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Standard Test Method for
Flexural Strength of Advanced Ceramics at Ambient
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This standard is issued under the fixed designation C 1161; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilone] indicates an editorial change since the last revision or reapproval.

1. Scope mance Ceramics at Ambient Temperature

1.1 This test method covers the determination of flexurab
strength of advanced ceramic materials at ambient temperature. .
Four-point¥z point and three-point loadings with prescribed 31 Definitions: _ , ,
spans are the standard. Rectangular specimens of prescribecs-1-1 complete gage section—the portion of the specimen
cross-section sizes are used with specified features in pr@€tween the two outer bearings in four-point flexure and
scribed specimen-fixture combinations. three-point flexure fixtures.

1.2 The values stated in Sl units are to be regarded as thenore 1—In this standard, the complete four-point flexure gage section
standard. The values given in parentheses are for information twice the size of the inner gage section.
only. 3.1.2 flexural strength—a measure of the ultimate strength

1.3 This standard does not purport to address all of thet 5 gpecified beam in bending.
safety concems, if any, associated with its use. It is the 34 3 four-point-¥a point flexure—configuration of flexural
responsibility of the user of this standard to establish appro-grength testing where a specimen is symmetrically loaded at
priate safety and health practices and determine the applicagyg |ocations that are situated one quarter of the overall span,
bility of regulatory limitations prior to use. away from the outer two support bearings (see Fig. 1).

3.1.4 Fully-articulating fixture n—a flexure fixture de-
signed to be used either with flat and parallel specimens or with

2.1 ASTM Standards: o , 4o Uneven or nonparallel specimens. The fixture allows full
E 4 Practices for Force Verification of Testing Machines  j,jenendent articulation, or pivoting, of all rollers about the

C 1239 Practice for Reporting Uniaxial Strength Data andyyecimen long axis to match the specimen surface. In addition,
Estimating Weibull Distribution Parameters for Advancedthe upper or lower pairs are free to pivot to distribute force

Terminology

2. Referenced Documents

Ceramic§ o ?venly to the bearing cylinders on either side.
C 1322 Practice for Fractography and Characterization o
Fracture Origins in Advanced Ceramics Note 2—See Annex Al for schematic illustrations of the required

C 1368 Test Method for Determination of Slow Crack Pivoting movements. . . . .
Growth Parameters of Advanced Ceramics by Consta%NOTE 3—A three-point fixture has the inner pair of bearing cylinders

. . laced b ingle beari linder.
Stress-Rate Flexural Testing at Ambient Temperd&ture pace i v a single bearing cylinder
E 337 Test Method for Measured Humidity with a Psy- 3.1.5 inert flexural strengthn—a measure of the strength of

chrometer (The Measurement of Wet- and Dry-Bulb Tem-SPecified beam in bending as determined in an appropriate inert
peratures) condition whereby no slow crack growth occurs.

2.2 Military Standard: Note 4—An inert condition may be obtained by using vacuum, low
MIL-STD-1942 (MR) Flexural Strength of High Perfor- temperatures, very fast test rates, or any inert mediums.

3.1.6 inherent flexural strengtm—the flexural strength of a
material in the absence of any effect of surface grinding or
other surface finishing process, or of extraneous damage that

_— may be present. The measured inherent strength is in general a
1 This test method is under the jurisdiction of ASTM Committee C28 on function of the flexure test method, test conditions, and
Advanced Ceramics and is the direct responsibility of Subcommittee C28.01 O%pecimen size.

Properties and Performance. . . . .
Current edition approved Jan. 10, 2002. Published February 2002. Originally 3-1-7 INNer gage sectionn—the portion of the specimen
published as C 1161 — 90. Last previous edition C 1161 — 94 (1996).
2 Annual Book of ASTM Standardgol 03.01. —_—
2 Annual Book of ASTM Standardéol 15.01. S Available from Standardization Documents, Order Desk, Bldg. 4, Section D,
4 Annual Book of ASTM Standardgol 11.03. 700 Robbins Ave., Philadelphia, PA 19111-5094.

Copyright © ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959, United States.
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4 N L N the standard rule out the use of this test for continuous
4 z fiber-reinforced ceramics.
4.3 Flexural strength of a group of test specimens is
] influenced by several parameters associated with the test
t procedure. Such factors include the loading rate, test environ-
‘Q} g} ment, specimen size, specimen preparation, and test fixtures.
= /. Specimen sizes and fixtures were chosen to provide a balance
| between practical configurations and resulting errors, as dis-
cussed in MIL-STD 1942 (MR) and Ref%) and(2).6 Specific
fixture and specimen configurations were designated in order to
permit ready comparison of data without the need for Weibull-
size scaling.
4.4 The flexural strength of a ceramic material is dependent
L | on both its inherent resistance to fracture and the size and
% | severity of flaws. Variations in these cause a natural scatter in

L+
|

test results for a sample of test documents. Fractographic
[ t ] analysis of fracture surfaces, although beyond the scope of this
‘(i} Y standard, is highly recommended for all purposes, especially if

the data will be used for design as discussed in MIL-STD-1942
| / (MR) and Refs(2-5) and Practices C 1322 and C 1239.
4.5 The three-point test configuration exposes only a very
Note 1—Configuration: small portion of the specimen to the maximum stress. There-
ArL =20 mm fore, three-point flexural strengths are likely to be much greater
B: L =40mm than four-point flexural strengths. Three-point flexure has some
C:L=80mm . . o .
FIG. 1 1 The Four-Point. % Point and Three-Point Fixt advantages. It uses simpler test fixtures, it is easier to adapt to
: O ration oo Fhdre high temperature and fracture toughness testing, and it is
guration . . . 2 .
sometimes helpful in Weibull statistical studies. However,
four-point flexure is preferred and recommended for most
‘characterization purposes.

between the inner two bearings in a four-point flexure fixture
3.1.8 Semi-articulating fixturen—a flexure fixture designed
to be used with flat and parallel specimens. The fixture allows; |nterferences

some articulation, or pivoting, to ensure the top pair (or bottom .
pair) of bearing cylinders pivot together about an axis parallel 5.1 The effects of time-dependent phenomena, such as stress

to the specimen long axis, in order to match the Specimeﬁorrosmn or slow crack growth on strength tests conducted at

surfaces. In addition, the upper or lower pairs are free to pivo?mb'er.]t tem.perature, can be mganlngful even for the relatively
short times involved during testing. Such influences must be

to distribute force evenly to the bearing cylinders on e'therconsidered if flexure tests are to be used to generate design
side.
data. Slow crack growth can lead a rate dependency of flexural
Note 5—See Annex Al for schematic illustrations of the required strength. The testing rate specifed in this standard may or may
pivoting movements. not produce the inert flexural strength whereby negligible slow
NoTte 6—A three-point f_ixture _has the inner pair of bearing cylinders crack growth occurs. See Test Method C 1368.
replaced by a single bearing cylinder. 5.2 Surface preparation of test specimens can introduce
3.1.9 slow crack growth (SCGp—subcritical crack growth  machining microcracks which may have a pronounced effect
(extension) which may result from, but is not restricted to, SUCl’bn flexural Strength_ Machining damage imposed during Speci-
mechanisms as environmentally-assisted stress corrosion ffen preparation can be either a random interfering factor, or an
diffusive crack growth. inherent part of the strength characteristic to be measured. With
3.1.10 three-point flexure-configuration of flexural proper care and good machining practice, it is possible to
strength testing where a specimen is loaded at a locatiopbtain fractures from the material’s natural flaws. Surface
midway between two support bearings (see Fig. 1). preparation can also lead to residual stresses. Universal or
4. Significance and Use standardized test methods of_ surface p_rgparation do not exist. It
' should be understood that final machining steps may or may
4.1 This test method may be used for material deVElOpmenhot nega’[e machining damage introduced during the eariy
quality control, characterization, and design data generatioBourse or intermediate machining.
purposes. 5.3 This test method allows several options for the machin-
4.2 The flexure stress is Computed based on Simple beamg of Specimensy and includes a generai procedure (“Stan_

theory with assumptions that the material is isotropic ancjard” procedure, 7.2.4), which is satisfactory for many (but
homogeneous, the moduli of elasticity in tension and compres-

sion are identical, and the material is linearly elastic. The
average.graln size should be no.greater_ than one fiftieth Qf th_e ® The boldface numbers in parentheses refer to the references at the end of this
beam thickness. The homogeneity and isotropy assumption iast method.
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certainly not all) ceramics. The general procedure used pro- TABLE 2 Nominal Bearing Diameters
gressively finer longitudinal grinding steps that are designed to

minimize subsurface microcracking. Longitudinal grinding configuration Diameter, mm
aligns the most severe subsurface microcracks parallel to the 201025
specimen tension stress axis. This allows a greater opportuniB/ 3:(5)

to measure the inherent flexural strength or “potential strength®

of the material as controlled by the material’s natural flaws. In

contrast, transverse grinding aligns the severest subsurface6.4.3 The bearing cylinders shall be carefully positioned
machining microcracks perpendicular to the tension stress axgich that the spans are accurate witti.10 mm. The load
and the specimen is more likely to fracture from the machininggpplication bearing for the three-point configurations shall be
microcracks. Transverse-ground specimens in many instanc@sitioned midway between the support bearing withia10
may provide a more “practical strength” that is relevant tomm. The load application (inner) bearings for the four-point
machined ceramic components whereby it may not be possibronfigurations shall be centered with respect to the support
to favorably align the machining direction. Transverse-groundouter) bearings within=0.10 mm.

specimens may be tested in accordance with 7.2.2. Data from 6.4.4 The bearing cylinders shall be free to rotate in order to
transverse-ground specimens may correlate better with datglieve frictional constraints (With the exception of the middle-
from biaxial disk or plate strength tests, wherein machiningoad bearing in three-point flexure which need not rotate). This

direction cannot be aligned. can be accomplished by mounting the cylinders in needle
bearing assemblies, or more simply by mounting the cylinders
6. Apparatus as shown in Fig. 2 and Fig. 3. Annex Al illustrates the action

6.1 Loading—Specimens may be loaded in any suitablef€quired of the bearing cylinders. Note that the outer-support
testing machine provided that uniform rates of direct loading?€arings rolloutward and the inner-loading bearings roll
can be maintained. The force-measuring system shall be free gfward. o _
initial lag at the loading rates used and shall be equipped with -5 Semiarticulating—Four-Point Fixture-Specimens pre-

a means for retaining read-out of the maximum force applied tharéd in accordance with the parallelism requirements of 7.1
the specimen. The accuracy of the testing machine shall be i@y be tested in a semiarticulating fixture as illustrated in Fig.
accordance with Practices E 4 but within 0.5 %. 2 and in Fig. Al.1a. All four bearings shall be free to roll. The

6.2 Four-Point Flexure—Four-point¥z point fixtures (Fig. WO inner bearings shall be parallel to each other to within
1) shall have support and loading spans as shown in Table £:015 mm over their length and they shall articulate together as

6.3 Three-Point Flexure-Three-point fixtures (Fig. 1) shall @ Pair. The two outer bearings shall be parallel to each other to
have a support span as shown in Table 1. within 0.015 mm over their length and they shall articulate

6.4 Bearings—Three- and four-point flexure: together as a pair. The inner bearings shall be supported

6.4.1 Cylindrical bearing edges shall be used for the suppoif'dependently of the outer bearings. All four bearings shall rest
of the test specimen and for the application of load. Thedniformly and evenly across the specimen surfaces. The fixture
cylinders shall be made of hardened steel which has a hardne%32ll be designed to apply equal load to all four bearings.
no less than HRC 40 or which has a yield strength no less than 6-6 Fully Articulating—Four-Point Fixture-Specimens that
1240 MPa (180 ksi). Alternatively, the cylinders may be are as-fired, heat treated, or oxidized often have slight twists or
made of a ceramic with an elastic modulus between 2.0 and 4 ¢1evenness. Specimens which do not meet the parallelism
X 10° MPa (30-60x 10P psi) and a flexural strength no less réquirements of 7.1 shall be tested in a fully articulating fixture
than 275 MPa {40 ksi). The portions of the test fixture that @s illustrated in Fig. 3 and in Fig. Al.1b. _
support the bearings may need to be hardened to prevent®.7 Semi-articulated Three-point FixtureSpecimens pre-
permanent deformation. The cylindrical bearing length shall bared in accordance with the parallelism requirements of 7.1
at least three times the specimen width. The above requirdD@y be tested in a semiarticulating fixture. The middle bearing
ments are intended to ensure that ceramics with strengths up $§2!l be fixed and not free to roll. The two outer bearings shall
1400 MPa (-200 ksi) and elastic moduli as high as 4810° e parallel to each other to within 0.015 mm over their length.
MPa (70 x 10° psi) can be tested without fixture damage. The two outer bearings shall articulate together as a pair to
Higher strength and stiffer ceramic specimens may requir@ich the specimen surface, or the middle bearing shall
harder bearings. articulate to match the specimen surface. All three bearings

6.4.2 The bearing cylinder diameter shall be approximatelgh@ll rest uniformly and evenly across the specimen surface.
1.5 times the beam depth of the test specimen size employedin€ fixture shall be designed to apply equal load to the two

See Table 2. outer bearings.
6.8 Fully-articulated Three-point Flexure-Specimens that

do not meet the parallelism requirements of 7.1 shall be tested

TABLE 1 Fixture Spans in a fully-articulating fixture. Well-machined specimens may

also be tested in a fully-articulating fixture. The two support

Configuration Support Span (L), mm___ Loading Span, mm (outer) bearings shall be free to roll outwards. The middle
g 4218 ;g bearing shall not roll. Any two of the bearings shall be capable
P 80 0 of articulating to match the specimen surface. All three

bearings shall rest uniformly and evenly across the specimen
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Note 1—Configuration:
A:L=20 mm
B: L =40 mm
C:L =80 mm
Note 2—Load is applied through a ball which permits the loading member to tilt as necessary to ensure uniform loading
FIG. 2 Schematics of Two Semiarticulating Four-Point Fixtures Suitable for Flat and Parallel Specimens. Bearing Cylinders Are Held in
Place by Low Stiffness Springs, Rubber Bands or Magnets

surface. The fixture shall be designed to apply equal load to the:0.13 mm for B and C specimens, and.05 mm for A. The
two outer bearings. parallelism tolerances on the four longitudinal faces are 0.015

6.9 The fixture shall be stiffer than the specimen, so thamm for A and B and 0.03 mm for C. The two end faces need
most of the crosshead travel is imposed onto the specimen. not be precision machined.

6.10 Micrometer—A micrometer with a resolution of 0.002 7.2 Specimen PreparatierDepending upon the intended
mm (or 0.0001. in.) or smaller should be used to measure thgppjication of the flexural strength data, use one of the
test piece dimensions. The micrometer shall have flat anvilg|iowing four specimen preparation procedures:
faces. The micrometer shall not have a ball tip or sharp tip
since these might damage the test piece if the specimenNote 7—This test method does not specify a test piece surface finish.
dimensions are measured prior to fracture. Alternative dimenSurface finish may be very misleading since a very ground, lapped, or
sion measuring instruments may be used provided that th en polished surface may con(_:eal hlc_Jde_n, beneath the surface cracking
have a resolution of 0.002 mm (or 0.0001 in.) or finer and dg'amage from rough or intermediate grinding.
no harm to the specimen. 7.2.1 As-Fabricated—The flexural specimen shall simulate

_ the surface condition of an application where no machining is
7. Specimen to be used; for example, as-cast, sintered, or injection-molded

7.1 Specimen SizeDimensions are given in Table 3 and parts. No additional machining specifications are relevant. An

shown in Fig. 4. Cross-sectional dimensional tolerances aredge chamfer is not necessary in this instance. As-fired
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Note 1:
Configuration L, mm Note 2-Bearing A is fixed o that it will not pivot about the x-axis.
The other three bearings are free 1o pivot about the x axis.
A 20
B 40
C 80

Specimen |
A B
NS ~ pe——
N 'G} SO\ N\
T BearingA/v ! L
7
<! L>
View A A B View B
Note 1—Configuration:

A: L=20 mm
B: L =40 mm
C:L=80mm

Note 2—Bearing A is fixed so that it will not pivot about theaxis. The other three bearings are free to pivot abouitheis.
FIG. 3 Schematics of Two Fully Articulating Four-Point Fixtures Suitable Either for Twisted or Uneven Specimens, or for Flat and
Parallel Specimens. Bearing Cylinders Are Held in Place by Low Stiffness Springs, Rubber Bands, or Magnets

TABLE 3 Specimen Size satisfactory for a class of materials (that is, it induces no
unwanted surface damage or residual stresses), this procedure
Configuration Width (b), mm Depth (d), mm Length (L;), min, shall be used.
mm
a 2.0 15 25 7.2.4 Standard ProceduresIn the instances where 7.2.1
B 4.0 3.0 45 through 7.2.3 are not appropriate, then 7.2.4 shall apply. This
¢ 8.0 6.0 90 procedure shall serve as minimum requirements and a more

stringent procedure may be necessary.

specimens are especially prone to twist or warpage and might /-2-4-1 All grinding shall be done with an ample supply of
not meet the parallelism requirements. In this instance, a full@PPropriate filtered coolant to keep workpiece and wheel
articulating fixture (6.6 and Fig. 3) shall be used in testing. constantly flooded and particles flushed. Grinding shall be in

7.2.2 Application-Matched Machining-The specimen shall two or three stages, ranging from coarse to fine rates of
have the same surface preparation as that given to a comp@aterial removal. All machining shall be in the surface
nent. Unless the process is proprietary, the report shall bgrinding mode, and shall be parallel to the specimen long axis
specific about the stages of material removal, wheel gritsshown in Fig. 5. No Blanchard or rotary grinding shall be used.
wheel bonding, and the amount of material removed per pas$lachine the four long faces in accordance with the following

7.2.3 Customary Proceduresin instances where a custom- paragraphs. The two end faces do not require special machin-
ary machining procedure has been developed that is completeiyg.
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FIG. 4 The Standard Test Specimens

of cut) shall not exceed 0.006 mm (0.00025 in.) per pass. Final
grinding shall remove no less than 0.020 mm (0.0008 in.) per
face. The combined intermediate and final grinding stages shall
remove no less than 0.060 mm (0.0025 in.) per face. Remove
approximately equal stock from opposite faces.

7.2.4.5 Wheel speed should not be less than 25 m/sec
(~1000 in./sec). Table speeds should not be greater than 0.25
m/sec (45 ft./min.).

7.2.4.6 The procedures in 7.2.4 address diamond grit size
for coarse, intermediate, and finish grinding but leaves the
choice of bond system (resin, vitrified), diamond type (natural
or synthetic, coated or uncoated, friability, shape, etc.) and

/ concentration (percent of diamond in the wheel) to the discre-
g tion of the user.

Note 8—The sound of the grinding wheel during the grinding process
may be a useful indicator of whether the grinding wheel condition and
material removal conditions are appropriate. It is beyond the scope of this
standard to specify the auditory responses, however.

7.2.4.7 Materials with low fracture toughness and a greater
susceptibility to grinding damage may require finer grinding
wheels at very low removal rates.

7.2.4.8 The four long edges of each specimen shall be

7.2.4.2 Coarse grinding, if necessary, shall be with a diauniformly chamfered at 45°, a distance of 0.£20.03 mm as
mond wheel no coarser than 150 grit. The stock removal ratshown in Fig. 4. They can alternatively be rounded with a
(wheel depth of cut) shall not exceed 0.03 mm (0.001 in.) pefadius of 0.15+ 0.05 mm. Edge finishing must be comparable
pass to the last 0.060 mm (0.002 in.) per face. Removéo that applied to the specimen surfaces. In particular, the
approximately equal stock from opposite faces. direction of machiningshall be parallelto the specimen long

7.2.4.3 Intermediate grinding, if utilized, should be doneaxis. If chamfers or rounds are larger than the tolerance allows,
with a diamond wheel that is between 240 and 320 grit. Théhen corrections shall be made to the stress calculation. No
stock removal rate (wheel depth of cut) shall not exceed 0.006hipping is allowed. Up to 50 X magnification may be used to
mm (0.00025 in.) per pass to the last 0.020 mm (0.0008 in.) peverify this. Alternatively, if a specimen can be prepared with an
face. Remove approximately equal stock from opposite facegdge that is free of machining damage, then a chamfer is not

7.2.4.4 Finish grinding shall be with a diamond wheel that isrequired.
between 400 and 600 grit. The stock removal rate (wheel depth 7.2.4.9 Optiona—Damage or scratches may be introduced

FIG. 5 Surface Grinding Parallel to the Specimen Longitudinal
Axis
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by handling or mounting problems. Scratches are sometimesoduli (large scatter in strengths). These fractures can often be attributed
caused by loose abrasive grit. to atypical, large natural flaws in the material.
7.2.4.10 Very deep skin marks or very deep single stiations 8.5 Put cotton, crumbled tissues, or other appropriate mate-
(which may occur due to a poor quality grinding wheel or duerial around specimen to prevent pieces from flying out of the
to a failure to true, dress, or balance a wheel) are nofixtures upon fracture. This step may help ensure operator's
acceptable. safety and preserve primary fracture pieces for subsequent
7.2.5 Handling Precautions-Exercise care in storing and fractographic analysis.
handling of specimens to avoid the introduction of random and 8.6 Loading Rates-The crosshead rates are chosen so that
severe flaws, such as might occur if specimens were allowed tidie strain rate upon the specimen shall be of the order 0k1.0
impact or scratch each other. 107%™,
7.3 Number of SpecimensA minimum of 10 specimens 8.6.1 The strain rate for either the three- or four-poiat—
shall be required for the purpose of estimating the mean. Aoint mode of loading is as follows:
minimum of 30 shall be necessary if estimates regarding the
form of the strength distribution are to be reported (for
example, a Weibull modulus). The number of specimenswhere:
required by this test method has been established with the strain rate,
intent of determining not only reasonable confidence limits ond specimen thickness,
strength distribution parameters, but also to help discerns crosshead speed, and
multiple-flaw population distributions. More than 30 speci- L = outer (support) span.
mens are recommended if multiple-flaw populations are 8.6.2 Crosshead speeds for the different testing configura-
present. tions are given in Table 4.

. - ) 8.6.3 Times to failure for typical ceramics will range from 3
Note 9—Practice C 1239 may be consulted for additional gundance,[0 30 s. It is assumed that t%g fixtures are relativelg riaid and
particularly if confidence intervals for estimatates of Weibull parameters ’ . . . y 9
are of concern. that most of the testing-machine crosshead travel is imposed as
8 p q strain on the test specimen.

- rrocedure . o _ _8.6.4 If it is suspected that slow crack growth is active
8-_1 Test specimens on their appropriate fixtures ln_SDeCIfI(ANhich may interfere with measurement of the flexural
testing configurations. Test specimens Size A on either thetrength) to a degree that it might cause a rate dependency of
four-point A fixture or the three-point A fixture. Similarly, test the measured flexural strength, then faster testing rates should

B specimens on B fixtures, and C specimens on C fixtures. Ae used.
fully articulating fixture is required if the specimen parallelism L )
Note 12—The sensitivity of flexural strength to stressing rate may be

requirements cannot be met. . . . assessed by testing at two or more rates. See Test Method C 1368.
8.2 Carefully place each specimen into the test fixture to

preclude possible damage and to ensure alignment of the 8.7 Break Force—Measure the break force with an accuracy
specimen in the fixture. In particular, there should be an equaﬂf *0.5 %-_ ) ) ) )
amount of overhang of the specimen beyond the outer bearings 3-8 Specimen DimensierDetermine the thickness and

and the specimen should be directly centered below the axis dfidth of each specimen to within 0.0025 mm (0.0001 in.). In
the applied load. order to avoid damage in the critical area, it is recommended

8.3 Slowly apply the load at right angles to the fixture. Thethat measurement be made after the specimen has broken at a

maximum permissible stress in the specimen due to initial loa@?0int near the fracture origin. It is highly recommended to
shall not exceed 25 % of the mean strength. Inspect the poinf§t@in and preserve all primary fracture fragments for fracto-
of contact between the bearings and the specimen to ensu@éaphic analysis. , o ,

even line loading and that no dirt or contamination is present, 8-9 Determine the relative humidity in accordance with Test

If uneven line loading of the specimen occurs, use fullyMethod E337. _ _ _
articulating fixtures. 8.10 The occasional use of a strain-gaged specimen is

8.4 Mark the specimen to identify the points of load recommendeqtoverifythatthere is negligible error in stress, in
application and also so that the tensile and compression fac@§cordance with 11.2. . .
can be distinguished. Carefully drawn pencil marks will 8-11 Specimens which break outside of the inner gage
suffice. These marks assist in post fracture interpretation angéction are valid in this test method, provided that their
analysis. If there is an excessive tendency for fractures to occiccurrence s infrequent. Frequent breakages outside their
directly (within 0.5 mm) underneath a four-point flexure inneriNN€r gage section (~10% or more of the specimens) or
bearing, then check the fixture alignment and articulation.
Specimen shape irregularities may also contribute to excessive TABLE 4 Crosshead Speeds for Displacement-Controlled
load point breakages. Appendix X1 may be consulted for Testing Machine
assistance with interpretation.

e =6d9L2

) ) Configuration Crosshead Speeds, mm/min
Note 10—Secondary fractures often occur at the four-point inner 02
bearings and are harmless. B 05

Note 11—Occasional breaks outside the inner gage section in foure 1.0
point fracture are not unusual, particularly for materials with low Weibull
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frequent primary breakages directly under (within 0.5 mm) armegapascals (MPa) is included for convenience (145.04=s MPa;
inner bearing are grounds for rejection of a test set. Théherefore, 100 000 psi = 100 ksi = 689.5 MPa.)
specimens and fixtures should be checked for alignment anPO. Report

articulation. ) )
10.1 Test reports shall include the following:
Note 13—Breaks outside the inner gage section sometimes occur due 10.1.1 Test configuration and specimen size used.
to an abnormally large flwa and there is nothing wrong with such a test 10.1.2 The number of specimeny (sed

outcome. The frequency of fractures outside the inner gage section . f . .
depends upon the Weibull modulus (more likely with low moduli), 10.1.3 All relevant material data including vintage data or

whether there are multiple flaw populations, and whether there are stra?i”et idemiﬁ_cation data if ?Yailame- (Did all SpeCimenS_ come
flaws. Breakages directly under an inner load pin sometimse occur fofom one billet?) As a minimum, the date the material was
similar reasons. In addition, many apparent fractures under a load pin amanufactured shall be reported.

in fact legitimate fractures from an origin close to, but not directly at the  10.1.4 Exact method of specimen preparation, including all
load pin. Secondary fractures in specimens that have a lot of stored elastfgiages of machining if available.

energy (that is, strong specimens) often occur right under a load pin due 10.1.5 Heat treatments or exposures, if any

to elastic wave reverberations in the specimen. See Appendix X1 for . . . -
guidance. P PP 10.1.6 Test environment including humidity (Test Method

8.12 Fractographic analysis of broken specimens is highl)llE 3871) ?ngt:girr?przgg:eérosshead rate

recommen.d'ed to characterizse '.the types, locations, and' sizes ofig18 Report the strength of every specimen in megapas-
fracture origins as well as pOSS|bIe_ sta_ble qrack extension du@als (pounds per square inch) to three significant figures.
to slow crack growth. Follow the guidelines in Practice C 1322 10.1.9 Mean @ and standard deviatiorsD) where:

or MIL-HDBK-790. Only some specimen pieces need to be

saved. Tiny fragments or shards are often inconsequential since iS

they do not contain the fracture origin. With some experience, S— L

it is usually not dificult to determine which pieces are n
important and should be retained. It is recommended that the

test pieces be retrieved with tweezers after fracture, or the

operator may wear gloves in order to avoid contamination of Sb=

(n-1
the fracture surfaces for possible fractographic analysis. See L -
Fig. X1.1 for guidance. If there is any doubt, then all pieces 10.1.10 Report of any deviations and alterations from the

should be preserved, procedures described in this test method.

8.13 Inspect the chamfers or edge round if such exist. Ifthe&elghlirlerg;ﬁ;o'lowmg notation may be used to report the
are larger than the sizes allowed in 7.2.4.4 and Fig. 4, then the '

flexural strength shall be corrected as specified in Annex A28 v

©)

é(S— |AKS)?

to denote strengths measured in (N= 4 or 3) -point
flexure, and (L = 20, 40, or 80 mm) fixture outer span

P size
9. Calculation EXAMPLES
9.1 The standard formula for the strength of a beam irf w..0= 537 MPa denotes the mean flexural strength was 537 MPa
four-point— 1/4 point flexure is as follows: \f/iv;tﬁ?e?easured in four-point flexure with 40 mm span
3PL S (3.20= 610 MPa denotes the mean flexural strength was 610 MPa
= m (1) when measured in three-point flexure with 20 mm
span fixtures.
where: The relative humidity or test environment may also be
P = break force, reported as follows:
L = OUter. (Suppqrt) span, S (vu= XXX [RH% or environment]
b = specimen width, and to denote strengths measured in an atmosphere
d = Specimen thickness. Y AMPLES with RH% relative humidity or other environment
9.2 The standarql formula for the Strength of a beam Irh (4,40~ 600 MPa [45 %] denotes the mean flexural strength was 600
three-point flexure is as follows: MPa when measured in four-point flexure with
40 mm span fixtures in lab ambient conditions
_ 3PL ) with 45 % relative humidity.
2 bd? S 3.40)= 705 MPa [dry N,] denotes the mean flexural strength was 705
. MPa when measured in three-point flexure with
9.3 Eq 1 and Eq 2 shall be used for the reporting of results 40 mm span fixtures in a dry nitrogen gas envi-

and are the common equations used for the flexure strength of ronment.
a Specimen S (3,20= 705 MPa [vacuum] denotes the mean flexural strength was 705

MPa when measured in three-point flexure with

. 20 fixtures i i t.
Note 14—It should be recognized however, that Eq 1 and Eq 2 do not MM span fIXIres in a vacuum environmen

necessarily give the stress that was acting directly upon the origin thatl. Precision and Bias

caused failure (In some instances, for example, for fracture mirror or 11.1 The flexure strength of a ceramic is not a deterministic
fracture toughness calculations, the fracture stress must be corrected f@r :

subsurface origins and breaks outside the gage length.). For convention Pamlty’ but will vary from one specimen to another. There

Weibull analyses, use the maximum stress in the specimen at failure frof¥ill P& an inherent statistical scatter in the results for finite
Equations 1 and 2. sample sizes (for example, 30 specimens). Weibull statistics

Note 15—The conversion between pounds per square inch (psi) anéan model this variability as discussed in Practice C 1322 and
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Refs. (6—10) This test method has been devised so that thelifferent individuals with three different universal testing
precision is very high and the bias very low compared to thenachines on three different days compared the strength of lots
inherent variability of strength of the material. of 30 specimens from a common batch of material. Three
11.2 Experimental Errors different fixtures, but of a common design, were used. The
11.2.1 The experimental errors in the flexure test have beemean strengths varied by a maximum of 2.4 % and the Weibull
thoroughly analyzed and documented in REE The specifi- moduli by a maximum of 27 % (average of 11.4). Both
cations and tolerances in this test method have been chosgariations are well within the inherent scatter predicted for
such that the individual errors are typically less than 0.5 %sample sizes of 30 as shown in Ré13, (7), and(9).
each and the total error is probably lesstl3%6 for four-point 11.4 An interlaboratory comparison of strength of the same
configurations B and C. (A conservative upper limit is of thealumina as cited in 11.3 was made between two laboratories.
order of 5 %.) This is the maximum possible error in stress folA 1.3 % difference in the mean and an 18 % difference in
an individual specimen. Weibull modulus was observed, both of which are well within
11.2.2 The error due to cross-section reduction associatetie inherent variability of the material.
with chamfering the edges can be of the order of 1% for 11.5 An interlaboratory comparison of strength of a differ-
configuration B and less for configuration C in either three orent alumina and of a silicon nitride was made between seven
four-point loadings, as discussed in R&f. The chamfer sizes international laboratories. Referen€g) is a comprehensive
in this test method have been reduced relative to those allowegport on this study which tested over 2000 specimens.
in MIL-STD-1942 (MR). Chamfers larger than specified in this Experimental results for strength variability on B specimens, in
test method shall require a correction to stress calculations dmth three- and four-point testing, were generally consistent
discussed in Refl). with analytical predictions of Ref9). For a material with a
11.2.3 Configuration A is somewhat more prone to errolWeibull modulus of 10, estimates of the mean (or characteristic
which is probably greater than 5% in four-point loading. strength) for samples of 30 specimens will have a coefficient of
Chamfer error due to reduction of cross-section areas is 4.1 %ariance of 2.2 %. The coefficient of variance for estimates of
For this reason, this configuration is not recommended fothe Weibull modulus is 18 %.
design purposes, but only for characterization and materials
development. 12. Keywords
11.3 An intralaboratory comparison of strength values of a 12.1 advanced ceramics; flexural strength; four-point flex-
high purity (99.9 %) sintered alumina was held). Three  ure; three-point flexure

ANNEXES

Al. SEMI- AND FULLY-ARTICULATING FOUR-POINT FIXTURES

Al.1 The schematic figures in Fig. ALl.1 illustrate semi-that are not parallel or flat. Fully-articulated fixtures may be
articulated and fully-articulated degrees of freedom in the textised for well-machined specimens. Semi-articulating fixtures
fixtures. Fully-articulated fixtures shall be used for specimenshall only be used with flat and parallel specimens.
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TWO INNER BEARINGS
FREE TO ROLL INWARDS

TWO INNER BEARINGS
ARTICULATE TOGETHER

FREE TO ROLL
OUTWARDS

FREE TO ROLL
OUTWARDS

(a) SEMI-ARTICULATING. The two inner bearings are parallel to each other and the bearings are free to
roll inwards. The two outer bearings are parallel to each other, and the bearings are free to roll outwards.
The two inner bearings can articulate together as a pair to match the specimen top surface. (Alternatively,
the two bottom bearings can articulate to match the bottom surface.)

TWO INNER BEARINGS
ARTICULATING

AND FREE
TO ROLL INWARDS

NOT ARTICULATING
{Fixed)
BUT FREE TO ROLL

ARTICULATING
AND FREE
TO ROLL OUTWARDS

b) FULLY-ARTICULATING. The two inner bearings are free to roll inwards, and they can independently
articulate to match the specimen top surface. The two outer bearings are free to roll, and one bearing can

articulate to match the specimen bottom surface.
FIG. Al1.1 Four-Point Flexure Fixture

A2. CHAMFER CORRECTION FACTORS

Flexural strengths shall be corrected for oversized corneR,,,,> 0.20 mm for edge rounds). Chamfers or rounded edges
chamfers or edge rounds, (g > 0.15 mm for chamfers or cause an underestimate of the true maximum flexural strength,

10
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if not considered in the calculations. / R

The maximum stress in a flexure test piece is customarily r >
calculated from simple beam theory with the assumption that
the test piece has a rectangular cross section. The test piece
chamfers reduce the second moment of inertia, I, of the test
piece cross section about the neutral axis. For a perfect
rectangular cross sectiph= (bh®)/12. For a rectangular cross L
section with four chamfered edges of size ¢, the adjusted
moment of inertia from reference 1 is:

T

-

—————b——p]

bh® c? 1 FIG. A2.2 Rounded Edge Geometr
| = 33— (@ + (3207 (A2.1) g y

. . TABLE A2.1 Correction factor, F, for chamfers on B specimens
where the second term on the right hand side shows the P

reduction due to the chamfers. (nfm) bcfrfﬁ;??;ftg%;
The chamfer size, ¢, may be measured with a traveling 0.080 1.0031
microscope, photo analysis, or a microscope with a traversing g:ggg ijggig
stage. All four chamfers should be measured and an average 0.110 1.0058
value used for the correction. The most accurate results may be 212 oo
obtained by measuring each test piece, but for many applica- 0.140 1.0093
tions, an approximate average chamfer size based on a sample g-igg i-gigf
of 5 test pieces may be adequate. 0.170 1.0136
. . 0.180 1.0152
The correct flexural strength S may be obtained by multi- 0.190 1.0169
plying the apparent flexural strength;, calculated on the 0.200 1.0186
assumption the cross section is a simple rectangle) by a 8;3;8 1;8322

correction factor, F.
S=FS (A2.2)

Correction factors, F, for chamfers or rounded edges for
standard B sized specimens are listed below. See Figs. A2.1
and A2.2 and Tables A2.1 and A2.2.

>H<c

= ﬂT
h

\ /

& 1d

[e————— b ——

FIG. A2.1 Chamfer Geometry

11
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TABLE A2.2 Correction factor, F, for rounded edges on B

specimens
R Correction factor, F
(mm) b=4mm, h=3mm
0.080 1.0013
0.090 1.0017
0.100 1.0021
0.110 1.0025
0.120 1.0030
0.130 1.0035
0.140 1.0041
0.150 1.0046
0.160 1.0053
0.170 1.0059
0.180 1.0066
0.190 1.0074
0.200 1.0082
0.210 1.0090
0.220 1.0098
0.230 1.0107
0.240 1.0116
0.250 1.0126
0.260 1.0136
0.270 1.0146
APPENDIXES

X1. TYPICAL FRACTURE PATTERNS IN CERAMIC FLEXURE SPECIMENS

X1.1 Fig. X1.1 illustrates fracture patterns that are com-more pieces. Fractographic analysis can assist in determining
monly observed in ceramic specimens. Low-strength ceramic#he primary fracture origin. See Practice C 1322 for further
which have a low energy level at fracture, typically break intoguidance.
only two pieces. Medium- to high-strength ceramics break into

12



CUSHIONING MATERIAL TO
PREVENT UNNECESSARY
IMPACT DAMAGE

)
oL
8o

COMPRESSION CURL
COMPRESSION Ve

[ [ ]

TENSION N ORIGIN

LOW ENERGY FAILURE

FRACTURE SURFACE IS PERPENDICULAR TO
TENSILE SURFACE

A SECONDARY FRACTURE CAUSED OY THE
ELASTIC RULEASE WAVE - REFLECTION
OFF OF THE END FACES.

NOTE THIS OFTEN OCCURS AT
LOAD PINS.

NOTE THE MIRNOR 1S ON WHAT
OQRIGINALLY WAS THE
COMPHESSION SIDE.

SECONDARY BREAK -
/ OFTEN AT AN ANGLE

1 ]

PAIMARY FRACTURE - ORIGIN

MEDIUM - HIGH ENERGY FAILURE

@,
| [
/

SECONDARY FRACTURE AT A
LOAD PIN

Q
]

N

PRIMARY - ORIGIN NEAR, DUT
NOT DIRECTLY AT A LOAD PIN

MEDIUM - HIGH ENERGY FAILURE

PRIMARY FRACTURE QUTSIDE GAGE LENGTH.
LEGITIMATE DUE TO SEVERE DEFECT.

O

[ 4 ]

LOW ENERGY FAILURE

CRACK BRANCH AND DQUASLE
COMPRESSION CURL CAUSES A
“Y" SHAPED PATTEAN

[ 1 |
ORIGIN /

MEDIUM - HIGH ENERGY FAILURE

UPPER FRAGMENT 1S NOT IMPORTANT AND
CAN LE DISCARDED

CRACK BRANCHLS AND CURVES
BACK TO TENSILE FI\CE/

[ DN

ORIGIN
HIGH CNERGY FAILURE

/ SECONDARY BREAK

\ ]

O
7 )
/

BREAK AT OR NEAR LOAD PIN.
BEWARE OF MISALIGNMINTS
OR TWISTING ERROAS

NOTE ANGLE TO TINSILE SURFACE

FIG. X1.1 Typical Fracture and Crack Patterns of Flexure Specimens

X2. Differences Between C 1161 and MIL STD 1942

X2.1 Test method C 1161 has officially replaced standardservice MIL STD 1942A on November 8, 1990. MIL STD
MIL STD 1942(MR) and MIL STD 1942A that were issued by 1942A had many revisions to harmonize it with the ASTM
the United States Army Materials Research Laboratory, Water€ 1161-90. MIL STD 1942A was officially cancelled and
town, Massachusetts. The former was a U.S. Army standargeplaced by C 1161 on 29 May 1998
adopted in November 1983 and it was replaced by the tri

13
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X2.2 MIL STD 1942(MR), MIL STD 1942A, and C 1161 found in MIL STD 1942(MR)) that the specimen be centered in
have some differences that are listed in the following parathe fixtures to within 0.10 mm in the z direction.
graphs.
i X2.7 The¥ainch X ¥s inch X 2 inch specimen on a 1.5
X2.3 The chamfers in MIL STD 1942(MR) were 0.15 mm jnch x 0.75 inch test fixture, configuration D, specified in an

for a 45 degree chamfer and 0.20 mm for a rounded edge. Thgppendix in the 1990, 1994 and 1996 versions of C 1161 was
sizes were reduced to 0.12 mm and 0.15 mm in MIL STDpever in the MIL STD's.

1942A and C 1161.
X2.8 The MIL STD's had tighter tolerances than C 1161 on

X2.4 The paralielism tolerance for test fixture bearingthe specimen cross section dimensions (0.03 mm versus 0.13
cylinders was reduced from 0.030 mm in MIL STD 1942(MR) mm P ‘ '

to 0.015 mm in MIL STD 1942A and C 1161. )-

X2.5 MIL STD 1942(MR) allowed 200 to 500 grit wheels _ X2.9 The MIL STD’s did not include the “Customary
for final finish grinding. MIL STD 1942A and the 1990, 1994 Procedures” specimen preparation option.
and 1996 versions of C 1161 specified 320-500 grit wheels for

finish grinding. X2.10 The MIL STD’s had no specific limit on the amount

of preloading allowed during the fracture test whereas C 1161
X2.6 C 1161 and MIL STD 1942A have a requirement (nothas a limit of 25 % of the mean strength.
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SUMMARY OF CHANGES

(1) A new Appendix X1 to aid in the interpretation of the and two new definitions regarding slow crack growth were
fracture patterns and origin location was added. Reference edded. Reference is also made to Method C 1368.
made in section 4.4 to Practice C 1322. New recommendationd) The former Appendix X1 which included the obsoléte

for fractographic examination were added. inch X ¥4 inch X 2 inch specimen was deleted.
(2) A new X1.1 that lists differences between MIL STD 1942 (8) Related standards C 1322 on fractographic analysis, C 1239
and C 1161 was added. on Weibull parameter estimation, and C 1368 on slow crack

(3) A new Annex Al that illustrates and clarifies the semi andgrowth were cited and cross-referenced.

fully articulating fixture schemes was added. New definitions(9) The standard machining procedure was considerably al-
were added and several paragraphs in section 6 were revisadred. The changes were the addition of a specification on the
(4) A new Annex A2 to allow for correction of oversized wheel during coarse grinding, an increase in the depths of curt
chamfers was added and cited in new Paragraph 8.13. during intermediate and finish grinding, and specification of
(5) New definitions of inner gage section and complete gagéiner grit wheels for finish grinding. An optional inspection for
section were added. Instructions on how to treat fractureshatter or scratches was added.

outside the inner gage section were clarified in paragraphs 8(4.0) A new paragraph 4.5 on the merits of three-point versus
and 8.12, and in a clarification to the note in Paragraph 9.3.four-point testing was added to the Significance and Use
(6) Discussion of the possible influence of slow cracks growttsection.

was expanded. New text in paragraph 5.1, new section 8.6.411) More text was added to clarify the influence of machining
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preparation upon test results (new paragraph 5.3 and expansi@®) A new code system for flexural strength designation was
of paragraph 5.2). The definition of “inherent flexural strength”added as an option in the report.

from Test Method C 1495 was added. A new note was added to

paragraph 7.2 to explain why specimen surface finish is not

specified.
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