAlLQ,), self-reinforced mono-
liths (acicular-grained SisN,, acicular-grained mullite), and ceramic matrix composites (SiC
whisker/Al,O; matrix, TiB, particulate/SiC matrix, SiC fibre/CVI SiC matrix, ALQ; fibre/CVI
SiC matrix).

Fracture resistance behavior of the materials was quantified as three distinct regimes of the
fracture histories. At the initial part of the crack propagation, the apparent fracture toughness
was evaluated as the critical stress intensity factor for the chevron notch, K|,,. During stable
crack propagation, the crack growth resistance was characterized by the instantaneous strain
energy release rate, Gy, using a compliance method assuming linear-elastic unloading to
calculate the effective crack lengths. At final fracture, the complete fracture process was
quantified using the work-of-fracture, ywor, Which can be equated to the fracture surface
energy for linear-elastic materials.

Results indicate that the chevron-notched, three-point flexure specimen facilitates the study
of fracture behaviour in a wide range of brittle and quasi-brittle materials at elevated tem-
peratures. The unique features of the chevron geometry, which are automatic crack initiation
and inherent stable crack growth, are crucial to the successful evaluation of the fracture tests.

KEY WORDS: elevated temperature, fracture resistance, R-curve, work-of-fracture, ceramics,
stable crack growth, chevron notch

Complete and accurate knowledge of the elevated-temperature fracture resistances of
structural ceramics is an important requisite for the successful implementation of these
materials into advanced heat engine components [1,2]. Although ceramics are traditionally
considered to fracture in a brittle, catastrophic fashion, pioneering experimental evidence
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[3] on aluminum oxide showed the existence of increasing fracture resistance with increasing
crack extension. The existence of this so-called R-curve effect has complicated the evaluation
of what had been assumed to be a brittle fracture process. Indeed, the strict application of
linear elastic fracture mechanics (LEFM) and the single parameter, fracture toughness, K,
can no longer be so easily accomplished in these materials, which have been assumed to
fracture catastrophically at a given flaw size and applied stress.

Therefore, it has become necessary to characterize the fracture behaviour of each material
more completely at the design conditions. Rather than using a single parameter such as K,
to describe the fracture behaviour only at crack initiation, the entire fracture process can
be divided into three regimes (crack initiation, stable crack growth, and final fracture), thus
conveniently characterizing the whole fracture process using three different parameters which
describe each regime as shown in Fig. 1. The chevron-notched geometry offers a simple,
single-specimen method for determining these parameters. Automatic crack initiation elim-
inates the need for and difficulty of precracking the notched specimen, therefore allowing
the determination of critical stress intensity factors, K, at the beginning of the R-curve for
an assumed crack extension, Aa = 0, where K. = K,. The inherent stable growth of the
crack as it traverses the chevron section facilitates the determination of the crack growth
resistance, Gy (R-curve). Complete, controlled fracture of the specimen allows the deter-
mination of the energy required for the entire fracture process, ywor-

This paper describes a single-specimen, fracture testing technique which has been applied
to a wide range of brittle and quasi-brittle materials at temperatures from 20 to 1400°C.
First, the chevron-notched flexure geometry and testing arrangement are described. Then
the monolithic and composite materials employed in the tests are detailed. The data reduction
techniques, including numerical modeling and algorithms, for determining the fracture pa-
rameters are presented. Finally the test results which describe the various fracture behaviours
are shown.

Chevron-Notched Geometry and Test Setup

Various chevron-notched geometries have been used for fracture testing for more than
two decades {4-9]. While some applications of partially chevron-notched geometries have

CRACK GROWTH RESISTANCE (FRACTURE RESISTANCE)
AS AFUNCTION OF CRACK EXTENSION (LENGTH)

CRACK INITIATION AT Aa=0

Ko

plane strain conditions

m_ Rising R-curve for ductile-type materials or

3 plane stress conditions

c

i) STABLE CRACK GROWTH

K] G FINAL FRACTURE
& R Y

« Flat R-curve for brittle materials or WOF

]

S

w

Crack extension, Aa

FIG. 1—Schematic illustration of regimes of fracture resistance characterization.
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been described for ductile materials such as metals, the most general applications of full
chevron-notched sections have been to brittle materials such as glasses and ceramics.

A difficulty with applying LEFM to any test geometry is the determination of the stress
intensity factor and compliance relations. The determination of such relations for the chevron
notch is complicated by the three-dimensional stress state in the chevron section. However,
numerous approximate relations have been developed for these relations for a number of
chevron-notched geometries [4,9-13].

The chevron-notched geometry used in the present study employed a three-point flexure
loading arrangement. The flexure bar was chosen for its simplicity of fabrication and efficient
use of material. Three-point flexure was chosen for the simplicity of loading, which was an
important consideration at elevated temperatures where uneven loading of the components
of the four-point flexure arrangement may produce unquantifiable fracture behaviour.

A full chevron section was employed across the width of the flexure bar where the chevron
section depth a;, = a,/W, was 1.0 for all specimens and all materials and the initial notch
depth, o = a/W, ranged from 0.35 to 0.44 depending upon the test material. Nomenclature
and a drawing of the chevron geometry are shown in Fig. 2.

Specimens were generally square in cross section with dimensions of B = W = 6 to 7
mm and length, L = 50 to 75 mm. Specimen material was usually tested in the as-received
condition with the chevron notches fabricated with a water-cooled, diamond-grit circular
saw blade 0.25 mm thick yielding notch widths of ~0.30 mm.

Elevated temperature testing was conducted in a resistance-heated furnace insulated with
refractory brick. The upper part of the load fixture consisted of a single, solid, «-SiC push
rod machined to a single loading line at one end and attached to the water-cooled load cell
at the opposite end. The lower part of the loading fixture consisted of a single, a-SiC tube
(44-mm outer diameter, 6-mm wall thickness, 325 mm long) machined to produce two fixed
“knife” edges of 41-mm span, S. This lower fixture was attached to the moveable crosshead
of the displacement-controlled, electro-mechanical test machine. In conducting a fracture
test, the specimen was first positioned on the lower load fixture outside the furnace and
then slowly raised (~10 mm/min) into test position within the hot furnace where testing was
conducted at a displacement rate of 0.01 mm/min.

P
LPD —L*"A
N
? CMOD-—ILL;A Sﬁ

[t

o= aWw }
T 1 N, 4
o= 3o/W a [T, W
[ oy
= 3,1/W J
i [t B -
Section A-A

FIG. 2—Chevron-notched, three-point flexure test geometry.
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A laser interferometric displacement gage (LIDG) [9,14-16], with an estimated resolution
of ~0.25 wm, was employed to accurately determine specimen displacement (crack mouth
opening displacement, CMOD) at all temperatures. The interference relation and a sche-
matic diagram of the LIDG are illustrated in Fig. 3 in which a method of bonding reflective
platinum targets near the mouth of the notch is also shown. Details of the use of the LIDG
on ceramics at elevated temperatures are contained elsewhere [9,14~16]. Accurate meas-
urement of specimen displacement was necessary for use in compliance relations for deter-
mination of the instantaneous crack length during stable crack growth. In addition, load
point displacements (LPDs) as determined from the measured CMODs were used in the
fracture energy calculations. Nondimensional CMOD compliance relations and CMOD/
LPD relations for the particular chevron-notched geometry used in this study were deter-
mined from three-dimensional finite element analyses (FEA) [11] as shown in Figs. 44 and
4b, respectively. These relations, which had not been reported in previous FEA studies of
this geometry [12,13] were nondimensionalized using the specimen dimensions width W,
thickness B, and crack length a, as well as the appropriate elastic modulus E’, in addition
to the applied load P, and the respective displacements LPD and CMOD.

The quasi-static, fracture tests of the chevron-notched flexure bars yielded load-displace-
ment curves displaying stable crack growth behavior. Normally, the measured displacement

~%— FRINGE PATTERN

LASER with \
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0
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INDENTATION PLATINUM TAB

CERAMIC

DETAILS AT NOTCH MOUTH

CMOD = Ad = AmuAme A
2 sin @

FIG. 3—Schematic illustration of LIDG.
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FIG. 4— Compliance relations for chevron-notched, three-point flexure specimen.

was CMOD, although some tests [/7] determined LPD from the cross-head motion by
subtracting the total machine/fixture compliance from total measured compliance. The frac-
ture parameters were determined for each test from these load-displacement curves and
knowledge of the specimen geometry and dimensions. Tests were usually conducted under
constant, monotonically increasing, cross-head displacement rates. All tests were conducted
in ambient air with test temperatures ranging from 20 to 1400°C in ~200°C increments.

Test Materials

All the materials referenced in this study were commercially available at the time of the
fracture testing. In certain cases, the materials were given post-processing treatments after
receipt from the manufacturer so as to elucidate certain characteristics in the specific studies.
The types of materials are roughly classified as monolithic ceramics and composite ceramics
and are briefly described in the following subsections.

Types of materials tested included monolithic ceramics (SiC, Si;N,, MgALO,), self-reinforced
monoliths (acicular-grained Si;N,, acicular-grained muilite), and ceramic matrix composites
(SiC whisker/Al,O; matrix, TiB,, particulate/SiC matrix, SiC fibre/CVI SiC matrix, AlL,O,
fibre/CVI SiC matrix). The materials and material designators are summarized in Table 1.

Morolithic Ceramics

For the purposes of this paper, the term monolithic ceramics refers to ceramic materials
in which no deliberate attempt has been made to include a second phase in a single-phase
material for the purpose of structural reinforcement. By this definition, single-phase ma-
terials which are treated so as to produce acicular or elongated grain structure for the purpose
of reinforcement (self-reinforced) are still considered monolithic ceramics owing to their
single-phase nature.

The polycrystalline mullites (3A1,05 - 2Si0;) presented here were obtained from two
different sources and are examples of self-reinforced monolithic ceramics after proper heat



164 CHEVRON-NOTCH FRACTURE TEST EXPERIENCE

TABLE 1—Summary of test materials.

Type of Material Material Designator Material Description
MONOLITHS
Mullite (3A1,05-2Si0,) Mullite KM1< [17] As-processed mullite
Mullite KM3= [17] KM1 + 1800°C heat treat [17]
Mullite MM1? [17] As-processed mullite
Mullite MM3? [17] MM1 + 1800°C heat treat [17]
Spinel (MgAl,O,) Spinel° [18] Dense; bimodal grain size, op-
tically transparent
a-silicon carbide (SiC) Hexoloy SA“ [19] Dense; fine, equiaxed grains
Silicon nitride (Si;N,) A2Y6* [20] Dense; duplex grain size dis-
tribution, hot pressed
Silicon nitride (Si;N,) SN251/ (21, 22] Acicular grain structure; cold
isostatically pressed,
sintered
COMPOSITES
Silicon carbide whiskers in alumina SA-25¢ [23, 24] 25 wt% SiC whiskers in dense
matrix (SiC,/AlO,) Al,O, matrix
Titanium diboride particles in silicon Hexoloy ST* [25] 16 vol% TiB, particles in
carbide matrix (TiB,/SiC) dense SiC matrix
Silicon carbide fibres in silicon car- Nicalon/CVI SiC III 30-34 vol% fibre/30-40 vol%
bide matrix [26] CVI1 B-SiC
Alumina fibres in silicon carbide FP-Alumina/CVI SiC V¢ 30-34 vol% fibre/30-40 vol%
matrix [26] CVI B-SiC

“Mullite, Kyocera Corporation, Kyoto, Japan, 1989.

®Mullite (7% free silica), McDanel Corporation, Beaver Falls, Pennsylvania, 1989.
Spinel, Coors Ceramic Company, Golden, Colorado, 1986.

“Hexoloy SA, Carborundum Co., Niagara Falls, New York, 1985.

¢A2Y6 Silicon Nitride, GTE Laboratories, Inc., Waltham Massachusetts, 1985.
/SN251 Silicon Nitride, Kyocera Corporation, Kyoto, Japan, 1990.

eSA-25, Greenleaf Corporation, Saegertown, Pennsylvania, 1985.

#Hexoloy ST, Carborundum Co., Niagara Falls, New York, 1986.

‘CVI-B-Silcion Carbide, Refractory Composites, Inc., Whittier, California, 1986.

treatments. Mullite KM® [17] was stoichiometric at an Al,O,:SiO, ratio of 1.5. Mullite MM’
[17] was silica-rich, containing ~7% free SiO,. The as-received materials contained a duplex
microstructure in which 6 to 9 volume percent (vol%) acicular grains (mean dimensions of
14 x 4 pm) were dispersed in the equiaxed grain structure (~1 to 2 pm mean diameter).
Two heat treatments [17] were applied to the materials in which both the dimensions and
the vol% of the acicular grains increased. The first heat treatment of 1750°C for 5 h yielded
18 to 27-pm-long acicular grains at vol% of 9 to 13. The second heat treatment of 1800°C
for 5 h yielded 27 to 32-um-long acicular grains at vol% of 28 to 33.

The polycrystalline magnesium aluminate spinel® (MgAl,O,) [18] discussed here was es-
sentially 100% pure with no non-stoichiometric phase present. The material was densified
under a proprietary process to near 100% density, resulting in a optically transparent product
with a bimodal type of grain diameter distribution ranging from 15 to 100 pm with a mean
of ~35 pum.

SMullite, Kyocera Corporation, Kyoto, Japan, 1989.
"Mullite (7% free silica), McDanel Corporation, Beaver Falls, Pennsylvania, 1989.
8Spinel, Coors Ceramic Company, Golden, Colorado, 1986.
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The polycrystalline silicon carbide® (SiC) [19] was nearly 100% pure a-SiC. The material
was sintered in argon gas at 2000°C, resulting in an essentially 100% dense product with a
fine equiaxed microstructure and a grain diameter distribution ranging from 2 to 10 pm with
a mean of 5 pm.

One of the polycrystalline silicon nitrides!® (Si;N,) [20] was composed of nearly 100% B-
Si,N, grains (occasional a-Si;N, grains present) surrounded by an amorphous, aluminum-
yttrium silicate, intergranular phase. This intergranular phase was a byproduct of the sin-
tering aids (2% ALO; and 6% Y,0,) which, during hot pressing at ~1750°C, promote the
production of a virtually 100% dense material. The morphology of the Si;N, ranged from
needle-shaped to equiaxed grains with typical grain diameters on the order of 1 to 2 um.

The other polycrystalline silicon nitride!* (Si;N,) [21,22] was composed of a deliberate
acicular grain structure and is an example of a commercially available self-reinforced ma-
terial. The material of nearly 100% B-Si,N, grains (occasional o-Si,N, grains present) sur-
rounded by a partially crystallized, ytterbium silicate rich, intergranular phase. This inter-
granular phase was a byproduct of the sintering aids, which during sintering at ~1750°C
promote the production of a virtually 100° dense material and the selective growth of B-
Si;N, so as to provide the acicular grain structure. The morphology of the Si;N, ranged from
acicular (nominally 10 X 1 pum) to equiaxed (nominally 1 to 2 wm).

Composite Ceramics

For the purposes of this paper, composite ceramics refer to ceramic materials in which a
deliberate attempt has been made to include a second phase in a single-phase material for
the purpose of structural reinforcement. This second phase usuvally takes the form of a
distinct structure such as particles, whiskers, or fibres but may also include a large amount
of dispersed polycrystalline phase.

The polycrystalline aluminum oxide matrix composite’? [23,24] discussed here was rein-
forced with 29 vol% single-crystal, silicon carbide whiskers. Although the exact processing
parameters for this material were proprietary, it was known that the composites (SiCy/
ALO;) were produced by a hot-pressing operation. The F-9 type whisker reinforcements
were derived from a rice hull production process and tended to have high aspect ratios with
typical dimensions of 1 X 30 wm. The polycrystalline matrix was composed of generally
equiaxed grains averaging ~10 um in diameter.

The polycrystalline silicon carbide matrix composite®® [25] was reinforced with 16 vol%
single-grain, titanium diboride particles. This composite (TiB,/SiC) was processed similar
to the monolithic SiC previously discussed in which sintering was performed in argon at
2000°C. The TiB, particles were generally well disbursed and equiaxed, averaging ~5 pm
in diameter. The polycrystalline a-SiC matrix was composed of nearly equiaxed grains
averaging ~7 to 8 um in diameter.

Two composites' with chemical vapor infiltrated (CVI) matrices [26] are presented here.
In both composites the infiltrated matrix was p-SiC with vol% of about ~30 to 40 and fibre
vol% of ~30 to 34 arranged in continuous fibre, two-dimensional (four and eight harness
satin weaves) laminates. Two polycrystalline fiber types, SiC (Nicalon) and Al,O, (FP-
alumina), were used with similar mean diameters (7 to 15 pm). The materials contained a

“Hexoloy SA, Carborundum Co., Niagara Falls, New York, 1985.

10A2Y6 Silicon Nitride, GTE Laboratories, Inc., Waltham Massachusetts, 1985.
11§N251 Silicon Nitride, Kyocera Corporation, Kyoto, Japan, 1990.

12§ A-25, Greenleaf Corporation, Saegertown, Pennsylvania, 1985.

BHexoloy ST, Carborundum Co., Niagara Falls, New York, 1986.
14CVI-p—Silcion Carbide, Refractory Composites, Inc., Whittier, California, 1986.



166 CHEVRON-NOTCH FRACTURE TEST EXPERIENCE

large amount of porosity with a large degree of inhomogeneity in the distribution of the
matrix.

Fracture Parameters

During quasi-static, stable crack growth, the fracture history can be generally divided into
three regimes: (1) critical condition at the onset of the stable propagation of the macro-
crack; (2) extensive stable crack growth in which the material may exhibit increasing resis-
tance to crack propagation; and (3) final fracture at which point the total energy dissipated
during the fracture process causes the complete separation of the component.

The critical condition at the onset of stable crack propagation can be generally described
by the critical stress intensity factor under plane-strain conditions, K., although other
energy-related terms such as the critical strain energy release rate, Gy, or the critical
nonlinear parameter, Ji (J-integral), can also be used. For chevron-notched geometries,
the apparent K is normally calculated such that [4,7-9]

Kic = YiinPrax/ (BW?) (M

where P, is the maximum applied load, Y, is the minimum geometry correction factor,
and B and W are as shown in Fig. 2. Strictly speaking, this relationship is only valid for
materials with flat R-curves [4,27]. In the present study it was convenient for comparison
purposes to apply Eq 1 to all materials regardless of whether or not the R-curves were flat.
Therefore, the following relationship was used to designate the critical stress intensity factor
for the chevron-notched geometry as determined from the maximum load although with no
unloading-reloading cycles [ASTM Method for Plane-Strain (Chevron Notch) Fracture
Toughness of Metallic Materials (E 1304-89)] as was the case for all the tests in this study

KIVM = Ymianax/(BWuz) (2)

where K, is termed the chevron-notch fracture toughness for purposes of this study, and
the other terms remain the same as previously defined.

As previously discussed, stable crack growth behaviour can be described as an R-curve.
The R-curve is readily calculated as the strain energy release rate, Gy, plotted as a function
of the incremental crack extension, Aa. A global energy approach was used in which Gk,
for each Aa, was calculated from the change in strain energy, AU,, required to create an
incremental fracture area, AA;, such that [28]

Gi, = AU/AA, 3

as shown schematically in Fig. 5a. Advantages of this technique are that it is valid regardless
of the conditions at the crack tip and that it tends to average and smooth the spontaneous
run-arrest crack growth behaviour of certain ceramic composites, thus yielding more “well-
behaved” R-curves (i.e., realistic, energy-based R-curves).

At the point of complete fracture through the chevron section, the work-of-fracture [5,6]
can be determined from the total energy consumed during the entire fracture process divided
by the total, projected fracture area, 2 Ay, of the specimen such that

Ywor = (12 A7) [ Pd (LPD) @
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FIG. 5—Schematic illustrations for determining G (R-curve) and work-of-fracture, ywor.

as shown schematically in Fig. 5b and where LPD; is the value of the final LPD when the
applied load, P, is zero. Note that the determination of the load-LPD curve from the load-
CMOD curves is necessary for the calculation of both the R-curves and work-of-fracture.
In brittle, linear elastic materials the work-of-fracture can be used as an estimate of the
fracture surface energy of a material [5,6]. However, for materials which display extensive
non-linear fracture processes, the work-of-fracture is dependent on the stability of the crack
propagation, the crack velocity (hence applied load or displacement rate), size of the frac-
tured area, and other testing conditions. Therefore, the work-of-fracture becomes a non-
linear fracture parameter meaningful primarily for comparative purposes, such as those
employing various specimen sizes.

Test Results

The basic information acquired for each fracture test was a plot of applied load versus
CMOD or LPD, as shown by example in Fig. 6. Note that no unloading-reloading cycles
for compliance measurement checks were introduced in these curves due to the difficulties
associated with such techniques at elevated temperatures and the dubious usefulness of these
compliance techniques in ceramics with developed, crack-wake effects [29]. This load-dis-
placement information was then digitized and used along with the specimen dimensions and
testing geometry data as the input file for a computer program [15], which automatically
calculated the apparent K.y, Gg versus Aa (assuming linear-elastic unloading), and ywor-

Figure 7 illustrates Ky, as a function of temperature for various ceramic materials. Note
that K. generally decreases with increasing temperature, although K, of a-SiC, while
relatively low compared to the other materials, appears to be nearly temperature inde-
pendent. Table 2 contains the Ky, values of all the various materials over the range of
temperatures used in the studies.

Figures 8 and 9 show R-curve results for some representative materials. The R-curves
shown are polynomial least-squares curve fits of at least three complete R-curves generated
at each test condition, where each complete R-curve was generated from a single-specimen
test. Linear-elastic materials such as «-SiC display flat R-curves with fracture resistance
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FIG. 6— Example of load-displacement for a stable crack growth fracture test of silicon nitride (A2Y6)
at room temperature.

independent of crack length as shown in Fig. 8. Nonlinear-elastic materials such as the
spinel, the self-reinforced monoliths, the SiC,,/Al,Os, and the CVI composites exhibit rising
R-curves with increasing crack growth resistance for increasing crack length, as shown in
Fig. 9, indicative of fracture mechanisms which develop in the wake region as the crack
propagates.

Examples of work-of-fracture as a function of temperature are shown in Fig. 10. It was
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FIG. 7— Chevron-notch fracture toughness, K,,,,, versus temperature for various materials.
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FIG. 10—Work-of-fracture, yyor, versus temperature for various materials.

observed that linear elastic materials (e.g., o-SiC) display work-of-fracture values approx-
imately equal to the fracture surface energy of the material. However, for materials which
display nonlinear elastic fracture behavior (e.g., SiCy/Al,O;,CVI composites) the work-of-
fracture values are much greater than either the values calculated from the fracture initiation
energy (Ywor = Gio/2) or the values calculated from the rule-of-mixtures of the fracture
surface energies of the constituent materials. Table 3 contains the vyyr values of all the
various materials over the range of temperatures used in the studies.

Discussion

Generally, the chevron-notched geometry provides fracture behaviour information com-
parable to other methods employing sharp crack techniques (i.e., techniques in which con-
trolled, atomistically sharp crack are introduced into the material). As mentioned previously,
one of the advantages of the chevron notch is the automatic crack initiation, which eliminates
the time consuming and tedious task of precracking the specimens. Sharp cracks are par-
ticularly important for determining the fracture parameter, K., at crack initiation, where
blunt crack tips will cause an overestimation of the sharp crack K.

In a comparison [19] of various sharp crack techniques applied to the model, brittle,
polycrystalline «-SiC, Kj,\ at room temperature determined from the chevron-notched
geometries (2.8 to 3.6 MPa m'?) compared well with measured fracture toughness values
from techniques such as the controlled flaw, Knoop indentation flexure specimens (2.7 to
3.5 MPa m'?), precracked double cantilever beam specimens (2.5 MPa m*2) and precracked
double torsion specimens (3.0 to 4.6 MPa m'?2). Tests on this same material using unpre-
cracked, blunt notches yielded calculated fracture toughness values of 3.5 to 4.8 MPa m'2
for single edge-notched bend beams and 3.9 MPa m*? for a Charpy impact specimen. The
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chevron-notched geometry provides a simple, spontaneous method for producing a sharp
crack for the proper determination of the apparent fracture toughness.

While the chevron-notched geometry provides a good means for sharp crack initiation, a
limitation exists in the application of the K;. calculation (Eq 1) as applied to materials which
display nonlinear elastic fracture behaviour, i.e., rising R-curve. In the case of the SiCy/
AlLO, composite [21,22], Ky, at room temperature determined from the chevron-notched
geometry (sharp crack) was 6.6 MPa m'2, while for the straight notch geometry (blunt notch)
the measured fracture toughness was 6.2 MPa m'2. As shown in Eq 2, the calculation of
Ky is made at the maximum load, which occurs in the chevron-notched geometry after a
small amount of stable crack growth. Thus, since the R-curve for this material is rising (i.e.,
increasing with increasing crack extension) the stress intensity factor calculated as Ky, at
P_.. actually represents the fracture resistance on the developing R-curve rather than at
crack initiation. This can result in an overestimation of the fracture toughness, which is an
even greater value than that determined from the blunt notch specimen. This empirical
result is just as anticipated analytically for materials with rising R-curves [4,28] and limits
the use of the chevron-notched specimen for determining the fracture toughness in these
types of materials, thus making the R-curve necessary for evaluating fracture behavior.

The inherent stable crack growth in the chevron-notched geometry is crucial to the de-
termination of the crack growth resistance. If the relations for the compliance versus crack
length are known, either numerically or empirically, then it is a straightforward matter to
determine the instantanecous crack length at any point along the load-displacement curve,
The use of the global energy fracture parameter, G (linear strain energy release rate),
simplifies the analysis by allowing the instantaneous change in the strain energy to be easily
determined from the load-displacement curve. The assumption of linear-elastic unloading
allows the use of monotonic loading, which avoids the difficulty and complication of at-
tempting to unload and reload the specimen in order to determine the unloading compliance
[29]. This assumption appears to be valid for many of the ceramics presented here which
display linear-elastic behaviour such as shown in Fig. 8 in which the crack lengths for the
flat R-curves were calculated using the compliances determined assuming linear-elastic un-
loading rather than compliances determined from unloading-reloading cycles. Errors which
might develop from this assumption for nonlinear elastic ceramics are not considered directly
in this study but have been addressed by other researchers [15,29]. In summary, for a given
crack length the compliance values obtained from the slopes of the unloading paths can be
expected to be different from those obtained from numerical or empirical evaluations. The
reason for this is that during unloading the energy dissipation must be accompanied by some
hysteresis in the fracture process zone and the crack wake region, including strong frictional
interaction effects between the fractured main crack surfaces. Such frictional interaction is
especially significant in ceramic composites (such as those with fibre, whisker, or particle
reinforcements) where very rough fracture surfaces or even crack-bridging ligaments exist.
The magnitude of compliance errors resulting from crack surface interactions during un-
loading may be expected to vary depending on material type as well as specimen geometry
[29]. Therefore, the assumption of linear-elastic unloading offers a simple yet effective
method of estimating crack length and avoids the complication and dubious benefit of
unloading-reloading, especially for elevated-temperature fracture tests. Studies involving
the direct comparison of various compliance methods (e.g., unload-reload cycles, monotonic
loading, etc.) for determining crack lengths in ceramics will be the subject of further research.

However, for nonlinear elastic materials, the shapes of the R-curves are indicative of
fracture mechanisms which may be influenced by the specimen geometry. For example, as
shown in Fig. 9 for mullite MM3, at room temperature the R-curve assumes the classic
power law shape noted in Fig. 1 for ductile materials. At 1200°C, for this same material,
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the R-curve shape is inverted and rises steeply at larger crack lengths where the crack tip
approaches the back side of the specimen. Such sharply rising behaviour has been noted in
other materials, as shown in Fig. 9, which display large frontal process zones which interact
with the compressive stresses in the hinged, remaining ligament of the flexure specimen. In
other cases, such as the SiC,,/Al,O; composite at both room temperature and 1200°C, the
rising R-curve never appears to reach a plateau, indicating that the size of the fracture
process zone behind the main crack tip has not reached a finite size within the dimensions
of the specimen (~2.5 mm). Thus, for some materials and some conditions the specimen
dimensions may not be sufficiently large to allow the fracture process zone to fully develop
and thus allow the crack growth resistance to reach the fully developed fracture resistance
value on a plateau. However, the initial rising parts of the R-curves are still indicative of
developing crack growth resistance, hence rising R-curve behaviour.

Complete and stable fracture of the specimen is necessary for the calculation of vy op.
The inherent stability of the fracture process in the chevron-notched, flexure specimen allows
the controlled fracture of the entire chevron section. In linear elastic materials, such as the
a-SiC, ywor can be used as an estimate of the fracture surface energy, yg. Extending the
assumption of linear elastic behaviour to LEFM, the apparent fracture toughness can be
calculated from the yy o such that [5,6,28]

Kic = VE' (Z'YWOFS (5)

where K. is the apparent fracture toughness, E’ is the elastic modulus of the material.
Applying Eq 5 to the a-SiC at room temperature where E' = 427 GPa [19] and vyor =
8.8 J/m? yields a Ki. of 2.7 MPa m'?, which is in very good agreement with the K, ,, of 2.9
MPa m*? calculated from Eq 2. For nonlinear elastic materials such as the SiC,/Al,O,
composite at room temperature, the use of Eq 5 to predict the K%. yields a value of 6.5
MPa m'? (E' = 392 GPa [24], ywor = 53.7 J/m?) compared to the Ky, of 6.6 MPa m'?
calculated from Eq 2 which is also in good agreement.

However at elevated temperatures such as 1200°C where the nonlinear elastic behaviour
of the composite is more in evidence, Eq 5 predicts a K% value of 9.5 MPa m'? (E’ = 310
GPa [24], ywor = 145.3 J/m?) compared to the K, of 7.7 MPa m'? calculated from Eq
2. The a-SiC at 1200°C where E' = 427 GPa [19] and yywor = 6.3 J/m? yields a Ki. of 2.3
MPa m*? using Eq 5, which is still in reasonable agreement with the K, ,, of 2.8 MPa m'?
calculated from Eq 2. Thus if the energy consumed by the nonlinear fracture processes of
the composite is too large, total work-of-fracture cannot be used to predict the LEFM K.
In addition, because the work-of-fracture is related to nonlinear fracture mechanisms its
determination will be dependent upon such conditions as crack velocity (displacement or
loading rate), size of the chevron section, and other testing variables. Despite these limi-
tations in non-LEFM materials, vy is still a useful nonlinear elastic fracture parameter
for comparative purposes for the same material and test conditions.

Values of yyor for the CVI composites were not reported due to a limitation of the flexure
bar in testing fibrous composites. This limitation is that the crack front “stalls out” as it
encounters the compression region of the remaining ligament where fibre buckling and other
stress interactions as well as localized crushing of the material by the push rod have altered
the stress distributions in that area of the specimen. The stalling of the crack is manifested
in the load-displacement diagram as a constant load with increasing displacement [26]. In
the case of specimens tested with the LIDG, the load remained constant even beyond the
range of the LIDG (~1 mm). Thus complete fracture of the chevron section could not be
achieved and o could not be calculated.
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Conclusions

Three important characteristics of the chevron-notched geometry, atomistically sharp
crack initiation, inherent stable crack growth, and suitability for use at elevated temperatures,
allow the study of the stable crack growth behaviour of brittle and quasi-brittle materials.
Automatic crack initiation is especially important for testing at elevated temperatures where
precracked specimens may experience difficulties with crack healing and blunting. Inherent
stable crack growth is required for determining the crack growth resistance from single
specimens of materials with flat R-curves which would fracture catastrophically in straight-
through crack specimens. Suitability for use at elevated temperatures eliminates compli-
cations associated with precracking fracture specimens prior to testing or possible crack
healing of the precracks during the elevated temperature tests.

The evaluation of the fracture resistance as three regimes—crack initiation, stable crack
growth, and final fracture, elucidates the evolution of micro-mechanical fracture mechanisms
which may be not only inherent to the material system but may also be highly dependent
on processing. In addition, the three fracture parameters thus generated, Ky, Gr, Ywor
can be linked through LEFM for materials which behave in a linear elastic fashion, thus
confirming the application of LEFM. If the material fractures in a nonlinear elastic manner,
the three parameters are essential to more clearly characterize the fracture behaviour of the
material under the given conditions.

Finally, the utility of the technique is shown in its applicability to a wide range of materials
systems over a wide range of elevated temperatures. The test temperature ranged from 20
to 1400°C, while materials systems ranged from monolithic ceramics to self-reinforced
monolithic ceramic to fibre-, particle-, or whisker-reinforced ceramic composites.
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ABSTRACT: Poly(methylmethacrylate) is used as a grouting agent in total joint arthroplasty.
Fracture toughness of the relatively brittle bone cement is an important property determining
the reliability and defect tolerance capability of the material. In the present study, fracture
toughness of bone cement and commercial PMMA has been determined using a short bar
chevron-notch test method. Chevron-notched short bar specimens were prepared with a notch
molded-in during the polymerization process or by machining techniques. Specimen size and
other test parameters were varied to determine variability of the results. In addition, parameters
were also varied to simulate clinical practices.

A peak load test method following ASTM E 1304-89 was used to estimate fracture toughness.
The load-displacement curves obtained were independent of the displacement rates within the
recommended peak load time range. Wide variation of displacement rates had no effect on
the fracture toughness values. No plasticity-induced effects on fracture toughness were evident
in the slow rate regime up to a peak load time of 300 s for 12.7-mm-thick short bar specimens.
The results of this study indicate that the ASTM Test Method E 1304-89 can be successfully
used in determining fracture toughness of bone cements.

KEY WORDS: fracture toughness, brittle material, displacement rates, PMMA, bone cement,
chevron-notch, fractography

Cemented total joint replacements in hip and knee surgery utilize poly(methylmethacrylate)
(PMMA) or a styrene-based copolymer as a grouting agent. These polymers, commonly
referred to as bone cement, are brought into the operating room as polymer powder and
monomer. The two components are mixed together, positioned in the body in a viscous
state, and fully polymerized in vivo. Sometimes the bone cement may form voids due to
mixing and the polymerization process. The voids may act as sites for initiation of micro-
cracks, which may propagate and lead to fracture of the cement, resulting in loosening and
subsequently failure of metal prosthetic devices [1,2]. The bone cement, therefore, plays a
vital role in determining the life of cemented total hip and knee replacement systems. The
reliability and life of bone cement, like other material systems, is compared using fracture
mechanics principles. In the case of bone cement, an increased fracture toughness would
indicate that a cement will inherently exhibit a greater degree of resistance to propagation
of cracks. Considering the in vivo situation, once the bone cement is positioned in the body
it cannot be inspected or removed without significant trauma to the patient. Fracture tough-
ness, therefore, has value in determining the inherent crack tolerance capacity of the ma-
terial.

1Senior research engineer and manager, respectively, Engineering Test Laboratory, Zimmer, Inc.,
a division of Bristol-Myers Squibb Co., Warsaw, IN 46581-0708.
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Various types of specimen geometry and test methods, such as compact tension [3-6].
Three-point bending [6—9], short rod [10—-12], and double torsion {13] specimens have been
used by different authors in the characterization of bone cement for fracture toughness.
Difficulty in producing an even crack front in fatigue precracking has been reported with
compact tension and three-point bending specimens [4]. Attempts have been made to obviate
the fatigue precracking by resorting to other techniques for generating a precrack [4,14].

In the present investigation, a chevron-notch fracture test method with short bar speci-
ments was used to determine fracture toughness. The ASTM Test Method for Plane-Strain
(Chevron-Notch) Fracture Toughness of Metallic Materials (ASTM E 1304-89) was followed
for testing and calculation of fracture toughness using the maximum load method. The short
bar chevron-notched specimen was selected because it requires no fatigue precracking; the
testing is quick, and data analysis is simple. This facilitates extensive testing during material
development and quality control. Extensive testing is required in the development of bone
cement because fracture toughness can be strongly dependent on its chemical composition
and processing parameters.

Experimental Procedures
Material and Specimens

Zimmer® Dough-Type? bone cement was prepared by mixing methyl methacrylate powder
(polymethylmethacrylate 89.25 wt%, benzoyl peroxide 0.75 wt%, and barium sulfate 10%)
and liquid monomer (methyl methacrylate 97.25%,N, N-Dimethyl-p-toluidine 2.75%, and
hydroquinone 75 ppm) in the ratio of 2:1. Mixing was carried out either in vacuum or air.
For vacuum mixing, the monomer was chilled prior to mixing to delay polymerization, and
mixing was carried out under vacuum using an Osteobond® Vacuum Mixer.? For mixing in
air the cement and monomer were stored in laboratory air at about 22°C. The powder was
placed in a polyethylene beaker, monomer was poured into the powder, and mixing was
done with a spatula by hand.

In both cases, the cement was mixed until the powder was completely wetted out. When
the mixture turned fully into a viscous liquid, the cement was filled into special molds for
shaping as 12.7-mm-square short bar specimens with a molded-in chevron notch. These
molds were fabricated from acrylic material, and thin acrylic sheet shims were used to form
a 0.35-mm-wide notch. After the cement had completely polymerized, about 20 to 25 min,
the mold was disassembled and the samples removed. To simulate clinical practice, a group
of specimens was prepared in molds preheated to 37°C. At the 37°C mold temperature, a
higher heat of polymerization is available which may result in greater expansion and, hence,
a larger number of voids in the specimens. Voids are also formed in air-mixed bone cement
specimens due to air entrapped during mixing. This problem was addressed by applying a
load of approximately 10 N at the top of the mold. All samples were allowed to remain in
the laboratory air environment until testing commenced. A short bar chevron-notched spec-
imen is shown schematically in Fig. 1. Dimensions of all the sample configurations used are
shown in Table 1. A few bars, 6.35 mm thick, were also cast from bone cement to machine
small-size chevron-notched samples. A typical normal-size bone cement specimen is shown
in Fig. 2 along with one of the 6.35-mm-thick specimens. As observed in Fig. 2, the 12.70-
mm-square specimens with molded chevron notch were made with a larger grip groove depth
than the dimensional requirements of ASTM Test Method E 1304-89 to ensure that no pores
or voids were formed near the load-line of the specimen.

2Zimmer, Inc., Warsaw, IN.
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FIG. 1—Schematic representation of a short bar Chevron-notched specimen.

Commercially available PMMA sheet was used to prepare reference specimens. The
reference samples eliminated any variations due to variation in preparation of bone cement
specimens, particularly in the study related to the effect of specimen size. Both square and
rectangular short bar samples with thicknesses (B) of 12.70, 11.68, and 6.35 mm were
prepared in accordance with all the recommended specimen dimensions in ASTM Test
Method E 1304-89 except 1or the grip groove depth in 11.80-mm-square specimens with W/
B = 2.0. In the 11.80-mm-square specimens with W/B = 2.0, the grip groove depth was
kept similar to the 12.70-rim-square bone cement specimens prepared with a molded-in
chevron notch. The configurations and dimensions of commercial PMMA specimens are
also given in Table 1, and representative specimens are shown in Fig. 3.

Test Method

The tests were carried out on an Instron universal testing machine. The grips with the
knife-edges used for testing are shown in Fig. 4. The specimens were loaded at different
displacement rates within the lower and upper bounds of the recommended range in order
for the peak loads to occur within 15 to 60 s. The crosshead speed was varied between 0.50
to 12.7 mm/s, and a load-displacement curve was recorded for each test. Six specimens were
tested for each variable parameter.

Fractography

The fracture surfaces of tested specimens were examined for characteristic fracture mi-
cromechanisms using a Cambridge S 360 scanning electron microscope. The examination
was also intended to determine if any defects influenced the fracture toughness results.

Results and Discussion

Fracture toughness was calculated based on the peak load in the load-displacement curve
using the following expression

Y:P,

& =gvw
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FIG. 2— Representative bone cement specimens.

FIG. 3— Representative commercial PMMA specimens.

where

K. = fracture toughness,
Y} = minimum stress intensity factor coefficient,
P, = maximum test load,

B = specimen thickness, and

W = specimen length.

The specimen configurations used in the present study are in ASTM E 1304-89. The
minimum stress intensity factor coefficient values used in the calculations for each type of
specimen employed in testing are given in Table 2. The corresponding values of critical
slope ratio (r,) are also shown in Table 2.
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FIG. 4— Test setup showing grips and knife edges used for testing.

TABLE 2-— Minimum stress intensity factor coefficients used for various specimen configurations.

Specimen
Type B, mm W/B afW H/B Y. r,
Square 12.7 2.0 0.2 0.5 29.90 0.30
Square 11.8 2.0 0.2 0.5 29.90 0.30
Rectangular 12.7 1.45 0.332 0.435 28.22 0.52
Square 6.35 2.0 0.2 0.5 29.90 0.30
Square 6.35 1.45 0.332 0.5 25.11 0.52
Rectangular 6.35 1.45 0.332 0.435 28.22 0.52

Representative load-displacement traces for bone cement and commercial PMMA are
given in Fig. 5a—c. In general, load-displacement curves for the bone cement were flat (Fig.
5a). At high displacement rates, they tended to be less flat (Fig. 5b). The load-displacement
curves for commercial PMMA were nonflat (Fig. 5¢). Prior to calculations, a validity check
was done to confirm that the peak load occurred after the 1.2 r, point on the load-displacement
curve. The fracture toughness values estimated for bone cement mixed in vacuum at 22°C
and commercial PMMA are given in Fig. 6.

Representative fractured bone cement specimens tested at different loading rates are
shown in Fig. 7. The fracture plane in most of the specimens was flat without any indication
of deviation from the plane normal to the applied load. Some of the specimens showed
some minor crack plane deviation. Two of the specimens had the fracture plane turned
almost 90°, such that the crack plane was nearly parallel to the load axis. These fractures
were closely examined for any flaws. While one fracture showed obvious voids, no significant
defects could be detected in the other fracture, which could be responsible for the fracture
behavior. On both of these specimens there was no crack plane deviation up to one third
of crack plane width. Hence, the fracture toughness values calculated from the peak loads
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FIG. 6— Fracture toughness of bone cement specimens for various conditions.

FIG. 7——Representative fractured bone cement specimens tested at different displacement rates, left to
right: 0.0084, 0.02116, 0.042, 0.085, and 0.211 mm/s.

are still valid. Fracture toughness values, grouped separately for specimens showing different
fracture planes, with and without crack plane deviations, were found to be comparable. The
reason for the crack plane turning parallel to the load axis is not clearly understood. However,
crack plane deviation due to friction or misalignment in experimental setup is ruled out
since all specimens were tested under identical conditions and only a few showed crack
plane deviation.
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FIG. 8— Fracture surfaces of bone cement specimens mixed in air, with and without load applied on
the mold: left, no load; middle, 5-N load; right, 10-N load. Arrows point to the macroscopic defects.

The bone cement specimens mixed in air had a fracture appearance that depended upon
the pressure applied on the molds. Specimens without any pressure applied during poly-
merization showed a large number of voids on the fracture surface (Fig. 8). Load-displacement
curves for specimens with voids showed crack jump behavior associated with a large drop
in load level. Application of a pressurization load during polymerization resulted in a ma-
croscopically flat fracture, free of large voids. This difference in fracture morphology is
clearly evident from Fig. 8. In case of the specimens prepared in molds preheated to 37°C,
the fracture surfaces did not show any defects which would render the tests invalid. However,
large voids were frequently observed on the fracture surfaces. The fracture toughness values
estimated for specimens prepared by mixing in air and in preheated molds are also shown
in Fig. 6. These values are marginally lower than the specimens prepared at 22°C by vacuum
mixing. The fracture toughness values in this study are consistent with the reports of other
investigators for other specimen geometries [3,15].

The fracture toughness of acrylic polymethylmethacrylate is strongly dependent on its
chemistry. The bone cement contains barium sulfate, 10% by weight, as a radiopaque agent.
Barium sulfate has been reported to reduce the fracture toughness of bone cement [3]. It
was surmised that some of the barium sulfate particles don’t bond to the PMMA and
consequently reduce the fracture toughness by acting as sites for crack initiation. The present
results indicate no significant difference in fracture toughness values of bone cement with
barium sulfate and commercial PMMA without barium sulfate. The fracture toughness of
commercial PMMA varied over a wide range and was 10% higher than the values reported
by other authors [3,4]. This could be due to the difference in manufacturing source for the
commercial PMMA.

The effect of specimen size is better compared from the results of commercial PMMA
testing, since a larger number of specimen sizes was investigated for this material. Fracture
toughness values obtained for different sizes of specimens are shown in Fig. 9 for the
commercial PMMA. The effect of size on fracture toughness of bone cement is also compared
in Fig. 9. No appreciable difference in the values is observed. This indicates that fracture
toughness of bone cement in small thickness specimens, close to real life situations, can be
obtained with a great degree of certainty using short bar chevron-notched specimens. Re-
ducing the specimen thickness further has limitations due to the difficulty in maintaining
the dimensional accuracies within the permissible tolerances.

The effect of displacement rates on the fracture toughness of bone cement is shown in
Fig. 10. Variations in displacement rates did not appear to influence the character of load-
displacement traces when the displacement rates used yielded peak loads within the time
intervals recommended in the ASTM Standard. At higher displacement rates, which resulted
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in the peak load occurring with 3 to 7, the fracture toughness values were slightly lower.
On the other hand, no plasticity-induced effects were noted in the slow displacement rate
regime, even when tests were run to yield peak loads at 300 s for the 12.7-mm-thick spec-
imens. To confirm plasticity effects in this regime, specimens were loaded to a 15-N load,
and the machine was turned off. Continuous load relaxation and displacement were mon-
itored for 30 min. No viscoelastic effect was noted, and the load drop was insignificant,
within the sensitivity limits. It is, however, recommended that displacement rates in the
slow rate regime (longer time to reach peak load) should be used with caution for polymeric
materials.

Fractographic examination of the fracture surfaces of the bone cement samples revealed
microporosity and occasionally separation of prepolymerized beads from the cement matrix
(Fig. 11). Crack propagation through the prepolymerized beads was the primary fracture
mechanism (Fig. 12). Microporosity, considered as a microstructural parameter, has been
shown to have no influence on fracture toughness [15]. Rimnac et al. [15] varied the mi-

FIG. 11—Scanning electron fractograph showing separation of prepolymerized bead from the cement
matrix.

'._L - R < _.. r - é‘

FIG. 12—Scanning electron fractograph showing fracture through prepolymerized beads.
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croporosity in different bone cements and observed no effect on fracture toughness. The
observed microporosity in these specimens also did not effect the fracture toughness values.

Although rare, barium sulfate particles were observed, which were not adherent to the
matrix. These rare particles appeared to have acted as sites for crack formation during the
fracture process (Fig. 13), but there was no noticeable effect on the toughness values of the
specimens with these occurrences. Cleavage type brittle fracture (Fig. 14) and secondary
cracking was the other fracture micromechanism observed.

Conclusions

Acrylic bone cement and commercial PMMA were tested for fracture toughness using
short bar chevron-notched specimens following ASTM Test Method E 1304-89. The variable

FIG. 13— Scanning electron fractograph showing microvoids formed at barium sulfate particles during
fracture of bone cement.

FIG. 14— Scanning electron fractograph showing typical cleavage-like fracture mode near a large pore
in the bone cement.
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test parameters were the specimen size and the displacement rates. The results indicated
that the test method is applicable in evaluation of fracture toughness of bone cement. The
fracture toughness values obtained in this study are consistent with those of other investi-
gators, reported for other specimen geometries. The bone cement displayed insignificant
load relaxation, and the fracture toughness of bone cement at displacement rates in the slow
rate regime was not affected by plasticity effects. However, displacement rates in the slow
rate regime should be used with caution for tests on bone cements.

Acknowledgments

The authors would like to thank Tom Morehouse, Marshall Sparks, and Jennifer Price
for their assistance in specimen preparation and experimental work.

References

[1] Miller, J., Burke, D. L., Stachrewicz, J. W., and Kelebay, L. C., “Pathophysiology of Loosening
of Femoral Components in Total Hip Arthroplasty,” The Hip, C. V. Mosby, St. Louis, 1978, pp.
64-86.

[2] Harrington T. P., Karch J. A., and Harris W. H., “A Failure Criterion Based on Crack Initiation
at Pores in Cement Applied to Loosening of Femoral Stems,” Proceedings, 16th Annual Meeting
of the Society of Biomaterials, 20-23 May 1990, Charleston, SC.

[3] Sih, G. C. and Berman, A. T., Journal of Biomedical Materials Research, Vol. 14, No. 3, 1980,
p. 311.

[4] Freitag, T. A. and Cannon, S. L., Journal of Biomedical Materials Research, Vol. 10, No. 5, 1976,
p. 805.

[5] Wright, T. M. and Trent, P. S., Journal of Materials Science, Vol. 14, No. 2, 1979, p. 503.

6] May, T. C., Krause, W. R., Smith, M. J. V., Cardia, J. A., and Davenport, J. M., Proceedings,
16th Annual Meeting of Society for Biomaterials, 20~23 May 1990, Charleston, SC.

[7] Hashemi, S. and Williams, J. G., Journal of Materials Science, Vol. 19, No. 11, 1984, p. 3746.

[8] Stafford, D., Hugget, R., and Causton, B. E., Journal of Biomedical Materials Research, Vol. 14,
No. 4, 1980, p. 359.

[9] Robinson, R. P., Wright, T. M., and Burstein, A. H., Journal of Biomedical Materials Research,
Vol. 15, No. 2, 1981, p. 203.

[10] Wang, C. T. and Pillar, R. M., Journal of Materials Science, Vol. 24, No. 7, 1989, p. 2391.

[11] Boblitz, F. F., Luna, V. R., Glenn, J. F., DeVries, K. L., and Draughn, R. A., Polymer Engi-
neering and Science, Vol. 19, 1979, p. 607.

[12] Watson, T., Jollies, M., Peyser, P., and Motoroy, S. Journal of Materials Science, Vol. 22, No.
4, 1987, p. 1249.

[13] Beaumont, P. W. R. and Young, R. T., Journal of Biomedical Materials Research, Vol. 9, No.
5, 1975, p. 423.

[14] Cayard, M. S. and Bradley, W. L., “The Effect of Various Precracking Techniques on the Fracture
Toughness of Plastics,” Advances in Fracture Research, Vol. 4, K. Salama et al., Eds., Pergamon
Press, Elmsford, NY, 1989, p. 2713.

[15] Rimnac, C. M., Wright T. M., and McGill, D. L., Journal of Bone and Joint Surgery, Vol. 68-
A, No. 2, 1986, p. 281.



Wang Qizhi' and Xian Xuefu'

Rock Fracture Toughness Determination
with Chevron-Notched and Straight-
Through-Notched Three-Point Bend
Round Bar Specimens

REFERENCE: Qizhi, W. and Xuefu, X., “Rock Fracture Toughness Determination with
Chevron-Notched and Straight-Through-Notched Three-Point Bend Round Bar Specimens,’’
Chevron-Notch Fracture Test Experience: Metals and Non-Metals, ASTM STP 1172, K. R.
Brown and F. 1. Baratta, Eds., American Society for Testing and Materials, Philadelphia,
1992, pp. 191-197.

ABSTRACT: Chevron-notched and straight-through-notched three-point bend round bar spec-
imens were used to test fracture toughness of a Chongging limestone. Comparable values were
obtained from these two kinds of specimens, but the chevron-notched specimens had the merits
of easiness for deducing and detecting overloading, less the possibility for deviation of crack
growth from notch plane, and a included nonlinear correction factor in fracture toughness
calculation. However, there was some size effect for chevron-notched specimens; the test
values increased with increment in crack length and diameter.

KEY WORDS: chevron notch, straight-through notch, three-point bend, round bar, rock
fracture toughness, stable crack growth, nonlinear correction factor, size effect

The fracture toughness of rock is needed for studies of rock cutting, hydrofracture and
explosive fracture, etc. The evaluation of rock fracture toughness has been important in
recent years due to the increasing demand for geothermal energy extraction and other energy-
recovery schemes (e.g., gas and oil), where hydraulic fracturing and fragmentation of in
situ rock masses is frequently used.

Chevron-notched specimens are now widely applied in fracture toughness testing for both
metals and non-metals, but a review of published references revealed that most studies
focused on chevron-notched short rod/bar specimens [I]. Investigations on chevron-notched
three-point bend round bar (abbreviated as CB) were relatively scarce [2]. This paper reports
the authors’ experience in testing a Chongging limestone with CB specimens. CB specimens
with different diameters and initial crack lengths were tested to study size effects. Tests with
straight-through-notched three-point bend round bar (abbreviated as SB) were also per-
formed in order to compare these two kinds of core-based specimens and find the merits
of chevron-notched bend specimens in rock fracture toughness testing.

Test Material and Procedures

The test rock was a Chongqing limestone. CB specimens (Fig. 1) were prepared by coring
blocks taken from a mine near Chongqing. The specimen configurations were basically the
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gineering, Chongging University, Chongqing 630044, People’s Republic of China.
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FIG. 1— Chevron-notched three-point bend round bar with test fixture (a—crack length, a,—initial
crack length, dimensionless forms: a = a/D, oy = a,/D).

same as those prescribed by the International Society for Rock Mechanics (ISRM) [3]. The
chevron notch was cut with a 1.2 mm thick by 120 mm diameter diamond saw and a universal
milling machine. Then a razor blade was used to score a sharp notch at the tip of chevron
notch formed by the diamond saw. This razor blade technique gave a notch tip radius
estimated to be less than 0.01 mm. The specimens were marked before testing at the three
points where the central load and two cylindrical supports would be acting. Specimen di-
ameters were 56 and 72 mm, respectively, and initial crack length (o, in Fig. 1) varied as
0.15, 0.2, and 0.3 (for ISRM suggested specimen, «, = 0.15). A total of 16 CB specimens
were prepared and tested. The SB specimens (cross section shown in Fig. 2) were prepared
in a similar way with the diamond saw and razor blade. They had different crack lengths,
while the span diameter ratio ($/D) was the same 3.33 as that of the CB specimens.

The servohydraulic test machine had four vertical columns and a stiffness of 11 x 10 kg/
mm. The high stiffness of the test machine reduces stored energy that might otherwise be
placed on the specimen due to unwanted load frame deflection. This condition is important
in testing rocks, especially when specimens are loaded in bending. A clip gage was used to
measure the crack-mouth-opening-displacement (CMOD) during testing. The gage should
have enough sensitivity, since CMOD was very small for the test rock. The test was performed
by controlling the CMOD rate at 0.01 mm/min. The authors noted that CMOD solely
reflected specimen deformation, excluding the deformation of test machine and those on
the contact points. The authors also noted that rock fracture toughness was not sensitive to
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FIG. 2—Cross section of a straight-through-notched three-point bend round bar (span and loading
fixture are the same as shown in Fig. 1, dimensionless crack length o = a/D).

strain rate [4], so a low CMOD rate would be preferable to promote stable crack growth
and avoid overloading.

About three or four unloading-reloading cycles were performed during the process of
testing. Ideally, maximum load should be spanned between these cycles. Load versus CMOD
diagrams were plotted by a computer interfaced to the test machine. Figure 3 shows a typical
record of load versus CMOD plot for a CB specimen. This plot is important in two aspects:
(a) to check whether stable crack growth is realized, which is demonstrated by a curve
connecting the initial straight line and the point of maximum load; and (b) to subsequently
obtain a nonlinear correction factor from unloading-reloading cycles.

Discussion and Results

The following equations were used to calculate fracture toughness for a CB specimen:

KCB = Amin . F‘max/l)l.5 (1)
K% = KsV(1 - p)(1 - p) 2

where A, is the minimum dimensionless stress intensity factor, F, . is the maximum load,
D is diameter, and p is nonlinear correction factor.
A, Was given in Ref 3 as

Apin = (1.835 + 7.150, + 9.852) - (S/D) 3)

where the definitions of «,, §, and D are as shown in Fig. 1.
The degree of nonlinear behavior of the specimen p is defined by the equation

p = xu/xl (4)

where x, and x, are determined by the two lines shown in Fig. 3, the two unloading lines
should span F,.,, and x, is determined by a horizontal line representing the average load.
It should be pointed out that in many references [I] p was defined by a load versus load-
point-displacement (LPD) plot; here CMOD was used instead of LPD. The variable p reflects
the severity of grain interlocking as well as the effect of crack tip fracture process zone in
a rock specimen. The inclusion of the p-factor in Eq 2 is more realistic than Eq 1, which
neglects the p-factor. Test results with CB specimens are listed in Table 1.
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FIG. 3—Typical load-CMOD record for a chevron-notched three-point bend round bar.

TABLE 1—Test results of fracture toughness for a limestone
with chevron-notched three-point bend round bars.*

D oy Kcp K&
(mm) (ao/D) p (MPa V/m) (MPa v/m)

56 0.15 0.14 1.15 1.33

56 0.20 0.16 1.21 1.42

56 0.30 0.20 1.33 1.61

56 0.20 R 2.02% (overload)

72 0.15 0.18 1.28 1.54

72 0.20 0.20 1.38 1.69

72 0.30 0.25 1.45 1.87

“Excluding * average values of at least two tests are given.

The fracture toughness of an SB specimen was calculated with the stress intensity factor
expression given in Ref 5:
Ksg = (FID*®) - (S/D) - («®3/(1 — @)?)
X (3.75 — 11.98a + 24.4002 — 25.69¢3 + 10.020%) (5)

O<a<1, S/D =333

where o = a/D, Fis load, and F,,, was applied in fracture toughness determination. The
test results are listed in Table 2.
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TABLE 2—Test results of fracture toughness for a limestone
with straight-through-notched three-point bend round bars.*

D a KSB
(mm) (a/D) (MPa V/m)

56 0.288 1.42

72 0.255 1.60

56 0.253 (crack deviation from 1.08

notch plane)

“Single test values are given.

Phenomena Observed During Testing
Overload

At the preparatory testing, the CB specimen often broke abruptly as soon as the load tip
touched the specimen; this was unsatisfactory. The authors finally succeeded in avoiding
catastrophic failure by sharpening the notch tip with a razor blade and keeping the CMOD
rate as low as 0.01 mm/min.

The maximum load which a CB specimen could sustain was only several kilonewtons;
sudden load shock could destroy the specimen easily. Since CMOD control was effective
only when there was a value of CMOD, and at the very beginning of loading there was
essentially no control, the initial load should be applied with care. The notch tip should be
sufficiently sharp, so the manual sharpening of the notch tip with a blade must be done with
care and patience. If overload took place for a CB specimen, stable crack growth would
not precede F,,,, in Fig. 3. Such tests were discarded, since it violated the basic principle
of chevron-notched specimen. For an SB specimen, stable crack growth was not a prereq-
uisite and was only possible with a deeply cracked specimen [6], so a sharp turn in the load-
CMOD plot (shown in Fig. 4) was also allowed. It is obvious that the possibility of over-
loading is greater for an SB specimen than for a CB specimen, and the situation becomes
even worse for an SB specimen since overload cannot be detected with the same ease as
with a CB specimen from load-CMOD plot.

Deviation of Crack Growth from Notch Plane

This behavior was observed for both CB and SB specimens. Because the chevron notch
had some constraint for crack growth direction, CB specimens had less possibility and severity
for such deviation. Furthermore, if such deviation took place after a critical crack length «,
(e.g., a, = 0.337 for oy = 0.15 [7]), the test could still be considered valid. For an SB
specimen, there was no side-groove to guide the crack growth, and the deviation from the
notch plane may be as large as approximately 20°. Usually this behavior corresponds to a
very low value of Kgy. Apart from specimen configuration, material heterogeneity was also
an important reason for such deviation of crack growth. Heterogeneity may be observed
visually from the fractured cross section, which was composed of distinct layers of different
rock composition.

Unloading-Reloading Cycles

It was not easy to perform unloading-reloading cycles with an SB specimen in the same
manner as with a CB specimen, so that a nonlinear correction factor was not obtained.
Many investigations have shown that the role of the fracture process zone ahead of the
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FIG. 4— Typical load-CMOD record for a straight-through-notched three-point bend round bar.

crack tip of a rock specimen could not be ignored in fracture toughness testing of rock, and
that the p-factor was a reasonable consideration in this respect. However, it cannot be taken
into consideration for an SB specimen.

Size Effect

Size effect was studied for CB specimens for which initial crack length and diameter were
varied. It can be concluded from Table 1 that Ky increases with increasing o, and D, and
this trend does not change for K%y, in which fracture toughness value is corrected by a
nonlinear p-factor. An explanation for this fact is the rising R-curve effect which this lime-
stone exhibits. Further investigation should be accomplished before a solid conclusion is
reached. The size effect was not studied for SB specimens.

Conclusions

(1) Both CB and SB specimens can be used in fracture toughness testing of a Chongqing
limestone. These two kinds of core-based specimens are convenient in preparation for rock,
and they gave comparable toughness values, generally.

(2) CB specimen has some merits as compared with its straight-through counterpart SB
specimen: (a) It is easy to realize a stable crack growth in the initial stage of loading before
maximum load; (b) Constraint of chevron notch makes deviation of crack growth from the
notch plane less possible or serious; (¢) It is easier to perform unloading-reloading cycles
and to obtain a nonlinear correction factor.

(3) There is some size effect for CB specimens. Test values increase with increment in
initial crack length and diameter.
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(4) A record of the load-CMOD plot is important for CB specimens but may be optional
for SB specimens. The CMOD solely reflects the cracking and deformation of the specimen;
hence loading under CMOD control is more stable than under LPD control.
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