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1. Scope Kse and K, for specific conditions of environment, test rate

1.1 These test methods cover the fracture toughness detétad temperature. The fracture toughness valugg, Kis., and
mination of K,(precracked beam test specimen), fsurface Kb for a material can be functions of environment, test rate
crack in flexure), and K,(chevron-notched beam test speci- and temperature. _ o .
men) of advanced ceramics at ambient temperature. The 1.5 These test methods are intended primarily for use with
fracture toughness values are determined using beam tedfvanced ceramics which are macroscopically homogeneous.
specimens with a sharp crack. The crack is either a straighf:erta'” whisker- or particle-reinforced ceramics may also meet

through crack (pb), or a semi-elliptical surface crack (sc), or ith€ macroscopic behavior assumptions. _
is propagated in a chevron notch (vb). 1.6 These test methods are divided into three major parts

and related sub parts as shown below. The first major part is the

Note 1—The terms bend(ing) and flexure are synonymous in these teh 5in body and provides general information on the test
methods. methods described, the applicability to materials comparison

1.2 These test methods determine fracture toughness valugad qualification, and requirements and recommendations for
based on a force and crack length measurement (pb, sc), of@&cture toughness testing. The second major part is composed
force measurement and an inferred crack length (vb). Ibf annexes that provide procedures, test specimen design,
general, the fracture toughness is determined from maximurprecracking, testing, and data analysis for each method. Annex
force. Applied force and displacement or an alternative (forA1 describes suggested test fixtures, Annex A2 describes the
example, time) are recorded for the pb test specimen and b method, Annex A3 describes the sc method, and Annex A4
test specimen. describes the vb method. The third major part consists of three

1.3 These test methods are applicable to materials withppendices detailing issues related to the fractography and
either flat or with rising R-curves. The fracture toughnessprecracking used for the sc method.
measured from stable crack extension may be different thaf,i, goay Section

that measured from unstable crack extension. This differencescope 1
may be more pronounced for materials exhibiting a rising Referenced Documents =~ —_ 2
Terminology (including definitions, orientation and symbols) 3
R-curve. Summary of Test Methods 4
Note 2—One difference between the procedures in these test methodslsr:?er:;gfggggsand Use 2
and test methods such as Test Method E 399, which measure fractureapparatus 7
toughness, K, by one set of specific operational procedures, is that Test Test Specimen Configurations, Dimensions and Preparations 8
Method E 399 focuses on the start of crack extension from a fatigue General Procedures 9
precrack for metallic materials. In these test methods the test methods forReport (including reporting tables) 10
advanced ceramics make use of either a sharp precrack formed via bridgnnfgss'on and Bias u
flexure (pb) or via Knoop indent (sc) prior to the test, or a crack formed 1o Fiyture Geometries Al
during the test (vb). Differences in test procedure and analysis may causespecial Requirements for Precracked Beam Method A2
the values from each test method to be different. Therefore, fracture Special Requirements for Surface Crack in Flexure Method A3
toughness values determined with these methods cannot be interchange&pecial Requirements for Chevron Notch Flexure Method A4
with K, as defined in Test Method E 399 and may not be interchangeabl@ppendices o )
with each other. Precra_ck Qhargcterlzatlon_, Surface Crack |n_FIexure Method X1
Complications in Interpreting Surface Crack in Flexure Precracks X2
1.4 These test methods give fracture toughness Valu%- K  Alternative Precracking Procedure, Surface Crack in Flexure X3

Method

L _ R _ 1.7 Values expressed in these test methods are in accordance

This test method is under the jurisdiction of ASTM Committee C28 on ith the Int ti | Svst f Units (S| dp ti E 380
Advanced Ceramics and is the direct responsibility of Subcommittee C28.01 ofV! € _n ernational system of Units ( ) an ractice '
Properties and Performance. 1.8 This standard does not purport to address all of the

Current edition approved July 10, 2001. Published September 2001. Originallgafety concerns, if any, associated with its use. It is the
published as C 1421 - 99. Last previous edition C 1421 - 01.
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responsibility of the user of this standard to establish approparticular mode in a homogeneous, linear-elastic body.

priate safety and health practices and determine the applica-

(E 1823)

bility of regulatory limitations prior to use. 3.2 Definitions of Terms Specific to This Standard:

2. Referenced Documents

3.2.1 back-face strair-the strain as measured with a strain
gage mounted longitudinally on the compressive surface of the

2.1 ASTM Standards: test specimen, opposite the crack or notch mouth (often this is
C 1161 Test Method for Flexural Strength of Advancedthe top surface of the test Specimen as tested)
Ceramics at Ambient Temperatére 3.2.2 crack depth, a [L}-in surface-cracked test speci-
C 1322 Practice for Fractography and Characterization ofnens, the normal distance from the cracked beam surface to
Fracture Origins in Advanced Cerarics the point of maximum penetration of crack front in the

E 4 Practices for Force Verification of Testing Machihes material.

E 112 Test Methods for Determining Average Grain Size  3.2.3 crack orientation—a description of the plane and

E 177 Practice for Use of the Terms Precision and Bias injirection of a fracture in relation to a characteristic direction of
ASTM Test Method$ the product. This identification is designated by a letter or

E 337 Test Method for Measuring Humidity with a Psy- |etters indicating the plane and direction of crack extension.
chrometer (the Measurement of Wet- and Dry-Bulb Tem-The letter or letters represent the direction normal to the crack

peratures) plane and the direction of crack propagation.
E 399 Test Method for Plane-Strain Fracture Toughness of 3.2.3.1 Discussior-The characteristic direction may be

Metallic Material$ associated with the product geometry or with the microstruc-
E 691 Practice for Conducting an Interlaboratory Study totyral texture of the product.

Determine the Precision of a Test Mettod 3.2.3.2 Discussior-The fracture toughness of a material
E 740 Practice for Fracture Testing with Surface-Crackmay depend on the orientation and direction of the crack in

Tension Specimefis relation to the material anisotropy, if such exists. Anisotropy
E 1823 Terminology Relating to Fracture Tesfing may depend on the principal pressing directions, if any, applied
IEEE/ASTM SI 10 Standard for Use of the International during green body forming (for examp|e' uniaxial or isopress-
System of Units (SI) (The Modern Metric Systéf) ing, extrusion, pressure casting) or sintering (for example,
2.2 Reference Material: uniaxial hot-pressing, hot isostatic pressing). Thermal gradi-
NIST SRM 2100 Fracture Toughness of Cerarhics ents during firing can also lead to microstructural anisotropy.

3. Terminology 3.2.3.3 Discussior—The crack plane is defined by letter(s)

3.1 Definitions:

3.1.1 The terms described in Terminology E 1823 are ap-
plicable to these test methods. Appropriate sources for eal
definition are provided after each definition in parentheses.

3.1.2 crack extension resistance gL >, GR[FL™], or
J[FL™],—a measure of the resistance of a material to crack HOT PRESSING (Hp

DIRECTION

extension expressed in terms of the stress-intensity factor, K,
strain energy release rate, G, or values of J derived using the

J-integral concept. (E 1823)
3.1.3 fracture toughness-a generic term for measures of
resistance of extension of a crack. (E 399, E 1823)

3.1.4 R-curve—a plot of crack-extension resistance as a
function of stable crack extension.

3.1.5 slow crack growth (SCG)-sub critical crack growth
(extension) which may result from, but is not restricted to, such
mechanisms as environmentally-assisted stress corrosion or
diffusive crack growth. T

3.1.6 stress-intensity factor, K [F£/4—the magnitude of
the ideal-crack-tip stress field (stress field singularity) for a

2 Annual Book of ASTM Standagdgol 15.01.
2 Annual Book of ASTM Standardgol 03.01.

representing the direction normal to the crack plane as shown

in Fig. 1, Fig. 2, and Fig. 3. The direction of crack extension is

efined also by the letter(s) representing the direction parallel
the characteristic direction (axis) of the product as illustrated

HOT PRESSING (HP)
DIRECTION

4 Annual Book of ASTM Standardéol 14.02. a) Crack plane designated, only b} Crack plane and direction of crack extension designated

5 Annual Book of ASTM Standardgol 07.01. 11.03, and 15.09.

s Annual Book of ASTM Standardsbl 14.04. Note 1—Precracked beam test specimens are shown as examples. The

7 Available from National Institute of Standards and Technology, Gaithersburgsmall arrows denote the direction of crack growth.

MD 20899. FIG. 1 Crack Plane Orientation Code for Hot-Pressed Products
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in flexure (see Fig. 5) configurations. In the chevron-notched

EXTRUSION (EX)

DIRECTION exteusion ex1 - test specimen (see Fig. 6) this is the crack size at which the

DIRECTION

stress intensity factor coefficient, Y*, is at a minimum or
equivalently, the crack size at which the maximum force would
occur in a linear elastic, flat R-curve material.

3.2.5 four-point - ¥a point flexure—flexure configuration
where a beam test specimen is symmetrically loaded at two
locations that are situated one quarter of the overall span, away

I E = %E“ from the outer two support bearings (see Fig. A{@)1161)
o]

3.2.6 fracture toughness |t§o[FL'3’2]—the measured stress

& - intensity factor corresponding to the extension resistance of a
& % straight-through crack formed via bridge flexure of a sawn
U \j notch or Vickers or Knoop indentation(s). The measurement is
performed according to the operational procedure herein and

T f satisfies all the validity requirements. (See Annex A2).

3.2.7 fracture toughness . or K, [FL®*?—the mea-
sured (Ko or apparent (IK) stress intensity factor corre-
sponding to the extension resistance of a semi-elliptical crack
formed via Knoop indentation, for which the residual stress

a) Crack plane designated, only b) Crack plane and direction of crack extension designated fie|d due to indentation has been removed. The measurement is
erformed according to the operational procedure herein and

Note 1—Precracked beam test specimens are shown as examples. TRe L L2 .
small arrows denote the direction of crack growth, satisfies all the validity requirements. (See Annex A3).

-3/
FIG. 2 Crack Plane Orientation Code for Extruded Products 3.2.8 fracture toughness f[FL*’l—the measured stress
intensity factor corresponding to the extension resistance of a
in Fig. 1b, Fig. 2b and Fig. 3b. stably-extending crgck in a chevron-no_tched test specimen.
T . The measurement is performed according to the operational
HP = hot-pressing direction (See Fig. 1) . . e . -
EX = extrusion direction (See Fig. 2) procedure herein and satisfies all the validity requirements.
AXL = axial, or longitudinal axis (if HP or EX are not applicable) (See Annex A4).
R = radial direction (See Fig. 1, Fig. 2 and Fig. 3) S i : : Vx
C = circumferential direction (See Fig. 1, Fig. 2 and Fig. 3) .3'.2'9 minimum stre*ss Intenslty factor cogfﬁmentm\lg .the
R/C = mixed radial and circumferential directions (See Fig. 3b) minimum value of Y* determined from Y* as a function of

: . dimensionless crack length, = a/W.
3.2.3.4 Discussior—For a rectangular product, R and C 3210 inin th test methods. th dden f i
may be replaced by rectilinear axes x and y, corresponding to ~" t pop—ufn in ise.tr(]as tmet ots, h'e ?u ten T{Ea iont
two sides of the plate. or extension of a crack without catastrophic fracture of the tes

3.2.3.5 Discussior—Depending on how test specimens arespecimen, apparent from_ a force drop in the_z applied forc_e-
sliced out of a ceramic product, the crack plane may béj|splacement curve. Pop-in may be accompanied by an audible

circumferential, radial, or a mixture of both as shown in Fig. 3_sound or other acoustic energy emission. .

3.2.3.6 Identification of the plane and direction of crack. 3.2.11 precrack—.a crack that is |_ntent|onally mtrod_uced
extension is recommended. The plane and direction of cra to the test specimen prior to testing the test specimen to
extension are denoted by a hyphenated code with the firdfacture. o _
letter(s) representing the direction normal to the crack plane, 3-2.12 small crack—a crack is defined as being small when
and the second letter(s) designating the expected direction &f! Physical dimensions (in particular, with length and depth of
crack extension. See Fig. 1, Fig. 2 and Fig. 3. a surface crack) are small in comparison to a relevant micro-

3.2.3.7 Discussior—In many ceramics, specification of the structural scale, continuum mechanics scale, or physical size
crack plane is sufficient. scale. _The specific physicalldimensions_ that (_jefine_ “small”

3.2.3.8 Isopressed products, amorphous ceramics, glass\é%ry_w'th thg particular material, geometric configuration, and
and glass ceramics are often isotropic, and crack plane orieffadings of interest. . (E 1823)
tation has little effect on fracture toughness. Nevertheless, the 3-2.13 stable ~crack extensiercontrollable, time-
designation of crack plane relative to product geometry igndependent, noncritical crack propagation.
recommended. For example, if the product is isopressed (either 3.2.13.1 Discussior—The mode of crack extension (stable
cold or hot) denote the crack plane and direction relative to th@r unstable) depends on the compliance of the test specimen
axial direction of the product. Use the same designatio@nd test fixture; the test specimen and crack geometries;
scheme as shown in Figs. 1 and 2, but with the letters “AXL"R-curve behavior of the material; and susceptibility of the
to denote the axial axis of the product. material to slow crack growth.

3.2.3.9 If there is no primary product direction, reference 3.2.14 three-point flexure-flexure configuration where a
axes may be arbitrarily assigned but must be clearly identifiedoeam test specimen is loaded at a location midway between

3.2.4 critical crack size [L}—in these test methods, the two support bearings (see Fig. Al.2) (C 1161)
crack size at which maximum force and catastrophic fracture 3.2.15 unstable crack extensienuncontrollable, time-
occur in the precracked beam (see Fig. 4) and the surface craoidependent, critical crack propagation.

w
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AXL Direction

AXL Direction

a) Specimens cut circumferentially b) Specimens prepared from parallel slices.
All crack planes are "C," but Crack planes and direction of crack extension
direction of crack extension are "R" or "C" or mixed depending on the
is either radial, "R" or axial, "AXL" location

Note 1—The R/C mix shown in b) is a consequence of the parallel slicing of the test specimens from the product.
Note 2—Precracked beam test specimens are shown as examples. The small arrows denote the direction of crack growth.
FIG. 3 Code for Crack Plane and Direction of Crack Extension in Test Specimens with Axial Primary Product Direction

%.25 20.50 0.7 _ 305t 30507 g5
w a= 3
w w +
_y v
- > <»id o
B «—=  » «—2 »
FIG. 4 Cross Section of a pb Test Specimen Showing the B B
Precrack Configuration (& s, 8950, @975 are the Points for Crack a) b)
Length Measurements) FIG. 5 a and b Cross Section of sc Test Specimens Showing the
3.3 Symbols: Precrack Configurations for Two Orientations
3.3.1 a—as used in these test methods, crack depth, crack 3.3.6 a; ,5—as used in these test methods, crack length
length, crack size. measured at 0.25B, pb method, Fig. 4.
3.3.2 a;,—as used in these test methods, chevron tip dimen- 3.3.7 a; s;—as used in these test methods, crack length
sion, vb method, Fig. 6 and Fig. A4.1. measured at 0.5B, pb method, Fig. 4.
3.3.3 a;—as used in these test methods, chevron dimension, 3.3.8 a, .s—as used in these test methods, crack length
vb method, Fig. 6, (& (a,;+&,,)/2). measured at 0.75B, pb method, Fig. 4.
3.3.4 a;;—as used in these test methods, chevron dimen- 3.3.9 a/W—normalized crack size.
sion, vb method, Fig. 6 and Fig. A4.1. 3.3.10 B—as used in these test methods, the side to side
3.3.5 a,,—as used in these test methods, chevron dimendimension of the test specimen perpendicular to the crack

sion, vb method, Fig. 6 and Fig. A4.1. length (depth) as shown in Fig. 4, Fig. 5, and Fig. 6.
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ul

occurring around the periphery of an assumed semi-elliptical
precrack, sc method

3.3.38 Y*,,,—minimum stress intensity factor coefficient,
vb method, Eq A4.2-A4.5

3.3.39 Y—stress intensity factor coefficient at the deepest
part of a surface crack, sc method, Eq A3.2

3.3.40 Ys—stress intensity factor coefficient at the intersec-
tion of the surface crack with the test specimen surface, sc
method, Eq A3.6

3
"

FIG. 6 Cross Section of a vb Test Specimen Showing the Notch
Configuration

4. Summary of Test Methods

4.1 These methods involve application of force to a beam
test specimen in three- or four-point flexure. The test specimen
i?ither contains a sharp crack initially or develops one during
: : oading. The equations for calculating the fracture toughness
m(;tgofz, Ze—eazlgljsigni(rj] T;]géslfiist methods. lenath of lon have been established on the basis of elastic stress analyses of

N . SO 9 %he test specimen configurations described for each test
diagonal for a Knoop indent, length of a diagonal for a \ﬁckersmethod
m%egt’l;%mggggé modulus 4.2 Precracked Beam MethedA straight-through precrack
b i ; : . is created in a beam test specimen via the bridge-flexure
Osﬁ?‘f}: f(%Wé—f:gcélon of the ratio a/W, pb method, four- technique. In this technique the precrack is extended from
P é 3 15)(;' {nd(z:‘nt f.or.ce sc method median cracks associated with one or more Vickers indents or
3.3.16 ;/IW functi ' f the rali .a/W b method. th a shallow sawed notch. The fracture force of the precracked
-3.16 g(a/W)—function of the ratio » Pb Method, three- ot specimen as a function of displacement or alternative (for

point flexure, Eq A2.2 and Eq A2.4. exam . . . ;
. ) ple, time, back-face strain, or actuator displacement) in
3:3.17h—as used in this standard, depth of Knoop oryee o four-point flexure is recorded for analysis. The

3.3.11 c—as used in these test methods, crack half width, s

Vickers indent, sc method, Eq A3.1.

3.3.18 H,(a/c, a/W—a polynomial in the stress intensity
factor coefficient, for the precrack periphery where it intersect
the test specimen surface, sc method, Eq A3.7.

3.3.19 H,(a/c, a/W—a polynomial in the stress intensity
factor coefficient, for the deepest part of a surface crack, s
method, see Eq A3.5.

3.3.20 K,—stress intensity factor, Mode I.

fracture toughnes,,, is calculated from the fracture force,
the test specimen size and the measured precrack size. Back-

Sground information concerning the basis for development of

this test method may be found in Ref4)? and (2).

4.3 Surface Crack in Flexure MethedA beam test speci-
fhen is indented with a Knoop indenter and polished (or hand
ground), while maintaining surface parallelism, until the indent
and associated residual stress field are removed. The fracture

3.3.21 Kjp—fracture toughness, pb method, Eq A2.1 andforce of the test specimen is determined in four-point flexure

Eq A2.3.

3.3.22 K,;—fracture toughness, sc method, Eq A3.9.

3.3.23 K,,—fracture toughness, vb method, Eq A4.1.

3.3.24 L—test specimen length, Figs. A2.1 and A3.1.

3.3.25 L1, L2—precracking fixture dimensions, pb method,
Fig. A2.2.

3.3.26 M(a/c, a/lWy—a polynomial in the stress intensity
factor coefficient, sc method, see Eq A3.4.

3.3.27 P—force.

3.3.28 P,,,,—force maximum.

3.3.29 Q(a/cy—a polynomial function of the surface crack
ellipticity, sc method, Eq A3.3.

3.3.30 S(a/c, a/MA—factor in the stress intensity factor
coefficient, sc method, Eq A3.8.

3.3.31 S,—outer span, three- or four-point test fixture. Figs.
Al.1 and A1.2.

3.3.32 §—inner span, four-point test fixture, Fig. A1.1.

3.3.33 t—notch thickness, pb and vb method.

and the fracture toughness, K is calculated from the fracture
force, the test specimen size, and the measured precrack size.
Background information concerning the basis for development
of this test method may be found in Re(8) and (4).

4.4 Chevron-Notched Beam Methed\ chevron-notched
beam is loaded in either three- or four-point flexure. Applied
force versus displacement or an alternative (for example, time,
back-face strain, or actuator displacement) is recorded in order
to detect unstable fracture, since the test is invalid for unstable
conditions. The fracture toughne$s,,,, is calculated from the
maximum force applied to the test specimen after extension of
the crack in a stable manner. Background information concern-
ing the basis for the development of this test method may be
found in Refs.(5) and (6).

Note 3—The fracture toughness of many ceramics varies as a function
of the crack extension occurring up to the relevant maximum force. The
actual crack extension to achieve the minimum stress intensity factor
coefficient (¥*,,,) of the chevron notch configurations described in this

3.3.34 W—the top to bottom dimension of th? test Spe‘j.menmethod is 0.68 to 0.93 mm. This is likely to result in a fracture toughness
parallel to the crack length (depth) as shown in Fig. 4, Fig. Syalue in the upper region of the R-curve.

and Fig. 6.
3.3.35 Y—stress intensity factor coefficient.
3.3.36 Y*—stress intensity factor coefficient for vb method.
3.3.37 Y, ,—maximum stress intensity factor coefficient

8The boldface numbers given in parentheses refer to a list of references at the
end of the text.
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5. Significance and Use may alter the fracture toughness of the material.

5.1 These test methods may be used for material develog- Apparatus
ment, material comparison, quality assessment, and character-7 1 Testing—Test the test specimens in a testing machine
Ization. _ that has provisions for autographic recording of force applied
~ 5.2 The pb and the vb fracture toughness values providg, the test specimen versus either test specimen load or
information on the fracture resistance of advanced ceramiCsSenterline deflection or time. The accuracy of the testing
containing large sharp cracks, while the sc fracture toughnes§achine shall be in accordance with Practice E 4.
value provides this information for small cracks comparable in 7 2 peflection MeasuremertWhen determined, measure
size to natural fracture sources. test specimen deflection for the pb and vb close to the crack.

. : 3
Note 4—Cracks of different sizes may be used for the sc method. If the! N€ deflection gauge should be capable of resolvirg @

fracture toughness values vary as a function of the surface crack size it cdRM (1 pm) while exerting a contacting force of less than 1 %
be expected tha.. will differ from K, and K. of the maximum test forceR .,

6. Interferences Note 5—If actuator displacement (stroke) is used to infer deflection of
' ) the test specimen for the purposes of assessing stability, caution is advised.
6.1 R-curve—The microstructural features of advanced ce-Actuator displacement (stroke), although sometimes successfully used for

ramics can cause rising R-curve behavior. For such materialsis purposg9), may not be as sensitive to changes of fracture behavior
the three test methods are expected to result in differerib the test specimen as measurements taken on the test specimen itself,
fracture toughness values. These differences are due to tigech as back-face strain, load-point displacement, or displacement at the
amount of crack extension prior to the relevant maximum test'2ck Plane(10)
force, P, (see 9.8), or they are due to the details of the 7.3 Recording EquipmentProvide a means for automati-
precracking methods. For materials tested to date the fractully recording the applied force-displacement or load-time test
toughness values generally increase in the following order€cord, (such as a X-Y recorder). For digital data acquisition
Kiser Kippr Kivo (7). However, there is insufiicient experience to sampling rates of 500 Hz or greater are recommended.
extend this statement to all materials. In the analysis of the vb 7.4 Fixtures—Use four-point or three-point test fixtures to
method it is assumed that the material has a flat (no) R-curvéorce the pb and vb test specimens. Use four-point test fixtures
If significant R-curve behavior is suspected, then the sc metho@nly to force the sc test specimens. In addition, use a
should be used for estimates of small-crack fracture toughnesBrecracking fixture for the pb method.
whereas the vb test may be used for estimates of longer-crack, 6—Hereafter in this document the term four-point flexure will
fracture toughness. The pb fracture toughness may reflegéfer to the specific case éf-(that is, quarter) point flexure.
either short- or long-crack length fracture toughness depending 7 4 1 The schematic of a four-point test fixture is shown in
on the precracking conditions. For materials with a flat (”O)Fig. Al.1, as specified in Test Method C 1161 where the
R-curve the values oKy, Kise, andK,,, are expected to be  recommended outer and inner spansye 40 mm andS =
similar. _ 20 mm, respectively. The minimum outer and inner spans shall
6.2 Time-Dependent Phenomenon and En_vwonmentabeS) =20 mm andS = 10 mm, respectively. The outer rollers
Effects—The values 0Ky, Kise, Kyyp, for any material can be  ghg)| pe free to roll outwards and the inner rollers shall be free
functions of test rate because of the effects of temperature @ ro|| inwards. The rolling movement minimizes frictional
environment. Static forces applied for long durations can causgsiraint effects which can cause flexure errors of 3 to 20 %.
crack extension at Kvalues less than those measured in these)ace the rollers initially against their stops and hold them in
methods. The rate of, and level at which, such crack extensiofosition by low-tension springs (such as rubber bands). Roller
occurs can be changed by the presence of an aggressiygs shall have a hardness of 40 Rockwell C or greater. Other
environment, which is material specific. This time-dependentiyiyres are acceptable, however, roller pins shall be free to roll
phenomenon is known as slow crack growth (SCG) in thegng meet the criteria specified in 7.4.2.
ceramics community. SCG can be meaningful even for the 7 42 The length of each roller shall be at least three times
relatively short times involved during testing and can lead tope test specimen dimension, B. The roller diameter shall be 4.5
measured fracture toughness values less than the inherentg 5 mm, The rollers shall be parallel to each other within

resistance in the absence of environmental effects. This effegf 915 mm over either the length of the roller or a length of 3B

may be significant even at ambient conditions and can often bg, greater.

minimized or emphasized by selecting a fast or slow test rate, 7 4 3 |f the test specimen parallelism requirements set forth

respectively, or by changing the environment. The recomi, rig A2.1 and Fig. A3.1 are not met, use an alternate

mended testing rates specified are an attempt to limit environy|ly-articulating fixture.

mental effects. . 7.4.4 The fixture shall be capable of maintaining the test
6.3 Stability—The stiffness of the test set-up can affect thespecimen alignment to the tolerances specified in 9.6.

fracture toughness value. This standard permits measurementsy 4.5 A suggested three-point test fixture design is shown in

of fracture toughness under either unstable (sc, pb) or stablgig. A1.2. Choose the outer support sp&y, such that 4=
(sc, pb, vb) conditions. Stiff testing systems will promote stables

crack extension. A stably-extending crack may give somewhagy = 10, althougls, should not be less than 16 mm. For limits
lower fracture toughness valués,9). of validity of S,, refer to the appropriate appendix. The outer
6.4 Processing details, service history, and environmertivo rollers shall be free to roll outwards to minimize friction
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effects. The middle flexure roller shall be fixed. Alternatively, 9.2.1.2 Test fixtures (7.4) shall have inner and outer rollers
a rounded knife edge with diameter in accordance with 7.4.2ree to roll as required in 7.4.1 and 7.4.5, have roller pins with
may be used in place of the middle roller. a hardness of 40 Rockwell C or greater (7.4.1), have rollers that
Note 7—If stable crack extension is desired in the pb test, thenhavg lengths at least three tlm.es the test specimen dimension,
displacement control mode and a stiff test system and load train may bg’ dlamgtgrs of 4.5 0.5 mm, W'th each roller parallel to each
required. The specific stifness requirements are dependent on the te@ther within 0.015 mm over either the length of the roller or a
specimen dimensions, elastic modulus (E) and the precrack length (séength of 3B or greater (7.4.2), be capable of maintaining the
A2.1.1.2 and Refg(8) and(9).) A test system compliance of less than or test specimen alignment to the tolerances specified in 9.6
equal to 3.3 108 m/N (including load cell and fixtures) may be required (7.4.4).
for a typical stable pb test. (See Ref8) and(9).) 9.2.1.3 Dimension-measuring devices (7.5) shall be accu-

Note 8—A stiff test system with displacement control and a stiff load ate and precise to the level required in the appropriate annex

train may be required to obtain stable crack extension for the vb test (F%v' . . .
A4.3b or Fig. A4.3c). Without such stable crack extension the test i ith all applicable dimensions measured and reported.

invalid (Fig. A4.3a). See also A4.3.6. A test system compliance of less 9.2.1.4 Test specimen shall be aligned (9.6) such that the
than or equal to 4.43< 10° m/N (including load cell and fixtures) is plane of the crack shall be centered under the middle roller

adequate for most vb tests. within 0.5 mm for three-point flexure of pb and vb test
7.5 Dimension-Measuring DevicesMicrometers and other specimens (9.6.1) and shall be located within 1.0 mm of the

devices used for measuring test specimen dimensions shall baidpoint between the two inner rollei§,for four-point flexure

accurate and precise to the level required in the appropriatef pb, sc and vb test specimens (9.6.2).

annex. Flat, anvil-type micrometers with resolutions of 0.0025 9.2.1.5 Test rate shall be (9.3, 9.7) such that one of the test

or less shall be used for test specimen dimensions. Ball-tippedtes shall result in a rate of increase in stress intensity factor

or sharp-anvil micrometers are not recommended as they mdietween 0.1 and 2.75 MPg/ms.

damage the test specimen surface by inducing localized crack- 9-3 Environmental Effects-If susceptibility to environmen-

ing. Non-contacting (for example, optical comparator, lighttal degradation, such as slow crack growth, is a concern, tests

microscopy, etc.) measurements are recommended for cracihould be performed and reported at two different test rates, or

pre-crack or notch measurements, or all of these. in appropriately different environments
8. Test Specimen Configurations, Dimensions and Note 10—If used, the two test rates should differ by two to three orders
Preparation of magnitude (or greater). Alternatively, choose different environments

. . . ) such that the expected effect is small in one case (for example, inert dry
8.1 Test Specimen ConfiguratiefiThree precrack configu- nitrogen) and large in the other case (that is, water vapor). If an effect of

rations are equally acceptable: a straight-through pb-crack, te environment is detected, select the fracture toughness values measured
semi-elliptical sc-crack, or a vb-chevron notch. These configuat the greater test rates or in the inert environment.

rations are shown in_Fig. _4, Fig. 5, and Fig. 6. Details of the g 4 R_curve—When rising R-curve behavior is to be docu-
crack geometry are given in the Annexes (Annex A2 for the pbynenieqd, two different test methods with different amounts of
Annex A3 for the sc, and Annex A4 for the vb) stable crack extension should be used.

8.2 Test Specimen Dimensieas$pecific dimensions, toler-
ances and finishes along with additional test specimen geom-Note 11—The pb and sc tests typically have less stable crack extension

etries for each method are detailed in the appropriate annexthan the vb test.

Note 9—A typical “plastic” (or deformation) zone, if such exists, is no 9'_5 Test SpeC|me_n Mea_surem_enMeasure and report all .
greater than a fraction of a micrometre in most ceramics, thus the specifie@pm'cab'e test specimen dimensions to 0.002 mm. For a valid
sizes are large enough to meet generally-accepted plane strain requif@st the dimensions shall conform to the tolerances shown in
ments at the crack tip (see Test Method E 399). the applicable figures and to the requirements in the specific

8.3 Test Specimen PreparatiesMachining aspects unique annNexes.

to each test method are contained in the appropriate annex. 9.6 Test Specimen AlignmeaPlace the test specimen in
the three- or four-point flexure fixture. Align the test specimen

9. General Procedures so that it is centered directly below the axis of the force
9.1 Number of Tests-Complete a minimum of four valid application.
tests for each material and testing condition. 9.6.1 Three-point Flexure-pb and vb methods: The plane
9.2 Valid Tests—A valid individual test is one which meets of the crack shall be centered under the middle roller within 0.5
all the following requirements: all the general testing require-mm. Measure the span within 0.5 % &f Align the center of
ments of this standard as listed in 9.2.1, and all the specifithe middle roller so that its line of action shall pass midway
testing requirements for a valid test of the particular tesbetween the two outer rollers within 0.1 mm. Seat the
method as specified in the appropriate annex. displacement indicator close to the crack plane. Alternatively,
9.2.1 Avalid test shall meet the following general require-use actuator (or crosshead) displacement, back-face strain, or a
ments in addition to the specific requirements of the particulatime sweep.

tesétz(ﬁzf’TASiGmor Ah|4n6) hall have provisions for autoaraphi Note 12—For short spans (for examplg,=36 mm) and §W =4.0 in
e est machine shall have provisions for autograp Fnree-pointﬂexure using the pb method, errors of up to 3 % in determining

recor(_jlng of force versus deflec’glon or time, a”‘?' the t€Sthe critical mode | stress intensity factor may occur because of misalign-
machine shall have an accuracy in accordance with PractiG@ent of the middle roller, misalignment of the support span or angularity

E4 (7.2). of the precrack at the extremes of the tolerances allowed in @L6,11.2)



ﬁ% C 1421

9.6.2 Four-Point Flexure - pb, sc, and vb Metheddhe 10.1.9 Relevant maximum test forde,,,,, as specified in
plane of the crack shall be located within 1.0 mm of thethe appropriate annex,
midpoint between the two inner rollerS, Measure the inner 10.1.10 Testing diagrams (for example, applied force vs.
and outer spans to within 0.1 mm. Align the midpoint of the displacement) as required,
two inner rollers relative to the midpoint of the two outer 10.1.11 Number of test specimens tested and the number of
rollers to within 0.1 mm. For the pb and vb methods, seat th&alid tests,
displacement indicator close to the crack plane. Alternatively, 10.1.12 Fracture toughness value with statement of validity,
use actuator (or crosshead) displacement (stroke), back-faceqq 1 13 Additional information as required in the appropri-
strain or a time sweep. ate annex, and

9.7 Test Rate-Test the test spec;imen SO thgt one of.the test 10.2 Mean and standard deviation of the fracture toughness
rates determined in 9.3 will result in a rate of increase in Stresg); each test method used.
intensity factor between 0.1 and 2.75 MRgm/s. Applied 10.3 Reporting TemplatesSuggested reporting templates

force, or d_|splacement (actuatc_Jr or _stroke) rates, or bo”.]for conveniently listing pertinent data and results for the three
corresponding to these stress intensity factor rates are dla-

cussed in the appropriate annex. Other test rates are permittegferent test methods are shown in Fig. 7, Fig. 8, and Fig. 9.
if environmental effects are suspected in accordance with 9.%.1 Precision and Bias

9.8 Force MeasurementMeasure the relevant maximum o o
test force P, ., 11.1 Precision—The precision of a fracture toughness mea-

9.8.1 For the pb and sc test methods, the relevant maximuftrement is a function of the precision of the various measure-
force is the greatest force occurring during the test. ments of linear dimensions of the test specimen and test

9.8.2 For the vb test method, the relevant maximum force i§ixtures, and the precision of the force measurement. The
measured as the maximum force occurring during the stabi@ithin-laboratory (repeatability) and between-laboratory (re-
crack extension (See Fig. A4.3b and c). Ignore the maximunProducibility) precisions of some of the fracture toughness
force due to a pop-in or crack jump. (See Fig. A4.3b). In soméProcedures in this test method have been determined from

cases the relevant maximum force may not be the greatest foréer-laboratory test progran{d3, 14) For specific dependen-

occurring during the test. cies of each test method, refer to the appropriate annex.
9.9 Humidity—Measure the temperature and humidity ac- 11.2 Bias—Standard Reference Material (SRM) 2100 from
cording to Test Method E 337. the National Institute of Standards and Technology may be

9.10 Test Specimen ExaminatierOn completion of the Used to check for laboratory test result bias. The laboratory
test, separate the test specimen halves and inspect the fract@verage value may be compared to the certified reference value
surfaces for out-of-plane fracture, crack shape irregularities o@f fracture toughness. SRM 2100 is a set of silicon nitride
any other imperfection that may have influenced the test resulfeam test specimens for which the mean fracture toughness is

9.11 Dimension MeasurementMeasure the crack or pre- 4.57 MPa/m and is certified to within 2.3% at a 95%
crack dimensions of the pb or sc test specimen after fracture &onfidence level. The last line of Table 2 in this standard

specified in the appropriate annex. includes some results obtained on SRM 2100 test specimens.
Additional data (not shown) confirms that virtually identical
10. Report results are obtained with the three test methods in this standard
10.1 For each test specimen report the following informawhen used on SRM 2100. As discussed in 1.4, 6.1 and 6.2,
tion: Kipp Kise @and Ky, values may differ from each other (for
10.1.1 Test specimen identification, example, (15)). Nevertheless, a comparison of test results
10.1.2 Form of product tested, and materials processingbtained by the three different methods is instructive. Such
information, if available, comparisons are shown in Tables 1 and 2. The experimental
10.1.3 Mean grain size, if available, by Test Method E 112procedures used in the studies cited in Tables 1 and 2 varied
or other appropriate method, somewhat and were not always in accordance with this
10.1.4 Environment of test, relative humidity, temperature standard, although the data are presented here for illustrative
and crack plane orientation, purposes. Table 1 contains results for sintered silicon carbide,
10.1.5 Test specimen dimensiomsand W, an advanced ceramic which is known to be insensitive to
10.1.5.1 For the pb test specimen crack length, a, and notamvironmental effects in ambient laboratory conditions. This
thicknesst, if applicable, material is also known to have a fracture toughness indepen-
10.1.5.2 For the sc test specimen the crack dimensiamsl  dent of crack size (flaR-curve). Table 2 contains results for a
2c, hot-pressed silicon nitride which has little or no dependence of
10.1.5.3 For the vb test specimen the notch paramedgrs, fracture toughness on crack size and which also usually had
anda,; anda;, and the notch thickness, negligible sensitivity to environmental effects in ambient
10.1.6 Test fixture specifics, laboratory conditions. The hot-pressed silicon nitride results
10.1.6.1 Whether the test was in three- or four-point flexureare notably consistent. Some of the variability is due to
10.1.6.2 Outer span,,Sand inner span (if applicableg, differences in fracture toughness between billets of this mate-
10.1.7 Applied force or displacement rate, rial (See footnote$ andKin Table 2). The results of the last
10.1.8 Measured inclination of the crack plane as specifietine in Table 2 were generated from a single billet identified as
in the appropriate annex, “C.”
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TABLE 1 Fracture Toughness Values of Sintered Silicon Carbide (Hexoloy SA) in MPa \/ﬁ

(n) = Number of test specimens tested
+ = 1 Standard Deviation
? = quantity unknown
Precracked Beam Surface Crack in Flexure Chevron-Notch
Ref
(pb) (sc) (vb)
o 3.01 + 0.35 (3) 2.91 + 0.31 (3) A
2.54 = 0.20 (3) 2.69 = 0.08 (3) 2.62 = 0.06 (6) 5
. 3.01 % 0.06 (4) o c
3.45 = 0.15 (?) o
3.31 * 0.19 (15) d
3.11 = 0.26 (?)F
3.00 = 0.04 (?)F
3.04 + 0.24 (2)E
2.82 = 0.31 (5) . G
3.10 = 2 ()" o !
2.86 = 0.03 (5) . J

AA. Ghosn, M.G. Jenkins, K.W. White, A.S. Kobayashi, and R.C. Bradt, “Elevated-Temperature Fracture Resistance of a Sintereed I-Silicon Carbide,” J. Am. Ceram.
Soc., 72 [2] pp. 242—-247, 1989.

BJ.A. Salem, L.J. Ghosn, M.G. Jenkins, and G. Quinn, “Stress Intensity Factor Coefficients for Chevron-Notched Flexure Specimens,” Ceramic Engineering and Science
Proceedings, 20 [3] 1999, pp. 503-512.

€C.A. Tracy and G.D. Quinn, “Fracture Toughness by the Surface Crack in Flexure (SCF) Method,” Cer. Eng. and Sci. Proc., 15 [5], pp. 837-845, 1994.

PK.D. McHenry and R.E. Tressler, “Fracture Toughness and High-Temperature Slow Crack Growth in SiC,” J. Am. Ceram. Soc., 63 [3-4], pp. 152-156, 1980.

EAnnealed in argon at 1000 to 1400°C. Note that although annealing to remove residual stresses is not allowed for the sc method in these test methods, data are included
here for illustrative purposes.

FM. Srinivasan and S.G. Seshadri, “Application of Single Edged Notched Beam and Indentation Techniques to Determine Fracture Toughness of Alpha Silicon Carbide,”
in Fracture Mechanics Methods for Ceramics Rocks and Concrete, ASTM STP 745, Eds. S.W. Freiman, and E. Fuller, Jr., ASTM, West Conshohocken, PA, 1981, pp. 46-68

®E.H. Kraft and R.H. Smoak, “Crack Propagation in Sintered Alpha Silicon Carbide,” presented at the Fall Meeting of the American Ceramic Society, Sept. 28, 1977,
Hyannis, MA.

HData revised for incorrect Y factor.

/G.H. Campbell, B.J. Dalgleish, and A.G. Evans, “Brittle-to-Ductile Transition in Silcon Carbide,” J. Am. Ceram. Soc., 72 [8], pp. 1402-1408, 1989.

JG.D. Quinn and K. Xu, unpublished data, National Institute for Standards and Technology, 1997.

12. Keywords

12.1 advanced ceramics; chevron notch; fracture toughness;
precracked beam; surface crack in flexure

ANNEXES
(Mandatory Information)
Al. SUGGESTED TEST FIXTURE SCHEMATICS

Al.1 See Fig. A1.1 and Fig. A1.2.

A2. SPECIAL REQUIREMENTS FOR THE PRECRACKED BEAM METHOD

A2.1 Test Specimen of the material(8, 9).

A2.1.1 Test Specimen SizeThe test specimen shallbe 3by ~A2.1.2 Test Specimen PreparatiedTest specimens pre-
4 mm in cross section with the tolerances shown in Fig. A2.1pared in accordance with the Procedure of Test Method
The test specimen may or may not contain a saw-cut notch. Fé¢ 1161, test specimen Type B, are suitable as summarized in
both four-point and three-point flexure tests the length shall béhe following paragraphs, A2.1.2.1-A2.1.2.3. Any alternative
at least 20 mm but not more than 50 mm. procedure that is deemed more efficient may be utilized
A2.1.1.1 Testspecimens of larger cross section can be test@fovided that unwanted machining damage and residual
as long as the proportions given in Fig. A2.1 are maintainedstresses are minimized. Report any alternative test specimen
A2.1.1.2 The stability (that is, the tendency to obtain stablgPréparation procedure in the test report.
crack extension) of the test set up is affected not only by the A2.1.2.1 All grinding shall be done with an ample supply of
test system compliance (see Note 7) but also by the testppropriate filtered coolant to keep workpiece and wheel
specimen dimensions, ti&/W ratio, and the elastic modulus constantly flooded and patrticles flushed. Grinding shall be in at



ﬁ% C 1421

TABLE 2 Fracture Toughness of Hot-Pressed Silicon Nitride (NC 132) in MPa \/m

(n) = Number of test specimens tested

+ = 1 Standard Deviation

? = quantity unknown

Precracked Beam Surface Crack in Flexure Chevron-Notch
Ref
(pb) (sc) (vb)
o 4.59 + 0.37 (107) 4.42 + 0.14 (2) A
4.67 + 0.3 (7) Stable 4.64 + 0.4 (5)8 . ¢
4.50 + 0.43 (3) Stable o 4.85 = ? (4) .
4.54 = 0.12 (7) Unstable E
4.19 + 0.19 (5) Stable
484 + 2 (4) F
4.65 + 0.10 (?)B . G

464 = 0.25 (4)8 . H
4.48 = 0.07 (4)F
433 + 0.37 (3)F

459 = 0.12 (11)' Valid” 455 = 0.14 (14) Valid’ 4.60 = 0.13 (8)' Valid” K

AG.D. Quinn, J.J. Kiibler, and R.J. Gettings, “Fracture Toughness of Advanced Ceramics by the Surface Crack in Flexure (SCF) Method: A VAMAS Round Robin,”
VAMAS Report # 17, National Institute of Standards and Technology, Gaithersburg, MD, June 1994.

BAnnealed to remove indentation residual stresses. Note that although annealing to remove residual stresses is not allowed for the sc method in this standard, data are
included here for illustrative purposes.

€V. Tikare and S.R. Choi, “Combined Mode | and Mode Il Fracture of Monolithic Ceramics,” J. Am. Ceram. Soc., 76 [9], pp. 2265-2272, 1993.

BJ.A. Salem, J.L. Shannon, Jr., and M.G. Jenkins, “Some Observations in Fracture Toughness and Fatigue Testing with Chevron-Notched Specimen,” in Chevron Notch
Fracture Test Experience: Metals and Non-Metals, ASTM STP 1172, eds. K.R. Brown and F.I. Baratta, ASTM, West Conshohocken, PA, pp 9-25, 1992.

E|. Bar-On, F.I. Baratta, and K. Cho, “Crack Stability and Its Effect on Fracture Toughness of Hot-Pressed Silicon Nitride Beam Specimens,” J. AM. Ceram. Soc., Vol
79 [9], pp. 2300-2308, 1996.

FR.T. Bubsey, J.L. Shannon, Jr., and D. Munz, “Development of Plane Strain Fracture Toughness Test for Ceramics Using Chevron Notched Specimens,” in Ceramics
for High Performance Applications Ill, Reliability, eds. E.M. Lenoe, R.N. Katz, and J.J. Burke, Plenum, NY, pp. 753-771, 1983.

©J.J. Petrovic, L.A. Jacobson, P.K. Talty, and A.K. Vasudevan, “Controlled Surface Flaws in Hot-Pressed Si;N,,” J. Am. Ceram. Soc., 58 [3-4], pp. 113-116, 1975.

HG.D. Quinn and J.B. Quinn, “Slow Crack Growth in Hot-Pressed Silicon Nitride,” in Fracture Mechanics of Ceramics, Vol 6, eds. R.C. Bradt, A.G. Evans, D.P.H.
Hasselman, F.F. Lange, Plenum, NY pp. 603-636, 1983.

'Single Billet C

JValid tests per the validity requirements of 9.2 of this test method.

KG.D. Quinn, J.A. Salem, I. Bar-On, and M.G. Jenkins, “The New ASTM Fracture Toughness of Advanced Ceramics: PS070-97,” Ceramic Engineering and Science
Proceedings, Vol 19, No 3, pp. 565-578, 1998.
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Note 1—All Rollers are 4.5 mm in diameter.
FIG. Al.1 Four-point test fixture schematic which illustrates the general requirements for a semi-articulating fixture.

p p R‘am orA
Test Specimen _ Bearing Cylinder
; \ Y

‘ Y ¢ N
— J w T
ESTRN DS S e
l Support Member 1
E So ‘l Indents or Notch

31

Note 1—All Rollers are 4.5 mm in diameter.
FIG. A1.2 Three-point test fixture schematic which illustrates the
general requirements of the test fixture.
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i
3.00£0.13mm
4.00£0.13mm +_.| See Detail A

}: X

|q—20t050mm ___.| Fﬁmﬁ =

0.12+0.03 mm %

Typical, 4X
0.15£0.05mm R
\4<5°iS° Typical, 4X

Detail A-Altemate Method

Detail A
FIG. A2.1 Dimensions of Rectangular Beam

least two stages, ranging from coarse to fine rates of material J Pushier Plate P
removal. All machining shall be in the surface grinding mode % /
parallel to the test specimen long axis. No Blanchard or rotary -
grinding shall be used. The stock removal rate shall not exceed ' Test 0
0.02 mm per pass to the last 0.06 mm per face. Pusher . ALa/S”“""e" L Aosustc

Plate Insert F\\“@ Lower { m«;n

Note A2.1—These conditions are intended to minimize machining g /Support Plate [t L Stetoscope

damage or surface residual stresses. As the grinding method of Test

Method C 1161 is well established and economical, it is recommended.

A2.1.2.2 Perform finish grinding with a diamond-grit wheel
of 320 grit or finer. No less than 0.06 mm per face shall be
removed during the final finishing phase, and at a rate of not
more than 0.002 mm per pass. o Groow  Love Pt

A2.1.2.3 The two end faces need not be precision machined. FIG. A2.2 Suggestion for Bridge Compression Fixture (16)
The four long edges shall be chamfered at 45° a distance of FiG. A2.2 Suggestion for Bridge Compression Fixture (16)
0.12+0.03 mm, or alternatively, they may be rounded with a

radius of 0.15+ 0.05 mm as shown in Fig. A2.1. Edge groove width can be used. A fixture design is shown in Fig.
finishing shall be comparable to that applied to the tesi\s 2 The support and pusher plates shall be parallel within
specimen surfaces. In particular, the direction of the machining 91 mm. Alternatively, a self-aligning fixture can be used.
shall be parallel to the test specimen long axis. A2.2.3 Fracture Test Fixture-The general principles of the
A2.1.2.4 The notch, if used, should be made in the 3-mfoyr.and three-point test fixture are detailed in 7.4 and illus-

face, should be less than 0.10 mm in thickness, and shoulghieq in Fig. A1.1 and Fig. A1.2, respectively. For three-point
have a length of 0.1 a/W = 0.30.

A2.1.3 Itis recommended that at least ten test specimens Hgxure, choose the outer support span such thﬂt% = 10.
prepared. This will provide test specimens for practice tests to
determine the best precracking parameters. It will also providé2.3 Procedure
make-up test specimens for unsuccessful or invalid tests so asA2.3.1 Preparation of Crack StarterEither the machined

=

CRT Scope  Controller

to meet the requirements of 9.1 and 9.2. notch (Fig. A2.3a), a Vickers indent, or a series of Vickers
indents (Fig. A2.3b) act as the crack starter. For a test specimen
A2.2 Apparatus without a notch, create a Vickers indent in the middle of the

A2.2.1 General—This fracture test is conducted in either surface of the 3-mm face (Fig. A2.3b). Additional indents can
three- or four-point flexure. However, the configuration usedbe placed on both sides of the first indent, aligned in the same
for precracking is different from that used for the actualplane and perpendicular to the longitudinal axis of the test
fracture test. A displacement measurement (or alternative) ispecimen, as shown in Fig. A2.3b. One of the diagonals of each
required. of the indents shall be aligned parallel to the test specimen

A2.2.2 Precracking Fixture—A compression fixture is used length. The indent force shall not exceed 180 While an
to create a precrack from an indentation crack or from a sawed
notch. The fixture consists of a square support plate with a

center groove (which is bridged by the test specimen) and a top w

pusher plate. The lengths of both platés (h Fig. A2.2) are v &

equal to each other and are less than or equal to 18 mm. The a 4 Q¢

surfaces that contact the test specimen are of a material with an b ensile Surface &

elastic modulus greater than 196 GPa. The support plate canNote: t0.1 mm and 0.2<a/W<0.3

have several grooves 4lin Fig. A2.2) ranging from 2 to 6 mm &) Notch detail - side view b) Multiple indents - tensile surface view
in width. Alternatively, several parts, each with a different FIG. A2.3 Precracked Beam Precracking Arrangement

15



ﬁ% C 1421

indentation crack is physically necessary for subsequent geithe middle roller in the three-point flexure fixture within 0.5
eration of a pop-in crack, cracks emanating from the corners ahhm or within 1.0 mm of the midpoint between the two inner
the indentation may or may not be visible depending on theollers, S, of the four-point flexure fixture. Test the test
characteristics and finish of the test material. Alternatively, aspecimen in actuator displacement (stroke) control at a rate in
Knoop indent may also be used as a crack starter in which casagreement with 9.7. Record applied force versus displacement
the long axis of the indent shall be perpendicular to theor alternative (for example, actuator displacement (stroke),
longitudinal axis of the test specimen. If, for a particular testload-point displacement, displacement of the test specimen at
material, a pop-in crack does not form from the indentthe crack plane), back-face strgit0) or time.

produced by the 100 N indentation, then it may be necessary to

. N A2.6—Generally, actuator displacement (stroke) rates of 0.0005
first form a saw notch as a crack starter. o y P ( )

to 0.01 mm/s for test specimens with &34 mm cross section provide

Note A2.2—The 100N indent force limit is intended to minimize ~SUréss intensity factor rates in accordance with 9.7. y
potential residual tensile stresses which could influence the fracture NOTE A2.7—Actuator displacement (stroke) may not be as sensitive to
results. If residual stresses from the indentation are suspected to hagganges of fracture behavior in the test specimen as measurements taken
affected the fracture results, the indentations may be removed by polistn the test specimen itself, such as back-face strain, load-point displace-
ing, hand grinding or grinding after the precrack has been formedMent, or displacement at the crack plgde).

(A2.3.2). Annealing may be used provided that the crack tip is not blunted NOTE A2.8—The requirement for centering the test specimen is much
nor the crack tip/planes healed. easier to fulfill for a four-point flexure te¢18). A three-point flexure test

] requires that the crack plane be centered accurately in the test fixture.
A2.'3'2 Formation of P recrack-Thoroughly clean Fhe test A2.3.5 Post Test Measurementd-ractographically mea-
specimen and contacting faces of the compression fixture,

Place the test specimen in the compression fixture with thet € the crack length after fracture to the nearest 1 % of W at
P P amagnification greater than or equal to R0at the following

surface containing the notch or indent(s) over the groove an N .
. ree positions: at the center of the precrack front and midway
the notch or indent(s) centered between the edges of the
. : : . etween the center of the crack front and the end of the crack
groove. Load the test specimen in the compression fixture

rates up to 1000N/s until a distinct pop-in sound is heard Font on each surface of the test specimen (Fig. 4). Use the

. . . . . average of these three measurements to calcidgte The
and/or until a pop-in precrack is seen. At high force rates it may,. -
! ; . . _{ifference between the average crack length and the minimum
not be possible to discern the force drop in the applie

. X . recrack length measurement shall be less than 10 %. The
force-displacement curve as discussed in 3.2.10. A stethoscope L . )
) verage precrack length, a, shall be within the following range:
or other acoustic transducer can also be used to detect the
) . ; . .35V = a = 0.60W. If the crack was started from a notch, the
pop-in sound. A traveling microscope is also recommended tgQ

view the pop-in crack as the pop-in sound is not alwa é:)recrack length, a, shall also be longer than the sum of the
bop bop YShotch length and one notch thickness.

discernible. In some materials it is difficult to see a precrack on A2.3.6 The plane of the final crack measured from the tip of

the side of the test specimens. Lapping of the side surface Ne precrack shall be parallel to both the test specimen
use of a dye penetrant, or b.Oth’. (see .A2'3'2'1) can h.(alimensions B and W within= 5° for three-point flexure and
delineate the crac;k. Stop loading |_mmed|ately after pop-in; ithin =10° for four-point flexure, as illustrated in Fig. A2.4.
Measure the pop-in crack on both side surfaces. The precrat\:'téAZ_a_7 Inspect the applied fo;ce-displacement curves. As

length should be between 0.35 and 0.60W. illustrated in Fig. A2.5, the applied force-displacement curves
Note A2.3—For materials with a rising R-curve thé,,, value might  can indicate a) unstable crack extension (Fig. A2.5a), pop-in
be artificially high if the precrack is not stopped immediately after pop-in.(or crack jump) behavior (stable) (Fig. A2.5b), or smooth
The force rate during pop-in may influence the crack/microstructurestaple crack extension (Fig. A2.5c). Unstable crack extension
interaction and may affect the result. _ _ may give greater fracture toughness values than those from
| I\(IjOTE IIA2.4—Caut|on: Use care not to overload the testing machine or tests with stable crack extension.
oad cel A2.3.8 If there is evidence of environmentally-assisted slow
A2.3.2.1 A drop of the dye penetrant can be placed orgrack growth then it is advisable to run additional tests in an
indentations or saw notch. Upon formation of the precrack, theénert environment. Alternatively, additional tests may be done

penetrant will be drawn into the crack and will show on thein Jaboratory ambient conditions at faster or slower test rates
side surface of the test specimen upon unloading.

Note A2.5—Caution: Use care to ensure that dye penetrants are dry

(for example, by heating) or do not promote corrosion or slow crack B
growth, prior to fracture testing to preclude undesired slow crack growth Final
or undesired crack face bonding. Crnck
. . . rac
A2.3.3 Choice of Groove-The pop-in precrack length is a <X 1
result of the selected indent force and groove size of the anc
\'%

compression fixture. These two parameters need to be deter-
mined by trial and error. It has been shown that the pop-in
precrack length decreases with increasing indent force and with
decreasing groove (span) sigE, 17) . . FIG. A2.4 lllustration of Angular Allowance of Final Crack Plane

A2.3.4 Fracture Test-Insert the test specimen into the  where x° is 5° for Three-Point Flexure and 10° for Four-Point
flexure fixture. Align the tip of the crack with the centerline of Flexure

Precrack
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orders of magnitude or greater than those specified are recom-
mended. (See 9.3.)

A2.4 Recommendations

A2.4.1 Precracked beam tests can be either stable or un-

: stable. Unstable tests may result in greater fracture toughness

| values than those from tests with stable crack exten@of).

‘ If stable crack extension cannot be obtained with four-point
flexure, it may be possible to obtain stable crack extension by
using a three-point flexure configuration in a stiff test setup.

A2.4.2 Nonlinearity of the initial part of the applied force-
displacement curve (sometimes called “windup”) is usually an
artifact of the test setup and may not be indicative of material
behavior. This type of nonlinearity does not contribute directly
to instability unless such nonlinearity extends to the region of
maximum force.

Force

) Displacement
a) Unstable crack extension A2.5 Calculation

i A2.5.1 Calculate the fracture toughneks,,, for each test
specimen and test configuration.

a
A2.5.2 For three-point flexure wit% =4,035= =

0.60 and a maximum error of 2 ¥49) (see also Note A2.1):

PraS107 %[ awt?
Klpb—g[ Bx\ij's/z ][2[1[:7]\/\/]3/2] (A2.1)

where:

Force

1.99— [a/W][1 — &/W][2.15— 3.93a/W] + 2.Ta/W}]

9=9g@w = 1+ 2aW]

(A2.2)

F. Eq A2.1 and Eq A2.2 have also been used%rz 5 (20)

. . , a
Dlsplacement with maximum errors of 1.5 % for 0.3% = 0.60.
b) Pop-in Behavior - stable Example—ForW=4.00 mm = 4.00<10°m, a, = 2.00 mm
=2.00x103m and
S, = 16.0 mm = 16.0<103 m then
a/W=0.50,S/W = 4.0,g = 0.8875.
a

A2.5.3 For three-point flexure with & V%S 10, 0.35= W

= 0.60 and a maximum error of 1.5 {8):

PraS107 %[ awt?
Klpb—g[ Bx\?\ja/z ][2[1[_:;/]\/\/]3/2] (A2.3)

T

where:

Force

/

\ g = g@w)
= A, + A@W) + A(alW)? + As@W)® + A(aW)* + Aj(a/W)®
(A2.4)

where coefficients fog are shown in Table A2.1
. Example—For W= 4.00 mm = 4.00<10 3m, a, = 2.00 mm
Displacement =2.00x10°3m and

c) Stable Crack Extension S, = 40.0 mm = 40.0<10°° m then
FIG. A2.5 Load Displacement Diagrams from Precracked Beam a/W= O'SO’SOIW =10.0,g = 0.9166.

Tests ; ; a
A2.5.4 For four-point flexure with 0.35 W= 0.60 and a

maximum error of 2 %(21):.

than those specified in this standard in order to determine the Ko PralS, — S110°° [ 3aw]M?
sensitivity to test rates. Testing rates that differ by two to three 1pb BW2 21-a/W?

(A2.5)
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TABLE A2.1 Coefficients for the Polynomial g(a/W) for Three-point Flexure

So/W
5 6 7 8 10
A, 1.9109 1.9230 1.9322 1.9381 1.9472
A -5.1552 -5.1389 -5.1007 -5.0947 -5.0247
A, 12.6880 12.6194 12.3621 12.3861 11.8954
Az -19.5736 -19.5510 —19.0071 —-19.2142 -18.0635
A, 15.9377 15.9841 15.4677 15.7747 14.5986
As -5.1454 -5.1736 -4.9913 -5.1270 -4.6896
where: three-point flexure and:= 10° for four-point flexure.
f = f(a/W) . .
= 1.9887— 1.32Ga/W] A2.7 Reporting Requirements
_ 849~ 0.69a/W] + 1-35{"’“’12}[3/\"/]{1 — (/W (A2.6) A2.7.1 In addition to the general reporting requirements of
{1+ [a/W]; 10.1, 10.2 and 10.3 report the following for the pb method.

Example—For W= 4.00 mm = 4.00<10"°m, a, = 2.00 mm A2.7.1.1 Mean crack length as measured in A2.3.5 (mm),

=2.00x10° m, A2.7.1.2 Each applied force-displacement (time or strain)
— — —3 — — —3 e
%t_hi(r){o mm = 40.0<10"" m ands = 20.0 mm = 20.0<10 diagram with a statement about stability (see A2.3.7 and Fig.
a/W = 0.50,f = 0.9382. A2.5), and _ , _
A2.7.1.3 Precracking details, such as the number of indents,

where: indentation force and the force rate during pop-in.

Kipb = fracture toughness (MPg/m),

f = f(@W) = function of the ratio a/W for four-point flex- a2 8 Precision

g =g@Ww) = ;Jurﬁ(';tion of the ratio a/W for three-point A2.8.1 Results from an eighteen-laboratory, international
flexure, round robin conducted under the auspices of the Versailles

Prax = maximum force as determined in 9.8N)( Advanced Materials and Standards (VAMAS) can be used to

S = outer span (m), estimate the precision of the pb meth@B, 22, 23) A gas

S = inner span (m), ~ pressure sintered silicon nitride was tested by procedures that

B = side to side dimension of the test specimen yere similar to those prescribed in this Test Method. An
perpendicular to the crack length (depth) as jmnortant exception was that specific actuator displacement

W _ tsgloﬁnblgttzlr%.;ngrga,s o1 of the test specimen (STOKe) rates were prescribed, rather than stress intensity factor
paprallel o the crack length (depth) az shown rates. Two actuator displacement (stroke) rates, 0.0166 mm/s
in Fig. 4 (m), and and 0.0000833 mm/s were prescribed. This permitted an

a = crack length as determined in A2.3.5 (m). assessment of whether time-dependent environmental effects

were present. Ten test specimens were tested at each test rate
A2.6 Valid Test by each laboratory. A variety of test fixtures and test rates were
A2.6.1 Avalid pb test shall meet the following requirementsused for precracking. Machine compliance was not prescribed
in addition to the general requirements of these test methodsr reported in the project, but it is likely that most crack
9.2): extensions were unstable.

A2.6.1.1 Test specimen size (A2.1.1) shall be 3 by 4 mm a5 g8 5 The VAMAS round robin results were analyzed in

with tolerances as shown in Fig. A2.1 and the length shall be, ..o qance with Practices E 177 and E 691. The results are
at least 20 mm but not more than 50 mm unless test specimegzven in Table A2.2.

of larger cross section are used as long as the proportions givi . . .
in Figg. A2.1 are maintained. g prop g A2.8.3 The VAMAS round robin also included pb testing on

A2.6.1.2 Test specimen preparation (A2.1.2) shall confornft Zirconia-alumina composite material. Environmentally-
to the procedures of A2.1.2. assisted crack growth and possible rising R-curve behavior

A2.6.1.3 Crack starter (A2.3.1) introduced from Vickers caused complications in interpretation of the results as dis-
indent shall be produced at an indent fored 00N and one of ~ cussed in Ref(13).
the diagonals of each of the indents shall be aligned parallel to A2.8.4 A slight loss of accuracy and precision may result

the test specimen length. from the use of very short 3—point spans as discussed in
~ A2.6.1.4 Pop-in precrack (A2.2.2 and A2.3.2) shall beReference 12. The precrack () and middle-roller fixture align-
introduced using a grooved compression fixture. ment (Note Note 12 and 9.6.1) tolerances specified in this

A2.6.1.5 Crack length (A2.3.5): difference between averagetandard lead to a maximum possible 3 % error YLK
crack length and minimum precrack length shall be less than

10 % and average precrack length shall be B/35a < 0.6/.
A2.6.1.6 Plane of final crack (A2.3.6) shall be parallel to
both the test specimen dimensioBsand W within = 5° for
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TABLE A2.2 Precracked Beam Results from VAMAS Round Robin for Gas-Pressure Sintered Silicon Nitride (13,22,23)

Test Number QOverall Repeatability Reproducibility
Rates of Mean (Within-Laboratory) (Between-Laboratories)
mm/s? Laboratories® MPay/m Std Dev 95 %limit cove© Std Dev 95 %limit cove
MPay/m MPay/m % MPay/m MPay/m %
0.0166 or 16 577 0.26 0.72 4.5 0.51 1.42 8.8
(0.0083)
0.000083 12 5.60 0.26 0.73 4.7 0.40 1.11 7.1
or
(0.000167,
0.000042)

“ANumbers in parentheses show alternative test rates that some laboratories used rather than the specified rates.
BAt each test rate the results from one laboratory were deleted, due to high within-laboratory (repeatability) scatter.
CCoefficient of variation.

A3. SPECIAL REQUIREMENTS FOR THE SURFACE-CRACK IN FLEXURE METHOD

A3.1 Test Specimen be used to remove the last 0.04 mm at a rate of not more than

A3.1.1 Test Specimen SizeThe test specimen shall be 3 by 0.002 mm per pass. Polish, lap or fine grind this face to pro_vide
4 mm in cross section with the tolerances shown in Fig. A3.12 flat, smooth surface for the surface crack. It can alternatively
The length shall be 45 to 50 mm. be ground with a 600-grit or finer wheel, provided that residual
A3.1.2 Test Specimen PreparatierTest specimens pre- Stresses are not introduced.
pared in accordance with the Procedure of Test Method Nore A3.2—The indent can be placed in either the 3- or 4-mm
C 1161, test specimen Type B, are suitable as summarized dimension surface of the beam. The surface need not have an optical
the A3.1.2.1-A3.1.2.4. Any alternative procedure that isquality finish. It need only be flat such that the indent is not affected by
deemed more efficient may be utilized provided that unwantedhachining striations and marks.
machining damage and residual stresses are minimized. ReportA3.1.2.4 The two end faces need not be precision machined.
any alternative test specimen preparation procedure in the teShe four long edges shall be chamfered at 45° a distance of
report. 0.12+ 0.03 mm, or alternatively, they may be rounded with a
A3.1.2.1 All grinding shall be done with an ample supply of radius of 0.15+ 0.05 mm as shown in Fig. A3.1. Edge
appropriate filtered coolant to keep workpiece and wheefinishing shall be comparable to that applied to the test
constantly flooded and particles flushed. Grinding shall be in agpecimen surfaces. In particular, the direction of the machining
least two stages, ranging from coarse to fine rates of materighall be parallel to the test specimen long axis.
removal. All machining shall be in the surface grinding mode A3.1.3 It is recommended that at least ten and preferably
parallel to the test specimen long axis. No Blanchard or rotarywenty test specimens be prepared. This will provide test
grinding shall be used. The stock removal rate shall not exceeshecimens for practice tests to determine the best indentation
0.02 mm per pass to the last 0.06 mm per face. force. It will also provide make up test specimens for unsuc-
Note A3.1—These conditions are intended to minimize machiningCeSSfUI or invalid tests so as to meet the requirements of 9.1
damage or surface residual stresses which can strongly affect tests using@ad 9.2.
test specimens. As the grinding method of Test Method C 1161 is well
established and economical, it is recommended. A3.2 Apparatus
A3.1.2.2 For all surfaces except that to be indented perform A3.2.1 Generai—Conduct this test in four-point flexure. A
finish grinding with a diamond-grit wheel of 320 grit or finer. displacement measurement is not required.
No less than 0.06 mm per face shall be removed during the A3.2.2 Fracture Test Fixture-The general principles of the
final finishing phase, and at a rate of not more than 0.002 mrfPur-point test fixture are detailed in 7.4 and illustrated in A1.1.
per pass.
A3.1.2.3 For the surface to be indented (either the 3- 0?“3'3 Procedure

4-mm dimension), a diamond-grit wheel (320 to 500 grit) shall A3.3.1 Precracking—Standard Procedure: _
A3.3.1.1 Use a Knoop indenter to indent the middle of the

3008013 mm polished surface of the test specimen. Orient the long axis of
40050.13mm —|g—p] 500 DetailA the indent at right angles (within 2°) to the long axis of the test
j] ‘ (7B specimen as shown in Fig. A3.2. Tilt the test specirtfénto
‘ ¥2° as shown in Fig. A3.3. Use a full-force dwell time of 15 s
}___—4510 s0mm ——I !!’.‘Emﬂm
== or more during the indentation cycle. A schematic of a resulting
0.1240.03 mm_| precrack is shown in Fig. A3.4.
Typical, 4 X
e Note A3.3—The¥s° to ¥2° tilt is intended to make the precrack easier
ﬁ a5euse Tobeaax to discern during measurement of precrack size after fractureVFhest
>\ specimen tilt will lead to precrack tilts that range from 0 to 5°. The effect
Detail A Detail A-Altemate Method of this tilt upon the measured fracture toughness is insignificant as
FIG. A3.1 Dimensions of Rectangular Beam discussed in Ref(14).
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ul

be removed. The material removal process shall not induce
residual stresses or excessive machining damage in the test
specimen surface. Remove the last 0.005 mm with a finer grit
< 20 (220 to 280 grit) paper with less pressure, so as to minimize
Polished or polishing damage. Check the test specimen dimensign,
Lapped surface frequently during this process. In particular, the evenness of W
should be monitored. A hand micrometer should be used to
check W at several locations across the specimen width B in
W the vicinity of the indentation. Use a hand micrometer with a
resolution of 0.0025 mm or better.

Vd

Indentation
and Precrack

B Note A3.8—Experience has demonstrated that hand grinding the test
FIG. A3.2 Surface-Crack in Flexure (sc) Test Specimen specimen with 180 to 220 grit silicon carbide paper can remove the
required amount in 1 to 5 min per test specimen for many ceramics. Faster
removal rates occur when hand grinding dry. Finer-grit (320 to 400 grit)
Note A3.4—In some instances such as with zirconia, indentation timegPapers are recommended for glasses for both rough- and fine- grinding
longer than 15 s may be helpful. steps. Diamond impregnated abrasive disks with 30 um or finer abrasive

. . may also be used.
A3.3.1.2 The indentation forcef, used may have to be Note A3.9—Hand lapping or grinding may make the surface uneven or

determined for each different class of material by the use of &t parallel to the opposite test specimen face. This can cause misalign-
few trial test specimens. The force must be great enough t@ents during subsequent testing on test fixtures. If the polished face
create a crack that is greater than the naturally-occurring flawsannot be maintained parallel to the opposite face withi®.015 mm,
in the material, but not too great relative to the test specimeﬁ’nen fully-articulating fixtures should be used for flexure testing in
cross section size, nor so great that extreme impact dama cordance with 7.4.3. A slight rounding of the edges of the test specimen
occurs. Indentation forces of approximately 10 to RQare rom hand grinding is usgally [nconsequentlal. Ina given te_st specimen,
. . . . regularly change the orientation of the surface being polished to the
suitable for very brittle ceramics, 25 to 50 N for medium

" " . ) , . lapping disk during material removal steps to minimize unevenness.
tough” ceramics, and 50 to 109 for very “tough” ceramics. Note A3.10—Warning: Fine ceramic powders or fragments may be

Note A3.5—This indentation procedure to create a surface crack willcréated if the lapping or hand grinding is done dry. This can create an
not be successful on very soft (low hardness) or porous ceramics Sincen&hal_atlon hazard if the ceramic contains silica or fine whiskers. Masks or
precrack will not form under the Knoop indent. The process may not work€SPirators should be used, or the removal should be done wet.
on very “tough" ceramics either’ since they will be resistant to the Note A3.11—The removal of 4.5 to 5.0 h will eliminate the residual
formation of cracks, or the crack which does form will be very small andstress damage zone under the impression, and usually will leave a
will likely be removed during the subsequent material removal step (se@recrack shape that has the highest stress intensity factor at the deepest

A3.3.2) to remove the residual stress and damage zone. part of the precrack periphery. The location of the maximum stress
NoTe A3.6—An indentation force of 30 N may be suitable for most intensity can be controlled by the amount of material removed. The initial
glasses. precrack under the Knoop indent is roughly semicircular apd,¥s at the

surface. As material is removed, the precrack becomes more semi-
A3.3.2 Removal of Indented Zone: . elliptical in shape (or like a section of a circle) aMg,, will shift to the
A3.3.2.1 Measure the length of the long diagonal, d, of thejeepest part of the precrack. If too much material is removed, the

Knoop impression to within 0.005 mm. remaining precrack will be too small and fracture will not occur from the

recrack. In such cases smaller amounts should be removed, provided that

Note A3.7—This measurement need not be done to the premsmrﬁ less tha 3 h isremoved. If this step is not adequate to ensure fracture

required for hardness measurements. If Knoop hardness is to be reportggh the precrack, then a greater indent force or the alternative procedure
greater care should be exercised in making the diagonal size measuremefll ribed in Appendix X3 may be used

and in the preparation of the initial test specimen surface.

Calculate the approximate depth, h, of the Knoop impression A3'.3'2'6 Surface grinding with d"?‘mond Wheels_ is also
as follows: permitted as a means to remove the indent and residual stress

damage zone, but it is much more difficult to ensure that the
h=d/30 (A3.1)  correct amount of material has been removed from each test
A3.3.2.2 Measure the initial (pre-polishing) test specimenspecimen. There also is a potential for introduction of residual
dimension,W, at the indent location to within 0.002 mm. A stresses. Machine grinding will be necessary for very hard
hand-held micrometer with a vernier graduation is suitable. ceramics. If machine grinding is used, use fine wheel grits and
A3.3.2.3 Mark the side of the test specimen with a pencil-small removal rates.
drawn arrow in order to indicate the surface with the precrack A3.3.2.7 If water or a cutting fluid is used, then ensure that
and its approximate location. the test specimen is dry (for example, by heating) prior to
A3.3.2.4 Remove the residual stress damage zone by mililacture testing.
grinding, hand grinding, or hand polishing with abrasive A3.3.2.8 Annealing or heat treating to remove the residual
papers. stresses under the indent are not permitted by this standard due
A3.3.2.5 Hand lapping or grinding may be done wet or dry,to the risk of crack tip blunting, crack healing, or possible
with the type of procedure reported. Remove an amount ofhanges in the microstructure.
material that is approximately equal to 4.5 t0 5.0 h as shown in A3.3.2.9 Measure and record the final (post-polishing) test
Fig. A3.5. If there is evidence that this material removal has nospecimen dimension8 andW, in the vicinity of the precrack
eliminated deep lateral cracks, then additional material shoultb within 0.002 mm.
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Knoop Indenter
F

1/4° to 1/20 %]
—_— Indent with

A 9Q° precrack
¥ /
\
n Precrack :—-
1/4° to 1/2° k2l

-z

t

Platform tilts specimen L—— B—»l

—

Section
A-A

Note 1—The indent and precrack sizes are exaggerated for clarity.
FIG. A3.3 The Test Specimen may be Indented at a  ¥2° Tilt in Order to Enhance the Chances of Detecting the Precrack on the
Fractographic Surface During Subsequent Fracture Analysis

e——— S ]
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t

|

w
- o _‘L
"lchJ —42014'—
fe——— B ——— re—— B

Note 1—The precrack size has been exaggerated for illustrative
purposes and is usually much smaller than the cross section size.
FIG. A3.4 The Indent Can be Implanted in Either the Narrow or
Wide Face as Shown

)

remove 4.5h to 5.0h

-

Note 1—Remove 4.5h to 5.0h from the test specimen surface in order
to remove the indent and damage zone.
FIG. A3.5 The Precrack Extends Below the Knoop Hardness
Impression, which has Depth, h

A3.3.3 Fracture Test-Insert the test specimen into the test

fixture as shown in Fig. A3.6, with the surface crack on the  Nore 1—The precrack must be on the tension (bottom) surface.
tension face, within 1.0 mm of the midpoint between the two FIG. A3.6 The Flexure Specimen Can be Tested with Either the

inner rollers S, of the four-point test fixture. The test specimen Wide or Narrow Face on the Flexure Rollers

may be preloaded to approximately 25 % of the expected

fracture force. Place cotton, crumbled tissue, or other apprdrom impacting the fixture upon fracture. Place a thin shield
priate material under the test specimen to prevent the piecesound the fixture to ensure operator safety and to preserve the

21



ﬁ% C 1421

primary fracture pieces for subsequent fracture analysis. Test S= Salc, aW) = [1.1+ 0.3§a/W]*] \/alc (A3.8)

the test specimen to fracture at rates in accordance with 9.7. Example—For W=3x 1073 m, a=50x10"° m and

NoTe A3.12—The force rate will range from 10 to 250 N/s for a test 2c=120X10°° m
specimen witlB=4 mm,W=3 mm, with a precrack size, a, of 100 ym, on a/c=0.833,a/\W=0.017,Y,=1.267 andY=1.292
a four-point test fixture witt§, = 40 mm. If the test specimen is tested on  A3.4.2 For the sc method, use the greater valu¥ adr Y

edge B = 3 mm, W = 4 mm), the rates will be 13 - 388/s Rates for - for v ang then calculate the fracture toughnéss,, from the
alternative geometries and precrack sizes can be estimated from Eq A3

with an approximation ofY = 1.3. Displacement rates of 0.002 to 0.10 following equation:
mm/s will be suitable foa 3 by 4-mm test specimen with a 100 pm 3P, [S, — §J10°°
precrack in the 4-mmB) face. Kige = Y[ - 2BW } Va

A3.3.4 Post Test Measuremenrtdxamine the fracture sur-
faces of the test specimen and measure the initial precrackvhere:

(A3.9)

dimensions, a and 2c, as shown in Fig. A3.4. Kise = the fracture toughness (MPg/m), , _
Y = the stress intensity factor coefficient (dimension-
Note A3.13—Fractographic techniques and fractographic skills are less),
neede_d for_ this step. T_he optimum procedure W|I_I vary from ma_lterlal to Pnax = the maximum force (break force) as determined in
material. Either an optical microscope or a scanning electron microscope 9.8.1 ()

can be used. Low magnifications-$0-100x) can be used to locate the
precrack, and intermediate magnifications (300-8P@ photograph the S
precrack for measurement. If an optical microscope is used, then variatiorﬁ
of the lighting source and direction can be used to highlight the precrack.B

the outer span (m),
the inner span (m),
the side to side dimension of the test specimen

A stage micrometer shall be used to confirm the magnifications. If a perpendicular to the crack length (depth) as shown
scanning electron microscope is used, then it is recommended that a SEM in Fig. 5 (m),

magnification calibration standard be used to confirm the magnification. InW = the top to bottom dimension of the test specimen
some instances dye penetrants may be useful, but care should be taken to parallel to the crack length (depth) as shown in Fig.
ensure that the dyes are completely dry during the fracture test to preclude 5 (m),

undesired slow crack growth or undesired crack face bonding. Additional
details on techniques to find and characterize the precracks are given iE

Appendix X1 and Appendix X2 and Ré¢24).

A3.4 Calculation Note A3.15—The term in brackets in Eq A3.9 is the flexural strength
: alcuiatio (in MPa) of the beam with a surface crack. It is often useful to compare
A3.4.1 Calculate the stress intensity shape factor coeffithis value with the range of values of the flexural strength of test

cients for both the deepest point of the precrack periphégy, —specimens without a precrack, in which fracture occurs from the natural
and for the point at the surfacé, which will give a maximum  fracture sources in the material.

error of 3 % for an “ideal” p_re<_:rack and an estimated maxi-A3.5 Requirements

mum error of 5% for a “realistic” precrack.

= the crack depth (m), and
= the crack half width (m).

A3.5.1 The use of the semi-ellipse to model the precrack
Note A3.14—The stress intensity factor coefficients are from Newmanshape is an approximation which is most valid for instances
and Raju, Ref(25), and are the same as those used in Practice E 740yhere the greatest stress intensity factor coefficient is at the
These coefficients are valid only for afe 1. They can be used for a/c deepest part of the precrack,(,,= Y,). If the maximum stress
ratios slightly greater than 1 with a slight loss of accuracy. intensity factor coefficient is at the surfacé, (= Y,), then the

A3.4.1.1 For the deepest point of the precrack: semi-ellipse may not necessarily be an adequate model of the
[\/7M Hy] precrack. In such a case, re-examine the precrack shape. If the
“TTV0 (A3.2)  precrack is not semi-elliptical, reject the datum.

_ A3.5.2 If the precrack form is severely distorted in the third

where: dimension (i.e. is not flat), or the form of the precrack is

Q = Q(alc) = 1 + 1.464alc~% (A3.3)  incomplete over more than 33 % of its periphery, reject the

M = M(alc, aw) datum. - -
0.89 ) A3.5.3 If hand grinding or machining damage (see A3.3.2)
=[1.13-0.09a/c]] + [_0-5‘” m][a/m/] interfere with the determination of the precrack shapeyis

(A3.4) greater tharl,, then reject the datum.
» . A3.5.4 If the precrack shows evidence of excessive exten-
+ [0-5—m+ 141 — alc] ][a/W] sion (corner pop-in) at the intersection of the surface, then
_ . reject the datum (see example in X2.1)

H = Hi(alc, alW) =1~ [1.22+ 0.13a/c]][a/W] - (A35) A3.5.5 If the precrack shows evidence of stable extension
+[0.55— 1.05a/c]*™ + 0.47a/c]"*] [a/W]* prior to instability, then measure both the initial precrack size,
A3.4.1.2 For the point at the surface: and the critical crack size. Report both the apparent fracture

/M H, S toughness using the initial pre_crack Sikg,., and the apparent

Y, = Tl (A3.6)  fracture toughness at instabilit,*. (See examples in X2.1)

Note A3.16—It has been common practice to calculate a nominal
fracture toughness value based on the maximum force and the original
H, = Hy(a/c, /W) = 1 — [0.34 + 0.1%a/c]] [a/W] (A3.7) crack dimensions before testing for use as an aid in interpreting sc test

where:
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results. This practice is consistent with Practice E 740. If significant stablgurface Y or at maximum crack depthyr),
crack growth occurs, the original crack dimensions may no longer be A3.7.1.2 The precrack indent force

pertinent. If stable extension is due to environmentally-assisted slow crack i . .
growth, the nominal fracture toughness will underestiniéfg in the A3.7.1.3 Ifthere is evidence for stable crack extension, then

absence of environmental effects. Alternatively, if the stable crackstate such in the report and report béth.* and K. (A3.5.5),
extension is due to rising R-curve behavior, the calculated fracture A3.7.1.4 The fractographic equipment (optical or SEM)
toughness using the initial precrack size will underestimate the fracturrased to observe and measure the precrack, fractographic

toughness at criticality. If stable crack extension is not significant, the s . .
fracture toughness will be reasonably constant. This slight change in s bservations, and a photograph of a representative sc precrack,

fracture toughness is due in large part to the dependence of fractw%nd
toughness on the square root of crack size. A3.7.1.5 The average indentation diagonal length, the pro-

Note A3.17—Stable crack extension may manifest itself as a halocedure used to remove the indentation and residual stress
around the precrack. See examples in X2.1 and Referédsk for zones, and the depth of material removed.
additional information. '

A3.5.6 If there is evidence of environmentally-assisted slowa3.8 Precision and Bias
crack growth then it is advisable to run additional tests in an

inert environment. Alternatively, additional tests may be done A3'8&1 Ffreuﬁlon—Thf[ah precision of ;[jhe s¢ 'methfod will
in laboratory ambient conditions at faster or slower test rate§jeDen primarily upon Ih€ accuracy and precision of measure-

than those specified in this standard in order to determine t ment of thte ?rec_;z;\]pk 25|tze.3'(l)'/hi Ilhexure st:jength |;5Testt|r'r\1/|at§]d (tjo
sensitivity to test rates. Testing rates that differ by two to thre € accurate fo within 2 10 5 “o ITthe procedures of Test Metho

orders of magnitude or greater than those specified are recorFf—1161 are followed. The stress in.tensity s?ape factqrs for the
mended. (See 9.3.) precracks are expected to be within 3 to 5 % for the instances

where fracture initiates at the deepest point of the precrack
A3.6 Valid Test periphery. Precrack sizes can be measured to within 5 % with
either optical or electron microscopy provided that the material

A3.6.1 Avalid sc test shall meet the following requirements ) e . o
in addition to the general requirements of this standard (9.2)!S conducwe to fractographic mterprgtaﬂon. Uncertamtles In
recrack size, a and 2c, are partially ameliorated by an

A3.6.1.1 Test specimen size (A3.1.1) shall be 3 by 4 mnP

with tolerances as shown in Fig. A3.1 and the length shall bgffsgtting ianu'ence O.f Fhe stress intensity factor coefﬁciéﬂnt,
45 to 50 mm. g g as discussed in detail in Ref$4) and(26). For a material that

A3.6.1.2 Test specimen preparation (A3.1.2) shall conforn{raCtureS fr_o_m the deepest part of the precrack, .aUd which has
to the procedures in A3.1.2. a clearly_ visible, well-shaped precrack, the precision of the sc

A3.6.1.3 Precrack (A3.3.1) introduced from a Knoop indentMethod is expected to be 5 %. .
or the alternative procedure with canted Vickers indent (Ap- A3.8.2 Results from a twenty-laboratory round robin orga-
pendix X3) shall be produced in the middle of the polishednized under the auspices of the VAMAS project can be found
surface with the long axis of the indent at right angles to thdn Ref(14). Three ceramics were tested with five replicate tests
long axis of the test specimen (A3.3.1.1), shall be semiSpecified per condition and material. The grand mean for 107
elliptical (A3.5.1), shall not be severely distorted or incompletehot-pressed silicon nitride test specimens tested by all 20
(A3.5.2), shall not have been affected by removal of thelaboratories was 4.59 MP@/r_Tw with a standard deviation of
residual stress field and shall not havg greater thany, 0-37 MPay/m . All test specimens were from a single billet
(A3.5.3) and shall not show evidence of excessive extensiohE")- The grand mean for 105 hot isopressed silicon nitride
(corner pop-in) at the intersection of the surface (A3.5.4). tested by 16 laboratories was 4.95 MR#&m with a standard

A3.6.1.4 Residual stresses associated with the indentatig#eviation of 0.55 MPay/m . The grand mean for 33 test
shall be removed in accordance with A3.3.2. Material removafPecimens of a yttria stabilized zirconia tested by eight
shall not introduce residual stresses or excessive machinilgboratories was 4.36 MPg/m with a standard deviation of

damage in the test specimen surface. .44 MPa\/m . (The modified-indentation precracking pro-
cedure using a Vickers indenter as described in Appendix X3
A3.7 Reporting Requirements was used for the latter material.)

A3.7.1 In addition to the general reporting requirements of A3.8.3 The VAMAS round robin results were analyzed in
10.1, 10.2, and 10.3, report the following for the sc method: accordance with Practices E 177 and E 691 to evaluate preci-
A3.7.1.1 If the maximum fol occurred at the test specimen sion. The results are given in Table A3.1.
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TABLE A3.1 Surface Crack in Flexure Results from VAMAS Round Robin (14)

Material Number Total Overall Overall Repeatability Reproducibility
of Number Mean Std Dev (Within-Laboratory) (Between-Laboratories)
Laboratories of MPay/mA MPay/mA Std Dev 95 %limit cov Std Dev 95 %limit cov
Test Specimens MPay/m  MPaym %~ MPay/m  MPay/m %°
Hot-pressed 19 102 4.56 0.32 0.24 0.68 54 0.31 0.86 6.8
silicon nitride®
Hot- 15 100 5.00 0.48 0.38 1.07 7.7 0.45 1.25 8.9
isopressed
silicon nitride©
Yttria- 7 29 4.47 0.31 0.29 0.83 6.6 0.29 0.83 6.6
stabilized
zirconia®
“Average and standard deviation of all individual test results combined.
BCoefficient of variation.
€A data set from a single outlier laboratory set was excluded and accounts for a small difference in the numbers quoted in A3.8.2.
A4. SPECIAL REQUIREMENTS FOR THE CHEVRON NOTCH FLEXURE METHOD
A4.1 Test Specimen —f— <025 W=400 2013 B=3.00 0.13

A4.1.1 Test Specimen SizeThe test specimen has four

acceptable geometries as listed in Fig. A4.1 and as shown i@

=

Fig. Ad.2.

NoTe A4.1—Because no generalized, parametric error and sensitivity
analysis studies have been conducted on chevron-notched test specimen

L=45 (min)

Configuration A

=0.80+0.07
—

ayand a , =0.95W - 1.00 W

geometries, this test method focuses on established geometries whic

reflect a base of experience (that is, those geometries that have begn

successfully used, studied, and applied under a range of conditions to &

variety of materials).

A4.1.2 Test Specimen PreparatieriTest specimens pre-
pared in accordance with the Procedure of Test Method C 1161

—-I-— 1<0.25

—-In—tso.zs W=6.35 20.13 k—-‘— B=6.35 20,13
a,=2.5420.07
L=45 (min J
™ i) ] a,.and a,= 0.95W-1.00 W
Configuration B
W=6.00 0.13

_.I |¢_ B=3.00 £0.13

At G, | a, =1.2020.07
== 4 N | :}:
N~ ,[= L=45 (min) =||
Wia, a a, and a ,=4.20:0.07
11 : 4
\ Configuration C
a
0
— — t=0.25 W=4.00 £0.13 -
"l I'_t - > _'I'_ -—I B=3.00 0.13
" —_ T a,=1.4020.07
A 2 Centerline (Note 1) | I | :1: E
on A ——T‘
Section A-A '|: L=45 (min) 7!
Configuration L B W ag a11 and a12 t . . ay,and a,,= 0.95W - 1.00W
and test fixture | (mm) (mm) (mm) (mm) (mm) Configuration D
A 45 (min) | 3.00£0.13 | 4.00:0.13 | 0.80z0.07 | 0.95Wto 1.00W | s0.25
{Four-point) {no overcut) A . A
B 45 (min) | 6.3520.13 | 6.3520.13 | 2.5420.07 | 0.95W to 1.00W | $0.25 Note 1—All dimensions in mm.
(Three-point) (no overcut) _Ti i ithi
c 45 (min) | 3.00£0.13 | 6.00£0.13 | 1.20:0.07 | 4.20£0.07 mm | <0.25 Note 2—Tips of chev_rons on tran_sverse centerline within 0.02 B'. .
(Four-point) Note 3—Planes on either side which form chevrons shall meet within
D 45 (min) | 3.00:0.13 | 4.00£0.13 | 1.40:0.07 | 0.95Wto 1.00W | <0.25 0.3t
(Four-point) (no overcut) T

Note 1-Tip of chevron on transverse centerline shall be within 0.02B.
Note 2-Lengths a,, and a,, shail be within 0.02W. No overcut of the notch into the topside

of the specimen is allowed.

Note 3-Planes from cither side of beam which form the chevron shall meet within 0.3t
Note 4-Allowable ranges for aj; and a;; are in terms of W for Configurations A, B and D
and but are given in mm for Configuration C.

FIG. A4.2 lllustrations of Chevron Notch Flexure (vb) Test
Specimen Geometries

are suitable as summarized in A4.1.2.1-A4.1.2.3. Any alterna-
tive procedure that is deemed more efficient may be utilized
provided that unwanted machining damage and residual

Note 1—Tip of chevron on transverse centerline shall be within 0.02B.Stresses are minimized. Report any alternative test specimen

Note 2—Lengths g and g, shall be within 0.02W. No overcut of the preparation procedure in the test report.
notch into the topside of the test specimen is allowed.

Note 3—Planes from either side of beam which form the chevron shall

meet within 0.3t

Note 4—Allowable ranges for g and g, are in terms of W for
Configurations A, B and D and but are given in mm for Configuration C.

FIG. A4.1 Chevron Notch Flexure (vb) Test Specimen Standard
Proportions and Tolerances

A4.1.2.1 All grinding shall be done with an ample supply of
appropriate filtered coolant to keep workpiece and wheel
constantly flooded and particles flushed. Grinding shall be in at
least two stages, ranging from coarse to fine rates of material
removal. All machining shall be in the surface grinding mode
parallel to the test specimen long axis. No Blanchard or rotary
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grinding shall be used. The stock removal rate shall not exceeoluter span (that is, the tip of the chevron section is toward the
0.02 mm per pass to the last 0.06 mm per face. tensile surface). Align the chevron notch with the centerline of
N - : I .. _the middle roller in the three-point flexure fixture within 0.5
ote A4.2—These conditions are intended to minimize machining

damage or surface residual stresses which can interfere with tests. As tham or within 1.0 mm Of_ the midpoi_nt between the two inner
grinding method of Test Method C 1161 is well established and economitollers, §, of the four-point flexure f|Xt_Ure-_ _
cal, it is recommended. A4.3.2 Test Record-Select a combination of load-sensing

A4.1.2.2 Perform finish grinding with a diamond-grit wheel dévicé and recording device such that the forces can be
of 320 grit or finer. No less than 0.06 mm per face shall peobtained from the test record within an accuracy of 1 %. Either

removed during the final finishing phase, and at a rate of ngad-point displacement, actuator displacement (stroke), dis-

more than 0.002 mm per pass. plac_emen_t of the test specimen at the notch plane, back-face
A4.1.2.3 The two end faces need not be precision machinegtrain or time can be used.

No edge treatment (that is, chamfering) of longitudinal edges is Nore A4.6—For autographic recording devices choose the sensitivities

allowed on the compression face. of force (y-axis) and displacement or time (x-axis) to produce an initial
A4.1.3 Chevron Notch-Cut the chevron notch using a 320 elastic loading trace with a slope between 0.7 and 1.5 (ideally a slope of

diamond-grit wheel at a rate of not more than 0.002 mm pe,‘L.O) so as to provide a good indication of stable crack growth.

pass for the final 0.06 mm. The notch thickness, t, should be A4.3.3 Test Rate-Test the test Specimen to fracture at

slightly V-shaped and should be less than 0.25 mm at any poirictuator displacement (stroke) rates between 0.0005 to 0.005

of its intersection with the surface and should be less thamm/s for all the configurations.

0.150 mm at the root radius of the chevron. (See also A4.3.4 Post Test MeasuremertExamine the chevron

requirements in Fig. A4.1 and Fig. A4.2). Planes of notches cufotch at sufficient magnification~30x). The tip of the

from each side of the test specimen shall meet within 0.3 t. Thehevron shall be on center within 0.02 B, and the centerline of

tip of the chevron shall be on center within 0.02 B. the notch grooves on either side of the tip shall meet within 0.3

Note A4.3—Use of special machining fixtures for producing chevron t.
notches have been shown to reduce machining costs while increasing they o1 A4.7—Because no generalized, parametric error and sensitivity

incidence of consistent chevron notcts). analysis studies have been conducted on chevron notch geometries, the

Note A4.4—Larger notch thicknesses are acceptable provided thafyich tolerances given represent those commonly achieved under com-
stable crack extension occurs. A V-shaped notch (larger notch width wherg,e cia) machining conditions on chevron-notched test specimens which
it intersects the test specimen surface than at the root of the notch) rathgf, e ultimately used in valid fracture tests.

than a straight notch shape has resulted in more consistent rgg)its
NoTe A4.5—Because no generalized, parametric error and sensitivity A4.3.5 Examine the fracture surface to determine how well

analysis studies have been conducted on chevron notch geometries, ttife crack followed the chevron notch plane and separated the
notch tolerances given represent those commonly achieved under corfast specimen into two pieces. If the “crack follow” through the
mercial machining conditions on chevron-notched test specimens WhiCEhevron section was poor, the crack will have deviated sub-
ltimatel di lid fracture teg®&l). . . '
were ultimately used in valid fracture teg@L). o _ stantially farther into one half than the other. If the actual crack
A4.1.4 Prepare at least ten test specimens. This will providgurface deviates severely from the intended crack plane as

extra test specimens to determine if stable crack growth can kgefined by the chevron notch plane, then the test may be
attained without extra preparation (A4.4.1). invalid.

A4.2 Apparatus Note A4.8—Deviation of the crack from the notch plane can result

. . . from one or more of the following:
A4.2.1 Genera—This test is conducted in three- or four- a) Strong anisotropy, in which the fracture toughness in the intended

point flexure. A displacement measurement (or estimate Ofrack plane is substantially larger than the fracture toughness in another
displacement from a time sweep) is required. crack orientation.

A4.2.2 Fracture Test Fixture-The general principles of (b) Coarse-grained or heterogeneous materials.
three- and four-point test fixtures are detailed in 7.4 and® Misalignment of the test specimen in the fixture or an out-of-
illustrated in Fig. Al.1 and Fig. Al.2, respectively. For SPecification notch.

four-point flexure the outer and inner spans&e 40 mm and A4.3.6 Post Test Interpretation-The test record shall ex-

S = 20 mm, respectively. For three-point flexure the supporhibit a smooth (nonlinear) transition through the maximum

span isS, = 38-40 mm. force prior to final fracture. If the test specimen exhibits a
sudden drop in force from the initial linear portion for the test

A4.3 Procedure record not followed by a subsequent force increase, the test is

A4.3.1 Test Specimen Measurement and Alignmdnt  unstable and invalid (See Fig. A4.3a). Determine the relevant
general, measure and align the test specimen according to %aximum test forceR,,,,,, from the test record. In some cases
and 9.6. Measure the notch dimensiag),from the chevron tip  the test specimen will overload slightly at crack initiation, as
to the test specimen surface at the notch mouth (that ishown in Fig. A4.3b. In the calculations, use the maximum
opposite the tip of the chevron). Measure the notch dimensionstable force marke®,, ., in Fig. A4.3b and Fig. A4.3c.

a,, and a;,, where the notch groove meets the test specimen A4.3.6.1 If there is evidence of environmentally-assisted
surface and calculata,, the average of the two values. The slow crack growth then it is advisable to run additional tests in
difference between the average and the individual values shadin inert environment. Alternatively, additional tests may be
be no more than 0.02 W. Orient the chevron tip toward thedone in laboratory ambient conditions at faster or slower test
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a) Unstable fracture from a chevron notch tip (invalid result) [34]

Displacement

T

1

(b) Overloading prior to crack initiation followed by stable extension [15]

Displacement

Force

+-

P‘max
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more readily(15, 28, 29, 30)The notch thickness, t, should be
in accordance with A4.1.3.

A4.4.3 Actuator displacement (stroke) may not be as sensi-
tive to changes of fracture behavior in the test specimen as
measurements taken on the test specimen itself, such as
back-face strain, load-point displacement, or displacement at
the crack plan€10). In very stiff materials, use of back-face
strain is recommended for detection of stable fracture.

A4.5 Calculation
A4.5.1 Calculate the fracture toughness,,, from the

Pop-in Pmax following equation:
ot Pl S, — S110°°
g Kivb = Y*min [T (A4.1)
m 3
where
Kivb = the fracture toughness

(MPa~/m),

the minimum stress inten-
sity factor coefficient as de-
termined from Eq A4.2, Eq
A4.3, EqA4.4 and Eq A4.5
for test specimen geom-
etries A, B, C, and D, re-
spectively (dimensionless),

Y*min:Y*min(aOIWv aﬂ./W)

- Prax = the relevant maximum
: ” force as determined in 9.8.2
Displacement and A4.3.6 and Fig. A4.3
¢) Stable crack extension through maximum load [34]. (N),
FIG. A4.3 lllustrative Applied Force-Displacement Curves: (a) S = the outer span (m),
Unstable Fracture from Chevron Tip (34) (Invalid), (b) S = the inner span (m),
Overloading Prior to Crack Initiation Followed by Stable B = the side to side dimension

Extension (15) and (c) Stable Crack Extension Through Maximum
Force (34)

of the test specimen per-
pendicular to the crack
length (depth) as shown in
Fig. 6 (m),

= the top to bottom dimen-
sion of the test specimen

rates than those specified in this standard in order to determine
the sensitivity to test rates. Testing rates that differ by two toW
three orders of magnitude or greater than those specified are
recommended. (See 9.3.) However, at actuator displacement parallel to the crack length
rates greater than 0.008 mm/s, stability may be difficult to (depth) as shown in Fig. 6

detect. _ ~(m). _
A4.5.1.1 The stress intensity factor coefficieit,,,,, for

A4.4 Recommendations geometry A and four-point flexure as derived using a straight
A4.4.1 In some instances a stable crack will not initiatethrough crack assumption and a subsequent curve fit of its

from the tip of the chevron, resulting in test specimen overload€lation toag/W anda,/W (31, 32)is given as:

(that is, a force greater than that to produce stable fracture) or Y* in = (A4.2)
underload (that is, a fo_rce less than that to produce sta_ble Y¥ (8 W, ay/W) =

fracture) and catastrophic fracture from the chevron tip, Fig.

_ _ 2 3
A4.3a. If this occurs, a simple compression-compression fa2-3874~ 3.0919a/W) + 4.2017a,/W) — 2.3121a,/W)” + 0.6379a,/W)

tiguing procedure to damage the chevron tip, thereby promott-0000— 2.968GayW) + 3.5056ayW)” — 2.1374a/W)° + 0.0130a,/W)
ing stable initiation and growth of a crack, can be used. The test for 0.177= a,/W = 0.225 and 0.956 a,/W < 1.000 and a
specimen is placed in the test fixture upside down and the cragkaximum error of 1 %.

tip loaded in compression, several times, to approximately Example—ForW = 4.00 mm = 4.00<10 3 m, a,= 0.80 mm
three times the estimated fracture force expected for the normal 0.80x10 3 m and

position. On unloading, remove the test specimen and test it ag= 4.00 mm = 4.00<10°° m then

specified in A4.3.

a /W= 0.20,a,/W=1.00, Y*,, =4.23.

A4.4.2 Machining of the chevron notch can influence the A4.5.1.2 The stress intensity factor coefficieivt,,,, for
scatter in the results. Thinner, or more precise notch thickgeometry B and three-point flexure as derived using straight
nesses seem to decrease scatter and initiate stable crack growtlough crack assumption and a subsequent curve fit of its
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relation toay/W anda,/W (31, 32)is given as:
Y*min =
Ykmin(aolwv a1/VV) =

0.7601— 3.6364a/W) + 3.116%a,/W) — 1.2782a,/W)? + 0.3609a,/W)°
1.0000— 3.1199a,/W) + 3.0558a,/W)? — 1.0390a,/W)* + 0.0608a,/W)

for 0.382= a/W = 0.420 and 0.95C= a,/W < 1.00 and a
maximum error of 1 %

Example—For W= 6.35 mm = 6.35<10 > m, a,= 2.54 mm
=2.54x103 m and
a,;= 6.35 mm = 6.35x10°3 m then
a,/W = 0.40,a,/W=1.00, Y*,;,=6.40.

A4.5.1.3 The stress intensity factor coefficieit;,,,, for

(A4.3)

for 0.322= a//W = 0.380 and 0.956= a,/W < 1.000 and a
maximum error of 1 %.

Example—For W= 4.00 mm = 4.00<10 3 m, a,= 1.40 mm
= 1.40x10°3 m and
a,= 4.00 mm = 4.00x10 3 m then
a,/W = 0.35,a,/W=1.00, Y* ,;,-=5.85.

A4.6 Valid Test

A4.6.1 Avalid vb test shall meet the following requirements
in addition to the general requirements of these test methods
(9.2):

A4.6.1.1 Test specimen size (A4.1.1) shall be as listed in
Fig. A4.1 and as shown in Fig. A4.2.

geometry C and four-point flexure as derived using Bluhm's A4.6.1.2 Test specimen preparation (A4.1.2) shall conform

slice model and a subsequent curve fit of its relatiomjoV
anda,/W (31, 32, 33)is given as:
Y*min =
Y*min(aolwv 31/\/\0 =
1.4680+ 5.5164a,/W) — 5.2737a,/W) + 8.4498a,/W)? — 7.9341a,/W)°
1.0000+ 3.275%a,/W) — 4.3183a,/W)? + 2.093Za,/W)*> — 1.9892a,/W)
for 0.184= a /W = 0.216 and 0.674 a,/W = 0.727 and
a maximum error of 1 %
Example—ForW=6.00 mm = 6.00x103m, a,= 1.20 mm
=1.20<10* m and
a,;= 4.20 mm = 4.20x10°3 m then
a,/W = 0.20,a,/W=0.70, Y* ,,;,=2.80.
A4.5.1.4 The stress intensity factor coefficieit,,,, for

(A4.4)

to the procedures in A4.1.2.

A4.6.1.3 Chevron notch (A4.1.3 and A4.3.4) shall have
planes which meet within 0.3 t, the tip of chevron on the
transverse centerline shall be within 0.02 B, and the difference
between the average af, anda, ,(that is,a;) anda,, or a;,,
or both, shall not be more than 0.02 W.

A4.6.1.4 Test record (applied force-displacement/time
curve) (A4.3.6) shall exhibit smooth (honlinear) transition
through the maximum force prior to final fracture which is
indicative of stable crack extension.

A4.7 Reporting Requirements

A4.7.1 In addition to the general reporting requirements of
10.1, 10.2 and 10.3, report the following for the vb method.

geometry D and four-point flexure as derived using a straigh_t A4.7.2 Each flexure diagram with a statement about stabil-
through crack assumption and a subsequent curve fit of itdy (A4.3.6).

relation toay/W anda,/W (31, 32)is given as:
Y* in =
Y* min(@/W, ay/W) =
0.5256— 3.4872a/W) + 3.9861a,/W) — 2.0038a,/W)? + 0.5484a,/W)*
1.0000— 2.905@a,/W) + 2.7174a,/W)? — 0.8963a,/W)° + 0.0361a,/W)

(A4.5)

A4.7.3 Include statements about the validity of the chevron
notch (A4.3.4) and the crack plane (A4.3.5).

A4.8 Precision and Bias

A4.8.1 The precision and bias of the chevron-notch proce-
dure in this standard is being determined.

APPENDIXES
(Nonmandatory Information)

X1. PRECRACK CHARACTERIZATION, SURFACE CRACK IN FLEXURE METHOD

X1.1 The detectability of precracks will vary considerably precrack characterization are usually 100 to 800 he supe-
between ceramic materials. Since precracks are small, of thér depth of field of the scanning electron microscope is
order 0.050 to 0.200 mm (50 to 200 um) in size, fractographi@dvantageous in many instances.
methods are needed to find and characterize them. Fracto-XL2 Many ceramic materials have clear fractographic

graphic procedures defined in Practice C 1322 and®8fare  markings so that the precracks are detectable with either optical
suitable. The detectability of precracks depends upon thgy scanning electron microscopy. Examples are shown in Figs.
material, the skill of the fractographer, the type of equipmentx 1.x1 4. Fracture toughness measurements on the same test
Used, and the fam”lanty of the examiner with the material. Itspecimens using both 0ptica| and Scanning electron micros-
may be necessary to test 10 test specimens in order to obta{t@,py precrack measurements are often in good agreefhént

five precracks that are distinct. The best mode of viewing Wi||24). The slight differences in size measurements have only
vary from material to material. Sometimes optical microscopysmall influences on fracture toughness values, due in large part
is adequate, whereas, in other cases, scanning electron micras- the square root dependence of fracture toughness on
copy (SEM) is necessary. The magnifications necessary fqrecrack size.
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Note 1—No material has been removed after indenting, and portions of
the Knoop indent are visible (small arrows).
FIG. X1.1 Knoop Indent Precrack in a Hot-Pressed Silicon Nitride Note 1—The precrack is the same as in Fig. X1.2. (Note that both
as Photographed in a Scanning Electron Microscope halves of the test specimen are shown “back to back”.)
FIG. X1.3 Optical Microscope Photograph of a Knoop Precrack in
Hot-Pressed Silicon Nitride

1328 13KY 10Qunm

FIG. X1.2 Knoop Indent Precrack in a Hot-Pressed Silicon Nitride
as Photographed in a Scanning Electron Microscope

FIG. X1.4 Knoop Indent Precrack in a 99.9 % Sintered Alumina as
Photographed in the Scanning Electron Microscope

X1.5 Dye penetration procedures may be beneficial and are
X1.3 Many coarse-grained or incompletely-densified cepermitted by these test methods. Considerable caution should
ramics are not conducive to fractographic analysis. The sbe exercised in the use of these test methods, since it is difficult
method may not be suitable for these materials, since nto completely penetrate the small, tight cracks in ceramics. The
meaningful estimate of the precrack size can be made. optimum penetrant and impregnation procedure will vary
) . ) . . between materials. Experience has shown that penetration
X1.4 The precrackis easiest to detectif: 1) itis on a slightly,ocequres work best in “white” or light-colored ceramics such

different plane (angle) than the final fracture surface; 2) itas ajumina and zirconia. The penetrant should be fully dried
fractures in a different mode (transgranular) than the finajgfore conducting the fracture test.

fracture (intergranular); 3) it leaves an arrest line; 4) it has been

dye penetrated or thermally tinted; or 5) it has coarse or fine X1.6 Although heat treatments may be useful in highlight-
hackle lines which change direction at the boundary. Condiing or “tinting” precracks (especially in silicon carbides), this
tions 1, 2, or 4 will cause the precrack to have a slightlyapproach shall not be used in this test method since there is a
different reflectivity or contrast than the rest of the fracturerisk of crack healing, crack tip blunting, or microstructural
surface. changes. This technique is mentioned here for completeness.
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Note X1.1—The slightly-oxidized precrack will have a different color « ! //
or appearance on the fracture surface. The method is not applicable to ~_

oxide ceramics or glasses. Optimum temperatures and times vary consid- . \
erably between materials. -~ — =7\

X1.7 The following paragraphs describe inspection proce-
dures that have been effective in discerning precracks. Addi- a b

tional photographs and details can be found in Réfs 24) FIG. X1.6 Fine Hackle Lines may Change Direction at the
Precrack Boundary

X1.8 Both fracture surfaces should be examined. The

precrack may be clearer on one surface than the other. ~ tors. Photography is essential with the scanning electron
microscope, and will reveal precracks much better. Thermal

X1.9 Sometimes it is helpful to aim a light source at a low prints should be used with caution, since experience has shown
angle to create shadows during optical microscopy. A precracthat considerable detail and clarity is lost. The thickness of the
may have a “halo” seen with either optical or electronconductive coating applied to the fracture surface of the
microscopy if the crack is tilted. This is due to the different ceramic and the SEM excitation voltage may influence the
reflectivity of the ridge formed during the crack realignment tocontrast level between the pre-crack and the fast fracture
the plane of maximum stress during fracture as illustrated imegion.

Fig. X1.5. (Such markings may also be due to stable crack . - o . .
extension, in which case interpretation can be difficult. The X1.13 Test specimen tilting (10 to 20°) is effective during

guidelines of A3.5.5 are to be followed.) Referer(8) has either optical and SEM microscopy. (This is distinct from the

additional information on precrack halos and their interpreta:“aSt specimen t”F o¥2" used during indenting). A photograph
tion. can be taken which may show the precrack quite clearly when

tilted, but cannot be used for measurement due to the fore-
X1.10 Fine hackle lines may change direction at a boundshortening of the precrack dimensions. A separate photograph
ary, and can be used to interpret the initial precrack shape d&ken perpendicular to the fracture surface is made for mea-
shown in Fig. X1.6. These are discernible usually only in theSurements, and the two photographs are compared to delineate
scanning electron microscope. the precrack on the latter photograph.

X1.14 Stereo photography with the scanning electron
microscope is extremely effective in detecting the full topog-
electron microscopy. Lower power (50 to 20Pphotographs r?phxl/ Ofﬁ prehcrack, a”(:j can Ol;:enbdlschem precrac_llfskqune
often illustrate the precracks quite clearly, but contrast af oAy, W en they are undetectable by other means. Take one

o . . ) ' - __“photograph perpendicular to the precrack, and a second pho-
greater magnifications is lost in the optical or electron micro-

scope, or depth of field is lost in the optical microscope. Thetograph at10to 20° off axis at the same magnification. A stereo

photograph taken at low magnification is used to find and/cWer can be very helpful. U§e the pair of photographs to
X ) discern the precrack, but take size measurements only from the
delineate the precrack, the photograph taken at higher mag

fication (100 to 50&) is used for measurements of theq"ormer photograph.
precrack size. X1.15 Athin gold-palladium coating, such as is used to coat
_ ) nonconductive ceramics prior to electron microscope exami-
be discerned on scanning electron microscope television monjransparent or translucent “white” ceramics. The coating can
mask unwanted internal reflections and scatter. Thick gold-
umination palladium coatings are to be avoided during coating prior to
Souree Fracture Surface scanning electron microscopy since such coatings can obscure
fine detail. A 20X 10°® mm (20 nm) coating thickness has
proved effective for most ceramics. The gold-palladium coat-
ing can be applied at a shallow angle (grazing incidence) to the
o fracture surface. This will promote contrast which will enhance
> fine detail.

X1.11 A combination of low- and high-power microscopy
is usually very effective. This is true for both optical and

Specimen

X1.16 In some instances, switching to the backscattering
mode in the SEM can enhance detectability.

Front View o Side View of X1.17 In some cases, simply applying green felt tip marker

Precrack Precrack . H
FIG. X1.5 The Slight Tilt of the Precrack can Create Shadows or ink to the_ fracture surface Of_the_ specimens (after fraCture)
Contrast Differences When Viewed in the Optical or Scanning helps outline the precrack. This simple step often works well
Electron Microscope on translucent or white ceramics.
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X2. COMPLICATIONS IN INTERPRETING SURFACE CRACK IN FLEXURE PRECRACKS

X2.1 Precrack interpretation may be complicated by certairprovide guidance in such instances.

features on the fracture surface. The following illustrations

Hand Grinding or Machining Damage
This can occur if the hand grinding or machining

to remove the indent is done too aggressively.
Specimens with this damage can be repolished

to remove the surface damage. Ifitis

necessary to interpret such precracks, then
approximate the semi-ellipse shape as if the
surface damage is not present. If the maximum

Y factor is at the surface, reject the datum (A3.5.3)

Corner Pop-in

During the fracture test, the precrack reaches

critical fracture condition at Point A first.

A small crack extends to B. Final fracture

starts at Point C. The original ellipse should be used

to compute fracture toughness. If the extension at points A-B is
excessive, reject the datum. Hand grind

the specimen more to force the Y,,.,

to be at the deepest point, Y,. (A3.5.4)

Poorly Defined Crack at the Surface

This can occur in instances where the precrack
and the final fracture crack are on the same

plane. (The 1/2° tilt may not have been adequate.)
Alternatively, a limited depth of tield in the

optical microscope may hamper focusing the
entire precrack. Estimate or approximate the
semi-ellipse shape as best as possible, but if
more than 33% of the precrack periphery is not
visible, reject the datum. (A3.5.2)

FIG. X2.1 Precrack Interpretations
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Stable Crack Extension

The crack may extend stably prior to fast fracture.

either due to rising R-curve behavior, or environ-
mentally-assisted crack growth. This can gither be

an interference or a useful tool to study the stable

crack growth phenomena. Definitive interoretation

of such stable crack extension markings on a fracture
surface is extremely difficult. If stable crack

extension is detected, follow the guidelines in A3.5.5 and
A3.5.6.

Precrack Truncation

The final crack is on a different piane and intersects

only a portion of the precrack. This can occur

if the precrack is not perpendicular to the maximum
stress in the specimen, and fracture commences from
one point on the precrack periphery, but then truncates
the remainder of the precrack. In these cases. reject the
datum (A3.5.2)

Precrack Segmentation

The precrack consists of three segments. The
precrack is not flat and has a three-dimensional

shape. Itis “rippled" or "corrugated” as

shown in the figure. The interference may be

from lateral or Hertzian cracks associated with the
original indent, or it may be due to non-uniform density
in the ceramic. (This problem is common in some
sintered ceramics.) If the waviness or corrugation

is excessive, reject the datum. (A3.5.2)

FIG. X2.1 Precrack Interpretations  (continued)

X3. ALTERNATIVE PRECRACKING PROCEDURE, SURFACE CRACK IN FLEXURE METHOD

X31 In some very “tough” ceramics, semi-elliptical or a Vickers indenter, taking care to orient the indent at right
_sem|C|rcuIar median cracks may not form under a Knoopangles (within 2° to the test specimen long axis as shown in
indent. The precracks may be very shallow and apt to beig. X3.1. Tilt and cant one end of the test speciritetand 3°,
removed durmg_the sub_seq_uent material removal steps. Thigspectively, as shown in Fig. X3.1. Make the indent slightly
can occur even if very high indent forces (for exampi&00  offset from the transverse center of the test specimen surface as
N) are used. In such cases, the following alternative precrackshown in Fig. X3.2b since the precrack that is retained after

ing procedure may be used. material removal is on the side of the indent. This procedure
X3.2 Indent the polished surface of the test specimen witP(V'” introduce two Palmaqvist cracks on the sides of the Vickers
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Specimen Note X3.1—In some instances such as with zirconia, longer indenta-

E 'F tion times may be helpful.
0.1-0.2mm

X3.3 The indentation force used may have to be determined

W for each different class of materials through the use of a few

eross section trial test specimens. Since this alternative precracking proce-

B crosssection 5:,/\ \ dure is |_ntended for “tough” materials, greater mden_tatlon
forces will be necessary (for example, 150 to 2BOis

recommended). A single practice test specimen may be in-

closeup of indent closeup of indent Top view of dented and broken, without the material removal steps de-
ide cracks and side cr canted Vickers . . . .

an s creck ¢ ide cracks indent scribed below in X3.4-X3.8, in order to determine whether a

ol ickers Indentation "Canted® Vickers indentation . . . .

Normal Vickers Indentati tat @ - particular indent force is satisfactory.

F d
{ N _ . "
W W e N % X3.4 Measure the diagonals for the indent within 0.005 mm
crack (5 pm). Calculate the average diagonal length, where
FIG. X3.1 The Alternative Precracking Procedure for a Vickers d=(d +d2)/2
=(d, .

Indenter Uses Both a Tilt and a Cant to the Test Specimen

X3.5 Compute the approximate depth of the Vickers indent,

lF F h:

b
b snecimen e [Iw h=d7 (X3.1)
W=

X3.6 Measure the test specimen dimension, W, in the

TILT %° and CANT 3° ; . i
middle of the test specimen to within 0.002 mm. A hand
Side View End View micrometer with a vernier graduation is suitable.
X3.7 Mark the side of the test specimen with a pencil-
drawn arrow in order to indicate the surface with the precrack.
(a) Normal Vickers indent (b) Canted Vickers indent

X3.8 Remove the indent and the residual stress damage
Note 1—(a) Shows the Palmqvist type cracks that form on the sides ozone under the indent by polishing or hand grinding to a depth

a normal Vickers indent. (b) lllustrates the cant which enlarges one sidef 2.5h. The procedures of A3.3.2.5 or A3.3.2.6 may be used.
crack.

FIG. X3.2 Cross Sectional Views of SC Test Specimens Note X3.2—Experience has shown that the resultant precracks may be
Precracked by the Alternative Procedure for “Tough” Ceramics less symmetrical than those formed by the Knoop indenter. The Vickers
precrack in canted test specimens may be skewed as shown in Fig. X3.1.

Knoop precracks are generally preferable since only one median precrack

indent. The test specimen cant W.'” cause one to be Iarger_tha‘gformed, rather than multiple Palmqvist or median cracks associated with
the other. Use a full-force dwell time of 15 s or longer during jckers indents.

the indentation cycle.

REFERENCES

(1) Warren R., and Johanneson, B., “Hard Metals Usiddge Indenta- Chevron-Notched Four Point Bend Specimdnf’ J. of Fract., 724]
tion”, Powder Metall, 27, 1984, pp. 25-29. 1995, pp. 311-320.

(2) Nose T., and Fujii, T.,* Evaluation of Fracture Toughness for Ceramic(7) Choi S. R., and Salem, J. A., “Crack-Growth Resistance of In
Materials by a Single-Edge-Precracked-Beam MethadAm. Ceram. Situ-Toughened Silicon Nitride,J. Am. Ceram. Soc., 4], 1994, pp.
Soc., 71[5], 1988, pp. 328-333. 1042-1046.

(3) Petrovic J. J., and Mendiratta, M. G., “Fracture from Controlled (8) Baratta F. I., and Dunlay, W. A., “Crack Stability in Simply Supported
Surface Flaws”, inFracture Mechanics Applied to Brittle Materials Four-Point and Three-point Loaded Beams of Brittle Materials,”
ASTM STP 678S. W. Freiman ed., 1979, pp. 83-102. Mechanics of Materials, 101,990, pp. 149-159.

(4) Petrovic, J. J., Jacobson, L. A, Talty, P. K., and Vasudevan, A. K.(9) Bar-On, I., Baratta, F. |., and Cho, K., “Crack Stability and its Effect
“Controlled Surface Flaws in Hot-Pressed!$j’, J. Am. Ceram. Soc., on Fracture Toughness of Hot Pressed Silicon Nitride Beam Speci-
48 [3-4], 1975, pp. 113-116. mens,”J. Am. Ceram. Soc., 79], 1996, pp. 2300-2308.

(5) Munz, D., Bubsey, R. T., and Shannon, Jr. J. L., “Fracture ToughnesglL0) Salem, J. A., Ghosn, L. J., and Jenkins, M. G., “Back-Face Strain as
Determination of AJO; Using Four-Point-Bend Specimens with a Method for Monitoring Stable Crack Extension,” Ceramic Science
Straight-Through and Chevron Notched” Am. Ceram. Soc., §3-6], and Engineering Proceedings, Vol. 19, No. 4, pp. 587-594, 1998.
1980, pp. 300-305. (11) Mizuno M., and Kon J., “VAMAS Round Robin on Fracture

(6) Calomino, A. M., Ghosn, L., “Optimum Configurations for the Toughness Measurement of Ceramic Matrix Composit¥dMAS

32



ﬁ% C 1421

Technical Report No. 33apan Fine Ceramic Center, Nagoya, Japan, Crack in Flexure (SCF) Method for Evaluating Fracture Toughness of
September 1997. Ceramics,” Ceramic Transactions, Vol @4ird Alfred Conference on

(12) Baratta F. I., and Fett, T., “The Effect of Load and Crack Misalign- Fractography of Glasses and CeramidsRR. Varner, V.D. Frechette,
ment on Stress Intensity Factors for Bend Type Fracture Toughness G.D. Quinn, eds., American Ceramic Society, Westerville, Ohio, pp.
Specimens,’J. Testing Evaluation28 [2] 2000, pp. 96—-102. 107-144, 1996.

(13) Quinn, G. D., Salem, J., Bar-On, I., Cho, K., Foley, M., and Ho Fang,(25) Newman J. C., and Raju, I. S., “An Empirical Stress Intensity Factor
“Fracture Toughness of Advanced Ceramics at Room Temperature”, Equation for the Surface CrackEZng. Fract. Mech15 [1-2] 1981,
J. Res. Natl. Stand. Technol.,91@92, pp. 579-590. pp. 185-192.

(14) Quinn, G. D., Kibler, J. J., and Gettings, R. J., “Fracture Toughnes$26) Quinn, G. D., Gettings, R. J., Kubler, J.J., “Fracture Toughness of
of Advanced Ceramics by the Surface Crack in Flexure (SCF) Ceramics by the Surface Crack in Flexure (SCF) Method,” in

Method: A VAMAS Round Robin,” VAMAS Technical Report No. Fracture Mechanics of Ceramicspl 11, R.C. Bradt, D.P.H. Hass-
17, National Institute of Standards and Technology, Gaithersburg, selman, D. Munz, M. Sakai, and V. Ya. Shevchenko, eds., Plenum
Maryland, June 1994. Press, New York, 1996, pp. 203-218.

(15) J.A. Salem, J.L. Shannon, Jr., and M.G. Jenkins, “Some Observation®7) M. G. Jenkins, T. Chang, and A Okura, “A Simple Machining Jig for
in Fracture Toughness and Fatigue Testing with Chevron-Notched  Chevron-Notched Specimens,” Experimental Techniques, 12 [8]
Specimens,” inChevron-Notch Test Experience: Metals and Non- 20-22, 1988.

Metals ASTM STP 1172, eds. K.R. Brown and F. |. Baratta, 1992. (28) M. Mizuno and H. Okuda “VAMAS Round Robin on Fracture

(16) Choi, S. R., Chulya, A., and Salem, J. A., “Analysis of Precracking Toughness of Silicon Nitride at High Temperature,” Technical Report
Parameters for Ceramic Single-Edge-Precracked-Beam Specimens”, No. 16, Japan Fine Ceramics Center, Nagoya, Japan, 1993.
Fracture Mechanics of Ceramicspl 10, R.C. Bradt, D.P.H. Hass- (29) B. J. De Smet, P. W. Bach and P.P.A.C. Pex, “Fracture Toughness
selman, D. Munz, M. Sakai, and V. Ya. Shevchenko, eds., Plenum  Testing of Ceramics,” in Proceedings of the 2nd European Ceram.

Press, New York, 1992, pp. 73-88. Soc. Conf., Augsburg, Germany, Sept. 11-14, 1991.

(17) Bar-On, |., Beals, J. T., Leatherman, G. L., and Murray, C. M., (30) B. J. De Smet and P. W. Bach, “Fracture Toughness Testing of
“Fracture Toughness of Ceramic Precracked Bend BalsAm. Ceramics,” Netherlands Energy Research Foundation, ECN-I-91-
Ceram. Soc.73 [8] 1990, pp. 2519-2522. 070, 1991.

(18) Grendahl, S., Bert, R., Cho, K., and Bar-On |., “Effects of Residual (31) J.A. Salem, L.J. Ghosn, M.G. Jenkins, and G.D. Quinn, “Stress
Stress and Loading Geometry on Single Edge Precracked Beam Intensity Coefficients for Chevron-Notched Flexure Specimens,”

(SEPB) Fracture Toughness Test Resulis”Am. Ceram. Soc83 Ceramic Engineering and Science Proceedjngs20, No. 3, pp.
[10] 2000, pp. 2625-2627. 503-521, 1999.

(19) Srawley, J. E., “Wide Range Stress Intensity Factor Expressions fo(32) J. Salem, L. Ghosn, and M. Jenkins, “Report on Stress Intensity
ASTM E 399 Standard Fracture Toughness Speciméns,J. Fract. Factor Coefficients for Chevron-Notched Flexure Specimens,” Archi-
Mech.,12, 1976, pp. 475-485. val Files for C28.01 Task Group on Fracture Toughness of Advanced

(20) Baratta F. 1., to Quinn, G. D., Personal Communication, National Ceramics, PS070, ASTM, W. Conshohocken, Pennsylvania, 20 April
Institute for Standards and Technology, September 1996. 1998.

(22) Srawley J. E., and Gross, B., “Side-Cracked Plates Subject t¢33) J. I. Bluhm, “Slice Synthesis of a Three-Dimensiorislork-of-
Combined Direct and Bending Force§tacks and Fracture, ASTM Fracture’ Specimen for Brittle Material,” Eng. Fract. Mech., 7,
STP 6011976, pp. 559-579. 593-604, 1975.

(22) Awaji, H., Kon, J., Okuda, H., “The VAMAS Fracture Toughness (34) J.A. Salem and S.R. Choi, “Ceramic Technology Bimonthly Progress
Round-Robin on Ceramics,” VAMAS Technical Report No. 9, Japan Report,” ORNL CF-94/205, Oak Ridge National Laboratory, Oak

Fine Ceramics Center, Nagoya, Japan, Dec. 1990. Ridge, Tennessee, 1994.

(23) Awaji, H., Yamada, T., and Okuda, H., “Results of the Round Robin (35) Swab, J.J. and Quinn, G.D., “Effect of “Halos” onOetermined by
Fracture Toughness Test on Ceramics - VAMAS Projedt, Jap. the Surface Crack in Flexure Method]” Am. Ceram. Soc81 [9]
Ceram. Soc.Int. Ed., 4, 1991, pp. 403-408. 1998, pp. 2261-2268.

(24) Quinn G. D., and Gettings, R. J., “Fractography and the Surface

ASTM International takes no position respecting the validity of any patent rights asserted in connection with any item mentioned
in this standard. Users of this standard are expressly advised that determination of the validity of any such patent rights, and the risk
of infringement of such rights, are entirely their own responsibility.

This standard is subject to revision at any time by the responsible technical committee and must be reviewed every five years and
if not revised, either reapproved or withdrawn. Your comments are invited either for revision of this standard or for additional standards
and should be addressed to ASTM International Headquarters. Your comments will receive careful consideration at a meeting of the
responsible technical committee, which you may attend. If you feel that your comments have not received a fair hearing you should
make your views known to the ASTM Committee on Standards, at the address shown below.

This standard is copyrighted by ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959,
United States. Individual reprints (single or multiple copies) of this standard may be obtained by contacting ASTM at the above
address or at 610-832-9585 (phone), 610-832-9555 (fax), or service@astm.org (e-mail); or through the ASTM website
(www.astm.org).

33



