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Standard Test Method for

Determination of Slow Crack Growth Parameters of
Advanced Ceramics by Constant Stress-Rate Flexural
Testing at Elevated Temperatures

This standard is issued under the fixed designation C 1465; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonejf indicates an editorial change since the last revision or reapproval.

1. Scope 2. Referenced Documents

1.1 This test method covers the determination of slow crack 2.1 ASTM Standards:
growth (SCG) parameters of advanced ceramics by using C 1145 Terminology of Advanced Ceramics
constant stress-rate flexural testing in which flexural strengthis C 1161 Test Method for Flexural Strength of Advanced
determined as a function of applied stress rate in a given Ceramics at Ambient Temperattre
environment at elevated temperatures. The strength degrada-C 1211 Test Method for Flexural Strength of Advanced
tion exhibited with decreasing applied stress rate in a specified Ceramics at Elevated Temperatites
environment is the basis of this test method which enables the C 1239 Practice for Reporting Uniaxial Strength Data and
evaluation of slow crack growth parameters of a material. Estimating Weibull Distribution Parameters for Advanced

Note 1—This test method is frequently referred to as “dynamic Cclzrzazmgg ice for F h d Ch L f
fatigue” testing (Refs(1-3))? in which the term “fatigue” is used ractice for Fractography an aracterization o

interchangeably with the term “slow crack growth.” To avoid possible Fracture Origins in Advanced Ce.ranﬁcs

confusion with the “fatigue” phenomenon of a material which occurs C 1368 Test Method for Determination of Slow Crack
exclusively under cyclic loading, as defined in Terminology E 1823, this Growth Parameters of Advanced Ceramics by Constant
test method uses the term “constant stress-rate testing” rather than Stress-Rate Flexural Testing at Ambient Temperdture
“dynamic fatigue” testing. E 4 Practices for Force Verification of Testing Machihes

Note 2—In glass and ceramics technology, static tests of considerable - - .
duration are called “static fatigue” tests, a type of test designated as Eir(]j ;I'ermmology Relating to Methods of Mechanical Test-

stress-rupture (Terminology E 1823).

1._2 _This test method is .intended. primari_ly to t_)e used for Comparison Techniqués
.negllglble.cree.p of test specimens, with specific limits on creep E 230 Specification and Temperature-Electromotive Force
imposed n this test method_. . . . (EMF) Tables for Standardized Thermocouples

1.3 This test method applies primarily to ao_lvancegl CEramics =337 Test Method for Measured Humidity with a Psy-
that are macroscopically hgmogeneou; and_|sotrop|c. Th|§ test chrometer (the Measurement of Wet- and Dry-Bulb Tem-
mgthod may alsp be apphe.d_to certain whlsker— or particle- peratures)
reinforced ceramics that exhibit macroscopically homogeneous E 380 Practice for Use of International System of Units (SI)

behavior. (The Modernized Metric Systerh)

1._4 This test method_ is mtendeo_l for use with various test E 1823 Terminology Relating to Fatigue and Fracture Test-
environments such as air, vacuum, inert, and any other gaseous ing®

environments.
1.5 Values expressed in this standard test are in accordange Terminology
with the International System of Units (SI) and Practice E 380. 3.1 Definitions—The terms described in Terminologies

1.6 This standard does not purport to address all of theC 1145, E 6, and E 1823 are applicable to this test method.

safety concerns, if any, associated with its use. It is thege ific terms relevant to this test method are as follows:
responsibility of the user of this standard to establish appro- "5 1 1 3qvanced ceramicn—a_highly engineered, high-

E.rli'ate ?afetyl and hlgaa!th .practicgs and determine the applicaberformance, predominately, nonmetallic, inorganic, ceramic
llity of regulatory limitations prior to use. material having specific functional attributes. (C 1145)

E 220 Test Method for Calibration of Thermocouples by

1 This test method is under the jurisdiction of ASTM Committee C-28 on ——————
Advanced Ceramics and is the direct responsibility of Subcommittee C28.01 on 3 Annual Book of ASTM Standardgol 15.01.

Properties and Performance. 4 Annual Book of ASTM Standardgol 03.01.
Current edition approved April 10, 2000. Published July 2000. 5 Annual Book of ASTM Standardéol 14.03.
2 The boldface numbers in parentheses refer to the list of references at the end of ® Annual Book of ASTM Standardéol 11.03.
this standard. 7 Annual Book of ASTM Standardéol 14.02.

Copyright © ASTM, 100 Barr Harbor Drive, West Conshohocken, PA 19428-2959, United States.
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3.1.2 constant stress raté; [FL 2t ™], n—a constant rate of process of slow crack growth. This test method provides the
increase of maximum flexural stress applied to a specifie@mpirical parameters for appraising the relative slow crack
beam by using either a constant load or constant displacemegtowth susceptibility of ceramic materials under specified

rate of a testing machine. environments at elevated temperatures. This test method is
3.1.3 environment n—the aggregate of chemical speciessimilar to Test Method C 1368 with the exception that provi-
and energy that surrounds a test specimen. (E1150) sions for testing at elevated temperatures are given. Further-

3.1.4 environmental chambgmn—a container surrounding more, this test method may establish the influences of process-
the test specimen and capable of providing controlled locaing variables and composition on slow crack growth as well as
environmental condition. on strength behavior of newly developed or existing materials,

3.1.5 flexural strength,o; [FL™%, n—a measure of the thus allowing tailoring and optimizing material processing for
ultimate strength of a specified beam specimen in bendinéurther modification. In summary, this test method may be used
determined at a given stress rate in a particular environmentfor material development, quality control, characterization, and

3.1.6 flexural strength-stress rate diagrama plot of flex-  limited design data generation purposes.
ural strength as a function of stress (ate.'FIexuraI strength andNOTE 3—Data generated by this test method do not necessarily corre-
stress rate are both plotted on logarithmic scales. . spond to crack velocities that may be encountered in service conditions.

3.1.7 flexural strength-stress rate curvea curve fitted 10 The use of data generated by this test method for design purposes may
the values of flexural strength at each of several stress ratesptail considerable extrapolation and loss of accuracy.

based on the relationship between flexural strength and Sress, 5 1 this test method, the flexural stress computation is

rate: ; ; ;
B . . based on simple beam theory, with the assumptions that the

3|0197G{ B [1/(n ’ 1)]| Iotgh(r + log D (Sﬁe A{)pen(t:i;]g Xl) ft material is isotropic and homogeneous, the moduli of elasticity
.11 DISCUSSIOR—IN the ceramics fiterature, tnis 1S often j, tension and compression are identical, and the material is

called a “dynamic fatigue” curve. l . T
Y _ inearly elastic. The average grain size should be no greater
3.1.8 fracture toughness, K [FL /4, n—a generic term for than one fiftieth (1/50) of the beam thickness.

measures of resistance to extension of a crack. (E 616) 4.3 In this test method, the test specimen sizes and test

t3.1.?h|nefrt flexurgfl. satr(ke)ngth[FL‘Z],' n—a msasg.re of tr:jet fixtures were chosen in accordance with Test Method C 1211,

strengin ot a specilied beam specimen In bending as detgp,;q, provides a balance between practical configurations and
mined in an appropriate inert condition whereby no slow Crad?esulting errors, as discussed in R&Fs6). Only the four-point
grgV\fg ‘iclg!”s- ioR—An inert diti i i test configuration is used in this test method.

't' : 'SCESS'%?_. ndlnber condition a n<|aar :oom eT' 4.4 In this test method, the slow crack growth parameters (
pera furetrtna)é eto aned by ustlng vo?cu?_'m, ow emtpelra uf[eand D) are determined based on the mathematical relationship
very 1ast testrates, or any inért media. However, at elevaleayyean flexural strength and applied stress rategjeg[1/(n
temperatures, the definition or concept of an inert condition is_ 1)] log & + log D, together with the measured experimental

uncl::‘alrt f}mci tempﬁratur(tah |tts<]:3|f acts as a de.gradlng ENVIFOlta. The basic underlying assumption on the derivation of this
ment. 1t has been shown that for Some ceramics one approa lationship is that slow crack growth is governed by an

to obtain an inert condition (thus, inert strength) at elevate mpirical power-law crack velocityy = A[K/K,]" (see

temperatures is to use very fast (ultra-fast) test rat@x 10° ;o X1) re

MPa/s, where the time for slow crack growth would be PP '

minimized or eliminated4). Note 4—There are various other forms of crack velocity laws which
3.1.10 slow crack growth (SCG), n—subcritical crack & usually more complex or less convenient ma_lthematical_ly,_ or t_Joth, but

growth (extension) which may resuit from, but is not restricted™®Y be physically more realist{@). The mathematical analysis in this test

. g . method does not cover such alternative crack velocity formulations.
to, such mechanisms as environmentally assisted stress corro-

sion or diffusive crack growth. 4.5 In this test method, the mathematical relationship be-
3.1.11 stress intensity factor, FL™>3, n—the magnitude tween flexural strength and stress rate was derived based on the
of the ideal-crack-tip stress field (stress-field singularly) subassumption that the slow crack growth parameter is at least
jected to Mode | loading in a homogeneous, linear elastic body= 5 (1, 8). Therefore, if a material exhibits a very high
(E 616)  susceptibility to slow crack growth, that is,< 5, special care
3.1.12 R-curve n—a plot of crack-extension resistance as ashould be taken when interpreting the results.
function of stable crack extension. (E 616) 4.6 The mathematical analysis of test results according to
3.2 Definitions of Terms Specific to This Standard: the method in 4.4 assumes that the material displays no rising
3.2.1slow crack growth parameters, n and, b+—the R-curve behavior, that is, no increasing fracture resistance (or
parameters estimated as constants in the flexural strength (@fack-extension resistance) with increasing crack length. It
megapascals)-stress rate (in megapascals per second) equat@iuld be noted that the existence of such behavior cannot be
which represent a measure of susceptibility to slow crackletermined from this test method. The analysis further assumes

growth of a material (see Appendix X1). For the unitofsee that the same flaw types control strength over the entire test

9.3.1. range. That is, no new flaws are created, and the flaws that
o control the strength at the highest stress rate control the
4. Significance and Use strength at the lowest stress rate.

4.1 For many structural ceramic components in service, 4.7 Slow crack growth behavior of ceramic materials can
their use is often limited by lifetimes that are controlled by avary as a function of mechanical, material, thermal, and
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environmental variables. Therefore, it is essential that test
results accurately reflect the effects of specific variables under @
study. Only then can data be compared from one investigation
to another on a valid basis, or serve as a valid basis for
characterizing materials and assessing structural behavior.
4.8 The strength of advanced ceramics is probabilistic in
nature. Therefore, slow crack growth that is determined from
the flexural strengths of a ceramic material is also a probabi-
listic phenomenon. Hence, a proper range and number of test
rates in conjunction with an appropriate number of specimens
at each test rate are required for statistical reproducibility and
design(2). Guidance is provided in this test method. log (Stress Rate)

——,

log (Strength)

Note 5—For a given ceramic material/environment system, the SCG
parameten is independent of specimen size although its reproducibility is (b)
dependent on the variables previously mentioned. By contrast, the SCG
parameteD depends significantly on strength, and thus on specimen size
(see Eq X1.7).

4.9 The elevated-temperature strength of a ceramic material
for a given test specimen and test fixture configuration is
dependent on its inherent resistance to fracture, the presence of
flaws, test rate, and environmental effects. Analysis of a
fracture surface, fractography, though beyond the scope of this
test method, is highly recommended for all purposes, espe-
cially to verify the mechanism(s) associated with failure (refer
to Practice C 1322).

5. Interferences

5.1 Slow crack growth may be the product of both mechani-
cal and chemical driving forces. The chemical driving force for
a given material can strongly vary with the composition and
temperature of a test environment. Note that slow crack growth
testing is time-consuming. It may take several weeks to
complete testing of a typical, advanced ceramic. Because of
this long test time, the chemical variables of the test environ- o
ment must be prevented from changing throughout the tests. N&
Inadequate control of these chemical variables may result in
inaccurate strength data and SCG parameters, especially for
materials that are sensitive to the environment. log (Stress Rate)

5.2 Slgmflcant_creep _at bo,th _hlgher tempe_ratureg and lower Note 1—The arrows indicate unacceptable data points. The data point
test rates results in nonlinearity in stress-strain relations as Welharked with'N’, in which a significant nonlinearity occurs, indicates a
as accumulated tensile damage in flex{(@ This, depending strength value estimated by extrapolation of the linear regression line
on the degree of nonlinearity, may limit the applicability of represented by the rest of the strength data.
linear elastic fracture mechanics (LEFM), since the resulting-!G. 1 Schematic Diagrams Showing Unacceptable Data Points in
relationship between strength and stress rate derived under Constant Stress-Rate Testing at Elevated Temperatures
constant stress-rate testing condition is based on an LEFM
approach with negligible creep (creep strain less than 0.1 %gxcluded as data points in estimating the SCG parameters of
Therefore, creep should be kept as minimal as possible, abe material. This test method addresses this issue by recom-
compared to the total strain at failure (see 8.11.2). mending that the highest stress rates#000 MPa/s.

5.3 Depending on the degree of SCG susceptibility of a 5.4 A considerable strength degradation may be observed at
material, the linear relationship between IdigXural strength  lower stress rates and higher temperatures for some materials.
and log @pplied stress rafe(see Appendix X1) may start to In these cases, excessive creep damage in the form of creep
deviate at a certain high stress rate, at which slow crack growtbavities, micro- or macro-cracks, or both, develop in the tensile
diminishes or is minimized due to the extremely short testsurface(10-13) This results in a nonlinearity in the relation-
duration. Strengths obtained at higher stress rates (>100thip between logfiexural strength and log @pplied stress
MPa/s) may remain unchanged so that a plateau is observediate), see Fig. 1b. It has been reported that the strength
the plot of strength versus stress rate, see Figd)alf the  degradation with respect to the expected normal strength (at
strength data determined in this plateau region are included iRoint N in Fig. 1b) ranged from 15 to 50 ¥40-12) If these
the analysis, a misleading estimate of the SCG parameters willata points are used in the analysis, then an underestimate of
be obtained. Therefore, the strength data in the plateau shall lee SCG parameters will be obtained. Hence, the strength data

log (Strength)

\6\

log (Stress Rate)

(©)

log (Strength)
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exhibiting such a significant strength degradation occurring aaddition, the test fixtures must remain elastic under test
lower stress rates shall be excluded as data points in obtainirgpnditions (load and temperature).

the SCéS parameterqs of the Ta.te”.?l' hd dati Note 7—Various grades of silicon carbide (such as hot-pressed or
5.5 Contrary to the case of significant strength degra atlor1=1intered) and high-purity aluminas are candidate materials for test fixtures

an appreciable strength increase may occur for some ceramigs well as load train. The load-train material should also be effectively
at lower stress rates (see Fig. 1c), due to crack healing or craakert to the test environment and remain elastic under test conditions. For
tip blunting which dominates slow crack growt0, 14) thas  more specific information regarding use of appropriate materials for
been reported that the strength increase with respect to tHigtures and load train with respect to test temperatures, refer to Section 6
expected normal strength (at point N in Fig. 1c) ranged from 1% Test Method C 1211.
to 60 % (10, 14) Since the phenomenon results in a deviation 6.2.1 Four-Point Flexure—The four-point¥s-point fixture
from the linear relationship between Idiekural strengthand ~ configuration (see Fig. 2) as described in Test Method C 1211
log (applied stress rafe an overestimate of SCG parametersshall be used in this test method. The nominal outer (support)
may be obtained if such strength data are included in thepan ) for each test fixture i& = 20 mm, 40 mm, and 80
analysis. Therefore, any data exhibiting a significant or obviousnm, respectively, for A, B, and C test fixtures. The use of
increase in strength at lower stress rates shall be excluded #yee-point flexure is excluded from this test method.
data points in estimating the SCG parameters of the material. 6.2.2 Bearing Cylinders—-The requirements of dimensions
Note 6—It has been shown that some preloading (up to 80 % Ofand mechanical properties of bearing cylinders as described in

fracture load) prior to testing may be used to minimize or eliminate theTest Method C 1211 shall be used in this test method. The

strength-increase phenomenon by minimizing or eliminating a chance fop€aring cylinders shall be free to rotate in order to relieve
crack healing (or blunting) through shortening test time, as verified orffictional constraints, as described in Test Method C 1211.
some advanced ceramics such as alumina and silicon n{t@el5) In 6.2.3 Semiarticulating Four-Point Fixture-The semiar-
general, preloading may be effective to reduce overall creep deformatioficulating four-point fixture as described in Test Method
of test specimens due to reduced test time. Refer to 8.10 for morgs 1211 may be used in this test method. This fixture shall be
information regarding preloading and its application. used when the parallelism requirements of test specimens are
5.6 Surface preparation of test specimens can introducget in accordance with Test Method C 1211.
fabrication flaws that may have pronounced effects on flexural 6.2.4 Fully Articulating Four-Point Fixture—The fully ar-
strength. Machining damage imposed during specimen prepéiculating four-point fixture as described in Test Method
ration can be either a random interfering factor, or an inherent 1211 may be used in this test method. Specimens that do not
part of the strength characteristics to be measured. Surfaggeet the parallelism requirements in Test Method C 1211, due
preparation can also lead to residual stress. Universal @b the nature of fabrication process (as-fired, heat-treated, or
standardized test methods of surface preparation do not exist.dkidized), shall be tested in this fully articulating fixture.
should be understood that the final machining steps may or 6.3 System ComplianeeThe test fixture and load train
may not negate machining damage introduced during the earbhall be sufficiently stiff so that at least 80 % of the crosshead
coarse or intermediate machining steps. In some cases, spegi-actuator movement of the test machine is imposed onto the
mens need to be tested in the as-processed condition test specimen up to the point of fracture. The test fixture and
simulate a specific service condition. Therefore, specimefpbad train shall not undergo creep or nonlinear deformation
fabrication history may play an important role in strengthunder either load or displacement control.
behavior, which consequently may affect the values of the SCG
parameters to be determined.

6. Apparatus L/4 L/2 L/4

6.1 Test Machine-Test machines used for this test method
shall conform to the requirements of Practices E 4. Test
specimens may be loaded in any suitable test machine provided
that uniform test rates, either using load-control or
displacement-control mode, can be maintained. The loads used
in determining flexural strength shall be accurate within
+1.0 % at any load within the selected test rate and load range
of the test machine as defined in Practices E 4. The test
machine shall have a minimum capability of applying at least
four test rates with at least three orders of magnitude, ranging
from 10* to 1072 N/s for load-control mode, and from 10to
10~* m/s for displacement-control mode.

6.2 Test Fixtures—The configurations and mechanical prop-
erties of test fixtures shall be in accordance with Test Method
C 1211. The materials from which the test fixtures, including
bearing cylinders, are fabricated shall be effectively inert to the L
test environment so that they do not significantly react with or
contaminate either the test specimen or the test environment. INFIG. 2 Four-Point- ¥ Point Flexural Test Fixture Configuration

Note 8—Compliance of the test fixture and load train at the test
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temperature can be estimated by inserting a rigid block of a ceramic Note 13—Temperature measuring instruments typically approximate
material onto the test fixture with the loading bearing cylinders in placethe temperature-electromotive force (EMF, in millivolt) tables, and may
and loading it to the maximum anticipated fracture load while recordinghave an error of a few degrees.

a load-deflection curve. The compliance corresponds to the inverse of the . . .

slope of the load-deflection curve. It is recommended that the block be at 6-4-2.5 The appropriate thermocouple extension wire should
least five times thicker than the test specimen depth and one to two timdg€ used to connect a thermocouple to the furnace controller and
wider than the test specimen width. Any other block whose rigidity (equattemperature readout device, which shall have either a cold
to the inverse of compliance) is greater than at least 120 times that of tl"?unction or a room-temperature compensation circuit. Special

test specimen can be used provided that it can fit the test fixture. Atypicgigre should be directed toward connecting the extension wire
test machine equipped with common load train and test fixtures shows the\tlith the correct polarity

more than 90 % of the total compliance stems from the test specimen . - .
itself, so that more than 90 % of crosshead or actuator movement of test 6.5 Environmental Facility-The fumaC? may have an a,
machine can be imposed on the test specimen. inert, vacuum, or any other gaseous environment, as reqUIred.

6.4 Heating Apparatus-The heating systems such as fur- I tebs_tm? IS conducted n a;ny gaseous entV||ror;]mert1)t Othﬁr Itlhka)m
nace, temperature measuring device and thermocouple sh&ffPient arr, an appropriate environmental chamber shall be

conform to the requirements as described in Test Metho&onStrUCted to facilitate handling and monitoring of the test
C 1211 environment so that constant test conditions can be maintained.

6.4.1 Furnace and Temperature Readout DevicEhe fur- The chamber shall be effectively corrosion-resistant to the test

nace shall be capable of maintaining the test specimen terﬁ_nv!ronmen: Isfo_tt_hat it does ?otd_rea;:tl Wc'j”:hor cuaglg"e the
perature withint2°C during each testing period. The tempera_gtr;_vlronmen : | !t |shnﬁ:<t:)essar¥_ ?:itrl1retcl O§| rough be ows,
ture readout device shall have a resolution of 1°C or lower. Thé\I Ings, or seal, it shall be verified that load loSSes or errors do

0 : X
furnace system shall be such that thermal gradients are minimB3P exceed 1_ % of the prospective failure Ioa_ds.
in the test specimen so that no more than a 5°C differential 6-6 Deflection MeasuremertWhen determined, measure

exists from end-to-end in the test specimen. deflection of the test specimen close to the midpoint or inner
6.4.2 Thermocouples load point(s) (tension side). The method to measure the

6.4.2.1 The specimen temperature shall be monitored by @éflection of the midpoint relative to the two inner load points
thermocouple with its tip situated no more than 1 mm from thelfor example, three-probe extensometer) can also be utilized, if
midpoint of the test specimen. Either a fully sheathed o/determined. The deflection-measuring equipment shall be ca-
exposed bead junction may be used. If a sheathed tip is usee@ble of resolving 1x 10°° mm. Deflection measurement of

it must be verified that there is negligible error associated wit€St Specimens is particularly important at the test conditions of
the covering. lower test rates or higher test temperatures, or both, and is

highly recommended to ensure that creep strain of test speci-
Note 9—Exposed thermocouple beads have greater sensitivity, buthens is within the allowable limit (see 8.11.2).
they may be exposed to vapors that can react with the thermocouple

materials. (For example, silica vapors will react with platinum.) Beware of Nore 14—Alternatively, crosshead or actuator displacement may be

the use of heavy-gage thermocouple wire, thermal gradients along thgsed to infer deflection of the test specimen. However, care should be

thermocouple length, or excessively heavy-walled insulators, all of whichaken in interpreting the result since crosshead or actuator displacement

can lead to erroneous temperature readings. generally may not be as sensitive as measurements taken on the specimen
Note 10—The thermocouple tip may contact the test specimen, buitself.

only if there is certainty that thermocouple tip or sheathing material will  Nore 15— \When a contact-type deflection-measuring equipment such
not interact chemically with the test specimen. Thermocouples may bgs [ vDT is employed, it is important not to damage the contact area of

prone to breakage if they are in contact with the test specimen. specimens due to prolonged contact with the deflection-measuring probe,
6.4.2.2 A separate thermocouple may be used to control thiarticularly at lower test rates and higher test temperatures. Any spurious

furnace if necessary, but the test specimen temperature shall Bgmage may act as a failure-originating source so that the contacting force
the reported temper,ature of the test should be kept minimal, in the range from 0.5 to 2 N. A general guideline

is that the maximum contacting force is dependent on specimen size such

Note 11—Tests are sometimes conducted in furnaces that have therm#at 0.5 N for Size A1 N for Size B, ad 2 N for Size C specimen. The
gradients. The small size of test specimens will alleviate thermal gradierRrobe with its tip rounded may be fabricated with the same material as test
problems, but it is essential to monitor the temperature at the testPecimens or with sintered silicon carbide.

specimen. 6.7 Data Acquisitior—Accurate determination of both frac-
6.4.2.3 The thermocouple(s) shall be calibrated in accorture load and test time is important since they affect not only
dance with Test Method E 220 and Specification and Tablefracture strength but applied stress rate. At the minimum, an
E 230. The thermocouples shall be periodically checked sincautographic record of applied load versus time should be
calibration may drift with usage or contamination. determined during testing. Either analog chart recorders or
6.4.2.4 The measurement of temperature shall be accurate diigital data acquisition systems can be used for this purpose.
within =5°C. The accuracy shall include the error inherent toAn analog chart recorder should be used in conjunction with
the thermocouple as well as any errors in the measuringhe digital data acquisition system to provide an immediate
instruments. record of the test as a supplement to the digital record.
Note 12—Resolution should not be confused with accuracy. Beware OBecordlng devices shall be e_lc.curate t0 1.0% (.)f.t.he recording
recording instruments that read out to 1°C (resolution) but have af@n@e and should have a minimum data acquisition rate of 1
accuracy of only=10°C or =% % of full-scale (for example¥2% of ~ KHz with a response of 5 kHz or greater deemed more than
1200°C is 6°C). sufficient. The appropriate data acquisition rate depends on the
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test rate: The greater the test rate, the greater the acquisitidour different test rates is used in this test method, it is highly

rate; and vice versa. recommended that all the test specimens provided be random-
ized prior to testing in order to reduce any systematic error
7. Test Specimen associated with material fabrication or specimen preparation,

7.1 Specimen SizeThe types and dimensions of rectangu_ or both. Randomize the test-SDECimenS (USing, for example, a
lar beam specimens as described in Test Method C 1211 sh&gndom number generator) in groups equal to the number of
be used in this test method. The nominal dimensions of eact§st rates to be employed, if desired.
type of test specimens are 2.0 by 1.5 by 25 mm (minimum)

. = . 8. Procedure
respectively, in widthl§), depth ¢l), and length for Size A test , , , _
specimens: 4.0 by 3.0 by 45 mm (minimum) for Size B test 8.1 Test Fixtures—Choose the appropriate fixture in the

specimens; and 8.0 by 6.0 by 90 mm (minimum) for Size C tes pecific test configurations, as described in 6.2. Use the
specimens. our-point A fixture for the Size A specimens. Similarly, use the

7.2 Specimen PreparatieaSpecimen fabrication and four-point B fixture for Size B specimens, and the four-point C

preparation methods as described in Test Method C 1211 shdikture for Size C specimens. A fully articulating fixture is

be used in this test method. required if the specimen parallelism requirements cannot be
7.3 Specimen Dimensionsif there is a concern about a M€t

dimensional change in test specimens by possible reaction/ 8-2 TesLRaLe; d b |

reaction products due to a prolonged test duration particularly 8.2.1 The choice of range and number of test rates not only

at very low test rates, measure test specimen dimensions prigf€cts the statistical reproducibility of SCG parameters but

to testing. Determine the thickness and width of each tesf€Pends on the capability of a test machine. Since various

specimen to within 0.002 mm either optically or mechanicallytyp_gsl_of test rg_achmﬁs are Currfently available, nl;) S|mpdle
using a flat, anvil-type micrometer. Exercise extreme caution t§4'?€!ine reﬁar w;}g tl € rarp_gg 0 fteit rates can ef made.
prevent damage to the critical area of the test specimer/OWeVer, when the lower limits of the test rates of most

Otherwise, measure the test specimen dimensions after testiffgmmercial test machines are considered (often attributed to
(see 8.12.2) insufficient resolution of crosshead or actuator movement

7.4 Handling and Cleaning-Exercise care in handling and control), it is generally recommended that the lowest test rates

storing specimens in order to avoid introducing random and)_e =10 N/s and 10° mis, respepnvely, for Ioad-_ a_nd
severe flaws, which might occur if the specimens were allowe isplacement-controlled m(.)des._ Choice of the upper limits of
to impact or scratch each other. If desired or necessary, cle e test rates of test machines is dependent on several factors

test specimens with an appropriate cleaning medium such &ssociated with the dynamic response of the crosshead or
methanol, high-purity (>99 %) isopropy! alcohol, or any otheractuator, the load cell, and the data acquisition system (includ-

cleaning agent, since surface contamination of test specimeff&d the chart recorder, if used). Since these factors vary widely
by lubricant, residues, rust, or dirt might affect slow crackrom one test machine to another, depending on their capabil-

growth for certain test environments. Also, residue from they: o specific upper limit can be establishgd. Howe\_/er, based

cleaning medium, if any, shall not have any undesirable effecp" the factors common to many test machines and in order to

on slow crack growth (strength) of test specimens. avoid data generation in a plateau region (see 5.2), it is
7.5 Number of Test Specimend he required number of test 9€nerally recommended that the upper test rates @’ N/s

g : :
specimens depends on the statistical reproducibility of Sc@nd 10~ m/s, respectively, for load- and displacement-control

parametersr(and D) to be determined. The statistical repro- modes.

ducibility is a function of strength scatter (Weibull modulus),  8-2-2 For a test machine equipped with load-control mode,
number of test rates, range of test rates, and SCG paramef@f°0Se at least four load rates (evenly spaced in a logarithmic

(n). Because of these various variables, there is no singlgcal€) covering three orders of magnitude (for example;, 10
guideline as to the determination of the appropriate number O:I‘OO 191’ and 16 N/s). Similarly, for a test machine equ_lpped
test specimens. A minimum of 10 specimens per test rate \with displacement-control mo.de, choosg at I.east four d|spla_ce—
recommended in this test method. The total number of tejgem rates (evenly spaced In-a Iogarlt_hmlc gcaleg covering
specimens shall be at least 40, with at least four different ted{!'€€ Orders of magnitude (for example, 1a0° 10 and -
rates (see 8.2.2). The number of test specimens (and test ratéd) M/S). The use of five or more test rates (evenly spaced in

recommended in this test method has been established with tRgCgarithmic scale) covering four or more orders of magnitude
intent of determining reasonable confidence limits on botHS aIsp allowed if th? testing machine is capable and the test
strength distribution and SCG parameters. specimens are available. In general, the load-control mode

provides a better output wave-form than the displacement-
Nore 16—Refer to Re{(2) when a specific purpose is sought for the control mode, particularly at low test rates. In addition, the
statistical reproducibility of SCG parameters. specified applied load rate can be directly related to stress rate,
7.6 Valid Tests—A valid individual test is one which meets regardless of compliance of test frame, load train, fixture and
all the following requirements:j all the test requirements of specimen, thus simplifying data analysis. In the displacement-
this test method and2) fracture occurring in the uniformly control mode, however, the load rate to be determined is a
stressed section (that is, in the inner span) (see 8.12.3). function of both applied displacement rate and system compli-
7.7 Randomization of Test SpecimerSince a somewhat ance so that the actual load rate should always be measured and
large number of test specimens (a minimum of 40) with at leastised to calculate a corresponding stress rate, thus making data
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analysis complex. Therefore, use of load-control mode idixtures and test specimens. Appropriate precautions should be taken to
highly recommended. ensure operator safety from the hazards of thermal or electrical burns.
Safety gloves, safety glasses, or other safety tools, or combination

Note 17—When using faster test rates, care must be exercised particyherefore, are essential.

larly for the conventional, older electromechanical testing machines 85 If . deflecti . b d 6.6
equipped with slow-response load cells and chart recorders. In general, ©- test specimen deflection is to be measured (see 6.6)

such systems have an upper limit stress rate of about 100 MPa/s since tH8INg a contact type of equipment, position the deflection-
chart recorder and/or the load cell cannot follow load rate and hencéneasurement probe(s) with its rounded tip in contact with the
cannot correctly monitor the fracture lo&t, 17) This factor should be  midpoint or the inner load points (tension side), or both, of the
taken into account when the fast crosshead speeds are selected on olgegt specimen. Exercise care to apply an appropriate contact
testing machines. The minimum time to failure in this case should bqoad (see Note 15).

within a few seconds%3 s). However, the use of a better load cell (for . .
example, piezoelectric load cell) or a fast-response chart recorder or a 8.6 Some appropriate means should be furnished for keep-

digital data acquisition system, or both, can improve the existing perforiNd test fragments from flying about the furnace after fracture.
mance so that higher test rates (up to 2000 MPEGscan be achieved. It  If possible, retrieve the test specimens from the furnace as soon

has been shown that digitally controlled, modern testing machine i@s possible after fracture in order to preserve the primary
capable of applying stress rates up to<110° MPa/s(4). fracture surfaces for subsequent fractographic analysis.
8.3 Assembling Test Fixture/Specimen 8.7 Environmernt—Choose the test environment as appropri-

8.3.1 Examine the bearing cylinders to make sure that the9te to the test program. If the test environment is other than

are undamaged, and that there are no reaction products gfbientair or vacuum, supply the environmental chamber with
oxidation that could result in uneven line loading of the testh® test medium so that the test specimen is completely

specimen or prevent the bearing cylinders from rolling. Re£Xxposed by the test environment. The consistent conditions

move and clean, or replace the bearing cylinders, if necessarfFOmMposition, supply rate, and so forth) of the test environment
Avoid any undesirable dimensional changes in the bearin&homd be maintained throughout the tests (also refer to 6.5).

cylinders, for example, by inadvertently forming a small flaton  8:8 Heating to the Test TemperaturéHeat the test speci-
the cylinder surface when certain abrasion (for exampleMen to the test temperature at the prescribed heating rate.
abrasive paper) is used to remove the reaction products froffEmPperature overshoot over the test temperature shall be
the cylinders. The same care should be directed toward tpeirictly controlled and shall be no more than 5°C. Maintain the

contact surfaces in the loading and support members of the te§@mperature withir 5°C (soak time) to allow the entire
fixture that are in contact with the bearing cylinders. system to reach thermal equilibrium. Prior to testing, the soak

8.3.2 Carefully place each test specimen into the test fixturdMe should be determined experimentally at the test tempera-

to avoid possible damage and contamination and to ensufdre: . . )

alignment of the test specimen relative to the test fixture. In 8:9 Hot-Furnace Loading and Heating (Optionahin
particular, there should be an equal amount of overhang of thgOMe cases, test specimens may be loaded directly into a hot
test specimen beyond the outer bearing cylinders, and the te&fnace, as described in 8.4 of Test Method C 1211. The fixture
specimen should be directly centered below the axis of th&ay be either left in the furnace_forthe entire t|me or removed
applied load. In some cases, depending on the fixture desigR2'tially or completely, depending on the details of the sys-
the test fixture/test specimen assembly is not securely ilems. Exercise care to ensure that the bearing cylinders and test

position but movable while being loaded into the load train ofSPECIMeN are positioned accurately. Furthermore, exercise
the test machine. In this case, a room-temperature adhesi&{réme careio ensure that possible damage associated with
may be used to hold the test specimen firmly in place relativéhermal shock shall not have any effect on strength or slow
to the bearing cylinders and the fixture members. Howeve€'ack growth, or both, of test specimens. If needed and
care must be exercised to ensure that use of an adhesive sHagSSiPle, place the deflection-measurement probe in contact
not have any undesirable effect on slow crack growth (strengthg:'th the midpoint of specimens between the two inner bearing

of the test specimen through contamination and/or reaction bgY!inders, in accordance with 8.5. Determine the soak time of
organic residue. e test specimen at the test temperature experimentally prior to

testing.

Note 18—Various room-temperature adhesives, such as an acetate 8.18 Preloading
householq cement or a cyanoacrylate.adhesive, may be utilized for this g 10.1 The time required for any strength testing can be
purpose if the adequacy of an adhesive (see 8.3.2), evaluated prior ]’?ﬂnimized by applying some preload to a test specimen prior
testing, Is met. to testing, provided that the strength determined with preload-

8.4 Loading the Test Fixture/Specimen Assembly intdng does not differ from that determined without preloading. It
Furnace—Mount the test fixture/test specimen assembly in thenas been shown that in constant stress-rate testing, consider-
load train of the test machine prior to heating the furnace. Ifable preloads can be applied to ceramic specimens with no
necessary, use a preload of no more than 25 % of the fractughange in the strength obtained, resulting in a significant

load to maintain system alignment. If uneven line loading ofreduction of test timé15). The relationship between strength
the test specimen occurs, use fully articulating fixtures. and preloading is as follows:

Note 19—The temperature of the furnace during loading of the test
fixture/test specimen assembly is not necessarily at room temperature. The
furnace could be preheated or remain hot from the previous testing, witl
temperatures not affecting any undesirable thermal shock damage to tes

1
o* = (1 + o Hirt 1)

here:
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o* = normalized strength o /oy, 8.11.1 Recording—For either load-control or displacement-

ap, = preloading factor (G= a,< 1.0) = o /oy, control mode, record a load versus time curve for each test in
oy, = strength with preloading, order to determine the actual loading rate, and thus to calculate
oy = strength without preloading, the corresponding stress rate (see also 6.7 and 9.2). Determine
o, = preload stress, and the actual load rate in units of newtons per second from the
n = slow crack growth parameter. slope of the load versus time curve for each test specimen. The

The strength with preloading is dependent both on thenjtial nonlinear portion of the curve should not be used in
magnitude of preloading and on the SCG parametefhe  determining the slope. The slope should be the tangent to the
plots of the normalized strength as a function of preloading fofpad-time data using an analog chart recorder when a high test
differentn’s, Eq 1, are depicted in Fig. 3. This figure shows rate is employed. Consider the curve including the portion at or
that, for example, a preload corresponding to 80-%o(,) of  near the point of fracture. Exercise care in recording adequate
strength forn = 20 (common to most ceramic materials at response-rate capacity of the recorder in this case, as described
elevated temperatures) results in a maximum strength increage 8.2 and Note 16. Also, record a deflection-time, or load-
by 0.04 % (,= 1.0004). And a preload of 70 % gives the geflection curve, if determined, in accordance with 6.6.
maximum increase by 0.003 %f= 1.00003). This means g 19 5 Ngpjlinearity in Load-Time (or Load-Deflection)

that a considerable amount of test time can be saved through aq, . ¢ nonlinearity is observed from the recorded load-

appropriate choice of preloading (In this example, an 80 0/}ime (or deflection-time or load-deflection) curves, creep de-

i i 0, 0
saving of test time results fr(())m a preload 0f 80 %, and a 70 formation is probably present. Although it is difficult to specify
saving from a preload_ 0f 70 %). Itis suggested f[hat strength © particular limit on creep deformation, it may be safe to limit
fracture load) for a given test rate be first estimated using a nominal maximum (tensile) creep ,strain t0 no more than

least three specimens and then the preload be determined frO(BTbS % (10). Any other limit may be allowable, based on a

Eq 1 or Fig. 3. For a conservative result, take the SCGmutual agreement, but this shall be stated in the report. Creep

= i ; .
parameten = 20. The preload, of course, can be adjusted from eformation may become dominant at lower test rate as well as

specimen to specimen based on the converging strength d ?higher test temperature. If the creep strain is greater than an

(to the mean) as _weII as the scatter of strength, as tes?'ngllowable limit, use a faster (typically one order of magnitude
proceeds. Preloading can save the most test time when it IS

applied at the lowest test rate since most (> 80 %) of total te reater) test rate with the requirement of at least four different

fime s consumed at the lowest stress @i8) In summar est rates still being met. In addition, apply some preload to the
one may use Ea 1 of Fia 3 as & uidéline 0 a Iy ar¥eSt specimen to shorten test time, thereby reducing overall
y q g. 9 PPy reep deformation (see Note 7 and 8.10).

appropriate amount of preload to save test time, if desired”
Preloading can be applied more accurately and quickly by Nore 20—In some cases, depending on material and test machine, no
using the load-controlled mode than the displacementeonditions may be found that meet the linearity and number of test rates

controlled mode. criteria. In this case, the SCG parameters of the material may be evaluated
8.10.2 Apply the predetermined preload to the test specime?lnly for reference information using the valid data points obtained. In an
within 20 s extreme case, this test method may not be applicable at all at certain

higher temperatures because of significant creep deformation occurring in

8.11 Conducting the Testlnitiate the data acquisition. Start the entire range of test rates. If the limitations associated with creep

the test mode. deformation cannot be remedied in flexure testing, one, if desired, may
utilize other testing such as “constant stress-rate tension testing” to

1.10 T T T — T T T T characterize slow crack growth behavior of the material. However, note
*b 1.09 + | that no alternative elevated-temperature SCG testing, other than this test
m« 1‘08 | @  Numerical Solution | method, is currently available as a standard. It is generally recommended
= . Analytical Solution to follow the test procedures, test requirements, and guidance (except the
v 107+ - specifications of test specimens and test fixtures) specified in this test
Z 1.06 b i method if other testing is to be performed.
E 1.05 J 8.11.2.1 Creep Strair—Use the following equations to es-
[;, 104 L 1 timate the corresponding nominal (not “true”) creep strain from
a the results of various deflection-measurements (see 6.6).
E 1.03 r ] Based on the midpoint deflection measurement:
:n 1.02 + 20 1 48dAy (2)
< 101+ Y €or T 71 2

40 11

1.00 & § . .
E 20- Based on the inner load-point(s) measurement:
© 0991 160 -
4 6d

oggl—— 1+ 1 € =28y 3)

0 10 20 30 40 50 60 70 80 90 100
Based on the deflection measurement of the midpoint

PRELOADING FACTOR, o [%] relative to the two inner load points:
FIG. 3 Normalized Strength as a Function of Preloading for € = @Ay (4)
Different Slow Crack Growth Parameters  n's (15) oL
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section (that is, the inner span).

where:

€ = nominal maXImum tensile creep strain of a flexure Note 22—Due to the nonuniform, steep stress-gradient occurring
test specimen, outside the inner span, it is rarely possible to determine the exact stress

d = specimen depth, mm, rate of a test specimen fractured outside the inner span. Therefore, the test

L = outer (support) span of the test fixture, mm, and specimens which fractured outside the inner span are not recommended

Ay = creep deflection, mm, corresponding to the nonlinearfor use as valid data points in determining the slow crack growth
portion at failure, as depicted in Fig. 4. parameters. In the case of multiple fractures, it is recommended to

ascertain that the primary fracture occurred inside the inner span.
Note 21—The previous equations, Eq 2-4, are based on the simplguidance for determining primary fracture is given in Practice C 1322.
(elastic) beam theory, which also corresponds to the case when the strgsgom a conservative standpoint, when completing a required number of
exponent in creep is unitf18). test specimens at each test rate, test one replacement test specimen for

8.11.3 Fracture Load—Measure fracture load with an accu- €ach test specimen that fractured outside the inner span. However, for
more rigorous statistical analysis (such as Weibull statistics) with a large

—+ 0,
ra%ylifél_ jL'J'O /O'f I th . d number of test specimens, a censoring technique can be used to deal with
T pqn racture, cool the test specimen a_m test apPP{ch anomalous data points as discussed in Practice D 1239.

ratus to ambient temperature or to a predetermined tempera-8 12.4 Fractography_Fractographic analysis of fractured
ture. e apn L

8.11.5 Determine the ambient temperature and relative h€St SPecimens is highly recommended to characterize the
midity in accordance with Test Method E 337. types, locations, and sizes of fracture origins as well as the flaw

extensions due to slow crack growth, if possible. Follow the

8.12 Post-Test Treatments . : ) .
8.12.1 Carefully collect all primary broken fragments. guidance established in Practice C 1322.

Clean with appropriate media if necessary and store in .
protective container for further analysis such as fractograph;% - Calculation
8.12.2 Post-Test Specimen Dimensiersleasure the thick- 9.1 Strength
ness and width of each test specimen to within 0.002 mm, at a 9.1.1 The standard formula for the strength of a beam in
point near the fracture origin. In order to avoid damage to thdour-point ¥a-point flexure is as follows:
test specimen prior to testing, it is generally recommended that 3PL
measurements be made after fracture. In a special case where 7 2bd
there is a concern about dimensional change of test specimens
after testing due to reaction/reaction products, make the meawhere:
surements prior to testing (refer to 7.3). o; = flexural strength, MPa,
8.12.3 Fracture Location—Examine the location of fracture P = break load, N, )
origin for each test specimen. Make certain that a valid test is- = OUter (support) span of the test fixture, mm,

one in which fracture occurs only in the uniformly stressed © = est specimen width, mm, and
d = test specimen depth, mm.

9.1.2 Eq 5 shall be used for reporting the results and is the
common equation used for the flexural strength of a test
specimen. Thermal expansion effects on calculation are dis-
cussed in 9.4.

Ay 9.1.3 Based on individual strength data determined at each
test rate (either applied nominal load rate for load-control mode

or applied nominal displacement rate for displacement-control

mode), calculate the corresponding mean strength, standard
deviation, and coefficient of variation as follows:

®)

(a) FAILURE

LOAD

N
_ A
DEFLECTION, y =N ®)
N
(b) FAILURE le (0, — 32
;: Ay Sh = —N—1 Q)
g cvy (o) = 2250 ®)
Ot
o
= where:
= o; = mean strength, MPa,
o; = jth measured strength value, MPa,
N = number of test specimens tested validly (that is,
fractured in the inner span) at each test rate, a
o TIME . minimum of 10 test specimens,
FIG. 4 Schematic Diagrams of Methods for Determining Creep SDf = standard deviation, and

Deflection: (a) Load-Deflection Curve; (B) Deflection-Time Curve
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CV; = coefficient of variation. ;6‘ 1000 : : : : :
9.2 Stress Rate-The stress rate of each test specimenz 900 L ** $i,N,;Size B;4-Pt Flexure

subjected to either displacement-control or load-control mode .. 1200°C in Air

is calculated using the actual load rate determined (8.11.1) as,. 800

follows:

~¥

(=3

[«
1

i .
77 Ao ©
where:
o = stress rate, MPa/s, and
P = load rate, N/s.
9.3 Slow Crack Growth Parameters, n and D

9.3.1 A small variation of stress rate may occur from one?§
test specimen to another even when subjected to the same test 400 L L 1 L 1
rate. Use each individual stress rate, not averaged per test raf® 103 102 101 10° 10! 102 103
in determining SCG parameters. For each specimen tested, plot .
log (flexural %trengtg as a function of log IC"J{tress ratg (a P STRESS RATE, 6 [MPa/s]
flexural strength-stress rate diagram). The SCG parameters FIG. 5 Schematic of a Flexural Strength-Stress Rate Diagram, a
andD can be determined by a linear regression analysis using F'ot of Log ( Flexural Strength ) Versus Log ( Stress Rate )
all log o; (not averaged per test rate) over the complete range
of individual log & (not averaged per test rate), based on the 9.3.1.1 Calculate the slope of the linear regression line as

URAL STRENGTH{c
174 N
8 3
1 i

following equation (see Appendix X1 for derivation): follows:
1 ] K K K
logo; = n7—logs + log D (10) K 21 (log ;log o) — (_Zl log o Zl log o))
Include in the logs; versus logs diagram all the data points “m . p - -
©\2 ©\2
P g diag p K ];1 (log 6;)” — (,Zl log &;)

determined with valid tests. Examine the data points if a

significant or obvious nonlinearity exists in the relationship where:

between logfiexural strengthand log étress rat@particularly o = élope,

at lower test (stress) rates, occurring for some materials; — jth measured stress rate, MPaJs,

presumably due to different failure mechanisms associateq; — jth measured strength value, MPa, and

with enhanced creep or crack healing/blunting (see 5.4 and 5.5 = total number of test specimens tested validly for the
Fig. 1). Estimate the strength value at the test rate where an whole series of tests, a minimum of 40 specimens with
obvious nonlinearity occurs, by extrapolating the regression four test rates.

line represented by the rest of the strength data. If a deviation 9.3.1.2 Calculate the SCG parameteas follows:

of the “actual” mean strength value (exhibiting nonlinearity) 1

from the “estimated” strength value (marked with “N” in Fig. n=5-1 (12)

1b or 1c) by extrapolation is about or greater than 15 %, do not . . L
include such data in the regression analysis. The occurrence of2-3-1-3 Calculate the intercept of the linear regression line
significant strength degradation may also be identified byS follows:

unique features such as the presence of micro- or macro- K Koo, X Koo

cracks, or both, in the tensile surface, and as excessive creep (2logoy) 2 (logsy)” — (2logo; loga)(2loga)
deformation of test specimens. Atypical example of plot of log - K N
(flexural strength as a function of gtress rat® (with no K,;l (loga;) _(;1'09“1)
obvious nonlinearity) is shown in Fig. 5.

(13)

where:
Note 23—This test method is intended to determine only slow crack 3 = intercept.

growth parameters andD. The calculation of the parametéy, (in v = 9.3.1.4 Calculate the SCG parameiieas follows:
AlK/K,c]") needs other material parameters, and is beyond the scope of

this test method (see Appendix X1). D= 10° (14)

Nore 24—The parametdd has units of [(MP&)s]" ™ with stress rate 9.3.1.5 Calculate the standard deviations of the stopad
in MPa/s and strength in MPa, while the parametés nondimensional.  4f the SCG parametert as follows:

Note 25—This test method is primarily for test specimens with

inherent natural flaws. If test specimens, however, possess any residual % (alogé; + B — log o)

stresses (which would not have been annealed out at test temperatures) K & ! !

produced by localized contact damage (for example, particle impact or SD, = K=2 K K (15)
indents) or any other treatments, the estimated SCG parameters should be K_Zl (log <'Tj)2 - (_Zl log (Tj)z
differentiated by denoting them &$ andD’ instead ofn andD. Refer to ” 8

Ref(8) for more detailed information on the analysis of slow crack growth sp, = Sh, (16)
behavior of a material containing a localized residual stress field. o?

10
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where:
SD,
Sh,

standard deviation of the slope and
standard deviation of the SCG paramater

Report the following information for the test specimens,
equipment, and test conditions. Note in the report any devia-
tions and alterations from the procedures and requirements

9.3.1.6 Calculate the standard deviations of the interBept described in this test method.

and of the SCG parametér as follows:

K K
21 (alog &, + B — log o;)? 21 (log &)

SD, = = . = (17)
(K= 2)[K ,-Zl (log &7)* — (,-Zl log ;)’]

SO, = 2.3026(SD,)(10°) (18)
where:
SD, = standard deviation of the intercet and
SD, = standard deviation of the SCG parameier

10.1.1 Date and location of tests.

10.1.2 Specimen geometry type and specimen dimensions.

10.1.3 All relevant material data including vintage data or
billet identification data. As a minimum, the date the material
was manufactured must be reported.

10.1.4 Exact method of test specimen preparation, including
all stages of machining.

10.1.5 Heat treatments or heat exposures, if any.

10.1.6 Relevant information on randomization of the test
specimens.

9.3.1.7 Calculate the coefficients of variation of the SCG 10.1.7 Methods of test specimen cleaning and storage.

parameten and of the SCG parametér as follows:

CV, (%) = w (19)
CVp (%) = % (20)
where:
CV, = coefficient of variation of the SCG parameterand

CVp = coefficient of variation of the SCG parameter
9.3.1.8 Calculate the square of correlation coefficiehbf
the linear regression line as follows:

K K

K
[KZ (log&log o) — (3 log &; 3, log o)
o =t i i =1 14 j

K K K K
[K3, (g &,)” — (3, log &’[K, (l0g ay” — (3, log o)’
(21)

where:

r> = square of the correlation coefficient.

10.1.8 All preconditioning of test specimens prior to testing,
if any.

10.1.9 Type of configuration of the test machine including
the load cell.

10.1.10 Type, configuration and material of the test fixture
with degree of articulation.

10.1.11 Type and configuration of the data acquisition
system.

10.1.12 Test temperature and test environment (type, con-
ditions, and application method).

10.1.13 Method of loading the test specimens into the
furnace, and method of the test specimen/test fixture assem-
bling.

10.1.14 Rate of heating, soak time, and cooling rate of the
furnace (if any).

10.1.15 Ambient conditions such as temperature and hu-
midity.

10.1.16 Method and magnitude of preloading for each test
specimen, if any.

Note 26—The sources and basis of the preceding equations (Eq 15-21) 10.1.17 Test mode (load or displacement control), number
are from Refg19, 20) The standard deviations in Eq 15-18 are also calledof test rates, and test rates.

standard error in the literature.

10.2 Test Results-Report the following information for the

Note 27—For a better representation of SCG behavior of the materialiast resylts. Note in the report any deviations and alterations

it is recommended that the estimated regression line with the determin
value of SCG parameter n be included in the flexural strength-stress ra
diagram, not extended beyond the data by more #astecade of stress

e]fom the procedures and requirements described in this test

method.

rate at either end of the data, as shown in Fig. 5. In addition, some key 10.2.1 Number of the valid tests (for example, fracture in
information such as test material, test temperature, test specimen size, téhe inner span) as well as of the invalid tests (for example,
fixture, and test environment, and so forth, may be included in the diagrarfracture outside the inner span) at each test rate.

for the sake of completeness (see Fig. 5).

10.2.2 Equations used for stress and stress rate, and in

9.4 Alternate Practice—-Eq 5 and Eq 9 do not account for particular, whether the thermal expansion of the test fixture and
the effects of thermal expansion of the test fixture and testest specimen was taken into account.
specimen since all dimensions are taken at room temperature.10.2.3 Actual load rate and stress rate of each test specimen
Thermal expansion of the test fixture and test specimen cato three significant figures.
lead to flexure stress and stress rate errors of 1 to 3% for 10.2.4 Strength of each test specimen to three significant
advanced ceramics. The use of the corrected equations will nfigures.

affect the SCG parameter, whereas, it will affect the SCG

10.2.5 Mean strength, standard deviation, and coefficient of

parameteD. Refer to Annex A.1 of Test Method C 1211 for variation determined at each test rate (9.1.3).

the equation accounting for such thermal expansion. The use of 10.2.6 Graphical representation (Fig. 5) of test results show-
the thermal-expansion corrected equation must be stated exyg log (flexural strength as a function of log gtress ratg

plicitly in the report.

10. Report

using all data points to meet the test requirements. Include in

the figure the determined best-fit, linear regression line to-

gether with the estimated value of SCG paramatdnclude,

10.1 Test Specimens, Equipments, and Test Conditions if desired, in the figure some key information on test material,
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test temperature, test specimen size, test fixture, and test11.3 The effects of thermal expansion have not been incor-
environment, and so forth as shown in Fig. 5. porated into Eq 2 and Eq 6 for flexure stress and stress rate.
10.2.7 Slow crack growth parametersand D, their stan-  This typically will lead to an error in flexure strength and stress
dard deviationsDs) and coefficients of variationGV's), and  rate on the order of 1 to 3 %. (Only the parameiewill be
the square rf) of the correlation coefficient of the linear affected; whereas, the parametewill be unaffected.) If an
regression line. adjustment due to thermal expansion is made, report this
10.2.8 Allowable creep strain, and amount of nonlinearityexplicitly (see 9.4). Also refer to 11.2.5 and Annex A.1 of Test
(that is, creep strain) determined from test specimens and Bdethod C 1211 for detailed information regarding calculation.
12-14, based on the load-deflection or deflection-time curve, if 11 4 The statistical reproducibility of slow crack growth

determined. _ _ o ~ parameters determined from the constant stress-rate testing has
10.2.9 Any pertinent fractography information including peen analyzed in detafR). The degree of reproducibility of

type, location, and sizg of frapture origin as well as the degregcg parameters depends on not only the number of test

of slow crack growth, if possible. o specimens but other experimental test variables. These vari-
10.2.10 Any pertinent information on nonlinearity occur- gplesinclude SCG parametersapndD), Weibull modulus, and

ring in the re.lationship between lofexural strengthand log  the number and range of test rates. For example, using the

(stress ratg, if any. number and range of test rates recommended in this test

method, for an advanced ceramic with a Weibull modulus of

12, a coefficient of variation of 10 % inrequires about 50 and

11.1 The flexural strength of an advanced ceramic for &g gpecimens in total, respectively, for= 20 and 40. For a
given test rate is not a deterministic quantity, but will vary from .eficient of variation of 20 % im, the number of specimens

test specimen to test specimen. There will be an inherent, pe reduced to about 20 and 60 respectively.

statistical scatter in the results for finite sample sizes (for 115 Bias mav result from inadequate use and/or treatments
example, 30 specimens). Weibull statistics can model this_ " 2y . que . .
f the test environment, particularly in terms of its composi-

variability as discussed in Practice C 1239. This test metho? . L
has been devised so that the precision is high and the bias Q. aging, and contamination.
low compared to the inherent variability of strength of the
material.

11.2 The experimental stress errors as well as the error due 12.1 advanced ceramics; constant stress-rate testing; el-
to cross-section reduction associated with chamfering thevated temperatures; flexural strength; flexural testing; four-
edges have been analyzed in detail in Egfand described in  point flexure; slow crack growth; slow crack growth param-
terms of precision and bias in 11.2 of Test Method C 1211. eters

11. Precision and Bias

12. Keywords

APPENDIX
(Nonmandatory Information)

X1. DERIVATION OF STRENGTH AS A FUNCTION OF APPLIED STRESS RATE IN CONSTANT STRESS-RATE TESTING
(“DYNAMIC FATIGUE” EQUATION) (REFS (1, 21))

X1.1 For most ceramics and glasses, slow crack growth rateyhere:
can be approximated by the empirical power-law relationY = geometry factor related to flaw shape and its orienta-

(21,22) tion with respect to the direction of applied stress.

da K, Using Eq X1.1-X1.2 with some manipulations, a relation-
VEa A [K_,J (X1.1) ship between the inert strength;) and the fracture strength
(o) under slow crack growth can be determined as follows:

where: L

v = slow crack growth rate, 2 _ o2 _ 2 (o it X1.3

a = crack length, T Bfo[g()] xL1.3)

t = time, where:

Aandn = slow crack growth parameters, ,

K, = mode | stress intensity factor, and - K (X1.4)

Kic = fracture toughness under Mode | condition. AY’ (n—2) '

. . = material/environment parameter.
X1.2 For a uniform remote applied stress (Mode 1), the P

stress intensity factor can be expressed as follows: X1.3 For constant stress-rate testiog(t) = & t, Eq X1.3

K =Yo\/a (X1.2) becomes:

12
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oMt =Bn+1) ¢ %5 (X1.5)

In deriving Eq X1.5, it was assumed thatdg;)"* << 1
sincen = 5 for most advanced ceramics. Now taking logarithm  Therefore, the slow crack growth parametendD can be

1 _
log D = =—— log[B(n + 1)a;""?] (X1.7)

for both sides of Eq X1.5 yields: determined by a linear regression analysis based on Eq X1.6
1 _ when log flexural strength is plotted as a function of log
log oy = nTlIOg ¢ + logD (X1.6) (stress raty
where:
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