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Standard Test Method for

Monotonic Tensile Strength Testing of Continuous Fiber-
Reinforced Advanced Ceramics With Solid Rectangular
Cross-Section Specimens at Elevated Temperatures

This standard is issued under the fixed designation C 1359; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonejf indicates an editorial change since the last revision or reapproval.

1. Scope C 1145 Terminology of Advanced Ceramics

1.1 This test method covers the determination of tensile D 3379 Test Method for Tensile Strength and Young's
strength including stress-strain behavior under monotonic _Modulus for High-Modulus Single-Filament M;\terlé_ls
uniaxial loading of continuous fiber-reinforced advanced ce- D 3878 Terminology of High Modulus Reinforcing Fibers

ramics at elevated temperatures. This test method addresses, and Their Composités o . .

geometries as listed in the appendix. In addition, specimen E 6 Iermlnology Relating to Methods of Mechanical Test-

fabrication methods, testing modes (load, displacement, or N9 _ _

strain control), testing rates (load rate, stress rate, displacementE 21 Practice for Elevated Temperature Tension Tests of

rate, or strain rate), allowable bending, temperature control, _Metallic Materials o

temperature gradients, and data collection and reporting pro- E 83 Practice for Verification and Classification of Exten-

cedures are addressed. Tensile strength as used in this test Someters o

method refers to the tensile strength obtained under monotonic E 220 Test Method for Calibration of Thermocouples by

uniaxial loading where monotonic refers to a continuous _COmparison Techniques _ » _

nonstop test rate with no reversals from test initiation to final E 337 Test Method for Measuring Humidity with Psy-

fracture. chrometer (the Measurement of Wet-and Dry-Bulb Tem-
1.2 This test method applies primarily to advanced ceramic peratures) . . .

matrix composites with continuous fiber reinforcement: uni- E 380 Practice for Use of International System of Units (Sl)

directional (1-D), bi-directional (2-D), and tri-directional (3-D) _(the Modernized Metric Systerh) _ _

or other multi-directional reinforcements. In addition, this test E 1012 Practice for Verification of Specimen Alignment

method may also be used with glass (amorphous) matrix Under Tensile Loadirfy

composites with 1-D, 2-D, 3-D and other multi-directional -

continuous fiber reinforcements. This test method does no%' Termm_ol_o_gy

directly address discontinuous fiber-reinforced, whisker- 3-1 Definitions: _ _ _

reinforced, or particulate-reinforced ceramics, although the test 3-1-1 Definitions of terms relating to tensile testing, ad-

methods detailed here may be equally applicable to thesyanced ceramics, fiber-reinforced composites as they appear in

composites. Terminology E 6, Terminology C 1145, and Terminology
1.3 The values stated in SI units are to be regarded as tHé 3878, respectively, apply to the terms used in this test
standard and are in accordance with Practice E 380. method. Pertinent definitions are shown in the following with

1.4 This standard does not purport to address all of theth® appropriate source given in parentheses. Additional terms
safety concemns, if any, associated with its use. It is tha!sed in conjunction with this test method are defined in 3.2.
responsibility of the user of this standard to establish appro- 3-2 Definitions of Terms Specific to This Standard:

priate safety and health practices and determine the applica- 3:2-1 advanced ceramjcn—a highly engineered, high-
bility of regulatory limitations prior to useRefer to Section 7 Performance predominately nonmetallic, inorganic, ceramic

for specific precautions. material having specific functional attributes. (See Terminol-
ogy C 1145))
2. Referenced Documents 3.2.2 axial strain [LL™Y, n—the average longitudinal

2.1 ASTM Standards:

2 Annual Book of ASTM Standardégol 15.01.

2 Annual Book of ASTM Standardgol 15.03.

1 This test method is under the jurisdiction of ASTM Committee C-28 on  *Annual Book of ASTM Standardéol 03.01.
Advanced Ceramics and is the direct responsibility of Subcommittee C28.07 on ° Annual Book of ASTM Standardgol 14.03.
Ceramic Matrix Composites. 8 Annual Book of ASTM Standardgol 11.03.
Current edition approved Dec. 10, 1996. Published December 1997. 7 Annual Book of ASTM Standardgol 14.02.

Copyright © ASTM, 100 Barr Harbor Drive, West Conshohocken, PA 19428-2959, United States.
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strains measured at the surface on opposite sides of theferred to as the cumulative damage energy and as such is
longitudinal axis of symmetry of the specimen by two strain-regarded as an indication of the ability of the material to sustain
sensing devices located at the mid length of the reducedamage rather than as a material property. Fracture mechanics
section. (See Practice E 1012.) methods for the characterization of CFCCs have not been
3.2.3 bending strain [LCY, n—the difference between the developed. The determination of the modulus of toughness as
strain at the surface and the axial strain. In general, the bendirgrovided in this test method for the characterization of the
strain varies from point to point around and along the reducegumulative damage process in CFCCs may become obsolete

section of the specimen. (See Practice E 1012.) when fracture mechanics methods for CFCCs become avail-
3.2.4 breaking load [F} n—the load at which fracture able.
occurs. (See Terminology E 6.) 3.2.13 proportional limit stress [FL?], n—the greatest

3.2.5 ceramic matrix composit&—a material consisting of stress which a material is capable of sustaining without any
two or more materials (insoluble in one another), in which thedeviation from proportionality of stress to strain (Hooke’s
major, continuous component (matrix component) is a ceramidaw). (See Terminology E 6.)
while the secondary component/s (reinforcing component) may 3.2.13.1Discussior—Many experiments have shown that
be ceramic, glass-ceramic, glass, metal, or organic in natur¥alues observed for the proportional limit vary greatly with the
These components are combined on a macroscale to formSgnsitivity and accuracy of the testing equipment, eccentricity
useful engineering material possessing certain properties & loading, the scale to which the stress-strain diagram is
behavior not possessed by the individual constituents. plotted, and other factors. When determination of proportional

3.2.6 continuous fiber-reinforced ceramic matrix compositelimit is required, the procedure and sensitivity of the test
(CFCC), n—a ceramic matrix composite in which the reinforc- €quipment shall be specified. _ o
ing phase consists of a continuous fiber, continuous yarn, or a 3-2-14 percent bendingn—the bending strain times 100
woven fabric. divided by the axial strain. (See Practice E 1012.)

3.2.7 fracture strength [FE?, n—the tensile stress that the ~ 3-2-15slow crack growth n—sub critical crack growth
material sustains at the instant of fracture. Fracture strength (extension) that may result from, but is not restricted to, such

calculated from the load at fracture during a tension test carrief!échanisms as environmentally-assisted stress corrosion or
to rupture and the original cross-sectional area of the specimefiffusive crack growth.

(See Terminology E 6.) '3.2.16 tensile strength [FL3, n—the maximum tensile
3.2.7.1 Discussion—In some cases. the fracture Strengthstress which a material is capable of sustaining. Tensile

may be identical to the tensile strength if the load at fracture i$€ngth is calculated from the maximum load during a tension
the maximum for the test. test carried to rupture and the original cross-sectional area of

3.2.8 gage length [L] n—the original length of that portion the specimen. (See Terminology E 6.)
of the specimen over which strain or change of length is4. Significance and Use

determined. (See Terminology E 6.) _ _ 4.1 This test method may be used for material development,
3.2.9 matrix-cracking stress [FL], n—the applied tensile 1 eriq) comparison, quality assurance, characterization, reli-
stress at which the matrix cracks into a series of roughlyabi”ty assessment, and design data generation.
parallel blocks normal to the tensile stress. . _ 4.2 Continuous fiber-reinforced ceramic matrix composites
3.2.9.1 Discussior—In some cases, the matrix cracking generally characterized by crystalline matrices and ceramic
stress may be indicated on the stress-strain curve by deviatiqfher reinforcements are candidate materials for structural
from linearity (proportional limit) or incremental drops in the applications requiring high degrees of wear and corrosion
stress with increasing strain. In other cases, especially Witﬂasistance, and elevated-temperature inherent damage toler-
materials which do not possess a linear portion of the stressgyce (that is, toughness). In addition, continuous fiber-
strain curve, the matrix cracking stress may be indicated as theinforced glass (amorphous) matrix composites are candidate
first stress at which a permanent offset strain is detected in th@aterials for similar but possibly less-demanding applications.
unloading stress-strain (elastic limit) curve. Although flexural test methods are commonly used to evaluate
3.2.10 modulus of elasticity [FL?, n—the ratio of stress to strengths of monolithic advanced ceramics, the non-uniform
corresponding strain below the proportional limit. (See Termi-stress distribution of the flexure specimen in addition to
nology E 6.) dissimilar mechanical behavior in tension and compression for
3.2.11 modulus of resilience [FLTY, n—strain energy per CFCCs leads to ambiguity of interpretation of strength results
unit volume required to elastically stress the material from zer@ptained from flexure tests for CFCCs. Uniaxially-loaded
to the proportional limit indicating the ability of the material to tensile-strength tests provide information on mechanical be-
absorb energy when deformed elastically and return it whemhavior and strength for a uniformly stressed material.
unloaded. 4.3 Unlike monolithic advanced ceramics that fracture cata-
3.2.12 modulus of toughness [FLCE], n—strain energy per strophically from a single dominant flaw, CFCCs generally
unit volume required to stress the material from zero to finakexperience’graceful’ (that is, non-catastrophic, ductile-like
fracture indicating the ability of the material to absorb energystress-strain behavior) fracture from a cumulative damage
beyond the elastic range (that is, damage tolerance of therocess. Therefore, the volume of material subjected to a
material). uniform tensile stress for a single uniaxially-loaded tensile test
3.2.12.1 Discussior—The modulus of toughness can also bemay not be as significant a factor in determining the ultimate
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strengths of CFCCs. However, the need to test a statisticallfabrication flaws which may have pronounced effects on tensile
significant number of tensile specimens is not obviated. Theremechanical properties and behavior (for example, shape and
fore, because of the probabilistic nature of the strengths of thkevel of the resulting stress-strain curve, tensile strength and
brittle fibers and matrices of CFCCs, a sufficient number ofstrain, proportional limit stress and strain, etc.). Machining
specimens at each testing condition is required for statisticalamage introduced during specimen preparation can be either
analysis and design. Studies to determine the influence @ random interfering factor in the determination of ultimate
specimen volume or surface area on strength distributions fastrength of pristine material (that is, increase frequency of
CFCCs have not been completed. It should be noted that tensitirface-initiated fractures compared to volume-initiated frac-
strengths obtained using different recommended tensile spedidres), or an inherent part of the strength characteristics to be
men geometries with different volumes of material in the gagemeasured. Surface preparation can also lead to the introduction
sections may be different due to these volume differences. of residual stresses. Universal or standardized methods for
4.4 Tensile tests provide information on the strength andurface preparation do not exist. In addition, the nature of
deformation of materials under uniaxial tensile stresses. Unifabrication used for certain composites (for example, chemical
form stress states are required to effectively evaluate anyapor infiltration or hot pressing) may require the testing of
non-linear stress-strain behavior that may develop as the residpecimens in the as-processed condition (that is, it may not be
of cumulative damage processes (for example, matrix crackinggossible to machine the specimen faces without compromising
matrix/fiber debonding, fiber fracture, delamination, etc.) thathe in-plane fiber architecture). Final machining steps may, or
may be influenced by testing mode, testing rate, effects ofay not negate machining damage introduced during the initial
processing or combinations of constituent materials, environmachining. Therefore, report specimen fabrication history
mental influences, or elevated temperatures. Some of thes@ce it may play an important role in the measured strength
effects may be consequences of stress corrosion or sub criticdistributions.
(slow) crack growth that can be minimized by testing at 5.3 Bending in uniaxial tensile tests can cause or promote
sufficiently rapid rates as outlined in this test method. non-uniform stress distributions with maximum stresses occur-
4.5 The results of tensile tests of specimens fabricated tang at the specimen surface leading to non-representative
standardized dimensions from a particular material or selecteflactures originating at surfaces or near geometrical transitions.
portions of a part, or both, may not totally represent theBending may be introduced from several sources including
strength and deformation properties of the entire, full-size endnisaligned load trains, eccentric or misshaped specimens, and
product or its in-service behavior in different environments ormon-uniformly heated specimens or grips. In addition, if
various elevated temperatures. deformations or strains are measured at surfaces where maxi-
4.6 For quality control purposes, results derived from stanmum or minimum stresses occur, bending may introduce over
dardized tensile test specimens may be considered indicative of under measurement of strains depending on the location of
the response of the material from which they were taken for théhe strain-measuring device on the specimen. Similarly, frac-
particular primary processing conditions and post-processingure from surface flaws may be accentuated or suppressed by
heat treatments. the presence of the non-uniform stresses caused by bending.
4.7 The tensile behavior and strength of a CFCC are 5.4 Fractures that initiate outside the uniformly-stressed
dependent on its inherent resistance to fracture, the presenceg#ge section of a specimen may be due to factors such as stress
flaws, or damage accumulation processes, or both. Analysis @bncentrations or geometrical transitions, extraneous stresses
fracture surfaces and fractography, though beyond the scope witroduced by gripping, or strength-limiting features in the
this test method, is recommended. microstructure of the specimen. Such non-gage section frac-
tures will normally constitute invalid tests. In addition, for
5. Interferences face-loaded geometries, gripping pressure is a key variable in
5.1 Test environment (vacuum, inert gas, ambient air, etche initiation of fracture. Insufficient pressure can shear the
including moisture content (for example, relative humidity) outer plies in laminated CFCCs; while too much pressure can
may have an influence on the measured tensile strength. Bhuse local crushing of the CFCC and initiate fracture in the
particular, the behavior of materials susceptible to slow crackicinity of the grips.
growth fracture will be strongly influenced by test environ-
ment, testing rate, and elevated temperature of the tesp. Apparatus
Conduct tests to evaluate the maximum strength potential of a 6.1 Testing Machines-Machines used for tensile testing
material in inert environments or at sufficiently rapid testingshall conform to Practices E 4. As defined in Practices E 4,
rates, or both, to minimize slow crack growth effects. Con-loads used in determining tensile strength shall be accurate
versely, conduct tests in environments or at test modes, or bothjithin = 1 % at any load within the selected load range of the
and rates representative of service conditions to evaluatesting machine. A schematic showing pertinent features of the
material performance under use conditions. Monitor and repottensile testing apparatus is shown in Fig. 1.
relative humidity (RH) and temperature when testing is con- 6.2 Gripping Devices:
ducted in uncontrolled ambient air with the intent of evaluating 6.2.1 General—Various types of gripping devices may be
maximum strength potential. Testing at humidity levels > 65 %used to transmit the measured load applied by the testing
RH is not recommended. machine to the test specimen. The brittle nature of the matrices
5.2 Surface preparation of test specimens, although noef CFCCs requires a uniform interface between the grip
mally not considered a major concern in CFCCs, can introduceomponents and the gripped section of the specimen. Line or
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FIG. 1 Schematic Diagram of One Possible Apparatus for Conducting a Uniaxially-Loaded Tensile Test

point contacts and non-uniform pressure can produce Hertziameated zone are termed “warm grips” and generally induce a
type stresses leading to crack initiation and fracture of thenild thermal gradient in the specimen but at the relative

specimen in the gripped section. Gripping devices can bexpense of elevated-temperature alloys in the grips and in-
classified generally as those employing active and thosgereased degradation of the grips due to exposure to the
employing passive grip interfaces as discussed in the followinglevated-temperature oxidizing environment. Cooled grips lo-

paragraphs. Uncooled grips located inside the heated zone atgted outside the heated zone are termed “cold grips” and
termed “hot grips” and generally produce almost no thermayenerally induce a steep thermal gradient in the specimen (as
gradient in the specimen but at the relative expense of grighown by example in Fig. 2) at a greater relative expense
materials of at least the same temperature capability as the tggtcause of grip cooling equipment and allowances, although

material and increased degradation of the grips due to exposugih, the advantage of consistent alignment and little degrada-
to the elevated-temperature oxidizing environment. Grips 10%i5n from exposure to elevated temperatures.

cated outside the heated zone surrounding the specimen may or
may not employ cooling. Uncooled grips located outside the Note 1—The expense of the cooling system for cold grips is balanced
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against maintaining alignment that remains consistent from test to tesippears to be the most satisfactory. Keep the serrations clean
(stable grip temperature) and decreased degradation of the grips due ¥ d well-defined but not overly sharp. The length and width of
exposure to the elevated-temperature oxidizing environment. When griE)ne grip faces shall be equal to or greater than the respective

cooling is employed, means should be provided to control the coolin . . . .
medium to maximum fluctuations & K (less tha 1 K preferred) about qength and width of the gripped sections of the specimen.

a setpoint temperaturél)® over the course of the test to minimize  6.2.1.4 Passive Grip Interfaces-Passive grip interfaces

thermally-induced strain changes in the specimen. In addition, opposinransmit the load applied by the test machine to the test

grip temperatures should be maintained at uniform and consistent temspecimen through a direct mechanical link. These mechanical

peratures within5 K (less than*1 K preferred)(1) so as to avoid inks transmit the test loads to the specimen via geometrical
i

introducing unequal thermal gradients and subsequent non uniax Latures of the specimens such as shank shoulders or holes in
stresses in the specimen. Generally, the need for control of grip tempera~ P

ture fluctuations or differences may be indicated if specimen gage-sectiof1€ grippeq he_ad- Thus, the important aspect of passive grip
temperatures cannot be maintained within the limits required in 9.3.2. interfaces is uniform contact between the gripped section of the

6.2.1.1 Active Grip Interfaces-Active grip interfaces re- specimen and the grip faces.
quire a continuous application of a mechanical, hydraulic, or 6.2.1.5 For flat specimens, passive grips may act either
pneumatic force to transmit the load applied by the testhrough edge-loading via grip interfaces at the shoulders of the
machine to the test specimen. Generally, these types of gripPecimen shan{d) or by combinations of face-loading and pin
interfaces cause a load to be applied normal to the surface ##ading via pins at holes in the gripped specimen h¢a6).
the gripped section of the specimen. Transmission of thé&lose tolerances of linear and angular dimensions of shoulder
uniaxial load applied by the test machine is then accomplishe@nd grip interfaces are required to promote uniform contact
by friction between the specimen and the grip faces. Thusalong the entire specimen/grip interface as well as to provide
important aspects of active grip interfaces are uniform contadior non-eccentric loading as shown in Fig. 5. In addition,
between the gripped section of the specimen and the grip facégoderately close tolerances are required for center-line coin-
and constant coefficient of friction over the grip/specimencidenCe and diameters of the pins and hole as indicated in Fig.
interface. In addition, note that fixed-displacement active grip$-
set at ambient temperatures, may introduce excessive gripping6.2.1.6 When using edge-loaded specimens, lateral center-
stresses due to thermal expansion of the test material when tiveg of the specimen within the grip attachments is accom-
specimen is heated to the test temperature. Provide means glished by use of wedge-type inserts machined to fit within the
avoid such excessive stresses. grip cavity. In addition, wear of the grip cavity can be reduced

6.2.1.2 For flat specimens, face-loaded grips, either byy use of the thin brass sheets between the grip and specimen
direct lateral pressure grip fac€®) or by indirect wedge-type without adversely affecting specimen alignment.

grip faces, act as the grip interfac®) as illustrated in Fig. 3~ §.2.1.7 The pins in the face/pin loaded grip are primarily for
and Fig. 4, respectively. Close tolerances are required for thgiignment purposes and load transmission. Secondary load
flatness and parallelism as well as for the wedge angle of thg@ansmission is through face-loading via mechanically actuated
wedge grip faces. In addition, the thickness, flatness, angedge grip faces. Proper tightening of the wedge grip faces
parallelism of the gripped section of the specimen must bgainst the specimen to prevent slipping while avoiding
within similarly close tolerances to promote uniform contact atcompressive fracture of the specimen gripped section must be
the specimen/grip interface. Tolerances will vary depending ojetermined for each material and specimen type.

the exact configuration as shown in the appropriate specimen 6.2.1.8 Passive grips employing single pins in each gripped

drawings. : . section of the specimen as the primary load transfer mechanism
6.2.1.3 Sufficient lateral pressure must be applied to Prevenlie not recommended. Relatively low interfacial shear

srlllppage bethen the grip l:jacg z;nd the spemmgln. Gr'phsurficgﬁengths compared to longitudinal tensile strengths in CFCCs
t_at are scored or serrated with a pattern simifar to that 0 ?particularly for 1-D reinforced materials loaded along the fiber
single-cut file have been found satisfactory. A fine Serrat'orbirection) may promote non-gage section fractions along

interfaces particularly at geometric transitions or at disconti-

nuiti h holes.
8 The boldface numbers given in parentheses refer to a list of references at theLI ties such as holes

end of the text. 6.3 Load Train Couplers:
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6.3.1 General—Various types of devices (load-train cou- imposed in the specimen. Load-train couplers can be classified
plers) may be used to attach the active or passive grip interfaggenerally as fixed and non-fixed as discussed in the following
assemblies to the testing machine. The load-train couplers iparagraphs. Use of well-aligned fixed or self-aligning non-
conjunction with the type of gripping device play major roles fixed couplers does not automatically guarantee low bending in
in the alignment of the load train and thus subsequent bendintpe gage section of the tensile specimen. Well-aligned fixed or
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self-aligning non-fixed couplers provide for well-aligned load need to evaluate the bending in the specimen for each test, this
trains, but the type and operation of grip interfaces as well aalignment must be confirmed. Verify the operation of the
the as-fabricated dimensions of the tensile specimen can adduplers as discussed in 6.3.1.1.
significantly to the final bending imposed in the gage section of 6.3.3.1 Non-fixed load-train couplers are useful in testing of
the specimen. CFCCs at rapid test rates or in load control where the
6.3.1.1 Regardless of which type of coupler is used, verifyjcumulative-damage fracture process may not be as macro-
alignment of the testing system at a minimum at the beginningcopically apparent. If the material exhibits such fracture
and end of a test series unless the conditions for verifyindbehavior the self-aligning feature of the non-fixed coupler
alignment are otherwise met. An additional verification ofallows rotation of the gripped section of the specimen thus
alignment is recommended, although not required, at th@romoting a non-uniform stress in the remaining ligament of
middle of the test series. Use either a dummy or actual tedhe gage section.
specimen. Allowable bending requirements are discussed in 6.4 Strain MeasurementDetermine strain at elevated tem-
6.5. See Practice E 1012 for discussions of alignment angeratures by means of a suitable extensometer.
Appendix X1 for suggested procedures specific to this test g 4 1 Extensometers used for tensile testing of CFCC speci-
method. A test series is interpreted to mean a discrete group gfang shall satisfy Practice E 83, Class B-1 requirements.
tests on individual specimens conducted within & discret@sgjiprate extensometers periodically in accordance with Prac-
period of time on a particular material configuration, testjce £ 83 For extensometers which mechanically contact the
specimen geometry, test condition, or other uniquely definablgyecimen, the contact shall not cause damage to the specimen
qualifier (for example, a test series composed of material A face. However, shallow grooves (0.025 to 0.051 mm deep)
comprising ten specimens of geometry B tested at a fixed raig,achined into the surfaces of CFCCs to prevent extensometer
in strain control to final fracture in ambient air). slippage have been shown to not have a detrimental effect on

Note 2—Tensile specimens used for alignment verification should bd@ilure strengths at elevate_d temperatu('_é)s Choose exten-
equipped with a recommended eight separate longitudinal strain gages &&meter contact probes which are chemically compatible with
determine bending contributions from both eccentric and angular misthe test material (for example, alumina extensometer exten-
alignment of the grip heads. Ideally the verification specimen should be ogjons and SiC CFCC are incompatible). In addition, support the

identical material to that being tested. However, in the case of CFCCs, thﬁ/eight of the extensometer so as not to introduce bending
type of reinforcement or degree of residual porosity may complicate th reater than that allowed in 6.5. Finally, configure the tips of
consistent and accurate measurement of strain. Therefore, an altern o ’

(S .
material (isotropic, homogeneous, continuous) with similar elastic modu- e probes of con_tactmg eXtensometer,s (,for e_xample, sharp,
lus, elastic strain capability, and hardness to the test material may be usefife edges, or chisel tips) so as to minimize slippage.
In addition, dummy specimens used for alignment verification, should 6.5 Allowable Bending-Analytical and empirical studies
have the same geometry and dimensions of the actual test specimens(@g) have concluded that for negligible effects on the estimates
We_II as similar r_nech_anlcal propertles_as_ the test material to ensure S|m|Ier the strength distribution parameters (for example, Weibull
axial and bending stiffness characteristics as the actual test specimen and ~ s X o
material. modulus, m and characteristic strengtlé,)) of monolithic
advanced ceramics, allowable percent bending as defined in
6.3.2 Fixed Load-Train Couplers-Fixed couplers may in- Practice E 1012 should not exceed five. These conclugidns
corporate devices which require either a one-time, pre-tegfssume that tensile strength fractures are due to single fracture
alignment adjustment of the load train that remains constant fosrigins in the volume of the material, all tensile specimens
all subsequent tests or an in-situ, pre-test alignment of the loagkperienced the same level of bending, and that Weibull
train which is conducted separately for each specimen and eaghodulus, 'm was constant.
test. Such devicel§,8) usually employ angularity and concen- g 5 1 Similar studies of the effect of bending on the tensile
tricity adjusters to accommodate inherent load-train misalign'strength distributions of CFCCs do not exist. Until such
ments. Regardless of which method is used, verify alignmenttormation is forthcoming for CFCCs, this test method adopts
verification as discussed in 6.3.1.1. the recommendations for tensile testing of monolithic ad-
6.3.2.1 Fixed load-train couplers are preferred in the monoyanced ceramics. Therefore, the recommended maximum al-
tonic testing of CFCCs because of the fracture behavior inowable percent bending at the onset of the cumulative fracture
these materials. During the fracture process of CFCCs, thgrocess (for example, matrix cracking stress) for specimens
fixed coupler tends to hold the specimen in an aligned positiofested under this test method is five. Verify the testing system
and thus provides a continuous uniform stress across th&,ch that percent bending does not exceed five at a mean strain
remaining ligament of the gage section. equal to either one half the anticipated strain at the onset of the
6.3.3 Non Fixed Load-Train CouplersNon fixed couplers cumulative fracture process (for example, matrix cracking
may incorporate devices which promote self-alignment of thestress) or a strain of 0.0005 (that is, 500 micro strain)
load train during the movement of the crosshead or actuatowhichever is greater. Unless all specimens are properly strain
Such devices rely upon freely moving linkages to eliminategaged and percent bending monitored until the onset of the
applied moments as the load-train components are loadedumulative fracture process, there will be no record of percent
Knife edges, universal joints, hydraulic couplers, or air bearbending at the onset of fracture for each specimen. Therefore,
ings are example,9,10)of such devices. Examples of two verify the alignment of the testing system. See Practice E 1012
such devices are shown in Fig. 7. Although non-fixed load-trairfor discussions of alignment and Appendix X1 for suggested
couplers are designed to be self-aligning and thus eliminate therocedures specific to this test method.
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FIG. 7 Examples of Hydraulic, Self-Aligning, Non Fixed Load Train Couplers (9,10)
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6.6 Heating Apparatus-The apparatus for, and method of, possible outcomes. One outcome is the embrittlement of the
heating the specimens shall provide the temperature controloble-metal thermocouple tips and their eventual degradation
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 (heatilicon-containing material (for example, test specimen, fur-
ing elements), direct induction, indirect induction through anace heating elements, or refractory furnace materials). In all
susceptor, or radiant lamp with the specimen in ambient air atases, do not allow platinum containing materials to contact
atmospheric pressure unless other environments are speci$ilicon containing materials. In particular, do not allow noble-
cally applied and reported. metal thermocouples to contact silicon-based test materials (for

Note 3—Direct resistance heating is not recommended for heatinqejxample-’ SIC Qr SN). In Som.e -Cases- (for example, When-
CFCCs due to possible differences of the electrical resistances of thes!ng SIC heating elements), it is adVIsablg to use Cefam'c'
constituent materials that may produce nonuniform heating of the specﬁh'elded noble-metal thermogouples _to avoid the reaction of
men. the Pt-alloy thermocouples with the SiO gas generated by the

. volatilization of the Si rotective layers of SiC heatin
6.7 Temperature-Measuring ApparatustThe method of elements Qrp y g

temperature measurement shall ficientl nsitive an : . .
emperature measurement shall be suficiently sensitive and 6.7.1.4 Calibrate temperature-measuring, controlling, and

reliable to ensure that the temperature of the specimen is withipecordin instruments versus a secondarv standard. such as
the limits specified in 9.3.2. 9 y '

6.7.1 For test temperatures less than 2000 K, make prima recision potentiometer, optical pyrometer, or black-body thy-

. stor. Check lead-wire error with the lead wires in place as
temperature measurements with noble-metal thermocouples {Hey normally are used
conjunction with potentiometers, millivoltmeters, or electronic )
temperature controllers or readout units, or all of these. Such 6.7.2 For test temperatures greater _than 2000 K, less-
measurements are subject to two types of error as discussedjimMon temperature measurement devices such as thermo
MNL 12 (12). Firstly, thermocouple calibration and instrument COUPIes of elevated-temperature, non noble-metal alloys (for
measuring errors initially produce uncertainty as to the exacEX@mple, W-Re) or optical pyrometry may be used. Since
temperature. Secondly, both thermocouples and measurifjdely-recognized standards do not exist for these less-
instruments may be subject to variations over time. Commoffommon devices, report the type of measurement device, its
errors encountered in the use of thermocouples to measufBethod of calibration, and its accuracy and precision.
temperatures include: calibration error, drift in calibration due 6-8 Data Acquisitior—At a minimum, obtain an auto-
to contamination or deterioration with use, lead-wire error,graphic record of applied load and gage section elongation or
error arising from method of attachment to the specimen, directtrain versus time. Either analog chart recorders or digital data
radiation of heat to the bead, heat conduction along thermgacquisition systems can be used for this purpose although a
couple wires, etc. digital record is recommended for ease of later data analysis.
6.7.1.1 Measure temperature with thermocouples of knowhd€@lly, use an analog chart recorder or plotter in conjunction
calibration (calibrated according to Test Method E 220). Cali-With the digital data acquisition system to provide an immedi-
brate representative thermocouples from each lot of wires usedj€ record of the test as a supplement to the digital record.
for making noble (for example, Pt or Rh/Pt) metal thermo-Recording devices shall b'e accurate to Wlt!fl]ll.O% of the.
couples. Except for relatively low temperatures of exposureS€lected range for the testing system including readout unit, as
noble-metal thermocouples are eventually subject to error uporP€cified in Practices E 4, and should have a minimum data
reuse, unless the depth of immersion and temperature gradiergauisition rate of 10 Hz with a response of 50 Hz deemed
of the initial exposure are reproduced. Consequently, calibrat@ore than sufficient.
noble-metal thermocouples using representative thermo- 6.8.1 Record strain or elongation, or both, of the gage
couples. Do not reuse degraded noble-metal thermocoupl&€ction either similarly to the load or as independent variables
without proper treatment. This treatment includes clippingof load. Cross-head displacement of the test machine may also
back the wire exposed to the hot zone, rewelding a thermoPe recorded but should not be used to define displacement or
couple bead, and properly annealing the rewelded thermdtrain in the gage section especially when self-aligning cou-
couple bead and wire. Any reuse of noble-metal thermocoupleglers are used in the load train.
(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 recalibratiotihe initiation and completion of the actual test. However,
data demonstrating that calibration of the temperature readingmperature can also be recorded similarly to load 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.
tests, devise a method to check the readings of the thermo- 6.9 Dimension-Measuring DevicesMicrometers and other
couples on the specimen during the test. For reliable calibratiodevices used for measuring linear dimensions shall be accurate
of thermocouples after use, reproduce the temperature gradiesd precise to at least one half the smallest unit to which the
of the test furnace during the recalibration. individual dimension is required to be measured. For the
6.7.1.3 Thermocouples containing Pt are also subject tpurposes of this test method, cross-sectional dimensions shall
degradation in the presence of silicon and silicon-containindpe measured to within 0.02 mm using dimension measuring
compounds. Platinum silicides may form leading to severatlevices with accuracies of 0.01 mm.
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7. Precautionary Statement specimen initiating at the transition region between the gage
7.1 During the conduct of this test method, the possibility ofS€ction and the gripped section of the specimen with the split

flying fragments of broken test material may be great. Thé)ropqgating along the fiber dir_ectior) leading to fracture of the
brittle nature of advanced ceramics and the release of strafiPecimen. Inthese cases, straight-sided (that is, non-contoured)
energy contribute to the potential release of uncontrollegP€cimens as shown in Fig. 8, may be required for determining
fragments upon fracture. Means for containment and retentiof'€ tensile strength behavior of the CFCC. In other instances,
of these fragments for safety as well as later fractographi@ Particular fiber weave or processing route will preclude
reconstruction and analysis is recommended. fabrlc_;a}tlon .of specimens with reduged gage sections, thus
7.2 Exposed fibers at the edges of CFCC specimens presdfdUiring implementation of straight-sided specimens.

a hazard due to the sharpness and brittleness of the ceramyfi@ight-sided specimens may be gripped in any of the methods
fiber. Inform all persons required to handle these materials dfiScussed here although active gripping systems are recom-

such conditions and the proper handling techniques. mended for minimizing non-gage section fractures.
8.1.2 Edge-Loaded Flat Tensile Specimersig. 9 and Fig.
8. Test Specimen 10 show examples of edge-loaded specimens which utilize the

lateral compressive stresses developed at the specimen/grip

interface at the gripped section as the specimen is pulled into
e wedge of the grig4). This type of geometry has been
ccessfully employed for the evaluation of 1-D, 2-D, and 3-D

8.1 Test Specimen Geometry:
8.1.1 General—The geometry of tensile test specimens is
dependent on the ultimate use of the tensile strength data. F

example, if the tensile strength of an as-fabricated compone FCCs. Of icul ith thi < th
is required, the dimensions of the resulting tensile specime s. Ot particular concern with this geometry is the proper

may reflect the thickness, width, and length restrictions of thé"d consistent angle of the edge-loaded shank as shown in Fig.

component. If it is desired to evaluate the effects of interaction® @1d Fig. 10. Thus, the edge-loaded geometry may require

of various constituent materials for a particular CFCC manuSemMewhat intensive fabrication and inspection procedures.

factured via a particular processing route, then the size of the 8.1.3 Face-Loaded Flat Tensile SpecimenBig. 11, Fig. 12
specimen and resulting gage section will reflect the desire@nd Fig. 13 show examples of face-loaded specimens which
volume or surface area to be sampled. In addition, gripexploit the friction at the specimen/grip interface to transmit
interfaces and load-train couplers as discussed in Section 6 wiiie uniaxial load applied by the test machine. Important
influence the final design of the specimen geometry. tolerances for the face-loaded geometry include parallelism
8.1.1.1 The following paragraphs discuss the more comand flatness of faces all of which will vary depending on the
mon, and thus proven, of these specimen geometries althougiact configuration as shown in the appropriate specimen
any geometry is acceptable if it meets the gripping, fracturérawings.
location, bending, and temperature profile requirements of this 8.1.3.1 For face-loaded specimens, especially for straight-
test method. Deviations from the recommended geometriesided (that is, non-contoured) specimens, end tabs may be
may be necessary depending upon the particular CFCC beingquired to provide a compliant layer for gripping. Balanced
evaluated. Conduct stress analyses of untried specimens @90° cross-ply tabs made from unidirectional non-woven
ensure that stress concentrations which can lead to undesirédglass have proven to be satisfactory for certain fiber-
fractures outside the gage sections do not exist. Contoura@inforced polymers. For CFCCs, tab materials comprised of
specimens by their nature contain inherent stress concentréiberglass reinforced epoxy, polymethylene resins (PMR), or
tions due to geometric transitions. Stress analyses can indicagarbon fiber-reinforced resins have been used successfully
the magnitude of such stress concentrations while revealing th@3). However, metallic tabs (for example, aluminum alloys)
success of producing a uniform tensile stress state in the gageay be satisfactory (or desirable for elevated-temperature use)
section of the specimen. Additionally, the success of aras long as the tabs are strain compatible (that is, having an
elevated-temperature tensile test will depend on the type aflastic modulus withint10 % of bulk elastic modulus of the
heating system, extent of specimen heating, and specimeDFCC) with the CFCC material being tested. Each beveled tab
geometry since these factors are all interrelated. For exampléhevel angle < 15°) should be a minimum of 30-mm long, the
thermal gradients may introduce additional stress gradients isame width of the specimen, and have the total thickness of the
specimens which may already exhibit stress gradients ahbs on the order of the thickness of the test specimen. Any
ambient temperatures due to geometric transitions. Therefor@jgh-elongation (tough) adhesive system may be used with the
analyze untried test configurations simultaneously for bothength of the tabs determined by the shear strength of the
loading-induced stress gradients and thermally-induced temadhesive, size of the specimen, and estimated strength of the
perature gradients to ascertain any adverse interactions.  composite. In any case, a significant fractien10 to 20 %) of
8.1.1.2 Specimens with contoured gage sections (transitiofiactures within one specimen width of the tab shall be cause
radii of >50 mm) are preferred to promote the tensile stresset® re-examine the tab materials and configuration, gripping
with the greatest values in the uniformly-stressed gage sectiomethod and adhesive, and to make necessary adjustments to
(13) while minimizing the stress concentration due to thepromote fracture within the gage section. Fig. 14 shows an
geometrical transition of the radius. However, in certainexample of tab design which has been used successfully with
instances, (for example, 1-D CFCCs tested along the directio@FCCs(13). Take care to ensure that both the adhesive and tab
of the fibers) low interfacial shear strength relative to thematerial are capable of use at the temperature that might occur
tensile strength in the fiber direction will cause splitting of thein the grip region.
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8.1.4 Pin/Face-Loaded Flat Tensile SpecimerEhe speci- Remove equal stock from each face where applicable.
mens shown in Fig. 15 and Fig. 16 employ combinations of pin 8.3 Handling Precautior-Exercise care in storing and
and face loading to transmit the uniaxial load of the testhandling finished specimens to avoid the introduction of
machine to the specimen. Close tolerances of hole/pin dianrandom and severe flaws. In addition, pay attention to pre-test
eters and center lines are required to ensure proper specimstorage of specimens in controlled environments or desiccators
alignment in the grips and transmission of the loads, since th® avoid unquantifiable environmental degradation of speci-
face-loaded part of the geometry provides a secondary loaghens prior to testing.
transmission mechanism in these specimens. Important toler- 8.4 Number of SpecimensA minimum of five specimens is
ances for the face-loaded part of the geometry include paratequired for the purpose of estimating a mean. A greater
lelism and flatness of faces both of which will vary dependingnumber of specimens may be necessary if estimates regarding
on the exact configuration as shown in the appropriate specthe form of the strength distribution are required. If material
men drawings. Thus, the pin/face loaded geometry may requireost or specimen availability limit the number of tests to be
somewhat intensive fabrication procedures. conducted, fewer tests can be conducted to determine an
NoTe 4—Specimens requiring single pins in each gripped section of themdlcatlon. of material propert'le's. . .
specimen as the primary load transfer mechanism are not recommended.8'5 Valid T_eStS_A V_a“d individual test 'S_ one Wh'_Ch meets
Relatively low interfacial shear strengths compared to longitudinal tensiléll the following requirements: all the testing requirements of
strengths in CFCCs (particularly for 1-D reinforced materials loaded alonghis test method, and failure occurs in the uniformly-stressed
the fiber direction) may promote non-gage section fractures along intergage section unless those tests failing outside the gage section
faces particularly at geometric transitions or at discontinuities such agre interpreted as interrupted tests for the purpose of censored

holes. test analyses.
8.2 Specimen Preparation:

8.2.1 Depending upon the intended application of the tensil€- Procedure
strength data, use one of the following specimen preparation 9.1 Specimen DimensiorsDetermine the thickness and
procedures. Regardless of the preparation procedure useaslidth of the gage section of each specimen to within 0.02 mm.
report sufficient details regarding the procedure to allowMake measurements on at least three different cross-sectional
replication. planes in the gage section. To avoid damage in the critical gage
8.2.2 As-Fabricated—The tensile specimen shall simulate section area make these measurements either optically (for
the surface/edge conditions and processing route of an appkxample, an optical comparator) or mechanically using a flat,
cation where no machining is used; for example, as-casgnvil-type micrometer. In either case the resolution of the
sintered, or injection molded part. No additional machining,instrument shall be as specified in 6.9. Exercise caution to
specifications are relevant. As-processed specimens may pqgsevent damage to the specimen gage section. Ball-tipped or
sess rough surface textures and non-parallel edges and as sstiarp-anvil micrometers may be preferred when measuring
may cause excessive misalignment or be prone to non-gagpecimens with rough or uneven surfaces. Report the measured
section fractures, or both. dimensions and locations of the measurements for use in the
8.2.3 Application-Matched Machining-Finish the tensile calculation of the tensile stress. Use the average of the multiple
specimen as close to the same surface/edge preparation as tiregasurements in the stress calculations.
applied to the component. Unless the process is proprietary, 9.1.1 Alternatively, to avoid damage to the gage section,
report specifics about the stages of material removal, wheehake post-fracture measurements of the gage section dimen-
grits, wheel bonding, amount of material removed per passsions using procedures described in 9.1. In some cases, the
and type of coolant used. fracture process can severely fragment the gage section in the
8.2.4 Customary Practices-In instances where customary immediate vicinity of the fracture thus making post-fracture
machining procedure has been developed that is completelpeasurements of dimensions difficult. In these cases, it is
satisfactory for a class of materials (that is, it induces ncadvisable to follow the procedures outlined in 9.1 for pretest
unwanted surface/subsurface damage or residual stresses), nseasurements to ensure reliable measurements.
this procedure. 9.1.2 Conduct periodic, if not 100 %, inspection/
8.2.5 Standard Procedure-In instances where 8.2.2 measurements of all specimens and specimen dimensions to
through 8.2.4 are not appropriate, 8.2.5 shall apply. Studies tensure compliance with the drawing specifications. Generally,
evaluate the machinability of CFCCs have not been completedhigh-resolution optical methods (for example, an optical com-
Therefore, the standard procedure of 8.2.5 may be viewed gmarator) or high-resolution digital point contact methods (for
starting-point guidelines and a more stringent procedure magxample, coordinate measurement machine) are satisfactory as
be necessary. long at the equipment meets the specifications in 6.9. The
8.2.5.1 Perform all grinding or cutting with an ample supply frequency of gage section fractures and bending in the gage
of appropriate filtered coolant to keep the workpiece andsection are dependent on proper overall specimen dimensions
grinding wheel constantly flooded and particles flushed. Grindvithin the required tolerances.
in at least two stages, ranging from coarse to fine rate of 9.1.3 In some cases it is desirable, but not required, to
material removal. Cut in one stage appropriate for the depth aheasure surface finish to quantify the surface condition. Such
cut. methods as contacting profilometry can be used to determine
8.2.5.2 Remove stock on the order of 0.03 mm per passurface roughness perpendicular to the tensile axis. When
using diamond tools that have between 320 and 600 gritquantified, report surface roughness.
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9.2 Test Modes and Rates: - _ (i N i) CEA= <_+ _l> oA @
9.2.1 General—Test modes and rates can have distinct and Kn ke Kn o K

strong influences on fracture behavior of advanced ceramic%v here:

especially at elevated temperatures depending on test enviro%— = displacement rate of the cross head, mm/s
ment or condition of the specimen. Test modes may involve cross-head displacement in units of ,mm '

![223;1 d';ﬁf‘?igigz dort(;stréién Scofglgg:; therc:rT:jmteondoeb(J'l{ar_z;te'[ieOEm stiffness of the test machine and load train (including
Ing ' uticiently rapi : the specimen ends and the grip interfaces), N/mm,

maximum possible tensile strength at fracture of the material. . stiffness of the uniform gage section of the specimen,
However, rates other than those recommended here may be N/mm
used to evaluate rate effects. In all cases, report the test mode - g|astic modulus of the material in units of MPa, and

and rate. A = cross-sectional area of the gage section.

Nore 5—For monolithic advanced ceramics exhibiting linear elastic Calculate the cross-sectional aréaasA = w b for rectangular
behavior, fracture is attributed to a weakest-link fracture mechanisncross sections where w is the width of the gage section in units
generally attributed to stress-controlled fracture from Griffith-like flaws. of mm, andb is the thickness of the gage section in units of
Therefore, a load-controlled test, with load generally related directly toynm.
tensile stress, is the preferred test mode. However, in CFCCs the
non-linear stress-strain behavior characteristic of the cumulative-damage Note 7—For L as the ungripped length of the specimég,can be
fracture process of these materials indicates strain dependent behaviealculated ag= AE/L. The stiffness,, can be determined as described in
Generally, displacement- or strain-controlled tests are employed in suchiest Method D 3379 by measuring the load-displacement curves for
cumulative damage or yielding deformation processes to prevemina various specimen lengths. The plot kf, (slope of load-displacement
away’ condition (that is, rapid uncontrolled deformation and fracture)curve) versus specimen length is then extrapolated to zero to find the
characteristic of load or stress controlled tests. Thus, to elucidate thactual machine stiffness. Alternativelly,, can be estimated using the
potential 'toughening’ mechanisms under controlled fracture of themanufacturer’'s value for frame stiffness as a starting point and decreasing
CFCC, displacement or strain control is preferred. However, for suffi-this value as necessary to account for various links in the load train. If
ciently rapid test rates, differences in the fracture process may not bsuch a method is used, report the assumptions and methods for approxi-
noticeable and any of these test modes may be appropriate. matingk,,.

9.2.2 Strain Rate-Strain is the independent variable in 924 Load Rate—For materials which do not experience
non-linear analyses such as yielding. As such, strain rate is gross changes in cross-sectional area of the gage section, load
method of controlling tests of deformation processes to dvoidrate can be directly related to stress rate and hence to the
runaway’ conditions. For the linear elastic region of CFCCsrecommended (or desired) strain rate. For the linear elastic

strain rate can be related to stress rate such that: region of CFCCs, calculate load rate as:
. e o aP . .
== @) B =g = 0A~¢EA ©)
where: _ _ _ where:
€ = Stra!n rate in the specimen gage_sectlo_ﬁ, S P = required load rate, N/s, and
€ = strain in the specimen gage section, P = applied force, N.
t = time,s,
& = nominal stress rate in the specimen gage section, Note 8—As the specimen begins to fracture, the strain rate in the gage
MPa/s. and section of the specimen will change even though the rate of load
E = elastic’ modhlus of the CECC. MPa application remains constant. Stress rates > 35 to 50 MPa/s have been used

Strai trolled test b lished usi t with succesg14) in tensile testing CFCCs to minimize the influence of
rain-controlied tests can be accomplished using an extensoILly oy mental effects. If environmental effects apply for tensile strengths,

eter contacting the gage section of the specimen as the primajiyen similar test rates should be chosen to obtain the greatest value of
control transducer. ultimate tensile strength. Alternately, select stress or load rates to produce
. final fracture in 5 to 10 s to minimize environmental effects when testin
NoTe 6—Strain rates on the order of 50 107 to 500< 10° s are 9

L . L2 . in ambient air.
recommended to minimize environmental effects when testing in amblen{1

air. Alternatively, select strain rates to produce final fracture in 5to 10 s 9.2.5 Ramp SegmentsNormally, tests are conducted in a
so as to minimize environmental effects when testing in ambient air. single ramp function at a single test rate from zero load to the
9.2.3 Displacement Rate-The size differences of each maximum load at fracture. However, in some instances mul-
specimen geometry require a different loading rate for anyiple ramp segments might be employed. In these cases, a slow
given stress rate. As the specimen begins to fracture, the strai@st rate is used to ramp from zero load to an intermediate load
rate in the gage section of the specimen will change eveto allow time for removing “slack” (that is, loose and non-
though the rate of motion of the cross head remains constartgensioned) from the test system. The final ramp segment of the
For this reason, displacement rate controlled tests can give ontgst is conducted from the intermediate load to the maximum
an approximate value of the imposed strain rate. Displacemetad at fracture at the required (desired) test rate, although hold
mode is defined as the control of, or free-running displacemeriimes are not allowed to avoid environmental effects. Report
of, the test machine cross head. Thus, the displacement rate cé¢ type and time duration of the ramp.
be calculated as follows. Using the recommended (or desired) 9.3 Temperature Contre-If thermocouples are used, form
strain rate as detailed in 9.2.2, calculate the displacement ratke thermocouple bead in accordance with Practice E 21. Do
for the linear elastic region of CFCCs only as: not attach noble-metal (for example, Pt or Rh) thermocouples
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directly to CFCC materials due to possible chemical incom-hold time at temperature prior to the start of the test should be
patibility. The thermocouple junction may be brought close togoverned by the time necessary to ensure that the specimen has
the specimen (3 to 6 mm) and shielded from thermal radiatiomeached equilibrium, the time necessary to stabilize the strain-
in the furnace. Shielding may be omitted if, for a particularmeasurement device, and time necessary to ensure that tem-
furnace, the difference in indicated temperature from arperature can be maintained within the limits specified in 9.3.2.
unshielded bead and a bead inserted in a hole in the specim@&iis hold time should generally not exceed 30 min. Report
has been shown to be less than one half the variation listed imoth the time to attain test temperature and the time at
9.3.2. Make the bead as small as possible although there shoukimperature before loading.

b? no shprtlng of the circuit (such 6_18 .COUId occur from twisted Note 9—When tensile testing for intrinsic strength (that is, strength at
wire behl_nd the bead). Use ceramic insulators 9” the ther_mQémperature only and not degraded by effects of time at temperature), limit
couples in the hot zone. If some other electrical insulationime at temperature to that necessary to equilibrate the specimen at the test
material is used in the hot zone, carefully check it to determingemperature. Limiting time at the test temperature will minimize oxidation
whether the electrical insulating properties are maintained air time-dependent thermal degradation. In addition, some materials
greater temperatures. experience so-called oxidation due to low-temperature chemical instabili-

9.3.1 Number of Required ThermocouptesVhen the ties which occur at intermediate temperatures much less than upper limit

lenath of the specimen gade section is 25 to 50 mm an(tilevated temperatures. In these materials, ramp the temperature as rapidly
9 p g9ag s possible to minimize the exposure time to these intermediate tempera-

thermocouples are used, employ at least two thermocouplegyes. Good results have been obtained for heating rates in which the
one near each end of the gage section. For lengths of > 50 mrgpecimen temperature is ramped from ambient to the test temperature in
add a third thermocouple near the center of the gage secticapproximately 30 min.
length. 9.4 Conducting the Tensile Test:

9.3.2 Temperature Limits-For the duration of the test do  9.4.1 Mounting the SpecimeaEach grip interface and
not permit the difference between the indicated temperaturgpecimen geometry described in Section 8 will require a unique
and the nominal test temperature to exceed the followingrocedure for mounting the specimen in the load train. Report

limits: any special components required for each test. Mark the
=1273K  +3K unheated part of the specimen with an indelible marker as to
>1273K  #6K top and bottom and front (side facing the operator) in relation

9.3.2.1 In addition, temperature gradient within theto the test machine.
uniformly-heated gage section shall not exceed the following: 9.4.2 Preparations for Testing-Set the test mode and test
<773K  +5K rate on the test machine. Preload the specimen to remove the
>773K %1% of the test temperature (K) “slack” from the load train. For each situation, determine and
means temperaturéemrt the amount of preload which will depend on the material
nd tensile specimen geometry. Heating of the specimen
hould be done at or near zero load in load control test mode

9.3.3 The term “indicated temperature”
that is indicated by the temperature measuring device usin

good quality pyrometric practice. True temperature may vary . N
more than the indicated temperature. The permissible indicatdfPossible. Ready the autograph data acquisition systems for

temperature variations of 9.3.2 are not to be construed ai2t@ 0gging. If desired, begin recording furnace temperature
minimizing the importance of good pyrometric practice andwhen furnaqe heating is initiated and continue recording until

precise temperature control. Al laboratories should keep botf€ completion of the test.

indicated and true temperature variations as small as practi-Nore 10—Thermal expansion of the specimen during heating may lead

cable. In view of the extreme dependency of strength ofo changes in alignment if the tensile preload is reduced or build up of

materials on temperature, close temperature measurementapgal compressive forces in a fixed actuator system that may damage the

necessary. The limits prescribed represent ranges that apeecimen if load control test mode is not employed. The preload should be
common practice sufficient to maintain load train alignment while in load control. If load

. . control is not available, the actuator position can be adjusted as necessary
9.3.4 Temperature overshoots during heating shall not X3yring heat up to maintain a preload sufiicient to hold the load train
ceed the following limits: alignment.
=1273K 3K 9.4.2.1 Depending on the extensometer, mount it on the
123K 6K specimen either while the system is cold (ambient-temperature)
9.3.4.1 Study the heating characteristics of the furnace andr after the specimen has been heated to the test temperature
the temperature control system to determine the power inpugelevated-temperature) as detailed in the following paragraphs.
temperature set point, proportioning control adjustment, and 9.4.2.2 If the extensometer is mounted to a cold specimen,
control-thermocouple placement to limit transient temperaturéenount the extensometer on the specimen gage section at
overshoots. It may be desirable to stabilize the furnace at ambient temperature and zero the output. Enclose the specimen
temperature 10 to 25 K less than the nominal test temperatuia the elevated-temperature furnace and lightly pack refractory
before making the final adjustments. Report any temperaturi@sulation to “seal” the specimen and furnace. Be sure that the
overshoots with details of magnitude and duration. insulation is not packed overly tight so as to restrict the
9.3.5 Temperature Rates and Hold Tim& he rate at which extensometer arms or pullrods or to introduce extraneous
temperature can be increased from ambient to the test tempeiateral or axial loads. Heat the specimen to the test temperature
ture depends on many factors, such as: heating systerafthe prescribed rate and hold constant at temperature until the
temperature controller, test material, and test environment. Thepecimen has reached thermal equilibrium. When the specimen
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has reached thermal equilibrium, re-zero the extensometabservations can be made of the length of fiber pullout,
before conducting the test. orientation of fracture plane, degree of interlaminar fracture,
9.4.2.3 If the extensometer is to be mounted to a hoand other pertinent details of the fracture surface. Fracto-
specimen, enclose the specimen in the elevated-temperatugeaphic examination of each failed specimen is recommended
furnace and lightly pack refractory insulation to “seal” the to characterize the fracture behavior of CFCCs.
specimen and furnace. Be sure that the insulation is not pack Calculation
overly tight so as to restrict the extensometer arms or pullrods™"
or to introduce extraneous lateral or axial loads. Heat the 10.1 Generai—Due to the nature of their constituents,
specimen to the test temperature at the prescribed rate and hdlgpcessing routes, and prior mechanical history, various types
constant at temperature until the Specimen has reached %CFCC materials may exhibit different stress-strain responses
desired temperature (usually near or at the test temperatureds illustrated schematically in Fig. 1&)( (b), (c). Therefore,
Mount the extensometer on the specimen gage section and zdfgerpretation of the test results will depend on the type of
the output. When the specimen has reached thermal equiliiesponse exhibited. Points corresponding to the following
rium, re-zero the extensometer before conducting the test. calculated values are shown on the appropriate diagrams.
9.4.3 Conducting the TestIf test temperature is not being ~ 10.2 Engineering Stress-Calculate the engineering stress
recorded continuously, record the test temperature at test:
initiation. Initiate the data acquisition. Initiate the test mode.
After specimen fracture, disable the action of the test machine
and the data collection of the data acquisition system. Record
the breaking load with an accuracy of 1.0 % of the load range.W
Record test temperature at test completion. Cool the specime
and test apparatus to ambient temperature. Carefully removg _
the specimen from the grip interfaces. Take care not to damage
the fracture surfaces by preventing them from contacting each

P
o=x 4

here

= the engineering stress, MPa,
the applied, uniaxial tensile load, N, and
the original cross-sectional area, mm
Calculate the cross-sectional arda,as:

other or other objects. Place the specimen along with any A=wb ®)

fragments from the gage section into a suitable, non-metalliG,ere:

container for later analysis. _ w and b = the average width and average thickness of the
9.4.4 Determine the ambient temperature and relative hu- gage section, respectively, in units of mm as

midity in accordance with Test Method E 337. detailed in 9.1.

9.4.5 Post-Test Dimensionslf necessary, measure and re- 10,3 Engineering Strain-Calculate the engineering strain
port gage section cross-sectional dimensions at the fracturgs-

location if the gage section has not been overly fragmented by (-1

the fracture process. If an exact measure of the cross-sectional € (6)
. : . I

dimensions cannot be made due to fragmentation then use the

average dimensions measured in 9.1. where:
9.4.5.1 Measure and report the fracture location relative toe = the engineering strain,

the midpoint of the gage section. Use the convention that thd the extensometer gage length at any time, and
midpoint of the gage section is 0 mm with positive (+) lo the original gage length of the extensometer, mm.
measurements toward the top of the specimen as tested (andl0.3.1 In some cases the initial portion of the stress versus
marked) and negative (—) measurements toward the bottom é&train ¢ —e) curve shows a non-linear region ‘doe’ followed
the specimen as tested (and marked). For fracture surfacéy a linear region as shown in Fig. 1Z) This toe may be an
which are not normal to the longitudinal axis the averageartifact of the tensile test and may not represent a property of
fracture location may be reported. Record and report théhe material. Ther — e curve can be corrected for this toe by
orientation of the fracture and fracture locations. extending the linear region of the curve to the zero-stress point
on the strain axis as shown in Fig. 1€)( The intersection of

Nore 11—Results from specimens fracturing outside the uniformly yis oy tension with the strain axis is the toe correction which is
stressed gage section are not recommended for use in the direct calculation

of a mean tensile strength at fracture for the entire test set. Results fror?ﬁl'lbtr""c,ted from all values _Of strain gregter than the toe
specimens fracturing outside the uniformly stressed gage section afe@fTection strain. The resulting — e curve is used for all
considered anomalous and can be used only as censored tests (thatSspsequent calculations. Report the original stress-strain curve
specimens in which a tensile stress at least equal to that calculated by Bgith the non linear toe region in uncorrected as well as
7 was sustained in the uniform gage section before the test waggorrected form.

prematurely terminated by a non-gage section fracture). From a conser- 1 4 Tensile Strength-Calculate the tensile strength as:
vative standpoint in completing a required statistical sample (for example,

n=5) for purposes of average strength, test one replacement specimen for S, = Prax )

each specimen which fractures outside the gage section. A

9.5 Fractography—Conduct visual examination and light where:
microscopy, if necessary, to determine the mode and type ofg, the tensile strength, MPa, and
fracture (that is, brittle or fibrous). In addition, although P .. the maximum load, N.
quantitatively beyond the scope of this test method, subjective 10.5 Strain at Tensile StrengthDetermine strain at tensile
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In some instances as shown by the dashed line in Figy),17(
(b), (©), §, = S

10.7 Strain at Fracture Strength-Determine strain at frac-
ture strengthe;, as the engineering strain corresponding to the
fracture strength measured during the test. In some instances as
shown by the dashed line in Fig. BJ( (b), (¢), €,= € +.

10.8 Modulus of Elasticity—Calculate the modulus of elas-
ticity as follows:

STRESS, ¢ (MPa)

E=-"© ©)

where:
E = the modulus of elasticity, and
LONGITUDINAL STRAIN, & (mm/mm) A% the slope of ther— e curve within the linear region as
a) Stress-strain curve with a linear region shown in Fig. 174) and Fig. 17¢). The modulus of
elasticity may not be defined for materials that exhibit
entirely non-linear — e curves as shown in Fig. 10
10.9 Proportional Limit Stress-Determine the proportional
limit stress,o,, by one of the following methods (see Fig. 18).
By its definition, the proportional limit stress,, may not be
defined for materials which exhibit entirely non-linear e
curves as shown in Fig. 1)
10.9.1 Offset Method-Determinec, by generating a line
running parallel to the same part of the linear part ofdhee
Ur= fode curve used to determine the modulus of elasticity in 10.8. The
‘ line so generated should be at a strain offset of 0.0005 mm/mm.

STRESS, 6 (MPa)

The proportional limit stress is the stress level at which the
offset line intersects the — e curve.
LONGITUDINAL STRAIN, € (mm/mm) 10.9.2 Extension Under Load MethedDetermineo, by
noting the stress on the — e curve that corresponds to a
specified strain. The specified strain may or may not be in the
linear region of ther— €, but the specified strain at whiet, is
determined must be constant and reported for all tests in a set.
Sy S 10.10 Strain at Proportional Limit Stress-Determine strain
at proportional limit stress,, as the strain corresponding to
— S, =S¢ proportional limit stress determined for the test.

10.11 Modulus of Resilience-Calculate the modulus of
resilience as the area under the linear part obthees curve or
alternatively estimated as:

b) Non linear stress-strain curve

STRESS, ¢ (MPa)

€, 1
E UR:fO o'de~§coeo (10)

-
Toel# . LONGITUDINAL STRAIN, € (mm/mm) 3 . o, from Extension under
Correction SpeC|f|9d strain Load method
c) Stress-strain curve with a linear region and toe (extension)
FIG. 17 Schematic Diagrams of Stress-Strain Curves for CFCCs

—~ o, from Offset method
/

/-«—— Qffset line

/ parallel to linear

measured during the test.

<
o
=3
(o]
)
strength €, as the strain corresponding to the tensile strength(ﬁ
o
10.6 Fracture Strength—-Calculate the fracture strength as: cl7)

F)break
=—A ®) / portion of curve
/
where: —| [=—Offset strain
S; = the tensile strength, MPa, and
Poeak = the breaking load when the test specimen sepa- LONGITUDINAL STRAIN, & (mm/mm)

FIG. 18 Schematic Diagram of Methods for Determining

rates into two or more pieces, N. Proportional Limit Stress
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whereUg = the modulus of resilience in JAando , ande,  numbers of the test equipment, if available.
as used in Eq 10 have units of Pa (that is, R/and mm/mm, 11.1.6 Type and configuration of load-train couplers (in-
respectively. clude drawing or sketch if necessary). If a commercial load-
10.12 Modulus of ToughnessCalculate the modulus of train coupler was used, the manufacturer and model number
toughness as the area under the entire- e curve or are sufficient for describing the coupler. Good laboratory

alternatively estimated as: practice also dictates recording the serial numbers of the test
oo+ S, equipment, if available.
Ur= fof"de'“ 2 (11) 11.1.7 Type and configuration of heating system (include

whereU; = the modulus of toughness in Jno, andS, as drawing or sketch if necessary). If a commercial heating
used in Ec{ 11 have units of Pa (that is, P@)randeoo has units  SYStem was used, the manufacturer and mode| number are
of mm/mm. U, can be estimated as follows for materials for Sufficient for describing the heating system. Good laboratory
which o is not calculated and that havera- € curve that can  Practice also dictates recording the serial numbers of the test
o

be assumed to be a parabola. equipment, if available. _
) 11.1.8 Type and configuration of temperature measurement
Ur= fg cde~3S ¢ (12)  system (include drawing or sketch if necessary). If a commer-

o ) cial temperature measurement system was used, the manufac-
10.13 Mean, Standard Deviation, and Coefficient of tyrer and model number are sufficient for describing the
Variation—For each series of tests calculate the mean, standaistem. However, report the most recent calibration informa-
deviation, and coefficient of variation for each measured valugion. Good laboratory practice also dictates recording the serial

as follows: numbers of the test equipment, if available.

n 11.1.9 Numberrf) of specimens tested validly (for example,

239 fracture in the gage section). In addition, report the total
Mean="X"=—; (13) " number of specimens testat] to provide an indication of the
= expected success rate of the particular specimen geometry and
[ X =%)? test apparatus.

Standard deviatior= s.d.= i:;_l (14) 11.1.10 Where feasible and possible, all relevant material

data including vintage or billet identification. As a minimum,

Coefficient of variation \/ — 100)(?s.d.) (15)  report the date the material was manufactured.

11.1.10.1 For commercial materials, where feasible and

where: possible, report the commercial designation. As a minimum

X, = the measured values and n is the number of valid testsinclude a short description of reinforcement (type, layup, etc.),
fiber volume fraction, and bulk density.

11. Report 11.1.10.2 For non-commercial materials, where feasible and

11.1 Test Set-Include in the report the following informa- possible, report the majqr constituents and propor_tions as well
tion for the test set. Note any significant deviations from the?S the primary processing routes. Also report fiber volume
procedures and requirements of this test method. fraction, matrix porosny,'and bulk QenS|ty. Descrlbe'the rein-

11.1.1 Date and Location of Testing: forcement type, properties and reinforcement architecture to

11.1.2 Tensile test specimen geometry used (include engiUdUde fiber properties (composition, diameter, source, lot
neering drawing). For end-tabbed specimens include a drawirfg"MPer, and any measured/specified properties), interface
of the tab and specify the tab material and the adhesive usefPatings (composition, thickness, morphology, source, and

11.1.3 Type and configuration of the test machine (includénethOd of manufacture) and the reinforcement architecture
drawing or sketch if necessary). If a commercial test machindY@™ type/count, thread count, weave, ply count, fiber areal
was used, the manufacturer and model number are sufficiedf€ight, fiber fraction, stacking sequence, ply orientations, etc.).
for describing the test machine. Good laboratory practice also 11.1.11 Description of the method of specimen preparation
dictates recording the serial numbers of the test equipment, fcluding all stages of machining.
available. 11.1.12 Where feasible and possible, heat treatments, coat-

11.1.4 Type, configuration, and resolution of strain meaings, or pre-test exposures, if any were applied either to the
surement equipment used (include drawing or sketch if necegs-processed material or to the as-fabricated specimen.
sary). If a commercial extensometer or strain gages were used,11.1.13 Test environment including relative humidity (Test
the manufacturer and model number are sufficient for describMethod E 337), ambient temperature, and atmosphere (for
ing the strain measurement equipment. Good laboratory pragxample, ambient air, dry nitrogen, silicone oil, etc.), partial
tice also dictates recording the serial numbers of the teqiressure (or percentage) of oxygen (if known), average el-
equipment, if available. evated temperature, and average hold time at elevated tempera-

11.1.5 Type, configuration, and surface finish of grip inter-ture.
face used (include drawing or sketch if necessary). If a 11.1.14 Test mode (load, displacement, or strain control)
commercial grip interface was used, the manufacturer anénd actual test rate (load rate, displacement rate, or strain rate).
model number are sufficient for describing the grip interface Report calculated strain rate, if appropriate, in units of.

Good laboratory practice also dictates recording the serial 11.1.15 Percent bending and corresponding average strain
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in the specimen recorded during the verification as measured at11.2.5 Plot of the entire stress-strain curve,
the beginning and end of the test series. 11.2.6 Tensile strengtly,,

11.1.16 Mean, standard deviation, and coefficient of varia- 11.2.7 Strain at tensile strength,,
tion of the following measured properties for each test series: 11.2.8 Fracture strengtls,

11.1.16.1 Tensile strengtB, , 11.2.9 Strain at fracture strengt,,

11.1.16.2 Strain at tensile strengéh,, 11.2.10 Modulus of elasticitye (if applicable),

11.1.16.3 Fracture strengts, 11.2.11 Proportional limit stressy , (if applicable) and

11.1.16.4 Strain at fracture strengh, method of determination,

11.1.16.5 Modu|u§ of elas’[.ICIt)E (if appllcablg): 11.2.12 Strain at proportional limit stress, (if applicable),

11.1.16.6 Propqrtlo_nal limit stresss (if applicable) and 11.2.13 Modulus of resiliencéJg, (if applicable),
mitlh(idlgf7destterm'”a;“on* donal limit st  aopi 11.2.14 Modulus of toughnes; (if applicable),

:1.16.7 Strain at proportional limit stress, (if appli- 11.2.15 Fracture location relative to the gage section mid-

cable),

11.1.16.8 Modulus of resiliencély (if applicable), and

11.1.16.9 Modulus of toughnedd; (if applicable).

11.2 Individual Specimens-Report the following informa-
tion for each specimen tested. Note and report any signiﬁcar?;1
deviations from the procedures and requirements of this test

method: o .
i : 12. Precision and Bi
11.2.1 Temperature of test, K, time to attain test tempera- ecision and Bias

ture, time at temperature prior to testing, and test environment, 12.1 Because of the nature of the materials and lack of a
11.2.2 Pertinent overall specimen dimensions, if measuredVide database on a variety of applicable CFCCs, no definitive
such as total length, length of gage section, gripped Secti(ﬁatement can be made at th!s time concerning precision and
dimensions, etc. in mm, bias of the test methods of this test method.
11.2.3 Average surface roughness of the gage section, um, if
measured, and the direction of measurement, 13. Keywords
11.2.4 Average cross-sectional dimensions, if measured, or 13.1 ceramic matrix composite; CFCC; continuous fiber
cross-sectional dimensions at the plane of fracture, mm, composite; elevated temperature; tensile test

point, mm (+ is toward the top of the specimen as marked and-
is toward the bottom of the specimen as marked with O being
the gage section midpoint), and

11.2.16 Appearance of specimen after fracture as suggested
9.5.

APPENDIX
(Nonmandatory Information)

X1. VERIFICATION OF LOAD TRAIN ALIGNMENT AT ROOM TEMPERATURE

X1.1 Purpose of Verificatior-The purpose of this verifi- and concentricity requirements. Ideally, the verification speci-
cation procedure is to demonstrate that the grip interface anehen should be of identical material to that being tested.
load-train couplers can be used by the test operator in suchtdowever, in the case of CFCCs, the type of reinforcement or
way as to consistently meet the limit on percent bending aslegree of residual porosity may complicate the consistent and
specified in 6.5. Thus, in conducting this verification procedureaccurate measurement of strain. Therefore, use an alternate
use no more care in setup than that used in the routine testingaterial (isotropic, homogeneous, continuous) with similar
of the actual tensile specimen. Measure the bending undelastic modulus, elastic strain capability, and hardness to the
tensile load using verification (or actual) specimens of the samtest material. Carefully inspect the specimen with an optical
design as that to be used for the tensile tests. For theomparator before strain gages are attached to ensure that these
verification purposes, apply strain gages as shown in Fig. X1.-dimensional requirements are met. Exercise care in handling
Conduct verification measurements: at the beginning and erahd using the verification specimen since, after the strain gages
of a series of tests with a measurement at the midpoint of thare applied, it will no longer be possible to meaningfully
series recommended, whenever the grip interfaces and loadhspect the specimen.
train couplers are installed on a different test machine, when- 1.2.1 For simplicity, mount a minimum of eight foil

e\aer a dlffedrent operator S It?onductlng a series %f tg§ts, anl%sistance strain gages on the verification specimen as shown in
whenever damage or misalignment Is suspected. Since t g. X1.1. Separate the strain gage planes9¢ |, wherel,,

verification specimen uses adhesively bonded strain gageg, yq |ength of the reduced or designated gage section. Mount

conduct the verification procedure at room temperature mindfour strain gages, equally spaced (90° apart) around the
ful that this implies that the load-train alignment will remain y

circumference of the gage section (that is, one strain gage on
constant at elevated temperatures. each face), at each of two planes at either end of the gage

X1.2 \Verification SpecimesMachine the specimen used section. Ensure that the longitudinal centers of all strain gages
for verification very carefully with attention to all tolerances on the same plane are within 0.5 mm of the same longitudinal
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rather are intended to elucidate those aspects which are directly
applicable to this particular test method.

X1.3.1 Mount the top of the specimen in the grip interface.
[] Upper Plane SG123 &4 X1.3.2 Connect the lead wires of the strain gages to the
’ e conditioning equipment and allow the strain gages to equili-
3/4 | brate under power for at least 30 min prior to conducting the
0] verification tests. This will minimize drift during actual con-
duct of the verifications.

X1.3.3 Zero the strain gages before mounting the bottom of
the specimen in the grip interface. This will allow any bending
due to the grips to be recorded.

X1.3.4 Mount the bottom of the specimen in the grip
interface.

X1.3.5 Apply a sufficient load to the specimen to achieve a

SG3 & mean strain equal to either one-half the anticipated strain at the
SG7 onset of the cumulative fracture process (for example, matrix
cracking stress) in the test material or a strain of 0.0005 (that
SG4 & SG2 %Y is, 500 micro strain) whichever is greater. It is desirable to
SG8 SG6 record the strain (and hence percent bending) as functions of
SG1l& the applied load to monitor any self alignment of the load train.
SG5 X1.3.6 Calculate percent bending as follows for square
cross sections referring to Fig. X1.1 for the strain gage
numbers. Calculate percent bending at the upper plane of the

T [l {LowerPlane, SG5,6,7 &8

X gage section as:
FIG. X1.1 lllustration of Strain Gage Placement on Gage Section €
Planes and Strain Gage Numbering PB ypper = P 100 (X1.1)
1
distance along the specimen axis. These planes shall be €, = [(L;a)z n <62;e4)2]§ (X1.2)
symmetrically located about the longitudinal midpoint of the
gage section. Employ suitable strain recording equipment. ¢, = &t e Z R (X1.3)

Note X1.1—Take care to select strain gage planes that are symmetrical . . .
about the longitudinal midpoint of the gage section. Avoid placing the WHErees, €;, €5, ande , are strain readings for strain gages
strain gages closer than one strain gage length from geometrical featurb@cated at the upper plane of the gage section. Strain gage
such as the transition radius from the gage section. Such placement caeadings are in units of strain, m/m, and compressive strains are
cause strain concentrations and inaccurate measures of the strain in thegative.
uniform gage section. Strain gages on dummy specimens composed of x1 3 7 Calculate percent bending at the lower plane of the

isotropic_homogeneous materials should be as narrow as possible o, o saction for square cross sections referring to Fig. X1.1 for
minimize strain averaging. Strain gages having active widths of 0.25 t

0.5 mm and active lengths of 1.0 to 2.5 mm are commercially availabld€ Strain gage numbers as follows:
and are suitable for this purpose. Otherwise, sizes of strain gages on test

€
specimens composed of CFCC materials must be chosen accordingly. Paowerze_zloo (X1.4)
Unless it can be shown that strain gage readings are not unduly influenced 1
by localized strain events such as fiber crossovers, strain gages should not es—€;\2  [€5—€5\? 3
be less than 9 to 12 mm in length for the strain-measurement direction and € = [(T) + <_2> ] (X1.5)
not less than 6 mm in width for the direction normal to strain measure- et 4
ment. Larger strain gages than those recommended here may be required e =257 % (X1.6)

for fabric reinforcements to average the localized strain effects of the fiber 4
crossovers. Choose the strain gages, surface preparation, and bonding/vheree5, €6 €7 ande g are strain readings for strain gages
agents so as to provide adequate performance on the subject materigigcated at the lower plane of the gage section. Strain gage

Many CFCCs may exhibit high degrees of porosity and surface roughnesg,, jings are in units of strain, m/m, and compressive strains are
and therefore require surface preparation including surface filling before ’ '

the strain gages can be applied. hegative. . . . .
X1.3.8 For uniform bending across the gage section with

X1.3 \Verification Procedure-Procedures for verifying the specimen assuming a C-shaPB, oe~ PB ower C-shape
alignment are described in detail in Practice E 1012. Howevelhending reflects angular misalignment of the grips. For non-
salient points and equations for square and circular cross#iform bending across the gage section with the specimen
sections as currently contained in Practice E 1012 are deassuming a S-shapBB,,,er may or may not be equal 8B
scribed here for emphasis. Consult Practice E 1012 for specifiewer. S-shape bending reflects eccentric misalignment of the
details for rectangular cross-sections, especially when thgrip centerlines. These general tendencies are shown in Fig.
thickness is too thin to strain gage all four sides. The followingX1.2. Combinations ofC and S shapes may exist. In these
paragraphs are not intended to replace Practice E 1012, boases theé&Sshape should first be eliminated by adjusting the
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FIG. X1.2 S-Shape and C-Shape Bending of Tensile Specimen

eccentricity of the grips such that the longitudinally aligned

example,e;~ €5, €,~ € 4 etc.). More detailed discussions
regarding bending and alignment are containe(L).

X1.3.9 Check the effect of the specimen warpage by rotat-
ing the specimen 180° about its longitudinal axis and perform-
ing the bending checks again. If similar results are obtained at
each rotation then the degree of alignment can be considered
representative of the load train and not indicative of the
specimen. If load-train alignment is within the specifications of
6.5, record the maximum percent bending and conduct the
tensile tests. If the load-train alignment is outside the specifi-
cations of 6.5 then realign or readjust the load train according
to the specific procedures unique to the individual testing
setup. Repeat this verification procedure to confirm the
achieved alignment.

strain gages indicate approximately the same values (for
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