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Standard Test Method for
Tensile Strength of Monolithic Advanced Ceramics at
Elevated Temperatures *

This standard is issued under the fixed designation C 1366; 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 epsilonef indicates an editorial change since the last revision or reapproval.

1. Scope C 1161 Test Method for Flexural Strength of Advanced

1.1 This test method covers the determination of tensile _Ceramics at Ambient Temperature
strength under uniaxial loading of monolithic advanced ceram- € 1239 Practice for Reporting Uniaxial Strength Data and
ics at elevated temperatures. This test method addresses, but is EStimating Weibull Distribution Parameters for Advanced
not restricted to, various suggested test specimen geometries as C€ramics o
listed in the appendix. In addition, test specimen fabrication C 1322 Practice for Fractography and Characterization of
methods, testing modes (force, displacement, or strain control), _Fracture Origins in Advanced Ceramics
testing rates (force rate, stress rate, displacement rate, or strainD 3379 Test Method for Tensile Strength and Young's
rate), allowable bending, and data collection and reporting _Modulus for High-Modulus Single-Filament Materials
procedures are addressed. Tensile strength as used in this tesE 4 Practices for Force Verification of Testing Machines
method refers to the tensile strength obtained under uniaxial E_r?gTermlnoIogy Relating to Methods of Mechanical Test-
loading. : _ _
1.2 This test method applies primarily to advanced ceramics E 21 Practice for Elevated Temperature Tension Tests of
which macroscopically exhibit isotropic, homogeneous, con- _Metallic Materials o
tinuous behavior. While this test method applies primarily to E 83 Practice for Verification and Classification of Exten-
monolithic advanced ceramics, certain whisker, or particle- SOMeters o
reinforced composite ceramics as well as certain discontinuous E 220 Method for Calibration of Thermocouples by Com-
fiber-reinforced composite ceramics may also meet these Parison Techniques o
macroscopic behavior assumptions. Generally, continuous fiber E 337 Test Method for Measure Humidity with a Psychrom-
ceramic composites (CFCCs) do not macroscopically exhibit €ter (The Measurement of Wet- and Dry-Bulb Tempera-
isotropic, homogeneous, continuous behavior and application _tures) _ o _ _
of this test method to these materials is not recommended. ~ E 1012 Practice for Verification of Specimen Alignment
1.3 The values stated in S| units are to be regarded as the Under Tensile Loading .
standard and are in accordance with Practice E 380. IEEE/ASTM S| 10 Standard for Use of the International
1.4 This standard does not purport to address all of the System of Units (SI) (The Modern Metric System)
safety concerns, if any, assqciated with its use. It is th%_ Terminology
responsibility of the user of this standard to establish appro- L
priate safety and health practices and determine the applica- 3-1 Definitions:

bility of regulatory limitations prior to useRefer to Section 7~ 3-1.1 Definitions of terms relating to tensile testing and
for specific precautions. advanced ceramics as they appear in Terminology E 6 and

Terminology C 1145, respectively, apply to the terms used in

2. Referenced Documents this test method. Pertinent definitions are shown in the follow-
2.1 ASTM Standards? ing with the appropriate source given in parenthesis. Additional
C 1145 Terminology of Advanced Ceramics terms used in conjunction with this test method are defined in

the following.

3.1.2 advanced ceramjar+—a highly engineered, high per-

1 This test method is under the jurisdiction of ASTM Committee C28 on formance predominately non-metallic, inorganic, ceramic ma-
Advanced Ceramics and is the direct responsibility of Subcommittee C28.01 oggarig| having specific functional attributes. (See Terminology
Properties and Performance. C 1145 )

Current edition approved May 1, 2004. Published June 2004. Originally '
approved in 1997. Last previous edition approved in 1997 as C 1366-97.

2 For referenced ASTM standards, visit the ASTM website, www.astm.org, or
contact ASTM Customer Service at service@astm.org.Afotual Book of ASTM
Standards/olume information, refer to the standard’s Document Summary page on
the ASTM website.
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3.1.3 axial strain [LL™Y, n—the average longitudinal stress-strain behavior which may develop as the result of
strains measured at the surface on opposite sides of thesting mode, testing rate, processing or alloying effects,
longitudinal axis of symmetry of the specimen by two strain-environmental influences, or elevated temperatures. These
sensing devices located at the mid length of the reducedffects may be consequences of stress corrosion or sub critical
section. (See Practice E 1012.) (slow) crack growth which can be minimized by testing at

3.1.4 bending strain [LLC Y, n—the difference between the appropriately rapid rates as outlined in this test method.
strain at the surface and the axial strain. In general, the bending 4.5 The results of tensile tests of specimens fabricated to
strain varies from point to point around and along the reducedtandardized dimensions from a particular material or selected

section of the specimen. (See Practice E 1012.) portions of a part, or both, may not totally represent the
3.1.5 breaking load [F} n—the load at which fracture strength and deformation properties of the entire, full-size end
occurs. (See Terminology E 6.) product or its in-service behavior in different environments.

3.1.6 fractography n—the means and methods for charac- 4.6 For quality control purposes, results derived from stan-
terizing a fractured specimen or component. (See Terminologgardized tensile test specimens can be considered to be
C 1145) indicative of the response of the material from which they were

3.1.7 fracture origin, n—the source from which brittle taken for particular primary processing conditions and post-
fracture commences. (See Terminology C 1145). processing heat treatments.

3.1.8 percent binding n—the bending strain times 100 4.7 The tensile strength of a ceramic material is dependent
divided by the axial strain. (See Practice E 1012.) on both its inherent resistance to fracture and the presence of
3.1.9 slow crack growth n—sub critical crack growth flaws. Analysis of fracture surfaces and fractography as de-
(extension) that may result from, but is not restricted to, suclscribed in Practice C 1322 and MIL-HDBK-790, though be-
mechanisms as environmentally-assisted stress corrosion pond the scope of this test method, are recommended for all

diffusive crack growth. purposes, especially for design data.

3.1.10tensile strength, $FL?, n—the maximum tensile
stress which a material is capable of sustaining. Tensilé' Interferences
strength is calculated from the maximum load during a tension 5.1 Test environment (vacuum, inert gas, ambient air, etc.)
test carried to rupture and the original cross-sectional area ¢fcluding moisture content for example relative humidity) may

the specimen. (See Terminology E 6.) have an influence on the measured tensile strength. In particu-
o lar, the behavior of materials susceptible to slow crack growth
4. Significance and Use fracture will be strongly influenced by test environment, testing

4.1 This test method may be used for material developmentate, and elevated temperatures. Testing to evaluate the maxi-
material comparison, quality assurance, characterization, relmum strength potential of a material should be conducted in
ability assessment, and design data generation. inert environments or at sufficiently rapid testing rates, or both,

4.2 High strength, monolithic advanced ceramic material¢o minimize slow crack growth effects. Conversely, testing can
are generally characterized by small grain sizes (< 50 um) ande conducted in environments and testing modes and rates
bulk densities near the theoretical density. These materials arepresentative of service conditions to evaluate material per-
candidates for load-bearing structural applications requirindormance under use conditions. When testing is conducted in
high degrees of wear and corrosion resistance and elevatedncontrolled ambient air with the intent of evaluating maxi-
temperature strength. Although flexural test methods are commum strength potential, monitor and report relative humidity
monly used to evaluate strength of advanced ceramics, the n@amd ambient temperature. Testing at humidity levels > 65 %
uniform stress distribution of the flexure specimen limits therelative humidity (RH) is not recommended.
volume of material subjected to the maximum applied stress at 5.2 Surface preparation of test specimens can introduce
fracture. Uniaxially-loaded tensile strength tests provide infor{fabrication flaws that may have pronounced effects on tensile
mation on strength-limiting flaws from a greater volume of strength. Machining damage introduced during test specimen
uniformly stressed material. preparation can be either a random interfering factor in the

4.3 Because of the probabilistic strength distributions ofdetermination of ultimate strength of pristine material (that is
brittle materials such as advanced ceramics, a sufficient nunincrease frequency of surface initiated fractures compared to
ber of test specimens at each testing condition is required forolume initiated fractures), or an inherent part of the strength
statistical analysis and eventual design with guidelines focharacteristics. Surface preparation can also lead to the intro-
sufficient numbers provided in this test method. Size-scalingluction of residual stresses. Universal or standardized test
effects as discussed in practice C 1239 will affect the strengtmethods of surface preparation do not exist. Final machining
values. Therefore, strengths obtained using different reconsteps may, or may not negate machining damage introduced
mended tensile test specimen geometries with different volduring the early coarse or intermediate machining. Thus, report
umes or surface areas of material in the gage sections will best specimen fabrication history since it may play an important
different due to these size differences. Resulting strengthole in the measured strength distributions.
values can, in principle, be scaled to an effective volume or 5.3 Bending in uniaxial tensile tests can cause or promote
effective surface area of unity as discussed in Practice C 12380n uniform stress distributions with maximum stresses occur-

4.4 Tensile tests provide information on the strength anding at the test specimen surface leading to non representative
deformation of materials under uniaxial stresses. Uniformfractures originating at surfaces or near geometrical transitions.
stress states are required to effectively evaluate any non-linegending may be introduced from several sources including
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misaligned load trains, eccentric or mis-shaped test specimensiaterial and increased degradation of the grips due to exposure
and non-uniformly heated test specimens or grips. In additiorto the elevated-temperature oxidizing environment. Grips lo-
if strains or deformations are measured at surfaces whereated outside the heated zone surrounding the test specimen
maximum or minimum stresses occur, bending may introducenay or may not employ cooling. Uncooled grips located
over or under measurement of strains. Similarly, fracture fronoutside the heated zone are termed” warm grips” and generally
surface flaws may be accentuated or muted by the presenceiofluce a mild thermal gradient in the test specimen but at the

the non uniform stresses caused by bending. relative expense of elevated-temperature alloys in the grips and
increased degradation of the grips due to exposure to the
6. Apparatus elevated-temperature oxidizing environment. Cooled grips lo-

6.1 Testing Machines-Machines used for tensile testing cated outside the heated zone are termed* cold grips” and
shall conform to the requirements of Practice E 4. The force§enerally induce a steep thermal gradient in the test specimen
used in determining tensile strength shall be accurate within at & greater relative expense because of grip cooling equipment
1 % at any force within the selected force range of the testingnd allowances, although with the advantage of consistent
machine as defined in Practice E 4. A schematic showin@lignment and little degradation from exposure to elevated
pertinent features of a possible tensile testing apparatus fgmperatures.
shownin Fig. 1 Note 1—The expense of the cooling system for cold grips is balanced

6.2 Gripping Devices against maintaining alignment which remains consistent from test to test

6.2.1 General—Various types of gripping devices may be (stable grip temperature) and decreased degradation of the grips due to
used to transmit the measured load applied by the testingxposure to the elevated-temperature oxidizing environment. When grip
machine to the test specimen. The brittle nature of advancegp©!ing is employed, means should be provided to control the cooling

medium to maximum fluctuationd 6 K (less tha 1 K preferred) about

ceramics requires a uniform interface between the grip Comé setpoint temperaturél)® over the course of the test to minimize

ponents and the gripped section of the test specimen. Line %ermally-induced strain changes in the test specimen. In addition,

point contacts ar_‘d non Uniform pressure can produce Hertziapposing grip temperatures should be maintained at uniform and consis-
type stress leading to crack initiation and fracture of the tesfent temperatures within 5 K (less than= 1 K preferred)(1) so as to

specimen in the gripped section. Gripping devices can bevoid introducing unequal thermal gradients and subsequent non uniaxial

classed generally as those employing active and those emplogiresses in the test specimen. Generally, the need for control of grip

ing passive grip interfaces as discussed in the followin emperature fluctuations or differences may be indicated if test specimen
: : e ge-section temperatures cannot be maintained within the limits required

sectlons:‘. Unco_olej,d grips located inside the heated zone aI 932

termed “hot grips” and generally produce almost no therma ) ) ) o

gradient in the test specimen but at the relative expense of grip 6-2-1-1 Active Grip Interfaces-Active grip interfaces re-

materials of at least the same temperature capability as the t&#¢ire & 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
interfaces cause a force to be applied normal to the surface of
the gripped section of the test specimen. Transmission of the
uniaxial force applied by the test machine is then accomplished

EMo:jé,i*BEfg ORNOT MOVEABLE) by friction between the test specimen and the grip faces. Thus,

LOADCELL important aspects of active grip interfaces are uniform contact

LOAD TRAIN COUPLER between the gripped section of the test specimen and _the grip
faces and constant coefficient of friction over the grip/test

GRIPPING DEVICE specimen interface.

(a) For cylindrical test specimens, a one-piece split-collet
arrangement acts as the grip interfg2e 3) as illustrated by
UNIAXIALLY-
TENSILE TEST SPECIMEN APPLIED Fig. 2. Close tolerances are required for concentricity of both
LOAD the grip and test specimen diameters. In addition, the diameter

GRIPPING DEVICE of the gripped section of the test specimen and the unclamped,

LOAD TRAIN COUPLER open diameter of the grip faces must be within S|m|lafly close_
tolerances to promote uniform contact at the test specimen/grip

ACTUATOR interface. Tolerances will vary depending on the exact configu-
ration as shown in the appropriate specimen drawings.

TESTING MACHINE (b) For, flat test specimens, flat-face, wedge-grip faces act as
the grip interface as illustrated in Fig. 3. Close tolerances are
required for the flatness and parallelism as well as wedge angle
of the grip faces. In addition, the thickness, flatness, and
parallelism of the gripped section of the test specimen must be

FIG. 1 Schematic Diagram of One Possible Apparatus for 3 The boldface numbers given in parentheses refer to a list of references at the
Conducting a Uniaxially-Loaded Tensile Test end of the text.
3
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FIG. 2 Example of a Smooth, Split Collet Active Gripping System
for Cylindrical Test Specimens
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FIG. 3 Example of a Smooth, Wedge Active Gripping System for
Flat Test Specimens

Grip mechansim

head fillets, shank shoulders, or holes in the gripped head.
Thus, the important aspect of passive grip interfaces in uniform

contact between the gripped section of the test specimen and
the grip faces.

(a) For cyclindrical test specimens, a multi-piece split collet
arrangement acts as the grip interface at button-head fillets of
the test specimef) as illustrated in Fig. 4. Because of the
limited contact area at the test specimen/grip interface, soft,
deformable collet materials may be used to conform to the
exact geometry of the test specimen. In some cases tapered
collets may be used to transfer the axial force into the shank of
the test specimen rather than into the button-head rgdius
Moderately close tolerances are required for concentricity of
both the grip and test specimen diameters. In addition, toler-
ances on the collet height must be maintained to promote
uniform axial-loading at the test specimen/grip interface.
Tolerances will vary depending on the exact configuration as
shown in the appropriate test specimen drawings.

(b) For flat test specimens, pins or pivots act as grip
interfaces at either the shoulders of the test specimen shank or
at holes in the gripped test specimen hgads,7) Close
tolerances are required of shoulder radii and grip interfaces to
promote uniform contact along the entire test specimen/grip
interface as well as to provide for non eccentric loading as
shown in Fig. 5. Moderately close tolerances are required for
longitudinal coincidence of the pin and hole centerlines as
illustrated in Fig. 6.

6.3 Load Train Couplers

6.3.1 General—Various types of devices (load-train cou-
plers) may be used to attach the active or passive grip interface
assemblies to the testing machine (for example, Fig. 7). The
load-train couplers in conjunction with the type of gripping
device play major roles in the alignment of the load train and
thus subsequent bending imposed in the test specimen. Load
train couplers can be classified, as fixed and non fixed as
discussed in the following sections. The use of well-aligned
fixed or self-aligning non fixed couplers does not automatically
guarantee low bending in the gage section of the tensile test
specimen. Well-aligned fixed or self-aligning non fixed cou-
plers provide for well-aligned load trains, but the type and
operation of grip interfaces as well as the as-fabricated
dimensions of the tensile test specimen can add significantly to
the final bending imposed in the test specimen gage section.

6.3.1.1 Regardless of which type of coupler is used, verify
alignment of the testing system at a minimum at the beginning
and end of a test series unless the conditions for verifying
alignment are otherwise met. An additional verification of
alignment is recommended, although not required, at the

within similarly close tolerances to promote uniform contact atmiddle of the test series. Use either a dummy or actual test
the test specimen/grip interface. Tolerances will vary dependspecimen. Allowable bending requirements are discussed in
ing on the exact configuration as shown in the appropriate tet.5. See Practice E 1012 for discussions of alignment and

specimen drawings.

Appendix X1 for suggested procedures specific to this test

6.2.1.2 Passive Grip Interfaces-Passive grip interfaces method. Atest series is interpreted to mean a discrete group of
transmit the force applied by the test machine to the testests on individual test specimens conducted within a discrete
specimen through a direct mechanical link. Generally, thesperiod of time on a particular material configuration, test
mechanical links transmit the test forces to the test specimespecimen geometry, test condition, or other uniquely definable
via geometrical features of the test specimens such as buttogualifier (for example a test series composed of material A
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FIG. 5 Examples of Shoulder-Loaded, Passive Gripping Systems for Flat Test Specimens (5,6)
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FIG. 6 Example of a Pin-Loaded, Passive Gripping system for Flat Test Specimens (6)

NNENN

comprising ten test specimens of geometry B tested at a fixelsending stiffness characteristics as the actual test specimen and material.
rate in strain control to final fracture in ambient air). 6.3.2 Fixed Load-Train Couplers-Fixed couplers may in-

Note 2—Tensile test specimens used for alignment verification shoulcpqrporate de_V'CGS that require e't_her a One-tlme, pre-test
be equipped with a recommended eight separate longitudinal strain gagéignment adjustment of the load train which remains constant
to determine bending contributions from both eccentric and angulafor all subsequent tests or an in-situ, pre-test alignment of the
misalignment of the grip heads. Although it is possible to use a minimumoad train which is conducted separately for each test specimen
of six separate longitudinal strain gages for test specimens with circulagnd each test. Such devicéss 9) usually employ angularity

cross sections, eight strain gages are recommended here for simplicity aa(l‘l]d concentricity adjusters to accommodate inherent load-train
consistency in describing the technique for both circular and rectangular

cross sections. Dummy test specimens used for alignment verificatiormlsa“gnments‘ Regardless of which method is used, perform

should have the same geometry and dimensions of the actual te&{’ alignment Yeriﬁcation asldiscussed in 6-3;1-1
specimens as well as similar mechanical properties (that is elastic 6.3.3 Non Fixed Load-Train CouplersNon fixed couplers

modulus, hardness, etc.) as the test material to ensure similar axial amday incorporate devices that promote self-alignment of the
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FIG. 7 Examples of Hydraulic, Self-Aligning, Non-Fixed Load Train Couplers (11, 12)

load train during the movement of the crosshead or actuatoattachment should be such so as to cause no mechanical
Generally such devices rely upon freely moving linkages todamage to the test specimen surface. Extensometer contact
eliminate applied moments as the load-train components anggrobes must be chosen to be chemically compatible with the
loaded. Knife edges, universal joints, hydraulic couplers or aitest material (for example alumina extensometer extensions
bearings are example®, 8, 10, 11, 12)of such devices. and an SiC test specimen are incompatible). In addition, the
Examples of two such devices are shown in Fig. 7. Althoughweight of the extensometer should be supported so as not to
non fixed load-train couplers are intended to be self-aligningntroduce bending greater than that allowed in 6.5.
and thus eliminate the need to evaluate the bending in the test6.5 Allowable Bending-Analytical and empirical studies
specimen for each test, verify the operation of the couplers an@) have concluded that for negligible effects on the estimates
their effect on alignment as discussed in 6.3.1.1. of the strength distribution parameters (for example Weibull
6.4 Strain MeasurementAlthough strain measurement modulus/m, and characteristic strengif,), allowable percent
techniques are not required in this test method, their use isending as defined in Practice E 1012 should not exceed five.
recommended. Strain at elevated temperatures should be dBEhRese conclusion@) assume that tensile strength fractures are
termined by means of a suitable extensometer. Appropriatdue to fracture origins in the volume of the material, all tensile
strain measurements can be used to determine elastic constatest specimens experienced for same level of bending, and that
in the linear region of the stress strain curves and can serve Weibull modulus i, was constant. Thus, the maximum allow-
indicate underlying fracture mechanisms manifested as nonlirable percent bending at fracture for test specimens tested under
ear stress-strain behavior. this test method shall not exceed five. Verify the testing system
6.4.1 Extensometers shall satisfy Test Method E 83, Classuch that percent bending does not exceed five at a mean strain
B-1 requirements. Calibrate extensometers periodically irequal to either one half the anticipated strain at the onset of the
accordance with Test Method E 83. For extensometers mesumulative fracture process (for example: matrix cracking
chanically attached to or in contact with the test specimen, thetress) or a strain of 0.0005 (500 micro strain) whichever is
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greater. Unless all test specimens are properly strain gaged atebts, devise a method to check the readings of the thermo-
percent bending monitored until the onset of the cumulativecouples on the test specimen during the test. For reliable
fracture process, there will be no record of percent bending atalibration of thermocouples after use, reproduce the tempera-
the onset of fracture for each test specimen. Therefore, verifjure gradient of the test furnace during the recalibration.
the alignment of the testing system. See Practice E 1012 for . 7.1.3 Thermocouples containing Pt are also subject to
discussions of alignment and Appendix X1 for suggestedjegradation in the presence of silicon and silicon-containing
procedures specific to this test method. compounds. Platinum silicides may form leading to several
6.6 Heating Apparatus-The apparatus for, and method of, possible outcomes. One outcome is the embrittlement of the
heating the test specimens shall provide the temperatugople-metal thermocouple tips and their eventual degradation
control necessary to satisfy the requirement of 9.3.2. and breakage. Another outcome is the degradation of the
6.6.1 Heating can be by indirect electrical resistance (heakj|icon-containing material (for example, test specimen, fur-
ing elements), direct induction, indirect induction through apace heating elements or refractory furnace materials). In all
susceptor, radiant lamp, or direct resistance with the testzses do not allow platinum containing materials to contact
specimen in ambient air at atmospheric pressure unless othgficon containing materials. In particular, do not allow noble-
environments are specifically applied and reported. metal thermocouples to contact silicon-based test materials (for
Note 3—While direct resistance heating may be possible in some type€xample, SiC or $N,). In some cases (for example, when
of electrically-conductive ceramics, it is not recommended in this testusing SiC heating elements), it is advisable to use ceramic-
method since the potential exists for uneven heating or arcing, or both, ahielded noble-metal thermocouples to avoid the reaction of
fracture. the Pt-alloy thermocouples with the SiO gas generated by the

6.7 Temperature—Measuring Apparats§he method of Volatilization of the SiQ protective layers of SiC heating
temperature measurement shall be sufficiently sensitive anglements.
reliable to ensure that the temperature of the specimen is within 6.7.1.4 Calibrate temperature-measuring, controlling, and
the limits specified in 9.3.2. recording instruments versus a secondary standard, such as
6.7.1 For test temperatures less than 2000 K, make primamrecision potentiometer, optical pyrometer, or black-body thy-
temperature measurements with noble-metal thermocouples iistor. Check lead-wire error with the lead wires in place as
conjunction with potentiometers, millivoltmeters, or electronicthey normally are used.
temperature controllers or readout units, or both. Such mea- 6,72 For test temperatures greater than 2000 K, less-

surements are subject to two types of error as discussed ghmmon temperature measurement devices such as thermo-
MNL 12 (10). Firstly, thermocouple calibration and instrument coples of elevated-temperature, non noble-metal alloys (for
measuring errors initially produce uncertainty as to the exacéxample W-Re) or optical pyrometry may be used. Since
temperature. Secondly, both thermocouples and measuri%dely-recognized standards do not exist for these less-
instruments may be subject to variations over time. CoOmmoRymmon devices, report the type of measurement device, its
errors encountered in the use of thermocouples to measufgethod of calibration, and its accuracy and precision.
temperatures include: calibration error, drift in calibration due 6.8 Data Acquisition—At a minimum. obtain an auto-
to contamination or deterioration with use, lead-wire error, " q '

error arising from method of attachment to the test specimergraphic record .Of. applied force_v_e_rsus time. Either analog chart
direct radiation of heat to the bead, heat-conduction alon e_corders or digital data _a(_:qmsmon §ystems can be used for
thermocouple wires, etc ' is purpose although a digital record is recommended for ease

6.7.1.1 Measure temperature with thermocouples of knowﬁ’lf Elt?r ﬁat? datr;alyssa Iidneallygl ann t?%al\?v?thc?r?rt drie(i:t%rldggtgr
calibration (calibrated according to Test Method E 220). Calj-P'otter shou € use conjunctio e dg

brate representative thermocouples from each lot of wires useffquisition system to p_rqwde an |mmed|ate_ record .Of the test as
for making noble (for example, Pt or Rh/Pt) metal thermo-& supplement to the digital record. Recording devices shall be

: ithi % of the selected range for the testing
couples. Except for relatively low temperatures of ex osure?ccurat? to W!th'nt 1 . e .
b P y b P stem including readout unit, as specified in Practice E 4, and

noble-metal thermocouples are eventually subject to error upo - S .
reuse, unless the depth of immersion and temperature gradie ould have a minimum data acquisition rate of 10 Hz with a
of the initial exposure are reproduced. Consequently, calibrateSPonse of 50 Hz deemed more than sufficient.
nob'e-meta' thermocoup'es using representative thermo_ 6.8.1 Whel’e Strain or e|0ngati0n Of the gage SeCtion are alSO
couples. Do not reuse degraded noble-metal thermocoupléBeasured, these values should be recorded either similarly to
without proper treatment. This treatment includes clippingthe force or as independent variables of force. Cross-head
back the wire exposed to the hot zone, rewelding a thermadisplacement of the test machine may also be recorded but
couple bead, and properly annealing the rewelded thermcﬁhoqld not be used to define displacement or strain in the gage
couple bead and wire. Any reuse of noble-metal thermocoupleSection.
(except after relatively low-temperature use) without this 6.8.2 At a minimum, record temperature as single points at
precautionary treatment shall be accompanied by recalibratiotine initiation and completion of the actual test. However,
data demonstrating that calibration of the temperature readingmperature can also be recorded similarly to force and strain
system was not unduly affected by the conditions of exposureexcept the record can begin at the start of the heating of the
6.7.1.2 Measurement of the drift in calibration of thermo-furnace (including ramp-up to test temperature) and ending at
couples during use is difficult. When drift is a problem during the completion of the test.
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6.9 Dimension-Measuring DevicesMicrometers and other  with water-cooled grip heads and a resistance-heated furnace heating only
devices used for measuring linear dimensions shall be accuraffee¢ center 50 mm of the test specimen. This example is a finite element
and precise to at least one half the smallest unit to which thénalyss of a specific case for a specific material and test specimen test
S . L . nfiguration. Thus, Fig. 9 is intended only as an illustrative example and
individual dimension is meas.ured' For th? purpos_es _Of this teéﬁould not be construed as being representative of all cases with similar
method, measure cross sectional dimensions to within 0.02 Miag; configurations.
using dimension measuring devices with accuracies of 0.01

mm 8.1.2 Cylindrical Tensile Test Specimen£ylindrical test

specimens are generally fabricated from rods of material and
offer the potential of testing the largest volume of the various
tensile test specimens. In addition, the size of the test specimen
lends itself to more readily evaluating the mechanical behavior
of a material for engineering purposes. Disadvantages include
e relatively large amount of material required for the starting
illet, the large amount of material which must be removed
uring test specimen fabrication, and the need to fabricate the
est specimen cylindrically, usually requiring numerically con-
rolled grinding machines, all of which may add substantially
to the total cost per test specimen. Gripped ends include
various types of button-head4, 8, 9, 11, 12, 13as shown in
i Fig. 10, Fig. 11, and Fig. 12. In addition, straight shank
8.1 Test Specimen Geometry _ _ _ geometries have been successfully ug&®)as shown in Fig.
8.1.1 Generai—The geometry of a tensile test specimen iS13 gang Fig. 14. Important tolerances for the cylindrical tensile
dependent on the ultimate use of the tensile strength data. F{st specimens include concentricity and cylindricity that will
example, if the tensile strength of an as-fabricated componer\y‘ary depending on the exact configuration as shown in the
is required, the dimensions of the resulting tensile test Specbppropriate test specimen drawings.
men may reflect the thickness, width, and length restrictions of g 1 3 Flat Tensile Test Specimenslat test specimens are
the component. If itis desired to evaluate the effects of inherenjenerally fabricated from plates or blocks of material and offer
flaw distributions for a particular material manufactured fromyy,q potential for ease of material procurement, ease of fabri-
a particula}r processing _routelthen the size of.the test specim%tion, and subsequent lower cost per test specimen. Disad-
and resulting gage section will reflect the desired volume to bganages include the relatively small volume of material tested
sampled. In addition, grip interfaces and load-train couplers agnq sensitivity of the test specimen to small dimensional
discussed in Section 6 will influence the final design of the tes{y|erances or disturbances in the load train. Gripped ends
specimen geometry. _ _include various types of shoulder-loaded sharf&s 6) as
8.1.1.1 Fig. 8 illustrates a range _of tensile test specimeRpown in Fig. 15 and Fig. 16. In addition, pin-loaded gripped
geometries which have been applied to testing advancegqys(7) have also been used successfully as shown in Fig. 17.
ceramics. Fig. 8 provides only a sampling of possible tensilgsage sections of flat tensile test specimens for strength
test specimens for ceramics and by no means purports {Qeasurements are sometimes cylindrical. While this type of
represent all possible configurations past or present. Thgage section adds to the difficulty of fabrication and therefore
following sections discuss the more common, and thus proveryast of the flat tensile test specimen it does not avoid the
of these test specimen geometries although any geometry izoplem of fractures initiating at corners of non cylindrical
acceptable if it meets the gripping and bending requirements Qfage sections. Corner fractures may be initiated by stress
this test method. If deviations from the recommended geomgyncentrations due to the elastic constraint of the corners but
etries are made, a stress analysis of the test specimen should e more generally initiated by damage (chipping, etc.) which
conducted to ensure that stress concentrations which could lead, pe treated by chamfering the corners similar to that
to undesired fractures outside the gage sections do not exi$bcommended for rectangular cross section bars used for
Additionally, the success of an elevated-temperature tensilgeyre tests (See Text Method C 1161). Important tolerances
test WI|| depeno_l on the type of heqtlng system, exte_nt of tesfyy the flat tensile test specimens include parallelism of faces
specimen heating, and test specimen geometry since theggq |ongitudinal alignment of load lines (pin hole centers or
factors are all interrelated. For example, thermal gradients mayj,qyider loading points) all of which will vary depending on

introduce additional stress gradients in test specimens whiclhe exact configuration as shown in the appropriate test
may already exhibit stress gradients at ambient temperatur%ecimen drawings.

due to geometric transitions. Therefore, untried test configura-' g 5 Test Specimen Preparation

tions should be simultaneously analyzed for both loading- g2 1 pepending upon the intended application of the tensile

induced stress gradients and thermally-induced temperatutgrength data, use one of the following test specimen prepara-
gradients to ascertain any adverse interactions. tion procedures. Regardless of the preparation procedure used,

Note 4—An example of such an analysis is shown in Fig. 9 for areport sufficient details regarding the procedure to allow
monolithic silicon nitride cylindrical button-head tensile test specimenreplication.

7. Hazards

7.1 Precaution—During the conduct of this test method,
the possibility of flying fragments of broken test material is
quite high. The brittle nature of advanced ceramics and th
release of strain energy contribute to the potential release
uncontrolled fragments upon fracture. Means for containmen&
and retention of these fragments for safety as well as lat
fractographic reconstruction and analysis is highly recomy
mended.

8. Test Specimen
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FIG. 8 Examples of Variety of Tensile Test Specimens Used for Advanced Ceramics

8.2.2 As-Fabricated—The tensile test specimen should unwanted surface/subsurface damage or residual stresses), this
stimulate the surface/edge conditions and processing route pfocedure should be used.

an application where no machining is used; for example, g2 5 Standard Procedure-In instances where 8.2.2

as-cast, sintered, or injection molded parts. No additionajprough 8.2.4 are not appropriate 8.2.5 should apply. This
machmmg specifications are relevant. As-processed test spe focedure should serve as minimum requirements and a more
mens might possess rough surface textures and non-paral

. T ingent procedure may be necessary.
edges and as such may cause excessive misalignment or 5551 All grindi i hould be d ith |
prone to non-gage section fractures, or both. 2.5, grinding or cutting should be done with ample

8.2.3 Application - Matched Machining-The tensile test supply'of.appropriate filtered coolant to keep the workpiece
specimen should have the same surface/edge preparation %&d g_rmdmg wheel const_antly flooded and particles _flushed.
that given to the component. Unless the process is proprietar§zfinding should be done in at least two stages, ranging from
the report should be specific about the stages of materidloarse to fine rate of material removal. All cutting can be done
removal, diamond grits, diamond-grit bonding, amount ofin one stage appropriate for the depth of cut. The direction of
material removed per pass, and type of coolant used. the targental velocity (due to angular velocity) of the grinding

8.2.4 Customary Practices-In instances where a custom- wheel at the point of contact with the test specimen surface
ary machining procedure has been developed that is completehould be principally parallel to the longitudinal axis of the test
satisfactory for a class of materials (that is, it induces nospecimen.

10
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5 12 ; ] 40 8.2.6.1 Generally, computer numerical control (CNC) fab-
£Y6 Siicon Nirido { 5 rication methods are necessary to obtain consistent test speci-
1 L=160 mm, dws:6,35 mm :

mens with the proper dimensions within the required toler-
130 ances. A necessary condition for this consistency is the
j complete fabrication of the test specimen without removing it
125 from the grinding apparatus, thereby avoiding the introduction
of unacceptable tolerances into the finished test specimen.

8.2.6.2 Formed, resinoid-bonded, diamond-impregnated
q18 wheels (minimum 320 grit in a resinoid bond) are necessary to
] both fabricate critical shapes (for example, button-head radius)
and to minimize grinding vibrations and subsurface damage in
5 the test material. The formed, resin-bonded wheels require

periodic dressing and shaping (truing), which can be done

0 02 0.4 0.8 08 1 dynamically within the test machine, to maintain the cutting
NORMALIZED LENGTH ALONG SPECIMEN LENGTH, y/(L/Z) and dimensiona' |ntegr|ty

11" Ygs

NORMALIZED TEMPERATURE, T/T

0.8
€ TEMPERATURE

STRESS —» 4 20

04 |

Quarter Profile of Button-head
0.2 |-Cylindrical Tensile Specimen

Gage Section

NORMALIZED STRESS, o../o
(o]

Note 1—The shaded area at the bottom of the graph represents a 8:2.6.3 The most serious concern is not nece_ssa'r”y the
section view of one fourth of the tensile specimen cross section from théurface finish (on the order &, = 0.2 to 0.4 um) which is a

button headed to the center of the gage section. result of the final machining steps. Instead, the subsurface
FIG. 9 Example of Superposed Stress and Temperature Results damage is critically important although this damage is not
from Finite Element Analyses of a Monolithic Silicon Nitride, readily observed or measured. and. therefore must be inferred
Button-Head Tensile Test Specimen with Water-Cooled Grips and . ! ! . .
Resistance-Heated Furnace Heating Only the Center 50 mm of as the result o_f the grinding history. More details of this gspect
the Test Specimen have been discussed elsewhé#. In all cases, the final

grinding operation (spark out’) performed in the gage section
is to be along the longitudinal axis of the test specimen to

8.2.5.2 Material removal rate should not exceed 0.03 mn@SSure that any residual grinding marks are parallel to the
per pass to the last 0.06 mm. Final finishing should bePPlied stress.
performed with diamond tools that have between 320 and 600 8.3 Handling Precautior-Extreme care should be exer-
grit. No less than 0.06 mm per face should be removed duringised in storage and handling of finished test specimens to
the final finishing phase, and at a rate not more than 0.002 mivoid the introduction of random and severe flaws (for example
per pass. Remove equal stock from each face where applicabl@st specimens impact or scratch against each other). Therefore,
8.2.5.3 Edge finishing should be comparable to that appliegtore each test specimen in separate nonmetallic containers or
to test Specimen surfaces. In particu|ar, the direction Ofn a nonmetallic container in which dividers restrict test
machining should be parallel to the longitudinal axis of the tessPecimens from contact with each other. In addition, give
specimen. attention to pre-test storage of test specimens in controlled
8.2.5.4 Materials with low fracture toughness and a greatenvironments or desiccators to avoid unquantifiable environ-
susceptibility to grinding damage may require finer grindingMental degradation of test specimens prior to testing.
wheels at very low removal rates. 8.4 Number of Test Specimen#\s discussed in Practice
8.2.5.5 Generally, surface finishes on the order of averag€ 1239, the total number of test specimens plays a significant
roughnessR,, of 0.2-0.4 um are recommended to minimizerole in the estimates of strength distribution parameters (for
surface fractures related to surface roughness. However, i®xample Weibull modulush, and characteristic strengtf,).
some cases the final surface finish may not be as important asitially, the uncertainty associated with parameter estimates
the route of material removal due to the generation ofdecreases significantly as the number of test specimens in-
subsurface damage during the material removal process.  creases. However a point of diminishing returns is reached
8.2.5.6 Geometric features such as holes, button-head radihen the cost of performing additional tensile strength tests
uses, or transition radiuses require just as stringent attention t8ay not be justified. This suggests that a practical number of
fabrication detail as that paid to the gage section. Therefore tH@nsile strength tests should be performed to obtain a desired
minimum requirements outlined here should be applied tdevel of confidence associated with a parameter estimate.
these geometric features as well as to the gage section. Additional details concerning the determination of the strength
8.2.6 Cylindrical Tensile Test Specimen Procedure distribution parameters are provided in Practice C 1239.
Because of the axial symmetry of the button-head tensile test 8.4.1 It is impossible to state the actual number of test
specimen, fabrication of the test specimens is generally corspecimens required under this test method since the number of
ducted on a lathe-type apparatus. In many instances, the bulk td#st specimens needed depends on the precision required in the
the material is removed in a circumferential grinding operatiorresulting parameter estimate and thus depends on the unique
with a final, longitudinal grinding operation performed in the requirements of each application. Practice C 1239 requires the
gage section to assure that any residual grinding marks areporting of 90 % confidence bounds for Weibull moduins,
parallel to the applied stress. Beyond those guidelines provideaind characteristic strengtf, when a single flaw population is
here, Ref(4) provides more specific details of recommendedresponsible for strength distributions. As an illustrative ex-
fabrication methods for cylindrical tensile test specimens. ample, Table 1 shows the upper and lower 90 % confidence
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C/L Smooth Blend, No Undercut
SYM. or Tool Marks Allowed 12.004
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— — — _ _ _ 16.00
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NOTE: 1) SURFACE FINISH 0.20-0.40 um ALL OVER
EXCEPT BUTTON-HEAD RADIUS WHICH
MUST BE <0.25 um AND END FACES
WHICH MAY BE 0.80 um.
2) FINAL GRIND OF GAGE SECTION TO BE
LONGITUDINAL

Tensile Specimen for Advanced Ceramics

mm X.X =0.1, X.XX = 0.01, X.XXX = 0.001
SCALE: NTS

Note 1—Illustration not intended to be engineering or production drawing.
FIG. 10 Example of a Cylindrical Button-Head Tensile Test Specimen (4)
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NOTE: 1) SURFACE FINISH 0.4 um ALL OVER
EXCEPT END FACES WHICH MAY
BE 0.8 um.
2) FINAL GRIND OF GAGE SECTION TO BE
LONGITUDINAL

Tensile Specimen for Advanced Ceramics

mm X.X=0.1, X.XX =0.01, X.XXX = 0.001
SCALE: NTS

Note 1—Illlustration not intended to be an engineering or production drawing.
FIG. 11 Example of a Cylindrical, Button-Head Tensile Test Specimen (12)
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Smooth Blend, No Undercut
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NOTE: 1) SURFACE FINISH 0.4 um ALL OVER
2) FINAL GRIND OF GAGE SECTION TO BE
LONGITUDINAL
3) EDGE SHOULD BE FLAT AND
PERPENDICULAR TO +0.013/-0.000 mm

Tensile Specimen for Advanced Ceramics

mm X.X = 0.1, X.XX = 0.01, X.XXX = 0.001
SCALE: NTS

Note 1—Illlustration not intended to be an engineering or production drawing.
FIG. 12 Example of a Cylindrical, Button-Head Tensile Test Specimen (14)
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Smooth Blend, No Undercut
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NOTE: 1) SURFACE FINISH 0.4 um ALL OVER
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|
— ]!
Y

-4 37.0-62.0 »
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Tensile Specimen for Advanced Ceramics

2) FINAL GRIND OF GAGE SECTION TO BE mm X.X=0.1, X.XX =0.01, X.XXX = 0.001

LONGITUDINAL

3) TURNING CENTERS PERMITTED

BOTH ENDS

SCALE: NTS

Note 1—Illlustration not intended to be an engineering or production drawing.
FIG. 13 Example of a Flat, Shoulder-Loaded Tensile Test Specimen (9)
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NOTE: 1) SURFACE FINISH 0.4 um ALL OVER
EXCEPT END FACES WHICH MAY
BE 0.8 um.
2) FINAL GRIND OF GAGE SECTION TO BE
LONGITUDINAL

9T

Tensile Specimen for Advanced Ceramics

mm X.X = 0.1, X.XX = 0.01, X.XXX = 0.001
SCALE: NTS

Note 1—Illlustration not intended to be an engineering or production drawing.
FIG. 14 Example of a Cylindrical, Straight-Shank Tensile Test Specimen (3)
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Note 1—Illlustration not intended to be an engineering or production drawing.
FIG. 15 Example of a Flat, Shoulder-Loaded Tensile Test Specimen (5)
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8T

Tensile Specimen for Advanced Ceramics

mm X.X = 0.1, X.XX =0.01, X.XXX = 0.001
SCALE: NTS

Note 1—Illlustration not intended to be an engineering or production drawing.
FIG. 16 Example of a Flat, Shoulder-Loaded Tensile Test Specimen (6)
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Tensile Specimen for Advanced Ceramics

mm X.X =0.1, X.XX = 0.01, X.XXX = 0.001
SCALE: NTS

Note 1—Illlustration not intended to be an engineering or production drawing.
FIG. 17 Example of a Flat, Shoulder-Loaded Tensile Test Specimen (7)
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TABLE 1 Example of Upper and Lower 90 % Confidence Bounds the gage section are dependent on proper overall test specimen
for Weibull Parameter Estimates Assuming a Single Flaw dimensions within the required tolerances
Population A o ) : .

opulation 9.1.3 In some cases it is desirable, but not required, to

N;ggﬁ;:ges‘ Mypper Mhower (To)upper (G 6)omer measure surface fin?sh to ql_Jantify the surface condition. Su_ch

5 146 36 566 248 methods as contacting profilometry can be used to determine

10 13.5 5.5 534 469 surface roughness of the gage section. When quantified, report

30 12.2 7.5 517 483

the direction(s) of the surface roughness measurement and
AFor a biased Weibull modulus, m of 10 characteristic strength, T, of 500 MPa. Surface roughness as average Surface rough%ssr root_
mean-square surface roughnesg, & a minimum.

bounds forh, andé, for 5, 10, and 30 tests assuming a biased 9-2 Test Modes and Rates o
i of 10 andé, of 500 MPa for a single flaw population. As a ~ 9-2.1 Generai—Test modes and rates can have distinct and

rule of thumb a minimum of five tests can be conducted tostrong influences on the fracture behavior of advanced ceram-
determine an indication of material properties if material cosiCS €ven at ambient temperatures depending on test environ-
or test specimen availability limit the number of tests to beMent or condition of the test specimen. Test modes may

conducted. A minimum of ten tests is required for the purposetvolve load, displacement, or strain control. Recommended
of estimating a mean. rates of testing are intended to be sufficiently rapid to obtain the

8.5 Valid Tests—A valid individual test is one which meets Maximum possible tensile strength at fracture of the material.
all the following requirements: (1) all the testing requirementsHowever, rates other than those recommended here may be
of this test method, and (2) failure occurs in the uniformly-used to evaluate rate effects. In all cases, report the test mode

stressed gage section unless those tests failing outside the gétﬂéj rate. . o
section are interpreted as interrupted tests for the purpose of 9-2-2 Force Rate—For most advanced ceramics exhibiting

censored test analysis. linear elastic behavior, fracture is attributed to a weakest-link
fracture mechanism generally attributed to stress-controlled
9. Procedure fracture from Griffith-like flaws. Therefore, a load-controlled

test, with load generally related directly to tensile stress in

’Q{ittle, linear elastic advanced ceramics, is the preferred test
to within 0.02 mm. Make measurements on at least thre&node. Force rate can be directly related to stress rate thus

different cross sectional planes in the gage section. In the caS¥TPIifying data analysis. Calculate load rate as:
of the cylindrical test specimens make two measurements (90° . dP oA )

9.1 Test Specimens DimensierBetermine the diameter or
thickness and width of the gage section of each test specim

apart) on each plane. To avoid damage in the critical gage P~

section area make these measurements either optically (for
example, using an optical comparator) or mechanically using g, here:
flat, anvil-type micrometer. In either case, the resolution of thep
instrument shall be as specified in 6.9. Exercise extremep
caution to prevent damage to the test specimen gage section.
Record and report the measured dimensions and locations af
the measurements for use in the calculation of the tensile stresa

required force ratel/s,

applied forcey,

time, s,

recommended (or desired stress rate), MPa/s, and
cross sectional area of the specimen gage section,

at fracture. Use the average of the multiple measurements in mmn?.
the stress calculations. Calculate the cross sectional arkas:
Note 5—Ball-tipped or sharp-anvil micrometers may damage the test A = wh for rectangular cross sections (2
specimen surface by inducing localized cracking and therefore, are not -
recommended.
2
9.1.1 Alternatively, to avoid damage to the gage section A:%for circular cross sections (3)

post-fracture measurements of the gage section dimensions can

be made using procedures described in 9.1. In some cases, the

fracture process can severely fragment the gage section in the@here:

immediate vicinity of the fracture thus making post-fracture w = width of the gage section, mm,
measurements of dimensions difficult. In these, cases it i thickness of the gage section, mm, and
advisable to follow the procedures outlined in 9.1 for pretestd = diameter of the gage section, mm.

measurements to assure reliable measurements. . Note 6—Stress rates > 35 to 50 MPa/s are recommended to reduce the
9.1.2 Conduct periodic, if not 100 %, inspection/ influence of environmental effects and thus obtain the greatest value of
measurements of all test specimens and test specimen dimanimate tensile strength. Alternatively, select stress rates to produce final
sions to assure compliance with the drawing specificationgracture in 5 to 10 s to minimize environmental effects when testing in
Generally, high-resolution optical methods (for example an’;\mpient air. Some materials may not pe as sensjtive_ to stress rate, and less
optical comparator) or high-resolution digital point contact'@Pid stress rates may be employed in these situations.
methods (for example coordinate measurement machine) are9.2.3 Displacement Rate-The size differences of each test
satisfactory as long as the equipment meets the specificatiospecimen geometry require a different loading rate for any
in 6.9. The frequency of gage section fractures and bending igiven stress rate. Displacement mode is defined as the control
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of, or free-running displacement of, the test machine crossequired (desired) test rate, although hold times are not allowed
head. Thus the displacement rate can be calculated as follows. avoid environmental effects. Report the type and time
CalculateP using the required (desired) stress rate as discusseturation of the ramp.

in 9.2.2. Calculate the displacement rate as: 9.3 Temperature ContrekIf thermocouples are used, form
Cod /1 1) . the thermocouple bead in accordance with Test Method E 21.
=g <k_m+E> P (4 Do not attach noble-metal (for example Pt or Rh) thermo-

couples directly to advanced ceramics to avoid possible chemi-
_ cal incompatibility. The thermocouple junction may be brought
where: close to the test specimen (3 to 6 mm) and shielded from

8 = required (desired) displacement rate of the Crossy,ermg radiation in the furnace. Shielding may be omitted if,
s - head, rr]nm(/jsa_ | . for a particular furnace, the difference in indicated temperature
= cross-nead dispiacement, mm, o . from an unshielded bead and a bead inserted in a hole in the

k, = stiffness of the test machine and load train (including ) has b h be | h half th
the test specimen ends and the grip interfaces) test specimen has been shown to be less than one hall the
N/mm ‘variation listed in 9.3.2. Make the bead as small as possible

k. = stiffness of the uniform gage section of the test although there should be no shorting of the circuit (such as

could occur from twisted wired behind the bead). Use ceramic
insulators on the thermocouples in the hot zone. If some other

Note 7—ForL as the ungripped length of the test specimen, A as theelectrical insulation material is used in the hot zone, carefully
cross sectional area of the gage section,fad the elastic modulus of the  check it to determine whether the electrical insulating proper-
test material at the elevated test temperatkyean be calculated as ik ties are maintained at greater temperatures.

AE/L. The stiffness kcan be determined as described in Test Method .
D 3379 by measuring the force-displacement curves for various test 9.3.1 Number of Required Thermocoupte®vhen the

specimen lengths. The plot of, Kslope of force-displacement curve) I€ngth of the test specimen gage section is 25 to 50 mm and

versus test specimen gage length is then extrapolated to zero to find tiBermocouples are used, employ at least two thermocouples,

actual machine stiffness. Alternatively,, kkan be estimated using the one near each end of the gage section. For lengths of > 50 mm,

manufacturer’s value for frame stiffness as a starting point and decreasingydd a third thermocouple near the center of the gage section

this value as necessary to account for vari_ous links in the load train. ”Ien th.

;ue(l:t?ng rKnn.ethod is used, report the assumptions and methods for approxi 9.3.2 Temperature Limits-For the duration of the test do
not permit the difference between the indicated temperature

~ 9.2.4 Strain Rate—Strain is the independent variable in non and the nominal test temperature exceed the following limits:
linear analyses such as yielding. As such, strain rate is a = 1273 K + 3K

method of controlling tests of deformation processes to avoid > 1273 K + 6K

“runa_way” (that i.S' uncontyolled, rapid failure) conditions._ For In addition, temperature gradient within the uniformly-
the ]lnear elastic behawor_ of most advanced ceramics glgateqd gage section shall not exceed the following per 25 mm
ambient temperatures, strain rate can be calculated direct

from the required (desired) stress rate such that: f gage section length:

specimen, N/mm.

=773K + 5K
. de © > 773 K + 1 % of the temperature (K)
CT@TE ®) -

9.3.3 The term “indicated temperature” means the tempera-
ture that is indicated by the temperature-measuring device
where: using good quality pyrometric practice. True temperature may
€ = strain rate in the test specimen gage section, /s, and, vary more than the indicated temperature. The permissible
e = strain in the test specimen gage section. indicated temperature variations of 9.3.2 are not to be con-

Strain-controlled tests can be accomplished using an extestrued as minimizing the importance of good pyrometric
someter contacting the gage section of the test specimen as tpeactice and precise temperature control. All laboratories
primary control transducer. should keep both indicated and true temperature variations as

Note 8—Strain-controlled tests at elevated temperature using exten‘?mall as practicable. In view of the extreme dependency of

someters not tightly attached to tensile test specimens can be problematR{€ngth of materials on temperature, close temperature mea-
Any slippage can cause erratic behavior of the test machine leading t8urement is necessary. The limits prescribed represent ranges
possible damage to the test machine or test specimen. Conduct straithat are common practice.

controlled tests with caution. 9.3.4 Temperature overshoots during heating shall not ex-
9.2.5 Ramp SegmentsNormally, tests are conducted in a ¢€ed the following limits:
single ramp function in a at a single test rate from zero force to = 12713K 3K

the maximum force at fracture. However, in some instances > 1273 K 6K

multiple ramp segments might be employed. In these cases aStudy the heating characteristics of the furnace and the
slow test rate is used to ramp from zero force to an intermediateemperature control system to determine the power input,
force to allow time for deformation of collet material to critical temperature set point, proportioning control adjustment, and
radii (for example, button-head fillets) in the test specimencontrol-thermocouple placement to limit transient temperature
The final ramp segment of the test is conducted from thevershoots. It may be desirable to stabilize the furnace at a
intermediate force to the maximum force at fracture at theéemperature 10 to 25 K less than the nominal test temperature
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before making the final adjustments. Report any temperature 9.4.2.2 If extensometry is used, depending on the extensom-
overshoots with details of magnitude and duration. eter, mount it on the test specimen either while the system is
9.3.5 Temperature Rates and Hold Timd he rate at which  cold (ambient-temperature) or after the test specimen has been
temperature can be increased from ambient to the final te$teated to the test temperature (elevated-temperature) as de-
temperature depends on many factors, such as: heating systetailed in the following paragraphs.
temperature controller, test material, and test environment. The 9.4.2.3 If the extensometer is mounted to a cold test
hold time at temperature prior to the start of the test should bepecimen, mount the extensometer on the specimen gage
governed by the time necessary to ensure that the test specimegction at ambient temperature and zero the output. Enclose the
has reached equilibrium, the time necessary to stabilize thgst specimen in the elevated-temperature furnace and lightly
strain-measurement device, and time necessary to ensure thgick refractory insulation to “seal” the test specimen and
temperature can be maintained within the limits specified irfurnace. Do not pack insulation overly tight so as to restrict the
9.3.2. This hold time should generally not exceed 30 minextensometer arms or pullrods or to introduce extraneous
Report both the time to attain test temperature and the time #4teral or axial forces. Heat the test specimen to the test
temperature before loading. temperature at the prescribed rate and hold constant at tem-
Note 9—When tensile testing for intrinsic strength, limit time at Perature until the test specimen has reached thermal equilib-
temperature to that necessary to equilibrate the test specimen at the tédim. When the test specimen has reached thermal equilibrium,
temperature. Limiting time at the test temperature will minimize oxidationre-zero the extensometer before conducting the text.

or time-dependent thermal degradation. In addition, some materials 9.4.2.4 If the extensometer is to be mounted to a hot
experience degradation due to intermediate-temperature chemical insta- = .=~

bilities which occur at temperatures much less than upper-limit elevategpeumen’ enclose the .teSt specimen in the ele.vated_
temperatures. In these materials, ramp the temperature as rapidly Igmperature furnace_: and lightly pack refractory 'nSl_JIat'on _to
possible to minimize the exposure time to these intermediate temperaseal” the test specimen and furnace. Do not pack insulation
tures. Good results have been obtained for heating rates in which the tegverly tight so as to restrict the extensometer arms or pullrods
specimen temperature is ramped from ambient to the test temperature @r to introduce extraneous lateral or axial forces. Heat the test
approximately 30 min. specimen to the test temperature at the prescribed rate and hold
9.4 Conducting the Tensile Test constant at temperature until the test specimen has reached a
9.4.1 Mounting the Test SpecimerEach grip interface and desired temperature (usually near or at the test temperature).
test specimen geometry described in Sections 6 and 8 willlount the extensometer on the test specimen gage section and
require an unique procedure for mounting the test specimen irero the output. When the test specimen has reached thermal
the load train. Report any special components (for examplesquilibrium, re-zero the extensometer before conducting the
annealed, copper collets) required for each test. Mark the tegést.
specimen outside the heated section with an indelible marker as9 4.3 Conducting the TestIf test temperature is not re-

to the top and front (side facing the operator) in relation to thecorded continuously, record the test temperature at test initia-
test machine. tion. Initiate the data acquisition. Initiate the test mode. After
9.4.2 Preparations for Testing-Set the test mode and test test specimen fracture, disable the action of the test machine
rate on the test machine. Preload the test specimen to remo¥@d the data collection of the data acquisition system. Record
the “slack” (that is, loose and non-tensioned) from the loadhe breaking force with an accuracy of 1.0 % of the force
train. For each situation, determine and report the amount gfange. Record test temperature at test completion. Cool the test
preload which will depend on the material and tensile tesgpecimen and test apparatus to ambient temperature. Carefully
specimen geometry. Ready the autograph data acquisitid@move the test specimen from the grip interfaces. Take care
systems for data logging. If desired, begin recording furnacgot to damage the fracture surfaces by preventing them from
temperature when furnace heating is initiated and continugontacting each other or other objects. Place the test specimen
recording until the completion of the test. along with any fragments from the gage section into a suitable,

Note 10—Thermal expansion of the test specimen during heating maylon-metallic container for later analysis.
lead to i) changes in alignment if the tensile preload is reduced or ii) build 9.4.4 Determine the ambient temperature and relative hu-
up of axial compressive forces in a fixed actuator system which mamidity in accordance with Test Method E 337.

damage the test specimgn if force qontrol test mode is .not employgd. The 9.4.5 Post-Test Dimensionslf necessary, measure and re-
preload should be sufficient to maintain force train alignment while in S A ! ) '
force control. If load control is not available, the actuator position can bePOrt gage section cross-sectional dimensions at the fracture
adjusted as necessary during heat up to maintain a preload sufficient {ocation if the gage section has not been overly fragmented by
hold the load train alignment. the fracture process. If an exact measure of the cross-sectional
9.4.2.1 If no extensometry is used enclose the test speciméhimensions cannot be made due to fragmentation then use the
in the elevated-temperature furnace. Lightly pack refractory@verage dimensions measured in 9.1
insulation to" seal” the test specimen and furnace. Be sure that 9.4.5.1 Measure and report the fracture location relative to
the insulation is not packed overly tight so as to restrictthe midpoint of the gage section. Use the convention that the
pullrods or to introduce extraneous lateral or axial forcesmidpoint of the gage section is 0 mm with positive (+)
Ready the autograph data acquisition systems for data loggingneasurements toward the top of the test specimen as tested
Heat the test specimen to the test temperature at the prescrib@hd marked) and negative (=) measurements toward the
rate and hold constant at temperature until the test specimérottom of the test specimen as tested (and marked). For
has reached thermal equilibrium. fracture surfaces which are not normal to the longitudinal axis
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the average fracture location may be reported. Record ang = the average thickness of the gage section in units of
report the orientation of the fracture and fracture locations. mm as detailed in 9.1 and 9.1.1, and

Note 11—Results from test specimens fracturing outside the uniformly d = the average'dlameter of the gage section in units of mm
stressed gage section are not recommended for use in the direct calculation as detailed in 9.1 and 9.1.1.
of a mean tensile strength at fracture for the entire test set. Results from 10.2 Fracture Strain in Tension-If strain is measured in the
test specimens fracturing outside the uniformly stressed gage section aAlfhiform gage section of the test specimen, the standard formula

considered anomalous and can be used only as censored tests (that is,éestth fract train in t . f iaxially loaded rod
specimens in which a tensile stress at least equal to that calculated by ar € Tracture strain In tension of a uniaxially loaded rod can

6 was sustained in the uniform gage section before the test waB€ calculated from the elongation at the breaking force and the

prematurely terminated by a non-gage section fracture) as discussed @riginal length of the uniform gage section:

Practice C 1239 for the determination of estimates of the strength L —1)

distribution parameters. From a conservative standpoint, in completing a & = (fl_o C)
required statistical sample (for example= 10) for purposes of average

strength, one replacement test specimen should be tested for each testh .
specimen which fractures outside the uniformly-stressed gage section. where.

] o € the engineering strain at fracture,
9.5 Fractography—Fractographic examination of each | = the final length of the test specimen gage section in
failed test specimen is recommended to characterize the units of mm, and
fracture origins. The strength of an advanced ceramic is often | = the original gage length of the test specimen in units of
limited by discrete fracture origins in the material. Porosity, mm.
agglomerates, inclusions, and atypical large grains are ex- 19 3 \odulus of Elasticity—If strain is measured in the

amples of fracture origins within the volume of the material'uniform gage section of the test specimen the modulus of

Fracture origins on the surface of the test specimen may be trla(Tasticity (that is, ratio of stress to strain below the proportional

result of contact stresses, impact events, or adverse envirop- .

. ; imit) can be calculated as the slope of the least squares

ment. When the means are available, fractographic metho r% ression fit of the linear portion of the engineering stress-
should be used to locate, identify, and classify the strength- gr . . pol . 9 'ng

ngineering strain curve. Engineering stress is defined as:

limiting fracture origin in the advanced ceramic tensile test®
specimen. Moreover, for the purposes of estimating strength o _P (10)
distribution parameters as detailed in Practice C 1239, each A
classification of fracture origins must be identified as a )

I L . where:
surface—dls_,tr_|buted fracture origin or a volume—d|str|bgt§d - the engineering stress in units of MPa,
fracture origin. Thus, several classifications of fracture originsp the applied, uniaxial tensile force in units f and
may exist within the volumes or surface areas of the testy = the original cross sectional area in units of fnas
specimens in a statistical sample. Fractography can be an defined in Eq 7 and Eq 8.
interpretative analytical method and the guidelines established
in Practice C 1322 and MIL-HDBK-790, should be used to
establish objectivity.

(o]

Engineering strain is defined as:
_ (l _lo)

€
lo

(11)
10. Calculation
where

10.1 Tensile Strength-The standard formula for the tensile ¢ = the engineering strain,

strength of a uniaxially loaded rod employs the uniaxial | = the extensometer gage length at any time in units of
breaking force and the cross sectional area of the uniform gage mm, and

section: I, = the original extensometer gage length in units of mm.
_ Prnax ©) 10.4 Mean, Standard Deviation, and Coefficient of
S=A Variation—For each series of tests the mean, standard devia-
Where: tion, and coefficient of variation for each measured value can
S, = the tensile strength in units of MPa, be calculated as follows:
Pmax = the breaking force in units of N, and n
= the cross sectional area in units of hsuch that: _ Zjﬁ
Mean= X = h (12)
A = w bfor rectangular cross sections )
or: n _
, 2 %=X
d o _ =R
A= TrT for circular cross sections 8) Standardeviation = s.d. n-1 (13)
. _ 100(s.d)
where: Coefficient of variation=V = X 14)
w = the average width of the gage section in units of mm
as detailed in 9.1 and 9.1.1, where:
23
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X, = the ith measured value andlis the number of valid example, ambient air, dry nitrogen, silicone oil, etc.), average

tests. elevated temperature and average hold time at elevated tem-
perature.
11. Report 11.1.13 Test mode (load, displacement, or strain control)

. N and test rate (load rate, displacement rate, or strain rate).
. 11.1 Test Set—lnclud_e in the report Fhe foIIovymg informa- Report the calculated stress rate, if appropriate, in units of
tion for the test set. Indicate any significant deviations from thq\/lPa/s

procedures an,(lj reqwremepts of this test methodf | . 11.1.14 Percent bending and corresponding average strain
11.1.1 Tensile test specimen geometry used (include engj yhe specimen recorded during the verification of load train

neering drawing), _ _ o _alignment as measured at the beginning and end of the test
11.1.2 Type and configuration of the test machine (includinggyies.

drawing or sketch if necessary). If a commercial test machine 11 1. 15 Mean tensile strengtJ and standard deviation
was used, the manufacturer and model number are sufﬁcier@gd_) and coefficient of variationvj.
for describing the test machine, . . 11.1.16 Estimates of strength distribution parameters (for
11.1.3 Type, configuration, and resolution of strain meagxample, Weibull modulusy, and characteristic strengtix,)
surement equipment if used (include drawing or sketch ifys well as appropriate confidence bounds may be calculated
necessary). If a commercial extensometer was used, the mangng reported in accordance with Practice C 1239.
facturer and model number are sufficient for describing the 11.1.17 Mean fracture strairg;] and standard deviation
strain measurement equipment, o ~ (s.d.) and coefficient of variationV}, if calculated, and
11.1.4 Type and configuration of grip interface used (in- 111,18 Mean elastic modulu€) and standard deviation
clude drawing or sketch if necessary). If a commercial grip(S_d') and coefficient of variationy, if calculated.
interface was used, the manufacturer and model number are 11 2 |ndividual Test SpecimensReport the following in-
sufficient for describing the grip interface, formation for each test specimen tested. Report any significant

11.1.5 Type and configuration of load-train couplers (in-deviations from the procedures and requirements of this test
clude drawing or sketch if necessary). If a commercial loadmethod:

train coupler was used, the manufacturer and model numbers 11 2 1 Temperature of test iy, time to attain test tempera-

are sufficient for describing the coupler, ture, time at temperature prior to testing, and test environment,
11.1.6 Type and configuration of heating system (include 11.2.2 Pertinent overall test specimen dimensions, if mea-

drawing or sketch if necessary). If a commercial heatingsyred, such as total length, length of gage section, gripped

system was used, the manufacturer and model number aggction dimensions, etc. in units of mm,

sufficient for describing the heating system, 11.2.3 Average surface roughness in units of pm, if mea-
11.1.7 Type and configuration of temperature measuremeriured, of gage section and the direction of measurement,

system (include drawing or sketch if necessary). If a commer- 11.2.4 Average cross sectional dimensions, in units of mm,

cial temperature measurement system was used, the manufac41.2.5 Pre-load and breaking load in unitshyf

turer and model number are sufficient for describing the 1126 Calculated tensile strength at fracture in units of
system. However, include the most recent calibration informanpa,

tion with the test report. 11.2.7 Elastic modulus (if calculated) in units of MPa,
11.1.8 Numberrf) of test specimens tested validly (thatis, 11.2.8 Fracture strain (if calculated),

fracture in the gage section). In addition, report the total 11.2.9 Percent bending and average strain at fracture (if
number of test specimens testeg)(to provide an indication measured),
of the expected success rate of the particular test specimeni1.2.10 Fracture location relative to the gage section mid-
geometry and test apparatus, point in units of mm (+ is toward the top of the test specimen
11.1.9 Where feasible and possible, all relevant materighs marked and - is toward the bottom of the test specimen as
data including vintage or billet identification. As a minimum, marked with 0 being the gage section midpoint); and
report the date the material was manufactured, 11.2.11 Type and location of fracture origin (flaw) relative
11.1.9.1 For commercial materials, where feasible and poge the front of the test specimen as marked.
sible, report the commercial designation and lot number,
11.1.9.2 For non-commercial materials, where feasible and2. Precision and Bias
possible, report the major constituents and proportions as well 12 1 The tensile strength of an advanced ceramic is not a
as the primary processing route including green state angeterministic quality but will vary from one test specimen to

consolidation routes, _ another as well as from one type of geometry to another
11.1.10 Description of the method of test specimen prepadepending upon gage section volume or surface Eral6)
ration including all stages of machining, There will be an inherent statistical scatter in the results for

11.1.11 Where feasible and possible, heat treatments, dihite statistical sample sizes (for example, 30 test specimens).
pre-test exposures, if any, applied either to the as-processa&tleibull statistics can model this variability as discussed in
material or to the as-fabricated test specimen, Practice C 1239. This test method is intended so that the

11.1.12 Test environment including relative humidity (Testprecision is high and the bias is low compared to the inherent
Method E 337), ambient temperature and atmosphere (forariability of strength of the material.
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12.2 Because of the nature of the materials and lack of 43. Keywords
wide data base on a variety of applicable advanced ceramics
tested in tension at elevated temperatures, no definitive statg-
ment can be made at this time concerning precision and bias 0
the test methods of this test method.

13.1 advanced ceramic; elevated temperatures; percent
nding; tensile strength; tensile testing

APPENDIX
(Nonmandatory Information)

X1. VERIFICATION OF LOAD TRAIN ALIGNMENT AT ROOM TEMPERATURE

X1.1 Purpose of Verification®Fhe purpose of this verifi- for verification must be machined very carefully with attention
cation procedure is to demonstrate that the grip interface ani all tolerances and concentricity requirements. Ideally the
load-train couplers can be used by the test operator in suchwrification test specimen should be of identical material to that
way as to consistently meet the limit on percent bending adeing tested. However, if this is not possible or desired, an
specified in Section 6. Thus, this verification procedure shouldlternate material should be used with elastic modulus, elastic
involve no more care in setup than will be used in the routinestrain capability, and hardness similar to the test material. The
testing of the actual tensile test specimen. The bending undesst specimen should be carefully inspected with an optical
tensile force should be measured using verification (or actuaomparator before strain gages are attached to ensure that these
test specimens of exactly the same design as that to be used fimensional requirements are met. After the strain gages are
the tensile tests. For the verification purposes, strain gagegoplied it will no longer be possible to meaningfully inspect the

should be applied as shown in Fig. X1.1. Verification measuretest specimen, so exercise care in handling and using it.
ments should be conducted at the beginning and end of a series implicity | Vi hi hod
of tests with a measurement at the midpoint of the series <+-2-1 For simplicity in applying this test method to test

recommended, whenever the grip interfaces and load-trailP€cimens with both circular and rectangular cross section
couplers are installed on a different test machine, whenever $29€ Sections, a minimum of eight foil resistance strain gages
different operator is conducting a series of tests, wheneveﬁhomd be mounted on thg verification test specimen as shown
damage or misalignment is suspected. Since the verificatioff X1-1. Separate the strain gage planes by at l#agewhere

test specimen uses adhesively-bonded strain gages, the verlii-1S the length of the reduced or designated gage section.
cation procedure is to be conducted at room temperature withlount four strain gages, equally spaced (90° apart) around the

the implication that the load-train alignment will remain Circumference of the gage section on each of two planes
constant at elevated temperatures. located symmetrically about the longitudinal midpoint of the

gage section and near either end of the gage section. Insure that

X1.2 Verification Test SpecimeriFhe test specimen used the longitudinal centers of all strain gages on the same plane
are within 0.5 mm of the same longitudinal distance along the
test specimen axis.

Note X1.1—These strain gages should be as narrow as possible to
l minimize strain averaging. Strain gages having active widths of 0.25 to
[] Upper Plane, 5G 1,2,3, & 4 0.5 mm and active lengths of 1.0-2.5 mm are commercially available and
3/4 | are suitable for this purpogé). Take care to avoid placing the strain gages
Y closer than one strain gage length from geometric transitions in the gage
[] Lower Plane, SG 5,6, 7 & 8 section which can cause strain concentrations and inaccurate measure-
? ments of the strain in the uniform gage section. In addition, to minimize
errors due to misalignment of the strain gages, mount strain gages such
that the sensing direction is 2° of the longitudinal axis of the test
specimen.

SG3 &
SG7
SG4 & SG2
SG8 SG6 2
SGI[&
SG5

X1.3 \Verification Procedure-Procedures for verifying
alignment are described in detail in Practice E 1012. However,
salient points and equations for square and circular cross-
sections as currently contained in Practice E 1012 are de-
scribed here for emphasis. Consult Practice E 1012 for specific
OR details for rectangular cross-sections, especially when the
\ 4 thickness is too thin to strain gage all four sides. The following

X sections are not intended to replace practice E 1012, but rather
FIG. X1.1 lllustration of Strain Gage Placement on Gage Section are intended to elucidate those aspects which are directly
Planes and Strain Gabe Numbering. applicable to this particular test method.
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X1.3.1 Mount the top of the test specimen in the grip where:es, €5 €; andeg are strain readings for strain gages
interface. located at the lower plane of the gage section. Strain gage

X1.3.2 Connect the lead wires of the strain gages to théeadings are in units of strain (that is, m/m) and compressive
conditioning equipment and allow the strain gages to equiliStrains are negative. _ _ _
brate under power for at least 30 min prior to conducting the X1.3.8 For uniform bending across the gage section with

verification tests. This will minimize drift during actual con- € test specimen assuming a C-sh&8,per PB~ PBower
duct of the verifications. C-shape bending reflects angular misalignment of the grips.

. . or non uniform bending across the gage section with the test
X1.3.3 Zerq the s_traln gag_es_before moun_tlng _the bottom OEpecimen assuming a S-shajR,,pe, May or may not be
the test specimen in the grip interface. This will allow any o

) i qual toPB,.- S-shape bending reflects eccentric misalign-

bending due to the grips to be recorded. ment of the grip centerlines. These general tendencies are

X1.3.4 Mount the bottom of the test specimen in the gripshown in Fig. X1.2. Combinations of C and S shapes may
interface. exist. In these cases the S-shape should first be eliminated by

X1.3.5 Apply a sufficient force to the test specimen to adjusting the eccentricity of the grips such that the longitudi-
achieve an average strain of one half the anticipated fractureally aligned strain gages indicate approximately the same
strain of the test material or a strain of 0.0005 (500 microvalues (for exampleg; ~ ese, ~ €5, €tc.) More detailed
strain) whichever is greater. It is desirable to record the straifliscussions regarding bending and alignment are contained in
(and hence bending) as functions of the applied force tdref(16)
monitor any self alignment of the load train. X1.3.9 Check the effect of the test specimen warpage by

X1.3.6 Calculate percent bending as follows éircular or rotating the test specimen 180° about its longitudinal axis and

square cross sectionreferring to Fig. X1.1 for the strain gage performing the bending checks again. If similar results are

numbers. Calculate percent bending at the upper plane of thoéatamed at each rotatn_)n then the deg“?e of ahgnme_nt can be
gage section as: considered representative of the load train and not indicative of

the test specimen. If load-train alignment is within the speci-
PB, — %100 (X1.1) fications of 6.5, record the maximum percent bending and
el € conduct the tensile tests. If the load-train alignment is outside
the specifications of 6.5 then re-align or re-adjust the load train
o = [(61;63)2 N <ﬂ>2]1/2 (X1.2) according to the specific procedures unique to the individual
b 2 2 ' testing setup. Repeat this verification procedure to confirm the
achieved alignment.
_gtetete

e=——F—— (X1.3)
. . . ++ + +
where:e€,, €,, €5 ande, are strain readings for strain gages -
located at the upper plane of the gage section. Strain gage  + + +
readings are in units of strain (that is, m/m) and compressive -
strains are negative. +
X1.3.7 Calculate percent bending at the lower plane of the - +
gage section for circular or square cross sections referring to
Fig. X1.1 for the strain gage numbers as follows: - +
PByer = -2 100 (X1.4) .
€ +
—e,\2 —€s\271/2
o |(227) + (%] eas)
S-shape C-shape
_ &t et et e %16 FIG. X1.2 S-Shape and C-Shape Bending of Tensile Test
€ = 4 (X1.6) Specimen
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