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Standard Test Method for

Elevated Temperature Tensile Creep Strain, Creep Strain
Rate, and Creep Time-to-Failure for Advanced Monolithic
Ceramics *

This standard is issued under the fixed designation C 1291; 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 epsilone} indicates an editorial change since the last revision or reapproval.

1. Scope E 139 Practice for Conducting Creep, Creep-Rupture, and

1.1 This test method covers the determination of tensile _Stress-Rupture Tests of Metallic Materfals: o
creep strain, creep strain rate, and creep time-to-failure for E 177 Practice for Use of the Terms Precision and Bias in

advanced monolithic ceramics at elevated temperatures, typi- ASTM Test Method$ o

cally between 1073 and 2073 K. A variety of specimen E 220 Test Method for Calibration of Thermocouples by
geometries are included. The creep strain at a fixed temperature_Comparison Techniqués _

is evaluated from direct measurements of the gage length E 230 Temperature-Electromotive Force (EMF) Tables for
extension over the time of the test. The minimum creep strain _Standardized Thermocoupfes _ _
rate, which may be invariant with time, is evaluated as a E 380 Practice for Use of the International System of Units

function of temperature and applied stress. Creep time-to- (Shy® . ]
failure is also included in this test method. E 639 Test Method for Measuring Total-Radiance Tempera-
1.2 This test method is for use with advanced ceramics that _ture of Heated Surfaces Using a Radiation Pyrorfeter
behave as macroscopically isotropic, homogeneous, continu- E 691 Practice for Conducting an Interlaboratory Study to
ous materials. While this test method is intended for use on _Determine the Precision of a Test Metfod _
monolithic ceramics, whisker- or particle-reinforced composite E 1012 Practice for Verification of Specimen Alignment
ceramics as well as low-volume-fraction discontinuous fiber- Under Tensile Loadirfy
reinforced composite ceramics may also meet these macrgs- Terminology
scopic behavior assumptions. Continuous fiber-reinforced ce-’ o o )
ramic composites (CFCCs) do not behave as macroscopically 3..1 Def|n.|t|ons—The _defmmgns of terms rglatlng to creep
isotropic, homogeneous, continuous materials, and applicatidSting, which appear in Section E of Terminology E 6 shall
of this test method to these materials is not recommended. @PPly to the terms used in this test method. For the purpose of
1.3 The values in S units are to be regarded as the standaf@iS test method only, some of the more general terms are used
(see Practice E 380). with the r(_es_t_rlcted meanings given as fol!ows.
1.4 This standard does not purport to address all of the 3-2 Definitions of Terms Specific to This Standard:
safety concerns, if any, associated with its use. It is the 3-2-1axial strain, e, [nd], n—the average of the strain
responsibility of the user of this standard to establish appro-measured on diametrically opposed sides and equally distant

priate safety and health practices and determine the applicaffom the specimen axis.

bility of regulatory limitations prior to use. 3._2.2 bending straing, [nd], nfthe difference between the
strain at the surface and the axial strain.
2. Referenced Documents 3.2.2.1 Discussior—In general, it varies from point to point
2.1 ASTM Standards: around and along the gage length of the specirfieri.012]

E 4 Practices for Force Verification of Testing Machfes ~ 3-2.3 creep-rupture testn— a test in which progressive
E 6 Terminology Relating to Methods of Mechanical Test-SPecimen deformation and the time-to-failure are measured. In

ing? general, deformation is greater than that developed during a
E 83 Practice for Verification and Classification of Exten- Cr€€p test. . _ ,
someterd 3.2.4 creep strain,e, [nd], n— the time dependent strain

that occurs after the application of load which is thereafter
maintained constant. Also known as engineering creep strain.

1 This test method is under the jurisdiction of ASTM Committee C28 on
Advanced Ceramics and is the direct responsibility of Subcommittee C28.01 om————————
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3.2.5 creep test n—a test that has as its objective the creep more rapidly in tension than in compressjpn2, 3)7
measurement of creep and creep rates occurring at stressesis difference results in time-dependent changes in the stress
usually well below those that would result in fast fracture. distribution and the position of the neutral axis when tests are

3.2.5.1 Discussior—Since the maximum deformation is conducted in flexure. As a consequence, deconvolution of
only a few percent, a sensitive extensometer is required.  flexural creep data to obtain the constitutive equations needed

3.2.6 creep time-to-failure t, [s], n—the time required for for design cannot be achieved without some degree of uncer-
a specimen to fracture under constant load as a result of cregjainty concerning the form of the creep equations, and the

3.2.6.1 Discussior—This is also known as creep rupture magnitude of the creep rate in tension vis-a-vis the creep rate
time. in compression. Therefore, creep data for design and life

3.2.7 gage length, I, [m] n—the original distance between prediction should be obtained in both tension and compression,
fiducial markers on or attached to the specimen for determinings well as the expected service stress state.
elongation. 5. Interferences

3.2.8 maximum bending straif, ., [Nd], —the largest ' ) _
value of bending strain along the gage length. It can be 5-1 Time-Dependent Phenomer®ther time-dependent
calculated from measurements of strain at three circumferenti@neénomena, such as stress corrosion and slow crack growth,
positions at each of two different longitudinal positions. can interfere with determination of the creep behavior.

3.2.9 minimum creep strain rate,;., [s "], n—minimum 5.2 Chempal Interactions with 'the Testing Environment
value of the strain rate prior to specimen failure as measuredh€ test environment (vacuum, inert gas, ambient air, etc.)
from the strain-time curve. The minimum creep strain rate mayncluding moisture content (for example, % relative humidity
not necessarily correspond to the steady-state creep strain ratBH)) may have a strong influence on both creep strain rate and

3.2.10 slow crack growth,v, [m/s], n—subcritical crack Creep rupture Ilfg. In pgrtlcular, mater!als susceptible to slow
growth (extension) which may result from, but is not restrictedcrack growth failure will be strongly influenced by the test

sion, diffusive crack growth, or other mechanisms. and thus will have a direct effect on creep behavior by
3.2.11 steady-state creeps ., [nd], n—a stage of creep _changi_ng the material’s pro_perties. Testing must be co_nducted

wherein the creep rate is constant with time. in environments that are either representative of service con-
3.2.11.1 Discussior—Also known as secondary creep. ditions or inert to the materials being tested dependiqg on the
3.2.12 stress corrosionn—environmentally induced degra- Performance being evaluated. A controlled gas environment

dation that initiates from the exposed surface. with suitable effluent controls must be provided for any

3.2.12.1Discussior—Such environmental effects com- material that evolves toxic vapors. _ _
monly include the action of moisture, as well as other corrosive 9-3 Specimen SurfacesSurface preparation of test speci-

species, often with a strong temperature dependence. mens can introduce machining flaws that may affect the test
3.2.13tensile creep straing, [nd], n—creep strain that results. Machining damage imposed during specimen prepara-
but may also introduce flaws that can grow by slow crack
4. Significance and Use growth. Surface preparation can also lead to residual stresses

4.1 Creep tests measure the time-dependent deformatiowhich can be released during the test. Universal or standard-
under load at a given temperature, and, by implication, thézed methods of surface preparation do not exist. It should be
load-carrying capability of the material for limited deforma- understood that final machining steps may or may not negate
tions. Creep-rupture tests, properly interpreted, provide #nachining damage introduced during earlier phases of machin-
measure of the load-carrying capability of the material as ang which tend to be rougher.
function of time and temperature. The two tests compliment 5.4 Specimen/Extensometer Chemical Incompatibiithe
each other in defining the load-carrying capability of a materiatrain measurement techniques described herein generally rely
for a given period of time. In selecting materials and designingn physical contact between extensometer components (con-
parts for service at elevated temperatures, the type of test da@cting probes or optical method flags) and the specimen so as
used will depend on the criteria for load-carrying capabilityto measure changes in the gage section as a function of time.
that best defines the service usefulness of the material. Flag attachment methods and extensometer contact materials

4.2 This test method may be used for material developmentnust be chosen with care to ensure that no adverse chemical
quality assurance, characterization, and design data generatigaactions occur during testing. Normally, this is not a problem

4.3 High-strength, monolithic ceramic materials, generallyif specimen/probe materials that are mutually chemically inert
characterized by small grain sizes (<50 um) and bulk densitiegre employed (for example, SiC probes og I8} specimens).
near their theoretical density, are candidates for load-bearinghe user must be aware that impurities or second phases in the
structural applications at elevated temperatures. These appflags or specimens may be mutually chemically reactive and
cations involve components such as turbine blades which areould influence the results.
subjected to stress gradients and multiaxial stresses. 5.5 Specimen BendirgBending in uniaxial tensile tests

4.4 Data obtained for design and predictive purposes shoulgen cause extraneous strains or promote accelerated rupture
be obtained using any appropriate combination of test methods
that provide the most relevant information for the applications “ The boldface numbers in parentheses refer to the list of references at the end of
being considered. It is noted here that ceramic materials tend tais test method.
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times. Since maximum or minimum stresses will occur at thenonuniform pressure can produce Hertzian-type stresses lead-
surface where strain measurements are made, bending mang to crack initiation and fracture of the specimen in the
introduce either an over or under measurement of axial strairgripped section. Gripping devices can be classed generally as
if the measurement is made only on one side of the tensilthose employing active and those employing passive grip
specimen. Similarly, bending stresses may accentuate surfateerfaces as discussed in the following sections. Regardless of
oxidation and may also accentuate the severity of surfacthe type of gripping device chosen, it must be consistent with
flaws. the thermal requirements imposed on it by the elevated

5.6 Temperature Variations-Creep strain is often related to temperature nature of creep testing. This requirement may
temperature through an exponential function. Thus fluctuationpreclude the use of some material combinations and gripping
in test temperature or change in temperature profile along thaesigns.

length of the specimen in real time can cause fluctuations in 6.2.1.1 Active Grip Interfaces-Active grip interfaces re-
strain measurements or changes in creep rate. quire a continuous application of a mechanical, hydraulic, or
pneumatic force to transmit the load applied by the test
_ _ machine to the test specimen. Generally, these types of grip
6.1 Load Testing Machine _ _ _ interfaces cause a load to be applied normal to the surface of
6.1.1 Specimens may be loaded in any suitable testing,e gripped section of the specimen. Transmission of the
machine provided that uniform, direct loading can be mainniaxial load applied by the test machine is then accomplished
tained. The testing machine must maintain the desired constam/ friction between the specimen and the grip faces. Thus,
load on the specimen regardless of specimen deformation witihyhortant aspects of active grip interfaces are uniform contact

time, either through dead-weight loading or through active loagyenyeen the gripped section of the specimen and the grip faces,
control. The force measuring system can be equipped with g,q constant coefficient of friction over the grip/specimen
means for retaining readout of the force, or the force can b ierfgce.

recorded manually. The accuracy of the testing machine must (1) For cylindrical specimens, a one-piece split collet ar-

be in accordance with Practice E 4. o
. . ' . rangement acts as the grip interfa@e 5). Generally, close
Prg'clti'geAlgoi’\(l)algle;%ﬁ?é”g;’:‘g%v:&esb;ndT";]?S' ?SS gzzgjdolr? tﬁcglerances are required for concentricity of both the grip and
’ ' Fcimen diameters. In addition, the diameter of the gripped

same assumptions as those for tensile strength testing (seel Ii%ction of the specimen and the unclamped, open diameter of
4, for example). It should be noted that unless percent bendi e grip faces must be within similarly close tolerances to

is monitored until the end-of-test condition has been reache

there will be no record of percent bending for each s ecimendromOte uniform contact at the specimen/grip interface. Toler-
P 9 P ances will vary depending on the exact configuration used.

The testing system alignment including the test machine, ) .
gripping devices (as described in 6.2), and load train couplers (2) For flat specimens, flat-face, wedge-grip faces act as the
(as described in 6.3), must be verified using the procedurgr'p interface. Generally, close tolerances are required for the

6. Apparatus

detailed in the appendix such that the percent bending does npiness and parallelism as well as wedge angle of the grip
exceed 5 at a mean stress equal to one half the anticipated d&f€s- In addition, the thickness, flatness, and parallelism of the
stress. This verification must be conducted at a minimum at th@fPPed section of the specimen must be within similarly close

beginning and the end of each test series. An additioné_plerances to promote uniform contact at the specimen/grip

verification of alignment is recommended, although not reInterface. Tolerances will vary depending on the exact configu-

quired, at the middle of the test series. Either a dummy ofation used.
actual test specimen may be used. Tensile specimens used fo6.2.1.2 Passive Grip Interfaces-Passive grip interfaces
alignment verification should be equipped with a recom-transmit the load applied by the test machine to the test
mended eight separate longitudinal strain gages to determiri@ecimen through a direct mechanical link. Generally, these
bending contributions from both eccentric and angular misimechanical links transmit the test loads to the specimen by
alignment of the grip heads. (Although it is possible to use gneans of geometrical features of the specimens such as
minimum of six separate longitudinal strain gages for specibutton-head fillets, shank shoulders, or holes in the gripped
mens with circular cross sections, eight strain gages arBead. Thus, the important aspect of passive grip interfaces is
recommended here for simplicity and consistency in describingniform contact between the gripped section of the specimen
the technique for both circular and rectangular cross sectionsdnd the grip faces.
If dummy specimens are used for alignment verification, they (1) For cylindrical specimens, a multi-piece split collet
should have the same geometry and dimensions as the actwatangement acts as the grip interface at button-head fillets of
test specimens as well as an elastic modulus that closelpe specimer(6). Because of the limited contact area at the
matches that of the test material to ensure similar axial andpecimen/grip interface, soft, deformable metallic collets may
bending stiffness characteristics. be used to transfer the axial load to the exact geometry of the
6.2 Gripping Devices specimen. In some cases, tapered collets may be used to
6.2.1 Various types of gripping devices may be used tdransfer the axial load to the shank of the specimen rather than
transmit the measured load applied by the testing machine tato the button-head radiy§). Generally, moderate tolerances
the test specimens. The brittle nature of advanced ceramian the collet height must be maintained to promote uniform
requires a uniform interface between the grip components analxial-loading at the specimen/grip interface. Tolerances will
the gripped section of the specimen. Line or point contacts andary depending on the exact configuration used.
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(2) For flat specimens, pins or pivots act as grip interfaces at K or less. The furnace system must be such that thermal
either the shoulders of the specimen shénlk8) or at holes in  gradients are minimal in the tensile specimen so that no more
the gripped specimen hegd, 10) Generally, close tolerances than a 5-K differential exists in the specimen gage length at
of shoulder radii and grip interfaces are required to promotéemperatures up to 1773 K.
uniform contact along the entire specimen/grip interface as 6.4.3 EnvironmentThe furnace may have an air, inert, or
well as to provide for non-eccentric loading. Generally, veryvacuum environment as required. If an inert or vacuum
close tolerances are required for longitudinal coincidence o€hamber is used, and it is necessary to direct load through
the pin and the hole centerlines. bellows, fittings, or seal, then it must be verified that force

6.3 Load Couplers losses or errors do not exceed 1 % of the applied force.

6.3.1 Various types of devices (load train couplers) may be 6.5 Temperature Measuring Devices
used to attach the active or passive grip interface assemblies to6-5-1 The method of temperature measurement must be
the testing machine. The load train couplers, in conjunctiorsufficiently sensitive and reliable to ensure that the temperature
with the type of gripping device, play major roles in the pf the specimen is within the I|m|t§ specified in 6.4.2. Depend-
alignment of the load train and thus subsequent bendin#!d On the temperature range being used, this can be accom-
imposed on the specimen. Load train couplers can be classifigdished with either calibrated thermocouples or pyrometers.
generally as fixed or non-fixed as discussed in the following 6-5.2 Thermocouples .
sections. Note that the use of well-aligned fixed or self-aligned ©-5-2.1 Calibration—The thermocouple(s) must be cali-
non-fixed couplers does not automatically guarantee low bendrated in accordance with Method E 220 and Tables E®230.
ing in the gage section of the tensile specimen. Generally;Or longer tests at higher temperatures, this must be done both
well-aligned fixed or self-aligning non-fixed couplers provide before the test is initiated and after the test is comple_ted in
for well-aligned load trains, but the type and operation of gripordef to determine t.he extent of thermocouple degradation and
interfaces as well as the as-fabricated dimensions of the tensiRoSsible thermal drift during the test.
specimen can add significantly to the final bending imposed on 6-5.2.2 Accuracy—The measurement of temperature must
the gage section of the specimen. Regardless of the type of lo& accurate to within 5 K. This mclqdes the error mhergnt to
couplers chosen, they must be consistent with the thermdhe thermocouple and any error in the measuring instru-
requirements imposed on them by the elevated temperatufBents>*° _ _
nature of creep testing. These requirements may preclude the6.5.2.3 Extension Wire-The appropriate thermocouple ex-
use of some material combinations and load train designs. (€nsion wire must be used to connect a thermocouple to the

6.3.2 Fixed Load Train Couplers-Fixed couplers may furna_ce contrpller or temperature readout d.eV|ce, or both.
incorporate devices that require either a one-time, preteé_pec'a' attention must be accorded to connecting the extension

alignment adjustment of the load train which remains constanf/ir¢ With the correct polarity.
for all subsequent tests or an in-situ, pretest alignment of the 6-2-2.4 Degradatior—The integrity and degree of degrada-

load train which is conducted separately for each specimen arftPn ©f used bare thermocouples must be verified before each
each test. Such devicésl, 12)usually employ angularity and test. At certain temperatures, QX|dat|on and eIementa}I diffusion
concentricity adjusters to accommodate inherent load trai f the thermocouple alloys will affect the electromotive force

misalignments. Regardless of which method is used, alignmetEMF) Of the thermocouple junctions. As a consequence, the
verification must be performed as discussed in 6.1.2. EMF of a bare, used thermocouple will no longer correspond to

6.3.3 Non-Fixed Load Train Couples Non-fixed couplers the calibration values determined in the pristine condition. The

may incorporate devices that promote self-alignment of th‘;}ndlcated temperature will therefore be less than the actual

load train during the movement of the crosshead or actuato ﬁrenrfnegggtrelé Tirs“SusIZ da fgrarggfr:armg;?gﬁ? V;Egncghn?r;a?fe
Generally, such devices rely upon freely moving linkages tot P 9

- . . emperature. Previously used bare thermocouples must be
eliminate applied moments as the load train components are

loaded. Knife edges, universal joints, hydraulic couplers, anéeplaltae% (W'éh newlly dV\t’ﬁlded andl anneﬁled, Iol:r) Ctl.Jt'bafi(r’]
air bearings are examplég, 11, 13, 14, 15pf such devices. trggeteni é?gtu?emrqeevaegls ar? rg;;nocrogfpfzslzm iin (r::fler;a:):gr;oausee
Although non-fixed load couplers are intended to be Self'full she%thed thermocouples in order fo mir?imize degrada-
aligning and thus eliminate the need to evaluate the bending i{i1 r)1/ P 9

the specimen for each test, the operation of the couplers must "

be verified as discussed in 6.1.2, 6.5.3 Pyrometers

6 . 6.5.3.1 Calibration—The pyrometer(s) must be calibrated
-4 Heating Apparatus . in accordance with Test Method E 639.
6.4.1 The apparatus for and method of heating the speci- g 5.3 2 Accuracy—The measurement of temperature must

mens must provide the temperature control necessary to satisfg accurate to within 5 K. This shall include the error inherent
the requirements specified in 6.4.2 without manual adjustments

mor‘? fr_equent than Once. in_each 24 h perlod after Io.a & Thermocouples should be periodically checked since calibration may drift with
application. It must also satisfy the requirements of the testingsage or contamination.
environment in 6.4.3. 9 Resolutions should not be confused with accuracy. Beware of instruments that
6.4.2 Temperature—The furnace must be capable of main- readout to 1°C (resolution), but have an accuracy of only 10 K86 of full scale
.. . . K . 8/2 % of 1200 K is 6 K).
taining the tensile specimen temperature constant with time t

) A 19 Temperature measuring instruments typically approximate the temperature-
2 K. The temperature readout device must have a resolution @wr tables, but with a few degrees of error.
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to the pyrometer and any error in the measuring instruntentsary machining procedure has been developed that is completely
10 satisfactory for a class of materials (that is, it induces no
6.6 Extensometers unwanted surface damage or residual stresses), then this
6.6.1 The strain measuring equipment must be capable girocedure shall be used. It shall be fully specified in the report.
being used at elevated temperatures. The sensitivity and 7.2.3 Standard Procedure-ln instances where 7.2.1 or
accuracy of the strain-measuring equipment must be suitable t2.2 are not appropriate, then 7.2.3 will apply. This procedure
define the creep characteristics with the precision required fagill serve as the minimum requirements, but a more stringent

the application of the data. procedure may be necessary.
6.6.2 Calibration—Extensometers must be calibrated in 7231 Grinding Process-All grinding using diamond-grit
accordance with Practice E 83. wheels must be done with an ample supply of appropriate

6.6.3 Accuracy—Extensometers with accuracies equivalentfiitered coolant to keep workpiece and wheel constantly
to the B-1 classification of extensometer systems specified ifjooded and particles flushed. Grinding must be done in at least
Practice E 83 are suitable for use in high-temperature testing @fyo stages, ranging from coarse to fine rates of material
ceramics. Results of analytical and empirical evaluations atemoval. All machining must be done in the surface grinding
elevated temperatures show that mechanical extensometgffpde, and be parallel to the specimen long axis (several
(16) can meet these requirements. Optical extensometers usiRgecimens are shown in the appendix). Do not use Blanchard
flags have gage length uncertainties that will generally prevergy rotary grinding.
them from achieving class B-1 accura¢g7). Empirical 7.2.3.2 Material Removal Rate-The material removal rate
evaluations at elevated temperatufi8) show that these st not exceed 0.03 mm (0.001 in.) per pass to the last 0.06
extensometers can yield highly repeatable creep data, howevegm, (0,002 in.) per face. Final and intermediate finishing must

6.7 Timing Apparatus-For creep rupture tests, a timing pe performed with a resinoid-bonded diamond grit wheel that
apparatus capable of measuring the elapsed time betwegipenyeen 320 and 600 grit. No less than 0.06 mm per face
complete application of the load and the time at which fracturésna)| he removed during the final finishing phase, and at a rate
of the specimen occurs to within 1 % of the elapsed time shalht ot more than 0.002 mm (0.0001 in.) per pass. Remove

be employed. approximately equal stock from opposite faces.

7. Test Specimens and Sample 7.2.3.3 Precaution—Materials with low fracture toughness
7.1 Specimen Size arid a high susceptibility to grinding damage may require finer
Sgrmdmg wheels at very low removal rates.

7.1.1 Description—The size and shape of test specimen
must be based on the requirements necessary to obtain repre-2-3.4 Chamfers—Chamfers on the edges of the gage

sentative samples of the material being investigated. Th&ection are preferred in _order to minimize premature failures
specimen geometry shall be such that there is no more than®i® O stress concentrations or slow crack growth. The use of
5 % elastic stress concentration at the ends of the gage sectidijl@mfers and their geometry must be clearly indicated in the
Typical shapes include square or rectangular cross-sectidfSt 'eport (see 10.1.1). 3
dogbones and cylindrical button-head geometries, and are 7-2.4 Button-head Specimen-Specific ProceeuBecause
shown in Appendix X1. It is recommended, in accordance witof the axial symmetry of the button-head tensile specimen,
Practice E 139 and in the absence of additional information téabrication of the specimens is generally conducted on a
the contrary, that the grip section be at least four times largegthe-type apparatus. The bulk of the material is removed in a
than the larger dimension of either width or thickness of thecircumferential grinding operation with a final, longitudinal
gage section. grinding operation performed in the gage section to ensure that
7.1.2 Dimensions-Suggested dimensions for tensile creep@ny residual grinding marks are parallel to the applied stress.
specimens that have been successfully used in previous inve@eéyond the guidelines stated here, more specific details of
tigations are given in Appendix X1. Cross-sectional tolerance§ecommended fabrication methods for cylindrical tensile speci-
are 0.05 mm. Parallelism tolerances on the faces of th&1ens can be found elsewhe).
specimen are 0.03 mm. Various radii of curvature may be used 7.2.4.1 Computer Numerical Control (CNC) Precautien
to adjust the gage section or change the mounting configurgsenerally CNC fabrication methods are necessary to obtain
tion. Although these radii are expected to be larger, resulting igonsistent specimens with the proper dimensions within the
a smaller stress concentration, wherever possible, resort shoutgquired tolerances. A necessary condition for this consistency
be made to a finite element analysis to determine the locatioris the complete fabrication of the specimen without removing
and intensities of stress concentrations in the new geometryit from the grinding apparatus, thereby avoiding building
7.2 Specimen PreparatierDepending on the intended ap- unacceptable tolerances into the finished specimen.
plication of the data, use one of the following specimen 7.2.4.2 Grinding Wheels-Formed, resinoid-bonded,
preparation procedures: diamond-impregnated wheels (minimum 320 grit in a resinoid
7.2.1 Application-matched Machining The specimen bond) are necessary to fabricate critical shapes (for example,
must have the same surface preparation as that specified fobatton-head radius) and to minimize grinding vibrations and
component. Unless the process is proprietary, the report mustibsurface damage in the test material. The formed, resin-
be specified about the stages of material removal, wheel grithonded wheels require periodic dressing and shaping (truing),
wheel bonding, and the amount of material removed per passthich can be done dynamically, to maintain the cutting and
7.2.2 Customary Procedure-In instances where a custom- dimensional integrity.
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7.2.4.3 Subsurface DamageThe most serious concern is factors. A smaller number of specimens is permissible in cases
not necessarily the surface finish (on the ordeRgf 0.2t0 0.4  where the ranges of applied stress or temperature, or both, are
pm) which is the result of the final machining steps. Insteadmore narrow.
the subsurface damage is critically important although this
damage is not readily observed or measured, and therefor@, Procedures
must be inferred as the result of the grinding history. More 8.1 General
details of this aspect have been discussed in RBf.In all 8.1.1 Specimen DimensioasDetermine the thickness, di-
cases, the final grinding operation (“spark out”) performed inameter, and width of the gage section of each specimen to
the gage section must be along the longitudinal axis of thevithin 1 % of its absolute value. In order to avoid damage in a
specimen to ensure that any residual grinding marks areritical area, carefully make the measurement using a flat,
parallel to the applied stress. anvil-type micrometre. Ball-tipped or sharp anvil micrometres

7.2.5 Handling Precautions-Care must be exercised in are not recommended because they can cause localized crack-
storing and handling of specimens to avoid the introduction ofng. Use the measured dimensions to calculate the force
random and severe flaws, such as might occur if the specimemequired to achieve the desired stress in the gage section.
were allowed to impact or scratch each other. Specimens 8.1.2 Determination of Gage LengthDetermine the gage
should be stored separately in cushioned containers to miniength of the specimen by points of attachment of the exten-
mize the occurrence of these problems. someter system being used. It should be as close to the length

7.3 Specimen Sampling and NumbeBamples of the ma- of the uniform cross section of the specimen as possible within
terial to provide test specimens must be taken from suclthe temperature variations stated in 6.4.2. It can be determined
locations so as to be representative of the billet or lot fromby any suitable optical or contact extensometry method. A
which it was taken. Although each testing scenario will vary,number of such systems are available commercially. Make
generally, a minimum of 24 specimens is required for thecalibrations according to the appropriate manufacturer’s in-
purpose of completely determining the creep and creep rupturgructions and check periodically using independent means.
behavior across a significant temperature and stress range.8.1.2.1 Mounting Flags to the Specimen
Typically, six specimens are run at each temperature of interest (1) Optical Method—Attach two or more flags of dimen-
over the entire range of applied stresses of interest. Initial testsons suitable for the gage width and thickness chosen, to the
are used to define the range of temperature where creep is teapecimen gage length. Fig. 1 shows typical flags used for the
dominant deformation mechanism, and the remainder are usegpecimens shown in Fig. X1.2 of the Appendix. They can be
to acquire more precise creep and creep-time-to-failure dataade from the test material itself or sintered SiC. The depth of
Variations from this number are permitted as necessary to me#te flag (dimensiord in Fig. 1) should be kept as small as
limitations on the amount of material or other mitigating possible.

20 2590, 28
—fF—— 25.4
T L 16.5
25 For 2.54mm — —— [~ 0752025
L specimen T
dI a .79
L 7 \ 238
242 &.75 TN ’ L
79 |15 i
k—64— 5.5 |
T "
2\]/0 | |1\|/0 ......... For 2.50mm
¢ 125 J 7 p—y specimen —
75 O
53 500 32 5.0 1.8 1.3 1.8
1 £ B
1 \
25 | All dimensions in mm
\é\ Tolerances P
XX =*0.1
XXX +£0.05
:md XXX +£0.02 Q
...... 713 For2.50mm specimen

Note 1—Dimensions shown are in millimetres.
FIG. 1 Schematic of Flags for Flat Dogbone Specimens of Dimensions as Shown in the Appendix
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(2) Contacting Method-Setting of the initial gage length (1) Monitor specimen temperature using a thermocouple
for a contacting extensometer depends on the extension meaith its tip located no more than 2 mm from the surface
surement method (capacitance-based or strain gage-based), anidpoint of the tensile specimen. Use either a fully sheathed or
the manufacturer's procedures for setup must be followedexposed bead junction. If a sheathed tip is used, verify that
Position the extensometer probes with rounded knife-edge tipthere is negligible error associated with the covefihty.
in contact with the specimen and hold in place with a light (0.1 (2) A separate thermocouple may be used to control the
to 1.0 N) contact force. A schematic of a contacting extensomtemperature of the furnace chamber if needed, but the speci-
eter system is shown in Fig. 2. At elevated temperaturesnen temperature shall be the reported temperature of thEtest.
oxidation at the probe/specimen interface minimizes slippage. (3) For longer gage sections where spatial temperature

8.1.2.2 Mounting the Specimen in the Furnaedount variation may be of concern, take additional thermocouple
specimens in the load train prior to heating the furnace. Aftetemperature measurements at the top and bottom of the gage
the specimens are mounted in the load train, apply a sma#lection.
preload to maintain the load train alignment during subsequent 8.1.2.5 Calculating, Applying, and Recording the Foree
heat-up to the test temperature. The preload should introduceBased on the dimensions measured in 8.1.1, compute the
stress of no more than 5 MPa in the gage section. Fopreload forceF,, needed to achieve the recommended 5 MPa
specimens using contacting extensometry, make the extensoistress in the gage section (see 8.1.2.2). Apply the preload in
etry settings prior to heating the furnace. The contacting probeead control to accommodate the dimensional changes ex-
may be left in contact with the specimen during heat-up ompected in the specimen and fixtures during heating. Compute
brought into contact with the specimen after it has reached ththe force F, needed to achieve the desired applied stiessn
test temperature, depending on the testing setup. accordance with 9.1.1. After the test specimen has stabilized at

8.1.2.3 Heating to the Test Temperature the desired temperature, apply the desired creep force over a

(1) Specimens with FlagsSpecimens with flags may be period of approximately 30 to 120 s to prevent premature
heated to the test temperature in stages. The first stage, fdilure. Measure and record the force at regular intervals during
required, takes the temperature to approximately 700 K to burthe test to ensure compliance with the requirements of 6.1.
off the room temperature cement. The soak time at this 8.1.2.6 Recording of Displacement DataRecord the dis-
temperature is about 1 h. The second stage takes the specimgacement determined by the extensometry system at appro-
to the test temperature at a rate of approximately 300 to 50friate intervals using an appropriate data logger. The number
K/h, but may be as fast as 1000 K/h. The soak time at the tesdf intervals shall be at least 100, and be appropriate to the
temperature is determined experimentally, and must be longxpected duration of the test. It may be necessary to record
enough to allow the entire system to reach thermal equilibriumdisplacement data more frequently at the start of the test, when
The total time for heating and soaking should be less than 2the creep rate is often higher, than later into the test when the
h. State heating rates and soak times in the report. creep rate has decreased.

(2) Specimens Using Contacting Extensometers 8.1.2.7Use of Strain-Gaged Specimen$he occasional
Specimens that utilize contact extensometry may be eitharse of a strain-gaged specimen at room temperature is recom-
heated from room temperature to the test temperature in mended to verify that there is negligible error due to bending.
single stage and constant heating rate of up to 1000 K/h or mao not leave strain gages on the specimen when the system is
be heated from a preheat furnace temperature to the final telseated up, since they will melt or burn incompletely with the
temperature. If the furnace is heated from room temperature t@sidue contaminating the specimen or fixture, or both.
the test temperature, a soak time should be determined experi-8.1.2.8 End of Test Criteria—The end of a given test has
mentally, and must be long enough to allow the entire systemoccurred when any of the following conditions has been met:
to reach thermal equilibrium. The total time for heating and(1) the specimen fractures?)(the specimen reaches a prede-
soaking should be less than 24 h. State heating rates and so@kmined level of strain, or3) the specimen has crept for a
times in the report. predetermined length of time. In Casgexamine the fracture

8.1.2.4 Use of Thermocouples surfaces to determine whether or not the specimen failed in the

gage section. In the event failure occurred outside of the
measured gage section but within the uniform cross-sectional
area, the test may still be valid. Use fractography, along with
HIGH TEMPERATURE the knowledge of the testing apparatus and conditions, to

TENSILE CONTACTING EXTENSOMETER
SPECIMEN [ W
H -
: ——— [ | 1 Exposed thermocouple beads will exhibit greater sensitivity, but may be
FURNACE .| —— exposed to vapors that can react with the thermocouple materials. (For example,
ENCLOSURE | silica vapors will react with platinum.) Be aware that the use of heavy-gage
: CERAMIC thermocouple wire, thermal gradients along the thermocouple length, or excessively
7Y T EXTENSION heavy-walled insulators can lead to erroneous temperature readings.

RODS 12 The thermocouple tip may contact the tensile specimen, but only if it is certain
that the thermocouple tip or sheathing material will not chemically interact with the
specimen. Thermocouples are prone to breakage if they are in contact with the
specimen.

FIG. 2 Schematic of High-Temperature Contacting Extensometer 13 Tensile tests are sometimes conducted in furnaces that have thermal gradients.
System It is essential to monitor the temperature at the specimen.
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determine what occurred at the failure point and make d0. Report of Test Results

determination of validity. In the event failure occurred outside 10 1 Report the following information:

of the measured gage section and outside of the uniform 10 1 1 Test configuration and specimen size used.
cross-sectional area, discard the test result. In the event that1g 1 2 The number of specimeny (sed.

failure occurred at the extensometer contact points, use frac- 10.1.3 The relevant material data including vintage, com-

tography to determine whether the specimen was affected by,nent, or billet identification data. (Did all specimens come
the contact. If it was affected, discard the test result. If it wasom one component or plate?) As a minimum, report the date
not affected, use the result. the material was manufactured.
9. Calculation 10.1.4 The exaclt r_nethod of specimen preparation, including
all stages of machining.
9.1 Formulae . , 10.1.5 Heat treatments or exposures, if any.
9.1.1 The formulae for determining the force applied to the 14 1 g Test temperature and environment. Method of speci-
test specimen are, for rectangular cross sections: men temperature measurement, including thermocouple type
F=owt (1)  and distance of the thermocouple junction from the specimen,
if applicable, and changes in thermocouple calibration in the
wherea, is the applied stress,is the thickness of the gage case of long, high-temperature tests where degradation of the
section, and w is the width of the gage section, and for circulathermocouple might reasonably be expected.
cross sections: 10.1.7 Type of furnace, and environment (air, inert, vacuum,
F = mo,d?/4 @ or other). The type of heating elements, and the temperature
control device.
10.1.8 Rate of heating,
. 10.1.9 The soak or hold time at temperature prior to
mmencement of test.
10.1.10 The type of fixture used, including the material.
Method and results of specimen alignment.
_F @) 10.1.11 Method of specimen strain measurement, including
wt i i
calibration method and results.
10.1.12 Any deviations and alterations from the procedures
whereo, is the applied stress; is the applied forceyis the  specified.
width of the gage section, artdis the thickness of the gage  10.1.13 Elastic modulus of the material at the test tempera-

whered is the diameter of the gage section.

9.1.2 The standard formulae for the gage section stresses
tensile specimens are stated in the following:
For rectangular cross sections,

Ta

section. ture (this can be determined by independent means, and need
For circular cross sections, not be measured as part of this test method).
= 10.1.14 Plots of strain versus time for each test.
%a= d2/a “) 10.1.15 Plots of creep strain rate versus time for each test.

10.1.16 Minimum creep strain rate, applied stress, accumu-

wherea, is the applied stress; is the applied force, and lated strain to failure, both with and without the elastic strain,

is the diameter of the gage section. and time to failure for e_ach test. ) .
9.1.3 The creep strain of the specimen at any time is 10.2 Wherever possible, report the information in accor-
determined from: dance with standard guidelines promulgated by ASTM Com-

mittee E-49 on Computerization of Material and Chemical
e= (1 =1lollo ®) Property Data.

wherel is the measured gage length dpdk the initial gage  11. Precision and Bias
length under load and at temperature at the start of the creep
measurement. and| ; must not include the elastic extension
that occurs when the specimen is first loaded. Alternatively, th
true creep strain curve can be obtained from a pldt défersus
time where theg-axis is shifted to give zero creep strain at time
zero, using

11.1 Interlaboratory Test Program-There have been two
interlaboratory studies on creep and rupture of structural
Reramics. The firs{18) employed only five laboratories, and
thus does not warrant a formal precision and bias statement. It
did, however, demonstrate that excellent repeatability and
reproducibility are possible when laboratories test identical test
e=1In(lllg) (6)  specimens of an appropriate material. For instance, the
between-laboratory coefficient of variation for |ogf failure
9.1.4 The creep strain rate of the specimen at any point itime was only 7.3 %. In that study, participants tested four
time is determined by taking the tangent of the creep straispecimens of NGK Insulators SN-88 to failure in air at 1400°C
versus time curve. Creep strain rate can be calculated numerinder a 150 MPa load. All participants used identical, pin-
cally using a suitable method such as a seven-point secalttaded 76 mm long specimef&9). All measured strain using
algorithm or as the derivative of the polynomial fit of the flag-based laser extensometry. Typical failure times were 75 h.
strain-time data (report the degree of polynomial fit and 11.1.1 Inalarger study during 1998—-@®), 14 laboratories
correlation coefficient). tested a later vintage of the same grade of silicon nitride. Of
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necessity, it employed several different test specimens, loading 11.3 Precision—See Table 1. In this table, the repeatability

methods, and extensometry techniques, but followed the restandard deviatiorg, is a measure of the scatter within a given

quirements of Practice E 691. The results of this study werdaboratory. The reproducibility standard deviation is a measure

more variable, both within and between laboratories, than thef the variability between laboratories. The terms in Table 1 are

earlier five-laboratory study. In the larger interlaboratory studyused as specified in Practice E 177.

the participants tested three specimens to failure at 1375°C in 11.4 Bias—Because there is no accepted reference material,

air under a 200 MPa load. Because the within-laboratorymethod, or laboratory suitable for determining the bias for the

variability was larger for this study than for the previous one,procedures in this test method for measuring tensile creep

specimen variability may have played a more important role.strain, creep strain rate, and creep time to failure, no statement
11.2 Test Resuft-Table 1 shows the calculation for lo€;), on bias is being made.

strain to failuree;, and log of the minimum creep rate for the (]jz' Keywords

fourteen-laboratory 1998-99 study. Each laboratory teste

three specimens to failure. 12.1 advanced ceramics; creep; monolithic ceramics; ten-

sile; time-to-failure

TABLE 1 Precision of Creep Time-to-Failure ( t;), Strain to Failure ( €, and Minimum Creep Strain Rate ( €,,,) from an Interlaboratory
Round Robin

Repeatability Reproducibility . - Within-laboratory Between-laboratory

Test Average Standard Standard Repegtgblllty Reproguglblllty Coefficient of Coefficient of
S o Limit Limit o o

Deviation Deviation Variation Variation
S, Sp r R % %
log () 4.642 0.704 1.436 1.951 3.981 15.2 30.9
€ 0.0199 0.0078 0.0119 0.0216 0.0331 39.3 60.1
loge (€min 1/5) -17.325 0.437 0.906 1211 2.512 25 5.2

“This table was calculated using the relationship: limit = 1.961/2 X std deviation.

APPENDIXES
(Nonmandatory Information)

X1. GEOMETRIES AND DIMENSIONS OF TYPICAL TENSILE CREEP SPECIMENS

X1.1 This appendix describes the geometries and dimenX1.3 Specimen Geometries

sions of several samples that have been used successfully Ny 1 31 Button-head SpecimeriFhe dimensions of a typical

tensile creep testing. It is by no means an exhaustive descrip-_ " -
tion of possible specimen geometries. Specimen for the buttonhead geometry are shown in Fig. X1.1.

Note that the drawing shown is for illustrative purposes only,

X1.2 Definitions and is not a complete engineering drawing.
X1.2.1 button-head specimere-eylindrical, uniform-gaged ~ X1.3.2 Flat, Dogbone SpecimenFig. X1.2 shows typical
specimen that has buttonhead-shaped mounting ends. flat dogbone specimens. The cross-sectional tolerance is 0.05

X1.2.2 flat, dogbone specimere-flat, tabbed specimen that mm. The parallelism tolerance on the faces of the specimen is
tapers from the tabs to a uniform square or rectangular cro303 mm. The loading holes at each end are tapered at an angle
section for the gage length. of 15° to minimize front-to-back bending of the specimen.
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FIG. X1.1 Schematic of Cylindrical Specimen for Button-head Geometry
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Specimen Dimension (mm) Specimen

a b c d
L—Over-all length 80 100.0 88.9 76.2
A-Length of reduced section 28.0 30.0 25.4 19.04
D,—Diameter 2.50*
W-Width 2.50 2.50 2.54
T-Thickness 2.50 25 2.50 2.54
C-Width of grip Section 16.0 20.0 19.0 15.88
R-Radius of fillet 20.0 25.0 25.4 19.04
D-Diameter of the hole for pin 5.0 8.0 55 6.35
E-Edge distance for pin 6.73 10.0 9.52 8.26

“Note that specimen (a) has a cylindrical cross section.

FIG. X1.2 Schematics of Typical Flat, Dogbone Specimens that have been Successfully Employed in Tensile Creep Experiments

X2. VERIFICATION OF LOAD TRAIN BENDING

X2.1 Purpose of Verification with the implication that the load train alignment will remain

X2.1.1 The purpose of this verification procedure is toconstant at high temperatures.

demonstrate that the grip interface and load train couplers caX2.2 Verification Specimen

be used by the test operator in such a way as to consistently x2 2.1 The specimen used for verification must be ma-
meet the limit on percent bending as specified in Section 6hined carefully with attention to all tolerances and concen-
Thus, this verification procedure should involve no more carericity requirements. Ideally, the verification specimen should
in setup than will be used in the routine testing of the actuabe of identical material to that being tested. However, if this is
tensile specimen. The bending under tensile load should bgot possible or desired, an alternative material with similar
measured using verification (or actual) specimens of exactlglastic modulus, elastic strain capability, hardness, etc., to the
the same design as that to be used for the tensile creep amskt material should be used. The specimen should be carefully
creep rupture tests. For the verification purposes, strain gag@sspected with an optical comparator before strain gages are
should be applied as shown in Fig. X2.1. Verification measureattached to ensure that these requirements are met. After the
ments should be conductet) (at the beginning and end of a strain gages are applied, it will no longer be possible to
series of tests with a measurement at the midpoint of the serigaeaningfully inspect the specimen, so care should be exercised
recommended,2) whenever the grip interfaces and load trainin handling and using it.

couplers are installed on a different test machiBgwhenever X2.2.1.1 For simplicity in applying this test method to test

a different operator is conducting a series of tests, af)d ( specimens with both circular and rectangular cross section
whenever damage or misalignment is suspected. Since thlgage sections, a minimum of eight foil-resistance strain gages
verification specimen uses adhesively bonded strain gages, tehould be mounted on the verification specimen as shown in
verification procedure is to be conducted at room temperaturBig. X2.1. Note that the strain gage planes should be separated

11
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X2.3.1.3 Zero the strain gages before mounting the bottom

of the specimen in the grip interface. This will allow any
L bending due to the grips to be recorded.
[l 1 UpperPlane, SG 1,2,3, & 4 X2.3.1.4 Mount the bottom of the specimen in the grip
interface.
3/4 lo X2.3.1.5 Apply a sufficient load to the specimen to achieve

an average strain of one half the anticipated fracture strain of
the test material. Note that it is desirable to record the strain
(and hence percent bending) as functions of applied load to
monitor any self-alignment of the load train.

X2.3.1.6 Calculate the percent bending as follows, referring
to Fig. X2.1 for the strain gage numbers. Percent bending at the

T [l {| Lower Plane, SG 5,6,7 & 8

SG3 &
SG7 upper plane of the gage section is calculated as follows:
SG4 & SG2 PByyper= -2 X 100 x2.1
SG8 SG6 by Booer™ v
SG1|& € — €2 €, — €4\2]12
SGS' OR eb=|:< 5 ) +< 5 H (X2.2)
X

. . (61t €, + €3+ €
FIG. X2.1 lllustration of Strain Gages and Orthogonal Axes on €Q=—"""7 (X2.3)
Gage Section and Cross Sections on Tensile Specimens

by at least¥ |, wherel, is the length of the reduced or = WNErees, €5, €5, ande , are strain readings for strain gages
{8cated at the upper plane of the gage section. Note that strain

designated gage section. In addition, care must be taken . . . . : .
select the strain gage planes to be symmetrical about th&29€ readings are in units of strain and compressive strains are

longitudinal midpoint of the gage section. Avoid placing the considered to be _neggtive. : . .
stragin gages cloger than onegst?ain gage length frgm gegometr'— X2.3.1.7 The Q|rect|on ‘.Jf the maximum bending strain on
cal features such as the transition radius from the gage sectioh'® UPPer plane is determined as follows:

These strain gages should be as narrow as possible to minimize - arCtar[e(HEXt greatest of 1,2,34~ 60} (X2.4)
strain averaging. Strain gages having active widths of 0.25 to upper € (greatest of 1,2,314~ €0 '

0.5 mm and active length of 1.0 to 2.5 mm are commercially

available and are suitable for this purpo@H. Four strain where 6,,,., Is measured from the strain gage with the
gages, equally spaced (90° apart) around the circumference gfeatest reading in the direction of the strain gage with the
the gage section, should be mounted at each of the two planescond greatest reading where counter clockwise is positive.
at either end of the gage section. These planes should beX2.3.1.8 Percent bending at the lower plane of the gage
symmetrically located about the longitudinal midpoint of the section is calculated as follows:

gage section. Note that care should be taken to avoid placing

the strain gages too near geometric transitions in the gage Paowe,::—zx 100 (X2.5)
section which can cause strain concentrations and inaccurate

measurements of the strain in the uniform gage section. In €\ 2 (e — e\ 2]

addition, to minimize errors due to misalignment of the strain €p= [( > ) < 5 > ] (X2.6)

gages, strain gages should be mounted such that the sensing
direction is+2° of the longitudinal axis of the specimen. (ot ot €r+ €

€0 T (X2.7)

X2.3 Verification Procedure

X2.3.1 Procedures for verifying alignment are described in . . .
whereeg, €4, €, ande g are strain readings for strain gages

detail in Practice E 1012. However, salient points for squar ; .
. . . -~ Tocated at the lower plane of the gage section. Note that strain
and circular cross sections are described here for emphasis. For

) ) ; is 1J5ge readings are in units of strain and compressive strains are
rectangular cross sections, especially when the thickness is t . .
considered to be negative.

thin to strain gage all four sides, consult Practice E 1012 for X2.3.1.9 The direction of the maximum bending strain on

specific details. ; . )
X2.3.1.1 Mount the top of the specimen in the grip inter—the lower plane is determined as follows:

face.

X2.3.1.2 Connect the lead wires of the strain gages to the
conditioning equipment and allow the strain gages to equili-
brate under power for at least 30 min prior to conducting the where 6,,,,o, IS measured from the strain gage with the
verification tests. This will minimize drift during actual con- greatest reading in the direction of the strain gage with the
duct of the verifications. second greatest reading where counter clockwise is positive.

€(next greatest of 56,78~ € 0:| (X2.8)

0 = arctar[
lower €(greatest of 5,6,7)8 €0

12
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X2.3.1.10 Note that for the following comparisortg,,,e,
and® ... Should be adjusted to reference the same point on
the circumference. Since Strain Gages 1 and 5 fall on the same
longitudinal line around the circumference, for consistency,
these can be used as reference pointséfpge, and 6,oepn
respectively. For example, on the upper plane, if Strain Gage 2
is the greatest measured strain with Strain Gage 3 being the
next greatest measured strain, the direction of the maximum
bending strain with reference to Strain Gage & js,, + 90°
in the counterclockwise direction (that is, from Strain Gage 1
to 2). For uniform bending across the gage section with the
specimen assuming a C-shap®,,er =~ PBower aNd Pyppei
0 owed = 0°. C-shape bending reflects angular misalignment
of the grips. For nonuniform bending across the gage section, S-shape C-Shape
with the specimen assuming an S-sthBmppe,may or may FIG. X2.2 S-shape and C-shape Bending of Tensile Creep and

not be equal tdBy,er aNd Pypper = Biowed = 180°. S-shape Creep Rupture Specimen
bending reflects eccentric misalignment of the grip centerlines.

These general tendencies are shown in Fig. X2.2. Combina- . . o )
tions of C and S shapes may exist wheli,Je, — | is the specimen has been achieved. If similar results are obtained
some angle between 0 and 180°. In these M ases ihe S-shafieeach rotation, then the degree of alignment is considered
should first be eliminated by adjusting the concentricity of the"ePresentative of the load train and not indicative of the
grips such that the longitudinally aligned strain gages indicatéPecimen. If load train alignment is within the specifications of
approximately the same values (for examples e, € ,~ €, 6.1, the maximum percent bending should be recorded and the
etc.). More detailed discussions regarding bending and aligrfensile creep or creep rupture test may be conducted. If the load
ment are contained in Ré21). train alignment is outside the specifications of 6.1, then the

X2.3.1.11 The effect of specimen warpage can be checkel@ad train must be aligned or adjusted in accordance with the
by rotating the specimen 90° about its longitudinal axis andspecific procedures unique to the individual testing setup. This
performing the bending checks again. These checks can herification procedure must then be repeated to confirm the
repeated for subsequent 90° rotations until a 360° rotation cdichieved alignment.

X3. SOURCES AND EFFECTS OF EXPERIMENTAL ERRORS

X3.1 This appendix describes the sources and effects ahen gage section must be quantified and reported so as to
several experimental errors that can occur in this test methogbrovide a measure of the uniformity of the applied tensile
The sources of error include misalignment of the specimenstress. This should be performed on a sufficient number of
thermal expansion of the flags in optical extensometry systemspecimens to ensure reproducibility of results, not on every
and thermal expansion in contacting extensometry systems. specimen.

X3.1.1 Misalignment—n the tensile testing of brittle mate-  X3.1.4 Percent bending (PB) is currently the more common
rials, misalignment of the load train can cause bending strainmethod of reporting the degree of bending strain and is
that may lead to reduced measured strengths in comparison talculated as a percentage of the average uniaxial strain at a
results achieved from tests with proper uniaxial alignmentgiven cross-sectional plane in the gage section. However, since
Such misalignment may result froml)( nonconcentricity PB is a percentage of the average applied axial strain, it is
between the major axis of the specimen and load train linkagenherently load dependent and, thus may not be truly indicative

(2) types of pull-rod connectors used within the furnace, and of the actual degree of bending in the gage section. In general
3) types of collet materials used in conjunction with the though, PB is defined as:

button-head grip. A review paper by Christ and Swan&#)

identifies numerous causes of misalignment and provides PB= ? X 100 (X3.1)
examples of methods to minimize bending moments intro- 0

duced by the load train.

X3.1.2 Generally, maximum bending in the specimen gage Where €, is the maximum bending strain ang, is the
section should be maintained at less than 5 % of the uniaxi@verage axial strain. The maximum bending strain may be
strain (stress). Although analytical assessments of the effects 6flculated typically from three or four longitudinal strain gages
bending on Weibull parameters have been conducted for fasuch that:
fracture tensile strength distributior{23), no such analyses For three strain gagg4, 25)
have been condugted for allowable bend.ing under conditions of @ = \V2A(er— )2 + (—e9)? + (e — €922
general deformation such as creep testing. (X3.2)

X3.1.3 The degree of misalignment (bending) in the speci-

13
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and pansion may cause changes in the dimensions of the flags
€= (e, + €+ €33 (x3.3)  Which could result in errors, if the flags do not all behave

identically. Thermal expansion differences could arise from

thermal gradients in the furnace or differences in the properties

e e ez of the flag material, or both. These errors would result in errors

€ = {( L 5 3) + ( 2 5 4) } (x3.4)  inthe measured gage length. Based on the requirements of the
heating apparatus of 6.4, an estimate of the error in the gage
length due to thermal expansion error can be made according
to:

For four strain gages2@, see also Practice E 1012):

and

€ = (e, + €+ €5+ €)d (X3.5) Al AaAT
=1 (X3.6)

. . . IO
wheree,, €,, €5, ande , are strain readings for strain gages

located equi-spaced and sequentially around the circumference ) .
of the same cross-sectional plane of the gage section as showrf0r & gage length of 25 mm, a thermal expansion coefficient
in Fig. X2.1. Note that strain gage readings are in units of strai®f 2 by 10° K™, and a 1-K thermal gradient, the difference
and compressive strains are considered to be negative.  between the actual and the true gage lengths is 2 b, 10
X3.1.5 A common source of misalignment in the pin andresulting in an error of 0.0002 % in the measured strain.
clevis arrangement for the flat dogbone specimen occurs when
the pin used to attach the tensile specimen to the loading rods X3.3 Thermal Expansion Related to Contacting Extensom-
loads preferentially on the edge of the attachment holes. Thisters—Due to the nature of the extensometer systems with
type of misalignment produces a bending moment about theemote sensing components at room temperature and sensing
major face of the tensile specimen. To minimize this type ofprobes in contact with the hot specimen, thermal expansion of
bending, the holes are tapered so that load is applied only to thRe extensometer components may provide two significant
center of the specimen. Alignment about the minor face of thources of errof26) : a finite shift or fluctuations in the output
specimen is determined by the accuracy with which the holegjgnal. Generally, the finite shift is due to thermo-mechanical
are machined to the centerline of the specimen. The analysis gimensional changes and can be corrected either electronically
Christ and Swansof22) can be used to estimate the tolerancesyefore the commencement of testing or digitally from stored
needed in machining the holes on the_centerllne. If the centergaia files. A potentially more troublesome problem is fluctua-
of the holes are offset from the centerline by 0.025 mm (0.00%;55 of the output signal due to a real temperature fluctuation
in.), a bendmg stress _equal to about 5 % of the applied SUeS] either the ambient temperature, grip cooling water tempera-
would be introduced into the gage section of the specime re, or actual furnace temperature. Ambient temperature

Although based on a simple elastic analysis, this calculation g uctuations can affect strain measurements either directly b

the bending stress indicates the machining tolerances needed k]? . : by

obtain good alignment in the tensile specimen. a eptmg the remqte strain sensors and relatgd electronics, or
X3.1.6 Regardless of which measure of bending is used, th'ém"re(:tl.y by affectlng the |oad ce_lls or electronic load con'FroI-

method, quantity of bending, and corresponding load at Whicﬂers' Grip coolmg water fluctuations can affept the specimen

the bending was measured should all be reported. length by affecting the temperature gradlents in the specimens.

Actual furnace temperature fluctuations will cause changes in

X3.2 Thermal Expansion Related to Flagdhermal ex- both specimen length and extensometer outputs.
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