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1.3 Tests can be performed at ambient temperatures or at
elevated temperatures. At elevated temperatures, a suitable
furnace is necessary for heating and holding the test specimens
at the desired testing temperatures.

1.4 This test method includes the following:
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Ceramic Matrix Composites.
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1.5 The values stated in SI units are to be regarded as the
standard in accordance with IEEE/ASTM SI 10 .

1.6 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use.
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C1145 Terminology of Advanced Ceramics

C1161 Test Method for Flexural Strength of Advanced
Ceramics at Ambient Temperature
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Estimating Weibull Distribution Parameters for Advanced
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C1292 Test Method for Shear Strength of Continuous Fiber-
Reinforced Advanced Ceramics at Ambient Temperatures

D790 Test Methods for Flexural Properties of Unreinforced
and Reinforced Plastics and Electrical Insulating Materi-
als

D2344/D2344M Test Method for Short-Beam Strength of
Polymer Matrix Composite Materials and Their Laminates

D3878 Terminology for Composite Materials

D6856 Guide for Testing Fabric-Reinforced “Textile” Com-
posite Materials

E4 Practices for Force Verification of Testing Machines

E6 Terminology Relating to Methods of Mechanical Testing

E122 Practice for Calculating Sample Size to Estimate, With
Specified Precision, the Average for a Characteristic of a
Lot or Process

E177 Practice for Use of the Terms Precision and Bias in
ASTM Test Methods

E220 Test Method for Calibration of Thermocouples By
Comparison Techniques

E337 Test Method for Measuring Humidity with a Psy-
chrometer (the Measurement of Wet- and Dry-Bulb Tem-
peratures)

E691 Practice for Conducting an Interlaboratory Study to
Determine the Precision of a Test Method

IEEE/ASTM SI 10 American National Standard for Use of
the International System of Units (SI): The Modern Metric
System

3. Terminology

3.1 Definitions:

3.1.1 The definitions of terms relating to flexure testing
appearing in Terminology E6 apply to the terms used in this
test method. The definitions of terms relating to advanced
ceramics appearing in Terminology C1145 apply to the terms
used in this test method. The definitions of terms relating to
fiber-reinforced composites appearing in Terminology D3878
apply to the terms used in this test method. Pertinent definitions
as listed in Test Method C1161, Test Methods D790, Termi-
nology C1145, Terminology D3878, and Terminology E6 are
shown in the following with the appropriate source given in
brackets. Additional terms used in conjunction with this test
method are also defined in the following.

3.1.2 advanced ceramic, n—highly engineered, high-
performance, predominately nonmetallic, inorganic, ceramic
material having specific functional attributes. C1145

3.1.3 breaking force, n [F]—The force at which fracture
occurs. (In this test method, fracture consists of breakage of the
test bar into two or more pieces or a loss of at least 20 % of the
maximum force carrying capacity.) E6

3.1.4 ceramic matrix composite, n—material consisting of
two or more materials (insoluble in one another) in which the
major, continuous component (matrix component) is a ceramic,
while the secondary component(s) (reinforcing component)
may be ceramic, glass-ceramic, glass, metal, or organic in
nature. These components are combined on a macroscale to
form a useful engineering material possessing certain proper-
ties or behavior not possessed by the individual constituents.

3.1.5 continuous fiber-reinforced ceramic composite
(CFCC), n—ceramic matrix composite in which the reinforc-
ing phase consists of a continuous fiber, continuous yarn, or a
woven fabric.

3.1.6 flexural strength, n | FL™?]—measure of the ultimate
strength of a specified beam in bending. C1161

3.1.7 four-point-/3 point flexure, n—a configuration of flex-
ural strength testing where a test specimen is symmetrically
loaded at two locations that are situated one third of the overall
span away from the outer two support bearings.

3.1.8 four-point-"/4 point flexure, n—a configuration of flex-
ural strength testing where a test specimen is symmetrically
loaded at two locations that are situated one quarter of the
overall span away from the outer two support bearings. C1161

3.1.9 fracture strength, n [ FL?]—the calculated flexural
stress at the breaking force.

3.1.10 modulus of elasticity, n [FL™?]—the ratio of stress to
corresponding strain below the proportional limit. E6

3.1.11 proportional limit stress, n [FL™?]—greatest stress
that a material is capable of sustaining without any deviation
from proportionality of stress to strain (Hooke’s law).

3.1.11.1 Discussion—Many experiments have shown that
values observed for the proportional limit vary greatly with the
sensitivity and accuracy of the testing equipment, eccentricity
of force application, the scale to which the stress-strain
diagram is plotted, and other factors. When determination of
proportional limit is required, the procedure and sensitivity of
the test equipment shall be specified. E6

3.1.12 slow crack growth, n—subcritical crack growth (ex-
tension) that may result from, but is not restricted to, such
mechanisms as environmentally assisted stress corrosion or
diffusive crack growth.

3.1.13 span-to-depth ratio, n [nd]—for a particular test
specimen geometry and flexure test configuration, the ratio
(L/d) of the outer support span length (L) of the flexure test
specimen to the thickness/depth (d) of test specimen (as used
and described in Test Method D790).

3.1.14 three-point flexure, n—a configuration of flexural
strength testing where a test specimen is loaded at a location
midway between two support bearings. C1161

4. Summary of Test Method

4.1 A bar of rectangular cross section is tested in flexure as
a beam as in one of the following three geometries:

4.1.1 Test Geometry I—The bar rests on two supports and
force is applied by means of a loading roller midway between
the supports (see Fig. 1.)

4.1.2 Test Geometry [IA—The bar rests on two supports and
force is applied at two points (by means of two inner rollers),
each an equal distance from the adjacent outer support point.
The inner support points are situated one quarter of the overall
span away from the outer two support bearings. The distance
between the inner rollers (that is, the load span) is one half of
the support span (see Fig. 1).

4.1.3 Test Geometry IIB—The bar rests on two supports and
force is applied at two points (by means of two loading rollers),
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FIG. 1 Flexure Test Geometries and Force Diagram

situated one third of the overall span away from the outer two
support bearings. The distance between the inner rollers (that
is, the inner support span) is one third of the outer support span
(see Fig. 1).

4.2 The test specimen is deflected until rupture occurs in the
outer fibers or until there is a 20 % decrease from the peak
force.

4.3 The flexural properties of the test specimen (flexural
strength and strain, fracture strength and strain, modulus of
elasticity, and stress-strain curves) are calculated from the
force and deflection using elastic beam equations.

5. Significance and Use

5.1 This test method is used for material development,
quality control, and material flexural specifications. Although
flexural test methods are commonly used to determine design
strengths of monolithic advanced ceramics, the use of flexure
test data for determining tensile or compressive properties of
CFCC materials is strongly discouraged. The nonuniform
stress distributions in the flexure test specimen, the dissimilar
mechanical behavior in tension and compression for CFCCs,
low shear strengths of CFCCs, and anisotropy in fiber archi-
tecture all lead to ambiguity in using flexure results for CFCC
material design data (1-4). Rather, uniaxial-forced tensile and
compressive tests are recommended for developing CFCC
material design data based on a uniformly stressed test condi-
tion.

5.2 In this test method, the flexure stress is computed from
elastic beam theory with the simplifying assumptions that the
material is homogeneous and linearly elastic. This is valid for
composites where the principal fiber direction is coincident/
transverse with the axis of the beam. These assumptions are
necessary to calculate a flexural strength value, but limit the
application to comparative type testing such as used for
material development, quality control, and flexure specifica-
tions. Such comparative testing requires consistent and stan-
dardized test conditions, that is, test specimen geometry/
thickness, strain rates, and atmospheric/test conditions.

5.3 Unlike monolithic advanced ceramics which fracture
catastrophically from a single dominant flaw, CFCCs generally
experience “graceful” fracture from a cumulative damage
process. Therefore, the volume of material subjected to a
uniform flexural stress may not be as significant a factor in
determining the flexural strength of CFCCs. However, the need
to test a statistically significant number of flexure test speci-
mens is not eliminated. Because of the probabilistic nature of
the strength of the brittle matrices and of the ceramic fiber in
CFCCs, a sufficient number of test specimens at each testing
condition is required for statistical analysis, with guidelines for
sufficient numbers provided in 9.7. Studies to determine the
exact influence of test specimen volume on strength distribu-
tions for CFCCs are not currently available.

5.4 The four-point loading geometries (Geometries ITA and
IIB) are preferred over the three-point loading geometry
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(Geometry I). In the four-point loading geometry, a larger
portion of the test specimen is subjected to the maximum
tensile and compressive stresses, as compared to the three-
point loading geometry. If there is a statistical/Weibull charac-
ter failure in the particular composite system being tested, the
size of the maximum stress region will play a role in deter-
mining the mechanical properties. The four-point geometry
may then produce more reliable statistical data.

5.5 Flexure tests provide information on the strength and
deformation of materials under complex flexural stress condi-
tions. In CFCCs nonlinear stress-strain behavior may develop
as the result of cumulative damage processes (for example,
matrix cracking, matrix/fiber debonding, fiber fracture,
delamination, etc.) which may be influenced by testing mode,
testing rate, processing effects, or environmental influences.
Some of these effects may be consequences of stress corrosion
or subcritical (slow) crack growth which can be minimized by
testing at sufficiently rapid rates as outlined in 10.3 of this test
method.

5.6 Because of geometry effects, the results of flexure tests
of test specimens fabricated to standardized test dimensions
from a particular material or selected portions of a component,
or both, cannot be categorically used to define the strength and
deformation properties of the entire, full-size end product or its
in-service behavior in different environments. The effects of
size and geometry shall be carefully considered in extrapolat-
ing the test results to other configurations and performance
conditions.

5.7 For quality control purposes, results from standardized
flexure test specimens may be considered indicative of the
response of the material lot from which they were taken with
the given primary processing conditions and post-processing
heat treatments.

5.8 The flexure behavior and strength of a CFCC are
dependent on its inherent resistance to fracture, the presence of
fracture sources, or damage accumulation processes or combi-
nation thereof. Analysis of fracture surfaces and fractography,
though beyond the scope of this test method, is highly
recommended.

6. Interferences

6.1 A CFCC material tested in flexure may fail in a variety
of distinct fracture modes, depending on the interaction of the
nonuniform stress fields in the flexure test specimen and the
local mechanical properties. The test specimen may fail in
tension, compression, shear, or in a mix of different modes,
depending on which mode reaches the critical stress level for
failure to initiate. To obtain a valid flexural strength by this test
method, the material must fail in the outer fiber surface in
tension or compression, rather than by shear failure. The
geometry of the test specimen must be chosen so that shear
stresses are kept low relative to the tension and compression
stresses. This is done by maintaining a high ratio between the
support span (L) and the thickness/depth (d) of the test
specimen. This L/d ratio is generally kept at values of >16 for
3-point testing and >30 for 4-point testing. If the span-to-depth
ratio is too low, the test specimen may fail in shear, invalidating

the test. If the desired mode of failure is shear, then an
appropriate shear test method should be used, such as Test
Method C1292 or D2344/D2344M.

6.2 Time-dependent phenomena, such as stress corrosion
and slow crack growth, can interfere with the determination of
the flexural strength at room and elevated temperatures. Creep
phenomena also become significant at elevated temperatures.
Both mechanisms can cause stress relaxation in flexure test
specimens during a strength test, thereby causing the elastic
formula calculations to be in error. Test environment (vacuum,
inert gas, ambient air, etc.) including moisture content (for
example, relative humidity) may have an accelerating effect on
stress corrosion and slow crack growth. Testing to evaluate the
maximum strength potential of a material should be conducted
in inert environments or at sufficiently rapid testing rates, or
both, so as to minimize slow crack growth effects. Conversely,
testing can be conducted in environments and testing modes
and rates representative of service conditions to evaluate
material performance under use conditions. When testing is
conducted in uncontrolled ambient air with the intent of
evaluating maximum strength potential, monitor and report the
relative humidity and temperature.

6.3 Surface preparation of test specimens, although nor-
mally not considered a major concern in CFCCs, can introduce
fracture sources on the surface which may have pronounced
effects on flexural mechanical properties and behavior (for
example, elastic and nonelastic regions of the stress-strain
curve, flexural strength and strain, proportional limit stress and
strain, etc.). Machining damage introduced during test speci-
men preparation can be either a random interfering factor in the
determination of flexure strength of test specimen or an
inherent part of the strength characteristics being measured.
Surface preparation can also lead to the introduction of residual
stresses. Universal or standardized test methods of surface
preparation for CFCCs do not exist. It should be understood
that final machining steps may or may not negate machining
damage introduced during the initial machining. Thus, test
specimen fabrication history may play an important role in the
measured strength distributions and should be reported. In
addition, the nature of fabrication used for certain composites
(for example, chemical vapor infiltration, hot pressing, and
preceramic polymer lamination) may require the testing of
specimens in the as-processed condition (that is, it may not be
possible or appropriate to machine the test specimen faces).

6.4 Fractures that initiate outside the uniformly stressed
region of a flexure test specimen (between the inner support
points in four-point and under the center point in three-point)
may be due to factors such as stress concentrations or strength
limiting features in the microstructure of the test specimen.
Fractures which do occur outside the uniformly stressed
sections will normally constitute invalid tests. If the flexure
data is used in the context of estimating Weibull parameters
then appropriate computational methods shall be used for such
censored data. These methods are outlined in Practice C1239.

6.5 Flexural strength at elevated temperature may be
strongly dependent on force application rate as consequence of
creep, stress corrosion, or slow crack growth effects. This test
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method measures the flexural strength at high force application
rates in order to minimize these effects.

7. Apparatus

7.1 Testing Machine—Test the flexure test specimens in a
properly calibrated testing machine that can be operated at
constant rates of cross-head motion over the range required.
The error in the force measuring system shall not exceed =1 %
of the maximum force being measured. The force-indicating
mechanism shall be essentially free from inertial lag at the
cross-head rate used. Although not recommended, if the
cross-head displacement is used to determine the test specimen
deflection for the three-point loading geometry, determine the
compliance of the load train (see Appendix X1), so that
appropriate corrections can be made to the deflection measure-
ment. Equip the system with a means for retaining the readout
of the maximum force as well as a record of force versus time.
Verify the accuracy of the testing machine in accordance with
Practices E4.

7.2 Loading Fixtures—The outer support span and the
desired test geometry determine the dimensions and geometry
of the loading fixture. Select the fixture geometry from one of
three configurations: 3-point, 4-point-'4 point, and 4-point-'/4
point. The thickness of test specimen to be tested determines
the critical outer span dimension (L) of the loading fixture. The
overall dimensions of the test specimen and the required inner
and outer support spans are selected based on the specimen
thickness, the desired test geometry, and the required span-to-
depth ratio. Table 1, Table 2, and Table 3 give the recom-
mended support spans for different span/depth ratios, test
specimen thicknesses, and the three test geometries. Loading
fixtures shall be wide enough to support the entire width of the
selected test specimen geometry.

7.2.1 Ensure that the design and construction of the fixtures
produces even and uniform forces along the bearing-to-
specimen surfaces. A rigid loading fixture is permitted, if it is
designed and aligned so that forces are evenly applied to the
test specimen, particularly for four-point loading geometries. It
is preferred, however, that load fixtures with an articulating
geometry be used. An articulated loading fixture reduces or
eliminates uneven force application caused by geometry varia-
tions of the test specimen or misalignment of the test fixtures.

7.2.2 Semi-Articulating Fixtures—Test specimens prepared
in accordance with and meeting the parallelism requirement of
9.4 may be tested in a semi-articulating fixture. The bearing
cylinders shall be parallel to each other within 0.1 mm over
their length. (A representative design for a four-point fixture is
illustrated in Fig. 2.).

7.2.3 Fully Articulating Fixture—Test specimens with slight
warp, twist, or bowing may not meet the parallelism require-
ments of 9.4. It is recommended that such test specimens be
tested in a fully articulating fixture. (A representative design
for a four-point fixture is illustrated in Fig. 3.)

7.2.4 The test fixture shall be made of a material that is
suitably rigid and resistant to permanent deformation at the
forces and temperatures of testing. The test fixture material
shall be essentially inert at the desired test temperatures.

TABLE 1 Recommended Dimensions for Test Specimens of 9.1
for Various outer support span-to-Depth Ratios—Test Geometry |

(3-Point)
Nominal test test
test specimen specimen  specimen Support Rate of A
i Span Cross-Head
Depthy Wiath Length (mm) Motion (mm/s)
Thickness (mm) (mm) (mm)
L/d=161t0 1
1 3 26 16 0.04
2 6 45 32 0.09
3 9 60 48 0.13
4 12 75 64 0.17
5 15 90 80 0.21
6 18 105 96 0.26
10 30 180 160 0.43
15 45 270 240 0.64
20 60 360 320 0.86
L/d=32to 1
1 3 42 32 0.17
2 6 75 64 0.34
3 9 105 96 0.51
4 12 145 128 0.68
5 15 180 160 0.86
6 18 210 192 1.03
10 30 360 320 1.71
15 45 530 480 257
20 60 710 640 3.42
L/d=40to0 1
1 3 50 40 0.27
2 6 90 80 0.53
3 9 135 120 0.80
4 12 180 160 1.07
5 15 220 200 1.34
6 18 265 240 1.60
10 30 440 400 267
15 45 660 600 4.01
20 60 880 800 5.34
L/d=60to 1
1 3 70 60 0.60
2 6 135 120 1.20
3 9 200 180 1.80
4 12 265 240 2.40
5 15 330 300 3.01
6 18 400 360 3.61
10 30 660 600 6.01
15 45 1000 900 9.02
20 60 1350 1200 12.02

A Rates indicated are for a strain rate of 0.001 mm/mm:-s.

7.3 Inner/Outer/Center Support Bearings—In both the
three-point and four-point flexure test fixtures, use cylindrical
bearings for support of the test specimen and for force
application. The cylinders shall be made of a tool steel or a
ceramic with an elastic modulus between 200 and 400 GPa and
a flexural strength no less than 275 MPa. The inner/outer/
center support bearing cylinders shall remain elastic over the
force and temperature ranges used.

7.3.1 Ensure that the inner/outer/center support bearings
have cylindrical surfaces that are smooth and parallel along
their length to an accuracy of =0.05 mm. In order to avoid
excessive indentation or crushing failure directly under the
bearing contact surface, the bearing-surface diameter shall be
at least 3.0 mm. The bearing-surface diameter shall be approxi-
mately 1.5 times the beam depth of the test specimen size used.
If the test specimen has low through-thickness compressive
strength, the cylinder diameter shall be four times the beam
thickness to prevent crushing at the force application points.

Note 1—In such circumstances, however, there is a possible error due
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TABLE 2 Recommended Dimensions for Test Specimens of 9.1
for Various outer support span-to-Depth Ratios—Test Geometry

(4 Point-V4 Point)

TABLE 3 Recommended Dimensions for Test Specimens of 9.1
for Various outer support span-to-Depth Ratios—Test Geometry

(4 Point-'4 Point)

Nominal Nominal
test test test Support force Rate of test test test Support force Rate of
specimen  specimen  specimen Span span  Cross-Head" specimen  specimen  specimen Span Span  Cross-Head”
Depth/ Width Length (mm) (mm) Motion Depth/ Width Length (mm) (mm) Motion
Thickness (mm) (mm) (mmV/s) Thickness (mm) (mm) (mm/s)
(mm) (mm)
L/d=161t0 1 L/d=161to0 1
1 3 26 16 8 0.04 1 3 26 16 5.3 0.05
2 6 45 32 16 0.09 2 6 45 32 10.6 0.09
3 9 60 48 24 0.13 3 9 60 48 16.0 0.14
4 12 75 64 32 0.17 4 12 75 64 21.3 0.19
5 15 90 80 40 0.21 5 15 90 80 26.7 0.24
6 18 105 96 48 0.26 6 18 105 96 32.0 0.28
10 30 180 160 80 0.43 10 30 180 160 53.3 0.47
15 45 270 240 120 0.64 15 45 270 240 80.0 0.71
20 60 360 320 160 0.86 20 60 360 320 106.7 0.95
L/d=321t01 L/d=321t0 1
1 3 42 32 16 0.17 1 3 42 32 10.7 0.19
2 6 75 64 32 0.34 2 6 75 64 21.3 0.38
3 9 105 96 48 0.51 3 9 105 96 32.0 0.57
4 12 145 128 64 0.68 4 12 145 128 42.7 0.76
5 15 180 160 80 0.86 5 15 180 160 53.3 0.95
6 18 210 192 96 1.03 6 18 210 192 64.0 1.14
10 30 360 320 160 1.71 10 30 360 320 106.7 1.89
15 45 530 480 240 2.57 15 45 530 480 160.0 2.84
20 60 710 640 320 3.42 20 60 710 640 213.3 3.79
L/d=40to 1 L/d=40to 1
1 3 50 40 20 0.27 1 3 50 40 13.3 0.30
2 6 90 80 40 0.53 2 6 90 80 26.7 0.59
3 9 135 120 60 0.80 3 9 135 120 40.0 0.89
4 12 180 160 80 1.07 4 12 180 160 53.3 1.18
5 15 220 200 100 1.34 5 15 220 200 66.7 1.48
6 18 265 240 120 1.60 6 18 265 240 80.0 1.78
10 30 440 400 200 2.67 10 30 440 400 133.3 2.96
15 45 660 600 300 4.01 15 45 660 600 200.0 4.44
20 60 880 800 400 5.34 20 60 880 800 266.7 5.92
L/d=60to 1 L/d=60to 1
1 3 70 60 30 0.60 1 3 70 60 20.0 0.67
2 6 135 120 60 1.20 2 6 135 120 40.0 1.33
3 9 200 180 90 1.80 3 9 200 180 60.0 2.00
4 12 265 240 120 2.40 4 12 265 240 80.0 2.66
5 15 330 300 150 3.01 5 15 330 300 100.0 3.33
6 18 400 360 180 3.61 6 18 400 360 120.0 4.00
10 30 660 600 300 6.01 10 30 660 600 200.0 6.66
15 45 1000 900 450 9.02 15 45 1000 900 300.0 9.99
20 60 1350 1200 600 12.02 20 60 1350 1200 400.0 13.32
25 75 1650 1500 500.0 16.65

A Rates indicated are for a strain rate of 0.001 mm/mm:s.

to contact-point tangency shift due to the change in force application point
as the test specimen deflects during force application. The magnitude of
this error can be estimated from Ref. 5.

7.3.2 Position the outer support bearing cylinders carefully
such that the outer support span distance is accurate to a
tolerance of 1 %. The force application bearing for the three-
point configuration shall be positioned midway between the
support bearings to an accuracy of 1 % of the outer span length.
The force application (inner) bearings for the four-point
configurations shall be properly positioned with respect to the
support (outer) bearings to an accuracy of 1 % of the outer span
length.

7.3.3 For articulating fixtures, the bearing cylinders shall be
free to rotate in order to relieve frictional constraints (with the
exception of the center bearing cylinder in three-point flexure,
which need not rotate). This can be accomplished as shown in

A Rates indicated are for a strain rate of 0.001 mm/mm:s.

Fig. 2 and Fig. 3. Note that the outer support bearings roll
outward, and the inner support bearings roll inward.

Note 2—In general, fixed-pin fixtures have frictional constraints that
have been shown to cause a systematic error on the order of 5 to 15 % in
flexural strength for monolithic ceramics. Since this error is systematic, it
will lead to a bias in estimates of mean strength. Rolling-pin fixtures are
required for articulating fixtures by this test method. It is recognized that
they may not be feasible for rigid fixtures, in which case fixed-pin fixtures
may be used. But this shall be stated explicitly in the report.

7.4 Deflection Measurement—The test system shall have a
means of measuring test specimen deflection, appropriate for
the geometry and the test temperature. The preferred device
measures actual deflection at the centerline of the test specimen
support span, using direct contact or optical function. The
calibrated range of the deflectometer shall be such that the
linear strain region of the material tested will represent a
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FIG. 2 Semi-Articulating Flexure Fixtures

minimum of 20 % of the calibrated range. The deflectometer
shall have an accuracy of 1 % of the maximum deflection
measured.

7.5 Strain Measurement—The use of strain gages for ambi-
ent testing is acceptable provided that the test material surface
is smooth with little open porosity and that the applied strain
gage is large enough to cover a representative area of the
composite test specimen. Follow the manufacturer’s recom-
mendations regarding application and performance. Strain
gages shall not interfere with the deflection measuring device.

7.6 Heating Apparatus—For elevated-temperature testing,
any furnace that meets the temperature uniformity and control
requirements described below shall be acceptable. A furnace
whose heated cavity is large enough to accept the entire test
fixture is preferred.

7.6.1 The furnace shall be capable of establishing and
maintaining a constant temperature (within £5°C) during each
test period. Measure the temperature uniformity of the test
specimen across the inner support span section extending from
the center to 5 mm inside the outer support points. The
temperature uniformity along the inner support span shall be
within £5°C test temperatures up to and including 500°C and
*1 % for test temperatures above 500°C.

7.6.1.1 In order to determine conformance to the tempera-
ture control and uniformity requirements, determine a tempera-

ture profile using thermocouples to measure the test specimen
temperature at three locations—the test specimen center point
and two points 5 mm inside the outer support points.

7.6.1.2 Determine temperature uniformity for all elevated-
temperature testing and recheck the uniformity if any of the
following parameters are changed: heating method, test speci-
men material, sample geometry, or test temperature, or com-
bination thereof.

7.6.2 Temperature Measurement—The use of thermo-
couples (TC) is recommended and preferred; however, the use
of optical pyrometery is acceptable. For TC measurement,
elevated-temperature tests require the placement of one TC at
the test specimen center. The sheathed TC should be within 1
mm of the test specimen. The use of two additional thermo-
couples at locations 5 mm inside the outer support points is
recommended to check for temperature uniformity. Thermo-
couples shall be calibrated in accordance with Test Method
E220 with a verified accuracy of £5°C.

7.6.3 Atmosphere Control—The furnace may have an air,
inert, or vacuum environment, as required. If an inert or
vacuum environment is used, and it is necessary to apply force
through a bellows, fitting, or seal, verify that force losses or
errors do not exceed 1 % of the expected failure forces.

7.7 Data Acquisition—At the minimum, obtain an auto-
graphic record of the applied force and center-point deflection
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FIG. 3 Fully Articulating Flexure Fixture

or sample strain versus time for the specified cross-head rate.
Either analog chart recorders or digital data acquisition systems
may be used for this purpose, although a digital record is
recommended for ease of subsequent data analysis. Ideally, an
analog chart recorder or plotter should be used in conjunction
with the digital data acquisition system to provide an immedi-
ate record of the test as a supplement to the digital record.
Ensure that the recording devices have an accuracy of 0.1 % of

full scale and have a minimum data acquisition rate of 10 Hz
with a response of 50 Hz deemed more than sufficient.

7.8 Dimension-Measuring Devices—Micrometers and other
devices used for measuring linear dimensions shall be accurate
and precise to at least one half the smallest unit to which the
individual dimension is required to be measured. For the
purposes of this test method, measure the cross-sectional
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dimensions to within 0.02 mm with a measuring device with an
accuracy of 0.01 mm.

7.9 Calibration—Calibration of equipment shall be pro-
vided by the supplier with traceability maintained to the
National Institute of Standards and Technology (NIST). Reca-
libration shall be performed with a NIST-traceable standard on
all equipment on a six-month interval or whenever accuracy is
in doubt.

8. Hazards

8.1 During the conduct of this test method, the possibility of
flying fragments of broken test specimens may be high. The
brittle nature of advanced ceramics and the release of strain
energy contribute to the potential release of uncontrolled
fragments upon fracture. The containment/retention of these
fragments for later fractographic reconstruction and analysis is
highly recommended.

8.2 Exposed fibers at the edges and faces of CFCC test
specimens may present a hazard due to the sharpness and
brittleness of the ceramic fibers. Inform all individuals who
handle these materials of potential hazards and the proper
handling techniques.

9. Test Specimens

9.1 Selection of a specific test specimen geometry depends
on many factors—the geometry of available material, the
expected mechanical properties, the geometry of the final
component, geometry limitations in the test equipment, and
cost factors.

9.1.1 Test specimens must have a span-to-depth ratio (1/d)
that produces tensile or compressive failure in the outer fiber
surfaces of the sample under the bending moment. If the L/d
ratio is too low, the sample may fail due to shear stress,
producing an invalid test. Three recommended L/d ratios are
16:1, 32:1, and 40:1. Materials with lower shear strength
require higher L/d ratios. A32:1 ratio is a recommended
starting point for three-point testing (3). A32:1 ratio is a
recommended starting point for four-point testing (3). For
CFCCs with very low interlaminar shear strengths (<3.5 MPa)
based on low matrix density or shear failure at interfaces, L/d
ratios of 60 may be necessary to prevent shear failures. If shear
failures are observed during initial testing, a modified test
geometry with a higher L/d ratio (for example, 40:1 or 60:1)
shall be used for subsequent tests.

9.1.2 Prepare the test specimens with dimensions deter-
mined from the appropriate tables (Table 1 for three-point
bending, Table 2 for four-point-4 point bending, and Table 3
for four-point-'3 point bending). Determine the minimum
dimensions for specimen width and length and the support span
based on the test specimen thickness and the desired L/d ratio.

9.1.3 Test specimen width shall not exceed one fourth of the
support span for specimens greater than 3 mm in depth. The
test specimen shall be long enough to allow for overhang past
the outer supports of at least 5 % of the support span, but in no
case less than 5 mm on each end. Overhang shall be sufficient
to minimize shear failures in the test specimen ends and to
prevent the test specimen from slipping through the supports at
large center-point deflections.

9.1.4 When testing woven fabric laminate composites, it is
recommended that the test specimen width (b) is equal, at a
minimum, to one weave unit cell width (unit cell count = 1
across the width). Two or more weave unit cells are preferred
across the width.

Note 3—The weave unit cell is the smallest section of weave
architecture required to repeat the textile pattern (see Guide D6856). The
fiber architecture of a textile composite, which consists of interlacing
yarns, can lead to inhomogeneity of the local displacement fields within
the weave unit cell. The gage dimensions should be large enough so that
any inhomogenities within the weave unit cell are averaged out across the
gage. This is a particular concern for test specimens where the fabric
architecture has large, heavy tows and/or open weaves with large unit cell
dimensions and the gage sections are narrow and/or short.

Note 4—Deviations from the recommended unit cell counts may be
necessary depending upon the particular geometry of the available
material. Such “small” gage sections should be noted in the test report and
used with adequate understanding and assessment of the possible effects
of weave unit cell count on the measured mechanical properties.

9.1.5 Anisotropy in mechanical properties of composites is
strongly affected by fiber architecture. Alignment of the long
axis of the flexure test specimen with a principal weave
direction must be controlled and monitored. Measure the
alignment to an angular precision of *£5 degrees.

9.2 Fabrication Method—The test specimens may be cut
from sheets, plates, or molded shapes, or may be formed
directly to the required finished dimensions.

9.3 Finishing Method—Depending upon the application of
the strength data, use one of the following test specimen
finishing procedures: as-fabricated, application matched,
customary, and standard. These finishing details are described
in Annex A2. Regardless of the preparation procedure used,
sufficient details regarding the procedure shall be reported to
allow replication.

9.3.1 For a given set of test specimens cut from a sample
panel, prepare and record a cutting diagram showing the
location and orientation of individual test specimens with
respect to the starting panel geometry and the fiber/fabric
orientation.

9.4 Dimensional Tolerances—The cross-sectional tolerance
for cut/machined dimensions shall be =0.1 mm or 0.5 % of the
dimension, whichever is greater. Parallelism tolerances on
cut/machined faces are 0.02 mm or 0.5 %, whichever is greater.

9.5 General Examination—The mechanical responses of
CFCCs are strongly affected by geometry, porosity, and dis-
continuities. Inspect and characterize each test specimen care-
fully for nonuniformity in major dimensions, warp, twist, and
bowing porosity (volume % and size distribution), discontinui-
ties such as delaminations, cracks, etc., and surface roughness
on as-prepared and finished surfaces. Nondestructive evalua-
tion (ultrasonics, thermal imaging, computerized tomography,
etc.) may be used to assess internal morphology
(delaminations, porosity concentrations, etc.) in the composite.
Record these observations/measurements and the results of any
nondestructive evaluations and include them in the final report.

9.6 Handling Precaution—EXxercise care in the storage and
handling of finished test specimens to avoid the introduction of
random and severe fracture sources. In addition, consider
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pre-test storage of test specimens in controlled environments or
desiccators to avoid unquantifiable environmental degradation
of test specimens prior to testing.

9.7 Number of Test Specimens—A minimum of ten test
specimens is required for the purposes of estimating a mean. A
greater number of test specimens may be necessary if the
estimates regarding the form of the strength distribution are
required. If material cost or test specimen availability limits the
number of tests to be conducted, fewer tests can be conducted
to develop an indication of material properties. The procedures
outlined in Practice E122 should be used to estimate the
number of tests needed for determining a mean with a specified
precision.

10. Procedure

10.1 Test Specimen Dimensions—Determine the thickness
and width of each test specimen to within 0.02 mm. Measure
the test specimen at least three different cross-sectional planes
in the stressed section (between the outer force application
points). It is recommended that machined surfaces be measured
either optically (for example, by an optical comparator) or
mechanically, using a flat, anvil-type micrometer. Measure
rough or as-processed surfaces with a double-ball interface
micrometer with a ball radius of 4 mm. In all cases the
resolution of the instrument shall meet the requirements
specified in 7.8. Measure the test specimens with care to
prevent surface damage. Record and report the measured
dimensions and locations of the measurements for use in the
calculation of the flexure stress. For the three-point loading
geometry, use the dimensions at the center force application
point in the stress calculations. For four-point loading
geometries, use the average of the multiple measurements in
the stress calculations.

10.2 In some cases it is desirable, but not required, to
measure surface finish to quantify the condition of as-prepared
and finished surfaces. Such methods as contacting profilometry
can be used to determine surface roughness along the tensile
surface and parallel to the tensile axis. When quantified,
surface roughness shall be reported.

10.3 Test Modes and Rates—Test modes and rates may have
distinct and strong influences on fracture behavior of advanced
ceramics even at ambient temperatures depending on test
environment or condition of the test specimen. Test modes may
involve force, displacement, or strain control. Recommended
rates of testing are projected to be sufficiently rapid to obtain
the maximum possible flexural strength of the material.
However, rates other than those recommended herein may be
used to evaluate rate effects. In all cases, report the test mode
and rate.

10.3.1 For monolithic advanced ceramics exhibiting linear
elastic behavior, fracture is characterized by a weakest-link
fracture mechanism generally attributed to stress-controlled
fracture from Griffith-like flaws. Therefore, a force-controlled
test, with force generally related directly to tensile stress, is the
preferred test control mode. However, the nonlinear stress-
strain behavior characteristic of the graceful fracture process of
CFCCs indicates a cumulative damage process which is strain
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dependent. Generally, displacement or strain controlled-tests
are employed in such cumulative damage or yielding deforma-
tion processes to prevent a “runaway’”’ condition (that is, rapid
uncontrolled deformation and fracture) characteristic of force
or stress controlled tests. Thus, to identify the potential
toughening mechanisms under controlled fracture of the
CFCC, displacement or strain control may be preferred.
However, for sufficiently rapid test rates, differences in the
fracture process may not be apparent and any of these test
control modes may be appropriate.

10.3.2 Strain Rate—Strain is the independent variable in
nonlinear mechanisms such as yielding. As such, strain rate is
a method of controlling tests of deformation processes to avoid
runaway conditions. For the linear elastic region of CFCCs,
strain rate can be related to stress rate such that:

¢ = de/dt = 6/E (1)
where:
¢ = the strain rate in the units of s7,
¢ = the maximum strain in the outer fibers,
t = time in units of s,
6 = the maximum stress rate in the outer fibers in units of
MPa s, and
E = the elastic modulus of the CFCC in units of MPa.

Strain-controlled tests can be accomplished using a deflec-
tometer contacting the center line of the inner support span of
the test specimen to produce the control signal. Strain rates on
the order of 500 x 107° to 5000 x 107® s™! are recommended
to minimize environmental and force application rate effects
when testing in ambient air. Alternately, strain rates shall be
selected to produce final fracture in 5 to 10 s to minimize
environmental and force application rate effects. Elevated
testing temperatures may enhance the environmental or force
application rate effects, or both. Minimize those effects by
increasing the strain rate if the initial material evaluation shows
such effects.

10.3.3 Displacement Rate—The differences in size of each
test specimen geometry require a different cross-head rate for
an assigned strain rate. Note that as the test specimen begins to
deform in a nonlinear mode, the strain rate in the outer fibers
of the test specimen will change even though the rate of motion
of the cross head remains constant. For this reason, displace-
ment rate controlled tests can give only an approximate value
of the imposed strain rate. Displacement control mode is
defined as the control of, or free-running displacement of, the
test machine cross head to mechanically apply force to the test
specimen. Table 1, Table 2, or Table 3 provide displacement
rates for a nominal strain rate of 1000 x 107® s™' for the
different test geometries. If the tables are not used, calculate the
rate of cross-head displacement as follows, depending on test
geometry used.

Test GeometryI (3 — Point) D=0167¢L%d (2)

1 .
Test Geometry IIA ( 4 — Point — 7 Point) D =0.167 ¢ L*/d (3)

1 .
Test Geometry 1B (4 — Point — §Point) D=0.185¢L%d (4)
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where:

D = rate of cross-head motion, mm/s (for rates in mm/min,
multiply by 60),

L = outer support span, mm,

d = test specimen thickness, mm, and

¢ = desired strain rate of the outer fiber, mm/mm-s.

A strain rate of 1000 x 107 s7! is recommended for initial
testing.

10.4 Conducting the Flexure Test:

10.4.1 At the start of each test sequence, assemble and align
the appropriate flexure test fixture in the required testing
configuration. Align and measure the force application point
locations so that inner and outer support spans are within 1 %
of the required position values. This can be done with a
precision alignment fixture with machined notches for the
loading points, as shown in Fig. 2.

10.4.2 Test Specimen Loading for Ambient Testing—Mark
the test specimen with an indelible marker as to top and bottom
surfaces at points beyond the outer support span. This will
assist in later identifying tensile and compressive loaded faces.
Carefully place each test specimen into the test fixture to
preclude possible damage and to ensure alignment of the
specimen in the test fixture.

10.4.3 Test Specimen Loading for Elevated-Temperature
Testing—The test specimen may be loaded into either a cold
furnace with the whole system then heated to operating
temperature or directly into a hot furnace. In hot furnace
loading, take care to minimize or eliminate the thermal shock
damage to the test specimen. See Annex A3 for discussion of
hot furnace loading issues.

10.4.3.1 Raise the temperature of the test furnace linearly to
the test temperature within a period of 20 = 5 min. Ensure that
overshoot of the test temperature does not exceed 5°C for test
temperatures below 500°C and 1 % for test temperatures above
500°C and does not exceed a duration of 15 s. Stabilize the test
temperature for a duration of 20 £ 5 min prior to applying
force to the test specimen. Temperature overshoot shall be
included in timing the stabilization period. Record any tem-
perature excursions occurring after the overshoot which exceed
1 % of the test temperature.

10.4.4 Preparations for Testing—Set and check the cross-
head displacement rate on the test machine. Set and check the

data collection system for data logging. Position, check, and
zero the displacement/strain measuring system.

10.4.5 Preload the test specimen to remove the slack from
the load train. The amount of preload will depend on the
material and test specimen geometry, and therefore must be
determined for each situation. Preload shall not exceed 5 % of
the breaking strength. For ambient condition testing, check the
contact between the bearings and the specimen to ensure
even-line force application across the width of the specimen.
For ambient testing, mark the specimen to identify the points of
force application and the front face of the specimen. Carefully
drawn colored pencil marks are suitable. The marks are used as
a reference to locate the point of fracture.

10.4.6 Determine and record the ambient temperature and
the relative humidity in accordance with Test Method E337.

10.4.7 Conducting the Test—Determine and record the test
temperature. Initiate the data acquisition. Start the force
application. Continue the test until the specimen breaks into
two pieces or there is a drop of 20 % from the maximum
observed force. Record the maximum force and the fracture
force. After test completion disable the action of the test
machine and the data acquisition system. For elevated-
temperature tests, permit the sample and furnace to cool to a
suitable handling temperature. Carefully remove the fractured
specimen and any fragments from the test fixture, and retain
them for later analysis. Take care not to damage the fracture
surfaces by preventing them from contact with each other or
other objects.

10.4.8 Note the general location of the fracture point
(center, left/right of center, out-of-span). If measured fracture
location data is desired, measure and report the fracture
location relative to the support span to =1 mm. Use the
convention that the midpoint between the two outer spans is 0
mm with positive (+) measurements toward the right of the
specimen as tested (and marked) and negative (—) measure-
ments toward the left of the specimen as tested (and marked).

10.4.9 In addition to the location, carefully note the mode of
the fracture initiation and crack extension. Fracture may
initiate on the tensile (lower) face (Fig. 4, Point A), on the
compression (upper) face of the bar by compression failure
(Fig. 4, Point B) or crushing failure (Fig. 4, Point C) under the
load point, or by shear failure in the center (Fig. 4, Point D).

_ COMPRESSION - e
FAILURE
_ CRUSHING
FAILURE \
UNDER THE LOAD POINT
m'

)

——

/

A_TENSILE
FAILURE

_ TENSILE FAILURE
WITH DELAMINATION

FIG. 4 Modes of Fracture in Flexure Testing
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The bar may fail by a sequential combination of modes. For
example, the tensile fracture crack on the tensile face may
extend in toward the neutral axis directly and then deflect along
low-strength planes with delaminations between plies (Fig. 4,
Point D).

10.4.10 Invalid Tests—In Test Geometry I (three-point
testing), failure may occur beyond the point of maximum stress
(2 mm or 5 % of the outer-span length away from the center
point, whichever is greater). Note and record data from such a
failure as invalid data. Invalid data shall be reported as such,
but not used to calculate average values.

10.4.10.1 Anomalous failures may also occur by two other
mechanisms that invalidate the test. The first mechanism is by
crushing under the bearing points. The second mechanism is by
shear failure in regions of high shear stress and low shear
strength, that is, interlaminar regions in 2-D composites. Shear
failure in laminates is observed as delamination/tearing be-
tween plies in high shear strain regions (see Fig. 4).

10.4.10.2 Note that results from anomalous fractures cannot
be used in the direct calculation of a mean flexural strength at
fracture for the test set. Results from such tests can be noted as
invalid tests. To complete a required statistical sample (for
example, n = 10) for purposes of average strength, test one
replacement specimen for each test specimen that failed in an
invalid manner.

10.4.11 Visual examination and light microscopy should be
conducted to determine the mechanism and type of fracture
(that is, brittle or fibrous). In addition, although quantitatively
beyond the scope of this test method, observations can be made
of the length of fiber pullout, crack deflection, orientation of
fracture plane, degree of interlaminar fracture, and other
pertinent details of the fracture extension and morphology.

10.4.12 Fractographic examination of each failed test speci-
men is recommended to characterize the fracture behavior of
CFCCs. Clearly note and describe in the test report if a
fractographic analysis is performed.

11. Calculation of Results

11.1 General—Diftferent types of CFCC material may ex-
hibit vastly different stress-strain responses due to the nature of
their constituents, fabrication methods, and prior mechanical/
environmental history. Examples of different stress-strain
curves are shown in Fig. 5a through 5c. Interpretation of the
stress-strain will depend on the type of response exhibited.
Points on the stress-strain curves corresponding to the follow-
ing calculated values are shown in Fig. Sathrough Sc.

11.2 Flexure Calculations—When a beam of homogeneous,
elastic material is tested in flexure as a simple beam, the
maximum stress occurs in the outer fibers. For the sake of
calculating the flexure stress and strain of ceramic matrix
composites, the simplifying assumptions of homogeneous and
elastic properties are made for these tests.

Note 5—In the strictest sense, the elastic beam equations apply only to
materials for which the stress is linearly proportional to strain up to the
point of rupture and for which the plane sections remain plane and the
deflections are small. Since this is not always the case for ceramic matrix
composites, errors will be introduced. However, the use of the equations
is appropriate for comparison data and specification values up to the
maximum fiber strain of 5 %.
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FIG. 5 Schematic Diagrams of Flexural Stress-Strain Curves for
CFCCs

11.3 Flexure Stress (6)—When tested in flexure, a simple
beam experiences the maximum tensile/compressive stresses in
the outer fibers. The location of maximum stress along the
length of the beam is at the center point for three-point testing
and in the center of the inner support span for four-point
testing. Equations for calculating the flexure stress for the three
test geometries (I, IIA, and IIB) are given in Table 4.

11.4 Flexure Strain (¢)—The flexure strain for a designated
flexure stress is calculated using the outer support span, the
deflection, and the test specimen thickness. Equations for
calculating the flexure strain for the three test geometries (I,
ITA, and IIB) are given in Table 4.

11.4.1 Note that in some cases the initial portion of the
curve shows a nonlinear region or “toe” followed by a linear
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TABLE 4 Test Result Calculations for Test Geometries I, lIA, and IIB (per Section 11)

Measurement Test Geometry |

Test Geometry II-A

Test Geometry II-B

3 Point 4 Point-"4 Point 4-Point-1/3 Point
Flexure stress, ¢ o =3 PL/(2 bcP) o =3 PL/(4 bcP) o = PL/(bcP)
Flexure strain, £=6 Dd/L? £ =4.36 Dd/L 2 &= 4.70 Dd/L 2
Flexural strength, S, Sy =3 P,L2 bcP) Sy =3 P /(4 bcP) Sy = PyL/(bd ?)
Strain at flexural strength, ¢, gy =6 Dyd L2 ey = 4.36 D,d/L? gy = 4.70 D,d/L?
Fracture strength, S¢ Sk =3 PL/(2 bdP) Sk =3 PcL/(4 bcP) Sk = PL/(bd ?)
Strain at fracture strength, & gF = 6Ded/L? e = 4.36 Ded/L? e =4.70 Ded/L?

Tangent modulus of elasticity, £ E =0.25 L3m/(bd®)

E = 0.17 L3m/(bcf)

E =0.21 L3mi/(bcf)

o = maximum stress in the outer fibers at a given force (MPa) P = force at given point in the test (N)

L = outer support span (mm) b = test specimen width (average or at center point) (mm)

d = testspecimen thickness (average or at point of break) (mm) € = maximum strain in the outer fibers at a given force (mm/mm)
D = deflection at beam center at a given point in the test (mm) Su = flexural strength at maximum force (MPa)

Py = maximum force in the flexure test (N) £y = strain at flexural strength (mm/mm)

D, = deflection at beram center at maximum force (mm) Sr = fracture strength at breaking force (MPa)

P = breaking force in the flexure test (N) £F = strain at fracture strength (mm/mm)

Dr = deflection at beam center at fracture force (mm) E = modulus of elasticity in bending (MPa)

m = slope of tangent to the initial straight-line portion of the force-deflection curve

(N/mm)

region as shown in Fig. 5b. This toe may be an artifact of the
test specimen or test conditions (for example, straightening of
a warped test specimen) and thus does not represent a property
of the material. The curve can be corrected for this toe by the
method described in Annex A4. The correction shall then be
used for all measurements of deflection and strain.

11.5 Flexural Strength (S;)—The flexural strength is equal
to the maximum stress in the outer fibers at the point of
maximum force. It is calculated using the equations given in
Table 4 for the three test geometries.

11.5.1 Flexural Strength (S,) for Beams Tested at Large
Outer Support Spans—If span-to-depth ratios are large enough
that deflections in excess of 10 % of the outer support span
occur in the test, the elastic equations for stress must be
modified for nonlinear effects (see Note 6). Under those
conditions the flexural strength is calculated using the modified
equations in Table 5.

Note 6—When large outer support span-to-depth ratios are used,
significant end forces are developed at the supports that affect the moment
in a simply supported beam. Approximate correction factors are given in
Table 5 to correct for these end forces in beams with large span-to-depth
ratios, where relatively large deflections exist.

TABLE 5 Stress Calculations for Beams Tested at Large outer
support spans (per 11.5.1)

Flexural Strength S,
Su= (3 Pyl/2 bcP) x (1 + 6 (Dy/L)? -4 d(Dy/
L2

Test Geometry |
3-point

Test Geometry

II-A

4 point-14 point
Test Geometry

1I-B

4 point-1 point

Sy = (3 Pul/a beP) x (1 - 10.19 d (Dy/L 2))

Sy = (Pulbc ) x (1 + 4.70 (D /L)? - 7.04 d
(Dy/L?))

Fracture Strength Sg
Sp= (3 PeL/2 bdP) x (1 + 6 (De/L)? — 4 d (D

Test Geometry |

3-point L?))
Test Geometry Sk = (3 PeL/4 bcP) x (1 = 10.19 d (DAL 2))
II-A

4 point-"4 point
Test Geometry
1I-B

4 point-/s point

Sp= (PAL/bP ) x (1 + 4.70 (DH/L)? - 7.04 d (DY
L?)
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11.6 Strain at Flexural Strength (g,)—The strain at the
point of maximum force is calculated using the equations given
in Table 4 for the three test geometries.

11.7 Fracture Strength (S;)—The fracture strength is equal
to the stress in the outer fibers at the force when the test
specimen separates into two or more segments or the force
drops by 20 % from the maximum force without the sample
clearly separating. In some cases, the fracture strength and the
flexure strength may be defined by the same force value.

11.7.1 Fracture Strength (Sg) for Beams Tested at Large
Outer Support Spans—If span-to-depth ratios are large enough
that deflections in excess of 10 % of the outer support span
occur in the test, the elastic equations must be modified for
nonlinear effects (see Note 6). Under those conditions, the
fracture strength is calculated using the modified equations in
Table 5 for the three test geometries.

11.8 Strain at Fracture Strength (ez)—The strain at the
force at which the test specimen separates into two or more
segments or the force has dropped by 20 % from the maximum
force. It is calculated using the equations given in Table 4 for
the three test geometries.

11.9 Modulus of Elasticity by Tangent (E)—The tangent
modulus of elasticity is the ratio (within the elastic limit) of
stress to corresponding strain and shall be expressed in MPa. It
is calculated by drawing a tangent to the steepest initial
straight-line portion of the force-deflection curve and using the
equations given in Table 4 for the different test geometries.
Note that the tangent modulus of elasticity may not be defined
for materials that exhibit entirely nonlinear curves as shown in
Fig. 5c.

11.10 Proportional Limit Stress—Determine the propor-
tional limit stress, o, by one of the following methods:

11.10.1 Offset Method—Determine o, by generating a line
running parallel to the same part of the linear part of the 6 — ¢
curve used to determine the modulus of elasticity in 11.9. The
line so generated should be at a strain offset of 0.05% (0.0005
mm/mm). The proportional limit stress is the stress level at
which the offset line intersects the ¢ — € curve.
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CFCC Stress-Strain Curve
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FIG. 6 CFCC Stress-Strain Curve with Two Offset Strain Values

F | g, from Extension
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s ’ Linear Portion of Curve
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a /7— Offset Strain

"
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FIG. 7 Schematic Diagram of Methods for Determining Propor-
tional Limit Stress

Note 7—In some CFCC materials with low fracture strain values (<1
%) and relatively steep second-stage stress-strain slopes, an offset strain of
0.05% is too large and gives an inaccurate assessment of the proportional
limit stress. In such cases, an alternate offset strain value should be defined
and reported to give an accurate value for the proportional limit stress. As
an example, some researchers use a 5% calculation to determine an offset
strain, shown as follows:

offset strain (0.XX %) =5 % x
(nominal proportional limit stress) / (elastic modulus)

Fig. 6 shows a stress-strain curve with 0.01 % and 0.05 % strain offsets
to determine the proportional limit stress.

11.10.2 Extension Under Force Method—Determine the
proportional limit stress by noting the stress on the curve that
corresponds to a specified strain (see Fig. 7). The specified
strain is selected based on design or performance requirements
appropriate for the material tests. The specified strain may or
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may not be in the linear region of the stress-strain curve. The
specified strain at which the proportional limit stress is
determined shall be constant for all tests in a set. The specified
strain shall be reported for the proportional limit stress.

11.11 Strain at Proportional Limit Stress—Determine the
strain at proportional limit stress as the strain corresponding to
the proportional limit stress (see Fig. 7).

11.12 Equation Corrections for Elevated-Temperature
Testing—The equations shown in Table 4 and Table 5 do not
compensate for thermal expansion of the fixture and test
specimen at elevated-temperature testing, since all dimensions
are taken at room temperature. At elevated testing
temperatures, expansion of the fixture and test specimen can
lead to errors of 1 to 3 % for advanced ceramics if the
equations are not corrected. Annex A5 provides the correction
factors for the dimensions in Table 4 and Table 5 and shall be
used if the average thermal expansion coefficient of the fixture
and the test specimen are known. The use of the thermal
expansion corrected equations shall be stated explicitly in the
report.

11.13 Mean, Standard Deviation, and Coefficient of
Variation—For each series of tests, the mean, standard
deviation, and coefficient of variation for each measured value
can be calculated as follows:

(2 )]
i—1

Standard deviation = sd = \/[ (Z (x, - X)2>/(n - 1)} (6)

Mean = X = (5)

Coefficient of variation = CV = 100 (sd)/X (7)
where:
X = the measured value, and
n = the number of valid tests.
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12. Report

12.1 Test Set—The report shall include the following infor-
mation for the test set. Any significant deviations from the
procedures and requirements of this test method shall be noted
in the report.

12.1.1 Date and location of testing and name of test opera-
tor.

12.1.2 Geometry of the flexure test specimen (include
engineering drawing, if necessary) specifying tolerances and
surface finish requirements.

12.1.3 Type and configuration of the test machine (include
drawing or sketch, if necessary). If a commercial test machine
was used, the manufacturer and model number are sufficient
for describing the test machine.

12.1.3.1 The force capacity and accuracy of the load cell.

12.1.3.2 The method of data collection.

12.1.4 Furnace description to include method of tempera-
ture measurement and atmosphere.

12.1.5 Type, configuration, and resolution of displacement/
strain measurement equipment used (include drawing or sketch
if necessary). If commercial displacement or strain gages were
used, the manufacturer and model number are sufficient for
describing the strain measurement equipment.

12.1.6 Test control mode (force, displacement, or strain
control) and actual test rate (force rate, displacement rate, or
strain rate). Calculated strain rate shall also be reported, if
appropriate, in units of s

12.1.7 Description of the loading geometry (3 pt, 4 pt-V4 pt,
4 pt-13 pt) to include outer support span and span-to-depth
ratio. Description of fixture materials and support point geom-
etries. If a commercial fixture was used, the manufacturer and
model number are sufficient for describing the fixture. Describe
the articulation of the loading fixture and whether the bearings
were free to roll or fixed.

12.1.8 Complete identification of the material tested, includ-
ing type, source, manufacturer’s code number, form, and
history.

12.1.9 All relevant material data including vintage data or
billet identification data. (Did all test specimens come from one
billet or processing run?) As a minimum, the date the material
was manufactured shall be reported. For commercial materials,
the commercial designation shall be reported. As a minimum
for commercial materials, include a short description of the
composite composition—matrix, reinforcement (type, layup,
etc.), fiber volume fraction, and bulk density.

12.1.9.1 For noncommercial materials, the major constitu-
ents and proportions shall be reported as well as the primary
processing route, including green state and consolidation/
densification methods. Also report fiber volume fraction, ma-
trix porosity, and bulk density. The reinforcement composition,
properties and architecture shall be fully described to include
fiber properties (composition, diameter, source, lot number,
and any measured/specified properties), interface coatings
(composition, thickness, morphology, source, and method of
manufacture) and the reinforcement architecture (yarn type/
count, thread count, weave, ply count, fiber areal weight,
stacking sequence, ply orientations, etc.).
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12.1.9.2 Description of the method of test specimen prepa-
ration including all stages of machining. A cutting diagram
showing the location of individual samples as cut from the
original as-fabricated test specimen.

12.1.9.3 Heat treatments, coatings, or pre-test exposures, if
any, applied either to the original as-processed material or to
the as-prepared flexure test specimens.

12.1.9.4 The results of the general examination described in
9.5, that is, nonuniformity in major dimensions; warp, twist,
and bowing; porosity (volume percent and size distribution);
discontinuities such as delaminations, cracks, etc; and surface
roughness on as-prepared and finished surfaces. The results
and method of any surface finish measurements. The results of
any nondestructive evaluations.

12.1.10 Test environment including ambient temperature
and relative humidity (Test Method E337), test temperature,
and test chamber atmosphere (for example, ambient air, dry
nitrogen, argon, etc.). For elevated-temperature testing, include
mode of sample insertion, heating rate, and soak/hold time at
temperature.

12.1.11 Number (n) of test specimens tested validly (for
example, fracture in the gage section). In addition, report the
total number of test specimens tested (n;) to provide an
indication of the test success rate for the particular test
specimen geometry, material, and test apparatus.

12.1.12 Mean, standard deviation, and coefficient of varia-
tion (to three significant figures) for each test series of the
following test measurements:

12.1.12.1 Flexural strength,

12.1.12.2 Strain at flexural strength,

12.1.12.3 Fracture strength,

12.1.12.4 Strain at fracture strength,

12.1.12.5 Modulus of elasticity, £ (if determined),

12.1.12.6 Proportional limit stress, o, (if applicable) and
method of determination, including the selected offset-strain
value, expressed as “0.XX % offset proportional limit stress,”
and

12.1.12.7 Strain at proportional limit stress, (if determined).

12.2 Individual Test Specimens—The report shall include
the following information for each test specimen tested:

12.2.1 Test Specimen Dimensions—Length, width, and
thickness in units of mm. For three-point testing, the center
dimension should be used for calculations. For four-point
testing, the multiple measurements should be reported and
averaged and used for calculation.

12.2.2 Plot of the entire force-displacement or stress-strain
curve.

12.2.3 Flexural strength.

12.2.4 Strain at flexural strength.

12.2.5 Fracture strength.

12.2.6 Strain at fracture strength.

12.2.7 Modulus of elasticity, E(if determined).

12.2.8 Proportional limit stress, o, (if applicable) and
method of determination, including the selected offset-strain
value, expressed as “0.XX % offset proportional limit stress.”

12.2.9 Strain at proportional limit stress, (if determined).

12.2.10 Maximum force.

12.2.11 Displacement at maximum force.
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12.2.12 Fracture location relative to the test specimen mid-
point. If the location is measured, the data shall be reported in
units of mm (plus is toward the right of the test specimen as
marked and minus is toward the left of the test specimen as
marked with zero being the test specimen section midpoint).

12.2.13 Failure Mode—Tensile, compression, shear, crush-
ing under the bearings, or mixed modes, as described in
10.4.10.

12.2.14 Appearance of test specimen after fracture and a
description of fiber pull-out as suggested in 10.4.11 and
10.4.12.

12.2.15 Average surface roughness, if measured, of sample
surfaces in the support span.

12.3 An example of a test report form is given in Appendix
X1.

13. Precision and Bias

13.1 The flexural strength of a ceramic composite is not a
deterministic quantity, but will vary from one specimen to
another. This variability is based on the inherent variations in
ceramic composites made with fiber reinforcement. Variables
include property/morphology variations in fibers, matrix, and
interface coatings, as well as variations in the architecture,
reinforcement volume fraction, and density in the composite.
Such variations can occur spatially within a given test
specimen, as well as between different test specimens.

13.2 A multiple laboratory round-robin test’ was conducted
in 1998 to determine the precision of flexural properties for a
commercially available continuous fiber-reinforced ceramic
composite. Repeatability and reproducibility were assessed for
flexural strength, flexural failure strain, and elastic modulus for
100 test specimens tested in sets of 10 by 10 different
laboratories. Bias was not evaluated because there is no
commonly recognized standard reference material for continu-
ous fiber-reinforced ceramic composites.

13.2.1 Flexure test specimens were cut from four panels of
a commercial Trademark Sylramic* S-200% ceramic compos-
ite. The panels were fabricated with eight plies of ceramic
grade (CG)-Trademark Nicalon’ fabric (8-Harness Satin) in a
silicon-carbonitride matrix (based on a preceramic polymer)
with a silicon nitride powder filler. The ply architecture was a
symmetric 0/90 lay-up (0/90/0/90/90/0/90/0). The Nicalon
fibers had a proprietary boron nitride interface coating. The
finished composites had a nominal fiber volume fraction of 45
volume percent, a measured mean bulk density of 2.21 g/cm®,
and a mean open porosity of 2.7 %. The flexure test specimens
were 110 by 9 mm with an as-fabricated, average thickness of
2.74 mm. The 100 test specimens were randomly divided into
groups of ten for distribution to and testing by the ten
participating laboratories.

3 Manufactured by Dow Corning Corp., Midland, M1, 1998. As of January 2006,
manufactured by ATK-COI Ceramics, San Diego, CA.

+ Sylramic is a registered trademark of ATK-COI Ceramics.

3 Nicalon is a registered trademark of Nippon Carbon Co., Ltd.
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13.2.2 Round-robin participants tested the test specimens
using a four-point flexure geometry with an 80-mm outer span
and a 40-mm inner span (a span-to-depth ratio of 29), a cross
head rate of 0.10 mm/s, deflection control mode, and at
ambient temperature and humidity.

13.2.3 A statistical analysis of the flexural test data for this
specific batch of ceramic composite test specimens was con-
ducted using Practice E691. All the data for flexural strength,
flexural failure strain, and elastic modulus were judged as valid
in accordance with Practice E691 criteria. Based on the data
analysis, the repeatability and reproducibility statistics for the
ASTM C1341 Flexural Properties of Continuous Fiber-
Reinforced Advanced Ceramic Composites are shown in Table
6.

13.2.4 The repeatability and reproducibility values deter-
mined in the cited study are specific to the particular ceramic
composite test specimens (composition, architecture, and lot)
tested in the study and tested in accordance with the cited
geometry and test protocols. Tests on different ceramic com-
posite test specimens with different geometries and test proto-
cols may have different repeatability/reproducibility values.

13.3 Mechanical test data for ceramic matrix composites
can vary based on variations in experimental procedures
between laboratories and for variations in material thickness,
density, and porosity among the test specimens and between
lots. Reference 5 analyzes the variation in mechanical proper-
ties against the variations among test specimens and variations
in test methods between laboratories.

13.4 A “propagation of errors” study showed that measure-
ment of specimen thickness is a critical source of variability,
because flexure and elastic modulus values are calculated by
equations which use thickness values to the 2d and 2d power,
respectively. In addition, the thickness dimension is generally
the smallest dimension and most susceptible to experimental
variation in and between laboratories.

14. Keywords

14.1 ceramic matrix composite; CFCC; continuous fiber
composite; flexural strength; flexure test; modulus of elasticity

TABLE 6 Flexural Data and Repeatability/Reproducibility Analysis
Trademark Sylramic S-200 Ceramic Composites Tested ASTM

C1341
Flexural ';Izﬁtj:zl Elastic
Strength Strain Modulus
Mean value for the 10 laboratories 338.6 MPa 0.464 % 93.0 GPa
Repeatability—Mean of the coefficient of 9.9 % 141 % 4.4 %
variation (CV) of the ten laboratories
Reproducibility—Coefficient of variation (CV) 11 % 13.6 % 71 %
between the ten laboratories
95 % repeatability limit (within laboratory), 2.8 27.7 % 39.5 % 12.3 %
CV %A
95 % reproducibility limit (between laborato- 311 % 38.1 % 19.9 %

ries) 2.8 CV %g*

A Calculated in accordance with Practice E691, Section 21, and reported in
accordance with Practice E177, Section 28.
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ANNEXES

(Mandatory Information)

Al. COMPLIANCE DETERMINATION

Al.1 Typically, the compliance of the test set-up [C,, =
(D/P),, wherem is machine] is measured using a thick block of
rigid material (for example, sintered o silicon carbide in a 12
by 25 by 50 mm block) which is essentially noncompliant
relative to the load train. When the testing system is forced
using the thick block in place of a test specimen, the compli-
ance of the test system is determined from the force (P) versus
cross-head displacement (P, ,,,,,) measurements such that:

c,=(D/P), ~(D /P) (A1.1)

If cross-head displacement is used to determine the test

specimen deflection for the three-point loading geometry, the

test specimen deflection (D) at a given force (P,) is determined

by subtracting the machine deflection (calculated as P.C,,)
from the cross-head deflection (D, ;,..):

D=D c<—head (P.\'Cm)

x

x—head

(A1.2)

A2. CFCC SURFACE CONDITION AND FINISHING

A2.1 Finishing Method—Because there are no universal or
standard practices for finish machining of CFCCs, the follow-
ing categories of test specimen condition/finish shall be used
for sample preparation and description.

A2.2 As-Fabricated—The flexure test specimen should
simulate the surface/edge conditions and processing route of an
application where no machining is used, for example, as-cast,
sintered, or injection molded part. No additional machining
specifications are relevant. As-processed test specimens might
possess rough surface textures and nonparallel edges and as
such may cause excessive misalignment or be prone to
nongage section fractures, or both.

A2.3 Application-Matched Machining—The flexure test
specimen should have the same surface/edge preparation as
that given to the component. Unless the process is proprietary,
the report shall be specific about the stages of material
removal, wheel grits, wheel bonding, amount of material
removed per pass, and type of coolant used.

A2.4 Customary Practices—In instances where a manufac-
turer or user has defined a customary machining procedure that
is completely satisfactory for a class of CFCC materials (that
is, it induces no unwanted surface/subsurface damage or
residual stresses), that procedure should be used.
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A2.5 Standard Procedure—In instances where A2.2
through A2.4 are not appropriate, A2.5 shall apply. Studies to
evaluate the machinability of CFCCs have not been completed.
Therefore, the standard procedure of A2.5 can be viewed as
starting-point guidelines, and a more stringent procedure may
be necessary.

A2.5.1 All grinding or cutting shall be done with ample
supply of appropriate filtered coolant to keep the workpiece
and grinding wheel constantly flooded and particles flushed.
Grinding can be done in at least two stages, ranging from
coarse to fine rate of material removal. All cutting can be done
in one stage appropriate for the depth of cut.

A2.5.2 Stock removal rate shall be on the order of 0.03 mm
per pass using diamond tools that have between 320 and 600
grit. Remove equal stock from each face where applicable.
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A3. CONDITIONS AND ISSUES IN HOT FORCE APPLICATION OF TEST SPECIMENS INTO FURNACES

A3.1 The following issues and concerns shall be considered
in designing and using hot-force-application procedures for
specimen testing.

A3.2 The fixtures may be either left in the furnace at all
times or removed partially or completely for force application
and insertion, depending on the design of furnace system.

A3.3 Some furnaces are amenable to hot force application,
but care shall be taken to avoid thermally shocking the furnace
or test fixtures. A furnace with a small convenient portal is
generally best since the heat loss and radiation will be
minimized. This makes it easier to force, and the furnace will
return to operating temperature more rapidly.

A3.4 Suitable precautions shall be taken to ensure operator
safety from the hazards of thermal or electrical burns. Thermal
gloves, long insertion tools, and protective/darkened face
shield are essential.

A3.5 Ensuring proper test specimen placement may be more
difficult when forcing into a hot system, but this can be offset
by the use of a suitable self-aligning jig. A rolling-pin fixture
poses further difficulties, since it is essential that the rollers and
test specimens are positioned properly. Again, this can be
accomplished with careful fixture design. For example, remov-
able inserts could be used to hold the rollers in proper position,
the test specimen inserted and preloaded, and then the inserts
removed. In some instances, it is possible to use common
acetate household cement to hold the rollers in place in a cold
fixture during the insertion procedure. Such cement burns off,
leaving no residue.

A4. TOE COMPENSATION ON STRESS-STRAIN CURVES

A4.1 In atypical stress-strain curve (Fig. A4.1) there is a toe
region (AC) that does not represent a property of the material.
It is an artifact caused by a takeup of slack and alignment or
seating of the test specimen. In order to obtain correct values of
such parameters as modulus, strain, and offset yield point, this
artifact shall be compensated for to give the corrected zero
point on the strain or extension axis.

A4.2 In the case of a material exhibiting a region of
Hookean (linear) behavior (Fig. A4.1), a continuation of the
linear (CD) region of the curve is constructed through the
zero-stress axis. This intersection (B) is the corrected zero-
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FIG. A4.1 Stress-Strain Curve for a Material with a Hookean Re-
gion
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strain point from which all extensions or strains shall be
measured, including the yield offset BE), if applicable. The
elastic modulus can be determined by dividing the stress at any
point along the lineCD (or its extension) by the strain at the
same point (measured from pointB, defined as zero strain).

A4.3 In the case of material that does not exhibit any linear
region (Fig. A4.2), the same kind of toe correction of the zero
strain point can be made by constructing a tangent to the
maximum slope at the inflection point (G"). This is extended to
intersect the strain axis at point B', the corrected zero strain
point. Using point B' as zero strain, the stress at any point (H')
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FIG. A4.2 Stress-Strain Curve for a Material with No Hookean
Region
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on the curve can be divided by the strain at that point to obtain
a secant modulus (slope of line B'H'). For those materials with
no linear region, any attempt to use the tangent through the

inflection point as a basis for determination of an offset yield
point may result in unacceptable error.

AS. CORRECTIONS FOR THERMAL EXPANSION IN FLEXURAL EQUATIONS

A5.1 The following correction factors shall be used for the

Oy = average coefficient of thermal expansion from room
dimensions L, b, and d for the equations in Table 4 and Table temperature to the test temperature for the test
5 if the thermal expansion of the fixtures and test specimen are fixture material, °C~",
known. Oy = average coefficient of thermal expansion from room

s = L (10+ @, AT) (A5.1) temperature to 'the' test te'mpera.ture' for othg test
specimen material in the width direction, °C™,
beomeciea = b (1.0+ 0t AT) (A5-2) a,., = average coefficient of thermal expansion from room
d,ppreerea=d (1.0F 0, , AT) (A5.3) temperature to the test temperature for the test
where: specimen material in the thickness direction, °C™'.
L . _ Note A5.1—The thermal expansion coefficient may be different in the
= outer sup_port Span, mm, . two cross-sectional dimensions of the sample if the sample has an
b = test specimen width (average or at center point), anisotropic architecture.
mm,
d = test specimen thickness (average or at center point), AT = temperature difference from room temperature to test
mm, temperature, °C.
APPENDIX

(Nonmandatory Information)

X1. EXAMPLE OF A TEST REPORT

X1.1 The following is the example of the test report as
mentioned in 12.3. See Fig. X1.1.
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Test Date and Location Name of test operator Laboratory Identification
TEST EQUIPMENT DESCRIPTION
Test Machine Manufacturer Load cell capacity and accuracy
Model #, & Configuration
Displacement/strain measurement method Method of data collection

Furnace description

to include temperature measurement method, atmosphere, and method of heating
Loading fixture geometry (3 pt, 4 pt-1/4 pt, 4 pt 1/3 pt) Manufacturer & Model

Description of fixture geometry and materials

Articulated Free moving rollers? Roller Diameter (mm)

Quter span length (mm) Load Span length (mm) (NA for 3-point)

TEST MATERIAL DESCRIPTION
Material Name & Description

Source Billet identification data Date of Manufacture

Material Description & History (per section 12.1.9 & 10)

Flexure specimen dimensions (mm) Tolerances and surface finish requirements.
(include engineering drawing if available) Measured Surface Roughness
Method of specimen preparation/machining

(Cutting diagram if available) Fiber/Fabric Alignment Angle (to long axis of test bar)

Heat treatments, coatings, or pre-test exposures

General examination results (per Section 9.5)

NDE Methods & Results

Any significant deviations from the test method

Norte 1—Plots of the force-displacement or stress-strain curves and any fractographic analysis results shall also be included.
FIG. X1.1 Test Report

TEST PROCEDURE

Test temperature (C) Test Atmosphere Ambient Temp Relative humidity
For elevated-temperature testing,
Mode of sample insertion Heating rate Soak/hold time
Test mode and test rate (displacement, strain, or load rate) Calculated strain rate in units of s~
Span-to-depthrato ___ Specimen Orientation
MNumber (n) of specimens tested validly Total number (ny) of specimens tested
TEST DATA SUMMARY (TEST ID # )
TEST RESULTS MEAN STANDARD DEVIATION COEFFICIENT OF VARIATION

Flexural Strength, S, MPa

Strain at Flexural Strength, €

Fracture Strength, S¢, MPa

Strain at Fracture Strength, &¢

Modulus of Elasticity, E (if determined), GPa

Proportional Limit Stress, o, MPa
(if determined) and method of determination

Strain at Proportional Limit Stress, €,
(if determined)

FIG. X1.1 Test Report (continued)
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INDIVIDUAL SPECIMEN DATA (TESTID # )

Specimen ID #

Mean Std. Dev

Spec. Width (mm)

Spec. Thick (mm)

Max. Load (N)

Displacement at Max Load
(mm)

Flexural Strength (MPa)

Strain at Flexural Strength

Fracture Strength (MPa)

Strain at Fracture Strength

Modulus of Elasticity (GPa)

Proportional Limit Stress (MPa)

Strain at Proport. Limit Stress

Fracture Location®

Failure Mode?

Fracture Surface
Appearance

1 - Fracture Location -- Center, within loading span, outside loading span
2 -- Failure Mode -- tensile, compression, shear, load point crushing, mixed

3 -- Fracture Surface Appearance -- fibrous, brittle

FIG. X1.1 Test Report (continued)

SUMMARY OF CHANGES

Committee C28 has identified the location of selected changes to this standard since the last issue (C1341-06)
that may impact the use of this standard. (Approved Feb. 15, 2013)

(1) Fig. 1 — Revised the flexure test diagram to show the
distribution of forces in the three test geometries.

(2) Section 9.1.4 — Modified the weave unit cell guidance to
match the guidance in the other CFCC test standards. This
addition promotes the use of a gage section width large enough
to give a more homogeneous stress-strain response and to
minimize the effect of weave architecture variations across the
width of the gage section.

(3) Section 9.5 — Added a note mentioning the use of
non-destructive evaluation to assess internal morphology of the
composite.

(4) Section 9.7 — Referenced Practice E122 for calculating an
alternate test count number for the number of test specimens.

(5) Sections 11.10.1, 12.1.12.6, and 12.2.8 — Added a clari-
fying note and an illustrative figure on proportional limit stress
calculation, describing the option of using a lower offset strain
value that gives the user a more accurate method of determin-
ing the proportional limit stress for CFCCs with low fracture
strains.

(6) Section 10.4.1 — Described the use of a notched alignment
fixture to align the top and bottom loading fixtures in the load
train, as illustrated in Fig. 2.

(7) Section 10.4.9 — Expanded the description of the failure
modes with a modified Fig. 4 showing how delamination can
occur.

ASTM International takes no position respecting the validity of any patent rights asserted in connection with any item mentioned
in this standard. Users of this standard are expressly advised that determination of the validity of any such patent rights, and the risk
of infringement of such rights, are entirely their own responsibility.

This standard is subject to revision at any time by the responsible technical committee and must be reviewed every five years and
if not revised, either reapproved or withdrawn. Your comments are invited either for revision of this standard or for additional standards
and should be addressed to ASTM International Headquarters. Your comments will receive careful consideration at a meeting of the
responsible technical committee, which you may attend. If you feel that your comments have not received a fair hearing you should
make your views known to the ASTM Committee on Standards, at the address shown below.

This standard is copyrighted by ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959,
United States. Individual reprints (single or multiple copies) of this standard may be obtained by contacting ASTM at the above
address or at 610-832-9585 (phone), 610-832-9555 (fax), or service@astm.org (e-mail); or through the ASTM website
(www.astm.org). Permission rights to photocopy the standard may also be secured from the ASTM website (www.astm.org/
COPYRIGHT)).

21



