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Foreword

ISO (the Inte

rnational Organization for Standardization) is a worldwide federation of national standards bodies

(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been
established has the right to be represented on that committee. International organizations, governmental and

non-governm

ental, in liaison with 1SQ_also take part in the work 1SO collaborates closely with the

International
International
The main ta
adopted by

International

Attention is g
rights. ISO s

ISO 18756 w

Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part'2.
5k of technical committees is to prepare International Standards. Draft International Stangards
the technical committees are circulated to the member bodies for voting.CPublication gs an

Standard requires approval by at least 75 % of the member bodies casting-a vote.

rawn to the possibility that some of the elements of this document may be the subject of gatent
pall not be held responsible for identifying any or all such patent rights.

as prepared by Technical Committee ISO/TC 206, Fine ceramics.
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Fin

e ceramics (advanced ceramics, advanced technical

ceramics) — Determination of fracture toughness of monolithic
ceramics at room temperature by the surface crack in flexure
(SCF) method
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NOTH

may be difficult to form precracks with a Knoop indenterfor materials with greater fracture toughness or t

which

Bcope

International Standard describes a test method that covers the determination of fracture
lithic ceramic materials at room temperature by the surface crack in flexure, (SCF) method.

nternational Standard is intended for use with monolithic ceramics and whisker- or particulg
nics that are regarded as macroscopically homogeneous. It does not include continuous-fib
nic composites.

est method is applicable to materials with either flat or:rising crack growth resistance
bd is similar to ISO 15732 except that precracks are smaller and are made by a different pr
bds should produce similar or identical results for matérials with a flat R-curve.

This test method is usually applicable to ceramic-materials with a fracture toughness less than ~

are soft (low hardness) such as some zirconias,.or for porous ceramics.

2

The following referenced documents are indispensable for the application of this documen

refer
docu

ISO
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ormative references

nces, only the edition cited applies. For undated references, the latest edition of th
ment (including any amendments) applies.

611:1978, Micrometer callipers for external measurement

500-1:—1), ‘Metallic materials — Verification of static uniaxial testing machines — Par
ression testing machines — Verification and calibration of the force-measuring system

470432000, Fine ceramics (advanced ceramics, advanced technical ceramics) — Test meth(
gth-of monolithic ceramics at room temperature

oughness of

te-reinforced
re reinforced

curves. This
bcedure. The

0 MPam'/2, |t
hose materials

t. For dated
b referenced

t 1: Tension/

d for flexural

3 Terms and definitions

For the purposes of this document, the following terms and definitions apply.

1)
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3.1

stress intensity factor

K|

magnitude of the elastic stress field singularity at the tip of a crack subjected to opening mode displacement

NOTE It is a function of applied force and test specimen size, geometry and crack length, and has dimensions of
force times length to the power of three over two.

3.2

fracture toughness

generic term

for measures of resistance of extension of a crack

3.3
fracture tou
Klsc

fracture toug

NOTE TH
small crack fo
and satisfies 4

3.4
precrack
crack introdu

3.5

ghness value

hness value measured by the SCF method

is is the measured stress intensity factor corresponding to the crack extension resistance of a semi-elliptical

'med underneath a Knoop indentation. The measurement is performed to the operational procedure
Il the validity requirements.

ced into the test specimen artificially prior to testing the specimen to fracture

crack front line

line to indica

3.6
critical stres
ch

critical value

3.7

critical crac
crack at frac
factor

3.8
critical crac
size of the crf

NOTE TH
assisted slow

e the position of the tip of the crack

s intensity factor

of K, at which fast fracture occurs

K

herein

fure at maximum load and )whose stress intensity factor just reaches the critical stress intg¢nsity

K size
tical crack atfracture

e critical crack will be larger than the precrack if stable crack extension occurs due to environme
Crack growth or rising R-curve behaviour.

htally-

3.9

four-point 1/4-point flexure
specific configuration of four-point flexural strength testing where the inner bearings are situated one quarter
of the support span away from the two outer bearings

3.10

four-point 1/3-point flexure
specific configuration of four-point flexural strength testing where the inner bearings are situated one third of
the support span away from the two outer bearings

3.1
flexural stre

ngth

maximum nominal stress at fracture of a specified elastic beam loaded in bending
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hery where it

ace crack

4 Symbols

a Crack depth

A Flexure fixture moment arm

B Specimen width, the cross section dimension perpendicular to the direction of loading in bending

¢ Crack half width

C Chamfer size

d Length of Knoop indentation long diagonal

h Depth of Knoop indentation

F Knoop indentation load

Fg Chamfer correction factor

H, (dfc, a/W) A polynomial in the stress intensity factor coefficient, fer\the point on the crack perig
intersects the specimen surface

H, (dfc, a/W) A polynomial in the stress intensity factor coefficient, for the deepest part of the surf

K, Stress intensity factor, Mode |

K¢ Critical stress intensity factor, Mode'

Kisc Fracture toughness value, surface crack in flexure method

L Flexure fixture suppert span

Lt Specimen length

M (alk, a/W) A polynaomial’in the stress intensity factor coefficient

P Loadhat fracture

0 (a/t) A'polynomial function of the surface crack ellipticity

S (a/d, a/W) Factor in the stress intensity factor coefficient

w Specimen depth, the cross section dimension parallel o the direction of loading in bending

Y Stress intensity factor coefficient

Yy Stress intensity factor coefficient at the deepest part of the surface crack

Ymax The maximum stress intensity factor coefficient along the boundary of the surface crack

Y. Stress intensity factor coefficient at the intersection of the surface crack with the specimen

surface

© 1SO 2003 — Al rights reserved
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5 Principle

This

International

Standard is for material development, material comparison,

quality assurance,

characterization, reliability, and design data generation. The method determines the fracture toughness value,
Kisc by fracturing a common flexure specimen which has a small surface precrack (see Figure 1). The
specimen is indented with a Knoop indenter in order to make a small, semi-elliptical surface crack. The
specimen is polished or ground carefully until the indentation and associated residual stress field are removed.
The specimen is fractured in four-point flexure. The fracture toughness, Kq, is calculated from the fracture
load and the measured critical crack size. Fractography is required to measure the precrack size and to
determine whether the crack has grown in size. Fracture toughness as a function of crack size may be
evaluated by varying the Knoop indentation load that is used to make the precrack. Background information

concerning
comparison §

If the cerami
precrack by
heterogeneo
sure of the
procedure. |
Inspect the f

his test method may be found in References [1] and [2]. An international interlabo
tudy (round robin) project on this method is described in References [3], [4] and [5].

C is too soft (low hardness) or has too great a fracture toughness, it may be difficult to cre
the SCF method. In addition, for some materials (particularly those with| Coarse grg
s microstructures), it may be difficult to detect the crack on the fracture surface.' If the user
ppplicability of this method, then a single trial specimen may be tested with an abbre
hdent the specimen and fracture it without removal of the indentatien-and residual stre
acture surface to confirm that the specimen fractured from the precrack’(and not from a ma

flaw) and thatt the precrack can be detected on the fracture surface.

Precracking
indentation a|
indentation [J

s by Knoop indentation only in this International Standard: ‘Residual stresses underneat
re removed in this test method. There is some limited experience with SCF precracking by V
,4,5,6,7]

90°

<2°

atory

ate a
in or
s not
iated
SSES.
terial

h the
ckers

2

Key
1
2

indentation and precrack

polished or lapped surface

Figure 1 — Indentation and precrack in a flexural specimen
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6 Apparatus

ISO 18756:2003(E)

6.1 Testing machine, capable of applying a uniform cross-head speed. The testing machine shall be in
accordance with ISO 7500-1:— Class 1 with an accuracy of 1 % of indicated load at fracture.

6.2 Flexural fixtures, four-point as shown in Figure 2. Flexural fixtures shall meet the requirements of

ISO 14704.

The fixtures shall either be semi-articulating or fully-articulating depending upon the condition of the specimens.
If the specimens meet the parallelism requirements of 7.1, then semi-articulating fixtures may be used. Semi-
articulating fixtures are usually completely satisfactory for machined specimens. If the specimens do not meet

the
caus

bearings shall be free to roll outwards.

Fourdpoint 1/4-point fixtures with 20 mm support span and 10 mm inner span are'also permitted.

shall meet the requirements of ISO 14704.

s), then fully-articulating fixtures shall be used. Fully-articulating fixtures also may be used W
specimens. Specimens shall be loaded and supported by bearings. The bearings shall be frég)to r
elimipate friction. For four-point flexure, the two inner bearings shall be free to roll inwardsyand

ing, or other
ith machined
pll in order to
he two outer

Such fixtures

Dimensions$ in millimetres
A= L/k A=L/lk
N
IQ C |
L
2
L[=40,0+0,100r L=20,0+0,10
a) Four-point 1/4-point flexure
A=1/3 A=1L/3
IQ QI
L
L=30,0+0,10
b) Four-point 1/3-point flexure
Key
1 loading bearings
2 support bearings
Figure 2 — Four-point flexure
© 1SO 2003 — Al rights reserved 5
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6.3 Micrometer, such as described in 1SO 3611 but with a resolution of 0,002 mm shall be used to
measure the specimen dimensions. The micrometer shall have flat anvil faces such as shown in ISO 3611.
The micrometer shall not have a ball tip or sharp tip since these might damage the specimen. Alternative
dimension measuring instruments may be used provided that they have a resolution of 0,002 mm or finer.

6.4 Hardness testing machine, conventional type, to create the Knoop indentation. The machine shall be
able to apply loads of 20 N to 50 N or greater. If a hardness machine with this load range is not available, then
a strength testing machine (6.1) may be used although some loss of accuracy or control of indentation and
crack size may result.

6.5 Microscopes, optical and/or scanning electron, shall be used to detect the precrack (or critical crack)
and measure—its—size—on pect acture—s after-the—test—Magnifications— x are
usually requifed. The microscope shall be capable of making photographic or digital records of the crackg.

6.6 Dye penetrants, to highlight the crack. Dye penetrants that do not promote slow crack growth nor pleed
(spread on the fracture surface after fracture) are preferred.

6.7 Tempe¢rature measuring device, a thermometer or other device to measure ambient tempefature
during the frgcture of the specimen.

6.8 Humidity measuring device, such as a hygrometer, sling psychrometer;<or other device to measure
ambient hunidity during the fracture of the specimen.

7 Test specimens

7.1 Specimen size, preparation and edge chamfering

7.1.1 Rectangular beam specimens with dimensions_as’ shown in Figure 3 shall be used. The dross-
sectional tolgrances are + 0,2 mm. The parallelism tolerance on opposite longitudinal faces is 0,015 mm.

7.1.2 Spegimens shall be prepared in accordance with 1ISO 14704 with the exceptions noted below| The
indentation may be placed in either a 3 mm or 4' mm wide face. A diamond-grit wheel 320 or finer shall be
used to remqgve the last 0,04 mm on the surface that is used for the indentation. This surface shall be poljshed,
lapped or fing ground to provide a flat, smooth surface for the surface crack.

NOTE The surface does not require.a polished, high-quality finish such as required for a hardness measurement. The
surface need [only be flat so that the ‘Knoop indentation is not affected by machining striations or marks, or spegimen
unevenness.

7.1.3 Chainfers or edgerounds are optional. If premature fracture occurs from edge damage, theh the

edges shall e chamfered-or rounded as specified in ISO 14704. The chamfer size should be 0,15 mm of less.
See Figure 3

7.2 Number of specimens

The number of specimens shall be not less than five. It is recommended that at least ten specimens be
prepared. This will provide specimens for practice tests to determine the best indentation loads and provide
specimens to make up for unsuccessful or invalid tests. More specimens are needed if environment, testing
rate, or precrack sizes are to be varied.

6 © ISO 2003 — Al rights reserved
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Dimensions in millimetres

0,12 +0,03

J

o
G

o

| [A]0,015

//|B[0,015] | @ s

; o

h

25 for 20 mm test fixtures or
35 for 30 mm test fixtures or
15 for 40 mm test fixtures

S
- = -
AR\ AR\

©
m

dge chamfers or rounding.

Figure 3 — Test specimen dimensions

8 Procedure

8.1 |Introduction of the precrack by Knoop indentation

8.1.1 Use a Knoop indenter-to indent the middle of the polished, lapped or fine ground suirface of the
specimen. The indentation ‘shall be perpendicular to the specimen long axis to within 2°as showh in Figure 1.
One gnd of the specimen.shall be tilted approximately 0,25° to 0,5° as shown in Figure 4. A full lopd dwell time
of 15|s or more during\the indentation cycle shall be used. The indentation may be placed in either a 3 mm or
4 mn) wide face as-shown in Figure 5. It is recommended that the indentation be placed near|to the exact
centre of the surface, both along the width dimension B and along the specimen length, in order to make it
easy [to confirmithat fracture occurs from the precrack.

NOTH 1~ “The 0,25° to 0,5° tilt makes the precrack easier to detect on the fracture surface. The specirTen tilt causes
precracktilts from 0° to 5°.

NOTE 2 In some instances such as with zirconia, indentation times longer than 15 s may be helpful.

NOTE 3 A trial specimen may be tested to help determine the best indentation load. Indent then fracture the specimen
in the flexure fixtures without removal of the indentation and residual stress damage zone. Examine the fracture surface to
confirm that the specimen has fractured from the precrack, that the precrack is discernible, and within the prescribed size
limits.

NOTE 4 The Knoop indentation procedure to create a surface crack will not be successful on very soft or porous
ceramics since a precrack will not form under the indentation. The process may not work on very tough ceramics which
are resistant to the formation of cracks, or where the cracks are very small and likely to be removed during the subsequent
polishing step to remove the residual stress and damage zone.

© 1SO 2003 — Al rights reserved 7
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Q.C)So 1
T
" 9
& & " 3
o‘g. |\\
A 2 —I < ]2
1 8
a) Specimen side view b) Specimen end view
Key
1 Knoop indenter
2 precrack
3 indent with precrack
4 platform tijts specimen

Figure 4 — Indentation of the precrack by Knoop indentation

2c 2¢

NOTE 1 The indentation.may be placed on either the wide 4 mm face or the narrow 3 mm face.

NOTE 2  THe crackssiz& has been exaggerated for illustrative purposes and is usually much smaller.

Figure- 5—Specimen-cross-section

8.1.2 The optimum indentation load used may have to be determined for each different class of material by
the use of a few trial specimens. The load shall be sufficient to create a crack that is larger than the naturally-
occurring flaws in the material, but not too large relative to the specimen cross section size (2¢ < 0,58 and
a< 0,5%) nor so large that the indentation is badly spalled or shattered. Indentation loads of approximately
20 N are suitable for very brittle ceramics, 25 N to 50 N for medium tough ceramics, and 49 to 98 N for very
tough ceramics or ceramics with some porosity. Indentation loads of 98 N to 147 N may be necessary for
materials with medium- to coarse-grain sizes. In such materials, it is necessary to make large precracks that
will stand out against the normal microstructural roughness on the fracture surface.

8.1.3 Measure the length of the long diagonal, d, of the Knoop impression to within 0,005 mm (5 ym).

8 © ISO 2003 — Al rights reserved
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NOTE A conventional microhardness machine (6.4) may be used for this measurement. The measurement does not
require the precision needed for hardness measurements. If the Knoop hardness is reported, greater care is
recommended in making the diagonal size measurement and in the preparation of the initial specimen surface.

8.1.4 Compute the depth, #, of the Knoop impression as follows:
h=dl30 (1)

8.1.5 Measure the specimen depth, W, in the middle of the specimen at the indent location to within
0,002 mm. A hand micrometer (6.3) with vernier graduations marked in 0,002 mm increments is suitable.

8.1.6—Mark the side of the specimen with a pencil or other marker with an arrow to indicate which surface

has the precrack.

8.1.7] Remove the indentation and the residual stress damage zone.

8.1.71 Remove from the indented surface an amount of material that is apprOximately eqdal to 4,54 to
5,0/ las shown in Figure 6. The material removal process shall not induce residual stresses jor excessive
machining damage in the specimen surface. Be careful to remove material from the correct fage. Mark with
pencl|l or permanent marker the faces that will not be ground or polished. Material may be removed by any
one ¢f the three procedures described in 8.1.7.2, 8.1.7.3 and 8.1.7 4.

NOTH The removal of 4,5/ to 5,04 eliminates the residual stress damagé\zone under the impression, gnd usually will
leave|a precrack shape that has the greatest stress intensity factor at{the“deepest part of the precrack periphery. The
locatipn of the maximum stress intensity can be controlled by the amaunt of material removed. The initial precrack under
the Kphoop indent is roughly semicircular and the maximum Y, stressnintensity factor coefficient, Yoy is at the surface. As
materjal is removed, the precrack becomes more semi-elliptical in’shape (or like a section of a circle) and Y},ax will shift to
the deepest part of the precrack. If too much material is removed, the remaining precrack will be too small ahd fracture will
not ogcur from the precrack. In such cases it is preferablete remove smaller amounts, provided that no less than 37 is
remoyed. If this step is not adequate to ensure fracture from the precrack, then a greater indentation load may be needed.

h=4d/30

Key
1 material\to be removed after indentation

NOT Tha nracrack-axdande-balaow-thall
HepPre et X

a hardnacco indantatian \awhinh K
CraticCXttCrtoPOCTOW it o et Wttt

ToOOP

Figure 6 — The indentation and the residual stress damage zone

8.1.7.2 Material may be removed by hand grinding, hand lapping or hand polishing with abrasive papers
under wet or dry conditions. Hand polishing the specimen with 180 to 220 grit silicon carbide paper can
remove the required amount in 5 min to 10 min per specimen for many ceramics. Check the specimen height
frequently during this process. Remove the last 0,005 mm with a finer grit (220 to 280 grit) paper with less
pressure, so as to minimize polishing damage. Monitor the specimen depth, W, frequently during the material
removal step, with special emphasis on monitoring the evenness of the material removal.

© 1SO 2003 — Al rights reserved 9
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Hand grinding, hand lapping or hand polishing may not be effective with very hard ceramics. For very hard
ceramics, material may be removed by machine polishing or lapping (8.1.7.3), or by machine surface grinding

(8.1.7.4).

Regularly change the orientation of the surface being hand polished or ground during material removal in
order to minimize unevenness. Unevenness may cause misalignments during subsequent flexure testing or

cause errors

NOTE 1

in the cross section size measurements.

effective in removing material by hand grinding.

NOTE 2
surface. A slig

NOTE 3 Fi
CAUTION

done dry. M
the ceramic

8.1.7.3

about 0,3 un
specimen m
of the disc a

8.1.7.4

very hard m
specimen. A
grinding is us
carried out u

8.1.7.5

for evidence
optical micro|
tensile surfa
(64 to 10h) tq

NOTE De|
if larger indent

t rounding of the specimen edges is usually mconsequentlal

er grit (320 to 500 grit) papers are recommended for glasses for both rough removal and fine finishing

Fine ceramic powders or fragments may be created if the lapping or‘hand sandi

Dry hand grinding may be faster than wet grinding. Diamond impregnated polishing discs (30 um) are also

Steps

g is

asks should be used or the removal done wet if there is an inhalation hazard, especially if

contains silica or fine whiskers.

Material may be removed by machine polishing or lapping with diamend slurry or paste conts
N particles. This requires about 10 min to 15 min per specimefJ)for many ceramics. A
y be polished to obtain an appropriate removal rate by adjustingtapplied masses, rotating
d polishing times in order to obtain the correct amount of material removal.

Material may be removed by surface grinding with diamend wheels on a grinding machir
bterials. Take care to ensure that the correct amount/of material has been removed from
void aggressive grinding conditions that may intreduce residual stresses. If machine su
ed, fine wheel grits (320 to 600 grit) and small removal rates are recommended. Grinding m
nder wet conditions.

After the prescribed amount of material has been removed, examine the ground-indented su
of remnant lateral cracks. Figure 7.provides guidance. A low power reflected light metallu
scope (6.5) with magnifications from) 100x to 500x may be used to examine the ground-ind
e. If there is evidence of remnants of lateral cracks, then additional material should be ren
ensure that the lateral crackssremnants are removed.

eper than normal lateral eracks may occur in materials with very low fracture toughness (< 3,0 MPa m

ation loads (> 98 N) are.used.
N
EH
@ ~

i
==Zl75=

ining
trial
peed

e for
each
rface
by be

rface
rgical
bnted
oved

1/2) or

a) b) c) d) e)

a) shows the ground surface after material removal. The Knoop indentation (dashed lines) has been removed and the
median crack is very tight and not visible. There are no traces of lateral cracks.

b) to e) show examples of remnants of lateral cracks which should be removed in accordance with 8.1.7.4 and 8.1.7.5.

Figure 7 — A ground surface and remnants of lateral cracks existing after removal of the damage zone

10

in some brittle materials
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8.1.7.6 Annealing or heat treating to remove the residual stresses under the indentation is not permitted
by this International Standard due to the risk of crack tip blunting or crack healing.

8.1.8 Dry the specimen prior to testing if the material removal is done wet.

NOTE There is no consensus on the best conditions for drying specimens. Heating in an air or vacuum oven at
100 °C to 150 °C for times up to 1 h and then storage in a desiccator prior to testing may be sufficient.

8.1.9 If necessary, a dye penetrant (6.6) may be applied to aid crack detection. If a dye penetrant is used,
the specimen should be dried thoroughly prior to fracture.

8.1.1 Measure and record the cpor\imnn riimnneihr‘ne7 B and ]17 in_the \lir\inify of the precr ck to within
0,002 mm.

8.2 | Specimen fracture

8.2.1] Ensure that the specimen is dry.

8.2.2| Test the precracked specimens to fracture in four-point flexure in laboratory ambient conditions. If the
matefial is susceptible to slow crack growth, it is recommended that the testing conditions of 8.4 he applied.
NOTH Many oxides, glasses and ceramics having glassy boundary phases may be susceptible to slow crack growth.
Measprred fracture toughness may be sensitive to displacement rate and{mpoisture in the atmosphere. See Annex A for
additipnal background information.

8.2.3| Insert the specimen into the flexure fixture as shown’in“Figure 8, with the surface crack on the tension
face,| approximately in the middle (within 1 mm) of the~tWwo inner loading rollers. The specifnen may be

prelo

apprq
preve

bded to no more than 25 % of the expected fracture load. Place cotton, crumpled tis
priate material under the specimen to prevent the pieces from impacting the fixture upon fr
nt the fracture surface from being damaged.by impact after the specimen breaks. Place a

around the fixture to ensure operator safety. and to preserve the primary fracture pieces for

fracty

re analysis. If the specimen precracked face is not parallel to the opposite face to within 0,(

fully-articulating fixtures shall be used.

8.2.4
span
supp

8.2.5
accu
the ti

8.2.6

8.2.7
ambi

Use a standard displacement rate of 0,5 mm/min for specimens tested with 30 mm or 4(
fixtures. Use a displacement:rate of 0,10 mm/min to 0,13 mm/min for specimens tested
brt span fixtures.

Apply a compressive’load to the fixture until the specimen fractures. Measure the fractu
acy of £ 1 %. The-{ime to fracture should not exceed 20 s in order to minimize environmer
me to fracture is greater than 20 s, use a faster displacement rate than those given in 8.2.4.

Measure the ambient temperature during the test series.

Measure the ambient relative humidity during the test series if tests are performed
pt-conditions.

sue or other
hcture and to
simple shield

subsequent
15 mm, then

mm support
with 20 mm

re load to an
tal effects. If

n laboratory
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A

x

The flexure specimen may be tested with either the wide or narrow face on the loading bearings.
The precrack $hall be on the tension surface which is the bottom surface in this figure.

Figure 8 — The flexural specimens on the loading bearings

8.3 Crackl size measurement

8.3.1  Exarpine the fracture surface of thexspecimens and measure the critical crack dimensions a and Pc as
shown in Figure 4 or 5. Fractographic techniques and fractographic skill are needed for this step. 8.3.2 to
8.3.10 give more detail on the procedures that may be used. Annex B provides guidance on crack detgction
and charactgrization. If stable crack-extension is not detected, the critical crack size should be the same as
the precrack| size. Measure the crack depth, a, to within 0,005 mm (5 um) or less if possible and the prack
width, 2¢, to ithin 0,010 mm (10\um) or less if possible.

NOTE The achievable precision of the crack size measurement depends upon the material and its microstructufe, the
clarity of the ¢rack and the(mode of viewing. For some materials, it is possible to measure the crack size with greater
precision than|suggestédiin 8.3.1, but in other materials the achievable precision may be less than suggested in 8.8.1. In
many instancgs, theteomputed fracture toughness is not very sensitive to the precision of the crack size measuremgent as
discussed in References [3] and [5]. Depending upon the crack sizes and specimen geometries, satisfactory estimdtes of
fracture toughpess may be obtained even with crack size measurements that are less precise than suggested in 8.3.fl.

8.3.2 The optimum procedure will vary from material to material. Either an optical microscope or a scanning
electron microscope, or both may be used. Low magnifications (50x to 100x) may be used to locate the crack,
and higher magnifications (100x to 500x) to directly measure or photograph the crack for measurement.

8.3.3 If an optical microscope is used, then variation of the lighting source direction can be used to highlight
the crack. Stereo binocular optical microscopes are preferred to metallographic microscopes. Crack sizes may
be measured from photos taken of the fracture surface, by direct measurement while viewing the specimen if
the microscope has a precision transversing stage for the specimen, or by an eyepiece filar measurement
device. If photos are taken, the fracture surface plane should be normal to the camera axis and a stage
micrometer should be used to confirm the magnifications.
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8.3.4 If a scanning electron microscope (SEM) is used, then an SEM magnification calibration standard
shall be used to confirm the magnification.

NOTE Additional details on techniques to find and characterize the cracks for both optical and SEM microscopy are
given in Annex B.

8.3.5 The crack shape may be approximated by a semi-ellipse. This approximation is most accurate for
instances where the greatest stress intensity factor coefficient is at the deepest part of the crack (Y, = Yy
see 9.1). If the maximum stress intensity factor coefficient is at the surface (Y5 = ¥5), then re-examine the
crack shape to confirm that the crack is semi-elliptical. If it is not, then reject the datum.

8 3 [~ 1f +1 araale farmn 1o cavaraly Aot rto A ot dhird Aiosomaoians (0 ie-—nmat-flak) vt re f tI 1
«J.0 T e oTraC i TOTT T 1S ST VeTCTY UTSToOTtC U trie— iU U e T T STOTT (TS 1S TToUT Tiat),~ O e~ Crav ront line Is

incomplete over more than 33 % of its periphery, reject the datum. See Figures B.7 c), B.7 e),and|B.7 f).

8.3.7| If hand grinding or machining damage [see Figure B.7 a)] interfere with the determination of the crack
shapg and Y, > Yy, then reject the datum.

8.3.8| If the precrack shows evidence of excessive extension (corner pop-in) at the intersection of the
surfape [see Figure B.7 b)], then reject the datum.

8.3.9| If the precrack shows evidence of stable crack extension priorto fracture, then meagure both the
initiall precrack size and the critical crack size. [See Figures B.4 and B(Z d)].

8.3.1D If the crack width is such that 2¢ > 0,5B or the depth is_such that a« > 0,5/, then reject the datum. A
smaller indentation load may be used.

8.4 | Environmental effects

8.4.1| If susceptibility to environmental degradation, such as slow crack growth, is a concemn, then tests
should be performed in accordance with either 8:4.2, 8.4.3 or 8.4 .4.

8.4.2| Perform tests at two different displacement rates. The two test rates should differ by af least two or
three| orders of magnitude. One rate should be very slow, so that the crack has a chance to| react to the
envirpnment. Susceptibility may be, evaluated by comparing the mean fracture toughness valugs at the two
rates| Environmental susceptibility\may also be determined by examining the fracture surfaces for evidence of
cracK extension such as halos-at.the slower testing rate [Figures B.4 and B.7 d)]. If the material Is susceptible
to erfvironmental effects, then“-determination of the critical crack size is required. Annex A prpvides some
exaniples of the use of the critical crack sizes and also variations of displacement rate. If the prgcrack size or
incorfect critical crack size“is used for the calculation, the fracture toughness values may strongly depend on
the d|splacement rate:

8.4.3| Perform \tests in an inert environment such as dry nitrogen gas. Select an atmosphere which is
considered not\to adversely affect the crack growth of the specimen during the flexure test. Rgcommended
atmopgpherestinclude dry air, nitrogen or argon with a purity of 99,9 % or better at atmospheric pressure, or a
vacupim’of less than 0,13 Pa. Alternatively, specimens may be coated with a paraffin wax. Use a flisplacement
rate ¢f 05 mm/min.

NOTE 1  For inert atmosphere testing, a simple chamber around the test fixtures or even a sealed plastic bag may be
adequate, provided that the laboratory ambient air can be flushed for several minutes between tests.

NOTE 2  If paraffin wax is used, then avoid contamination of the fracture surface and the precrack after fracture.

8.4.4 Perform one set of experiments in normal laboratory ambient conditions (8.2.2, 8.2.3, and 8.2.4) and
one set of experiments in an inert atmosphere (8.4.3). Environmental susceptibility may be determined by
comparing the mean fracture toughness for the two data sets. Environmental susceptibility may also be
determined by comparing the fracture surfaces and determining whether the laboratory ambient tested
specimens show evidence of crack extension. If environmental sensitivity is detected, use the results from the
inert experiments to compute the fracture toughness. The normal laboratory ambient results may also be used
if the critical crack size is detected.
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8.4.5 Fracture toughness, K., should be the fracture toughness for which environmental effects are
eliminated or minimized. If slow crack growth susceptibility is detected, then report the fracture toughness
determined in inert atmosphere, or the fracture toughness at the fastest loading rates and whenever possible,
the fracture toughness based upon the critical crack size.

8.5 Optional: Estimate of R-curve behaviour

An estimate of the effect of crack size upon fracture toughness (for an assessment of possible R-curve

effects) may

8.6 Optio

Reference m

9 Calcul

9.1 Calcul
Yy, and for th

NOTE Th
2¢/B<0,5.Th
For most prac

For the deep

Y4 = (1
where

0=1+1

M =[11

+
—_——

_.0,54+0,89><[0,2+(a/c)]_1}(a/W)2

be obtained by any one of several methods described in Annex C.

nal: Reference materials

aterials may be used to verify the procedures in this test method.

ation

hte the stress intensity shape factor coefficients for both the deepest paint of the crack perig
e surface, Y. Use the critical crack size dimensions.

b stress intensity factors are from Reference [8] and are only striétly valid for a/c <1, a/W< 1,
by may be used for a/c ratios slightly greater than 1 with a slight loss.6f accuracy according to Referen
ical cases, the precracks are much smaller than the cross section ditmensions B or .

est point of the crack front line:

LMH )/ /O

464(a /)"0

3-0,09(a/c)]

5-[0,65 +(a/c)] ! +14><(1—a/c)24}(a/W)4

[122+0,12¢d" c) |(al W)
0,55 =4.05(a/c)%75 +(a/c)1’5J(a/W)2

For the point

hery,

D and
Ce [9].

at-the surface of the crack front line:

Ys = (NrMSH )/ O

where

Hy=1-

[0,34+0,11(a/c)](alW)

S:[1,1+0,35(a/W)2J (alc)

EXAMPLE For W =3 mm (3 x 1073 m), a =50 x 108m, and 2¢ = 120 x 108 m, a/c = 0,833, a/W = 0,017,
Yy=1,267 and Y, = 1,292.

14
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9.2 Use the greater value of Y, or Y for Y,

max and then compute the fracture toughness, K.

Kiso = Ymax [BPA/BWZ}/; (4)

K5, s the fracture toughness in megapascals by square root of a metre or meganewtons per metre to
the power of 3/2;

is the maximum stress intensity factor coefficient;

max
A is the four-point fixture moment arm in millimetres, 4 = (S, - S,)/2;
P is the break load in newtons;
B is the specimen width in millimetres;

| (4 is the specimen depth in millimetres;

g is the crack depth in metres;
d is the crack half width in metres;
$o is the outer (support) span in millimetres;
3 is the inner (loading) span in millimetres.
NOTEH The term in parentheses is the flexure strength of the precracked beam in megapascals. It is pften useful to

comppre this value with the flexural strength of specimens without a precrack, in which fracture occurs frpm the natural
fractufe sources in the material.

9.3 | If the specimens are chamfered,~and if the chamfer sizes are larger than 0,15 mm, then fracture
toughness values shall be corrected in accordance with Annex D.

9.4 | If there is evidence of stable crack extension (8.3.7), then compute the fracture toughness, using
Equation (4) and the critical cracksize.

10 Test report

The test report shall include the following information:

a) gpecimen identification;

b) ri’ of product tested (e.g. sintered, hot-pressed) if data are available;

c) crack plane orientation if available;

d) environment of test, relative humidity, temperature;

e) specimen dimensions B and W;

f) crack dimensions, a and 2¢; a statement whether the maximum Y value was at the surface or at the
deepest point of the crack periphery; a general description of the crack. If there is any evidence of stable

crack extension, this evidence shall be reported as well as the initial precrack size and the critical crack
size;
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)]

16

fractographic equipment (optical or SEM) used and the approximate magnifications used to observe and
measure the crack;

method used to remove the indentation and residual stresses;

displacement rate;

number of valid test results;

individual fracture toughness values, K| ;

mean frgcture toughness and the standard deviation;

whether
upon the

whether

the fracture toughness has been corrected for oversized chamfers;

evidenc¢ of R-curve behaviour if detected;

if tests h
each teg

ting condition.

there is evidence of stable crack extension. If yes, then a report of the fracture toughness hased
critical crack size as well as the apparent toughness based upon the precrack size;

ave been performed at different loading rates, or different atmospheres, a report of the results for
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Annex A
(informative)

Environmental effects

Some ceramics may be susceptible to slow crack growth phenomena caused by thermal or environmental
factors. The measured values of fracture toughness may be a function of test rate and environment. Cracks
may grow when under load and in an aggressive environment. The time-dependent phenomenon is known as
“slow crack growth” (SCG). SCG can be significant even for short times during testing and| can lead to
measgured fracture toughness values less than the inherent resistance in the absence of enyironmental effects.

Oxidé ceramics, glasses and ceramics containing boundary phase glass are susceptible-to SCG gven at room
tempgrature. Water, either in the form of liquid or as humidity in the air, can have a‘significant effect, even at
the rates specified in this International Standard.

Timefdependent effects may be minimized through the use of an inert testing~atmosphere, or the use of very
fast Ipading rates. Testing specimens at two different loading rates may help.determine whether the material is
susceptible.

Even|if testing is done in laboratory ambient conditions and the material is susceptible to slow ¢rack growth,
fractggraphic analysis may reveal the extent of the stable crack.extension on the fracture surfacg. The stable
exterjsion sometimes may appear as a “halo” around the initiaDprecrack as illustrated in Figures|B.4, B.5 and
B.7 d). The critical crack size at fracture, which is larger;than the initial precrack size, shouldl be used to
calculate the environmentally-independent fracture toughness as discussed in References [18] and [19]. Halos
are most commonly detected in fine-grained materials. It is difficult to detect them in medium- or coarse-
grained ceramics.
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Annex B
(normative)

Precrack characterization

B.1 Techniques for crack characterization

B.1.1 Cra

order 0,050 mm to 0,200 mm (50 yum to 200 um) in size, fractographic methods are needed tofing
characterize them. The detectability of cracks depends upon the material, the skill of a fractographer, the
of equipmerft used and the familiarity of the examiner with the material. It may be necessary tq
ten specimens in order to obtain five specimens in which the cracks are distinct. The best niode of viewir
vary from material to material. Sometimes optical microscopy is adequate, whereas, in other cases, sca

electron mid
100 x to 500

instances. Additional detail on detecting and measuring cracks is given in Referefnce'[10].

B.1.2 Man
optical or sc
toughness m
measuremer
influence on

crack size (References [3] and [5]).

B.1.3 Man
The surface
the crack siz
materials. L4
fracture surfd

B.1.4 The precrack or critical crack may_be detectable if:

a) itis on 4 slightly different plane-(angle) than the final fracture surface;

b) it fractures in a different mode (transgranular) than the final fracture (intergranular);
c) itleaves|an arrest liné;

d) it has bgen dye<penetrated or thermally tinted;

e) it has cdarse or fine hackle lines which change direction at the boundary.

detectability varies considerably between ceramic materials. Since precracks are small;

roscopy is needed. The magnifications necessary for crack characCterization are u
x. The superior depth of field of the scanning electron microscope is)advantageous in

ceramic materials have clear fractographic markings and the“cracks are detectable with
hnning electron microscopy. Examples are shown in Figures’/B’1 to B.4. In such cases, fra
easurements on the same specimens using both optical and scanning electron microscopy
ts are in good agreement. The slight differences in*size measurements have only a
fracture toughness, due in a large part to the square'@oot dependence of fracture toughne

coarse-grained or incompletely-densified ceramics are not conducive to fractographic ang

bf the
and
type
test
g will
hning
sually
many

pither
cture
crack
small
5S ONn

lysis.

crack in flexure method may not be suitahle for these materials since no meaningful estimate of

e can be made. Larger indentation loads (= 98 N) may be helpful with medium- to coarse-gr
rger precracks may stand out more:clearly against the normal microstructural roughness g
ces in such materials.

hined
n the

Conditions a) and b) will cause the crack to have a slightly different reflectivity or contrast than the rest of the
fracture surface.

B.1.5 Dye penetration procedures may be helpful and are permitted by this International Standard, but a
single simple procedure that works for all materials is not currently available. Dyes may be applied after
indentation and prior to specimen fracture. Considerable caution should be exercised in the use of dye
penetrants, since it is difficult to completely penetrate the small, tight cracks in ceramics. The optimum
penetrant and impregnation procedure will vary between materials. Experience has shown that penetration
procedures work best in “white” or light-coloured ceramics such as alumina and zirconia. Fluorescent
penetrants may be needed for dark, opaque ceramics. Dye shall be dry prior to specimen fracture.
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NOTH No material has been removed by polishing after indenting, and portions of the Knoop indentafion are visible
(smal| arrows).

Figure B.1 — Knoop indentation precrack (large arrows) in‘a hot-pressed silicon nitrjde as
photographed by a scanning electroh microscope

NOTE The slight “halo” at the top of the precrack isa “lip” due to crack realignment during specimen fracture.

Figure B.2 — Knoop indent crack in a hot-pressed silicon nitride as photographed by a scanning
electron microscope
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NOTE THe fracture halves are mounted, back-to-back. The crack is the same as'Q IQ_]ure B.2.

O

Figtire B.3 — Optical photomicrograph of a Knoop crac{@hot-pressed silicon nitride

NOTE This specimen was tested in laboratory ambient conditions at room temperature. The white ring around the
precrack is a “halo” of intergranularly-fractured material due to environmentally-assisted slow crack growth. Specimens of
this same material tested in dry nitrogen do not have such “halos”. The critical crack size includes the “halo”.

Figure B.4 — Knoop indent crack in a 99,9 % fine-grained sintered alumina as photographed on the
scanning electron microscope
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B.1.6 Heat treatments may sometimes be useful in highlighting or “tinting” precracks, espec

ially in some

silicon carbides, but this approach is not permitted in this International Standard due to the risk of crack tip

blunting or crack healing.

B.1.7 Both fracture surfaces shall be examined. The crack may be clearer on one than on the o

ther.

B.1.8 Sometimes it is helpful to aim a light source at a low angle to create shadows during optical
microscopy. A precrack may have a “halo” or “lip” seen with either optical or electron microscopy if the
precrack is tilted. This is due to the different reflectivity of the ridge formed during the crack realignment to the

plane of maximum stress during fracture as illustrated in Figure B.5. Sometimes such mark
confused with stable crack extension, in which case interpretation can be difficult.

ings may be

B.1. Fine hackle lines may change direction at a crack front line as shown in Figure B.6.,.Rag
lines loften give the prcracks a fan-like appearance.

B.1.10 A combination of low- and high-power microscopy is usually very effective. This'is true fo
and electron microscopy. Lower power (50x to 100x) photos often show the craeks quite clea
magnifications, contrast is lost in the optical or electron microscope or the depth-of field is re
optical microscope. A low power photo may be used to find and detect the crack and the higher

iating hackle

r both optical
fly. At higher
duced in the
power photo

(100% to 500x) for measurements of the crack size.
B.1.11 Cracks often have subtle markings which cannot be discetned on scanning electron microscope
(SEM) television monitors. Photography or a good digitally stored_and printed image are esseptial with the

SEM

and dlarity may be lost.

B.1.1
micrd

2 A strong specimen tilt (10° to 20°) during viewing may be effective with both optig
scopy. A photo can be taken which may show the“crack quite clearly when tilted. Do not
cracK size on such a photo since the crack dimensions will be foreshortened. A separate
perpgndicular to the fracture surface should be made and the two photos compared to help d
measgure the crack.

B.1.13 Stereo photography with the SEM is extremely effective in showing crack topograp
enabling a crack to be detected quite clearly, when it is almost undetectable by other means. Ta
perpgndicular to the crack, and a second photo at 10° to 20° off axis at the same magnificat
viewgr can be very helpful. Use the pair of photos to discern the crack, but take size measureme
the ppoto that is perpendiculartothe fracture surface.

B.1.14 The back scattering mode in the SEM is helpful in some instances.

B.1.15 Thick gold-palladium coatings should not be used prior to scanning electron microscop
coatipgs can obscuf€ fine detail. A 20 nm coating thickness is effective for most ceramics.

B.1.16 The<gold-palladium coating may be applied at a strong angle (grazing incidence) to|
surfage. This'promotes contrast which will enhance fine detail.

translucent “white” ceramics. The coating can mask internal reflections and light scatter.

B.1.18 A simple method of highlighting cracks in translucent or light-coloured ceramics after t

and will reveal cracks much better. Thermal prints should bé«sed with caution, since considerable detail

al and SEM
measure the
photo taken
elineate and

hy and thus
ke one photo
on. A stereo
nts only from

y since such

the fracture

ansparent or

he specimen

has been fractured is to “paint” the fracture surface with green ink from a common, office felt tip pen. Water or
alcohol based office pens may be used. This technique is very effective when used with a stereo optical

microscope. The fracture surface may be observed through the microscope while the green pen

is applied to

the fracture surface. The dye can easily be cleaned off with alcohol and the green ink painting process

repeated.
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3——_ ) -
L\
2 L
a) Front view of precrack b) Side view of precrack

Key
1 specimen
2 fracture siirface
3  “halo”
4  precrack
NOTE THe slight tilt of the precrack can create shadows or contrast differences'when viewed in the optical or SEM. A

uniform “halo’|is indicative of environmentally-assisted slow crack growth. (See€igure B.4.) A “lip” at the precrack|top is
usually indicatjve of crack realignment during fracture. (See Figure B.2.)

@ [lluminatidn direction.
b Direction ¢f applied stress, o, during fracture.
¢ Tilt.

Figure B.5 — View of precrack*and “halo” in the optical or SEM

Figure B.6 — Fine hackle lines which may change direction at the crack front line
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B.2 Crack characterization complications

Crack interpretation may be complicated by certain features on the fracture surface. Figures B.7 a) to f)
provide guidance in such instances.

[ e

This g¢an occur if the polishing or machining to remove the indent is too aggressive. Specimens'with this damage can be
repolished to remove the surface damage. If it is necessary to interpret such a crack, then-approximate the semi-ellipse
shapg as if the surface damage were not present. If the maximum Y factor is at the surface, reject the datum|(8.3.7).

a) Polishing or machining damage

During the fracture test, the crack reaches critical fracture condition at point A first. A small crack exter|lds to B. Final
fracture starts at point C. The original semi-ellipse should be used to compute fracture toughness. If the extension at
pointq A-B is excessive, reject the datum. Polish or hand grind other specimens more in order to force the Y}, to be at the
deepgst point, Y, (8.3.8).

b) Corner pop-in

This can occur in instances where the crack and the final fracture crack are on the same plane. (The 1/2° tilt may not have
been adequate.) Alternatively, a limited depth of field in the optical microscope may hamper focusing the entire crack.
Estimate or approximate the semi-ellipse shape as well as possible, but if more than 33 % of the crack is not visible, reject
the datum (8.3.6).

c) Poorly defined crack at the surface

Figure B.7 — Crack interpretations
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The crack may extend stably prior to fast fracture, either due to rising R-curve behaviour, or environmentally-assisted
crack growth. This can either be an interference or a useful tool to study the stable crack growth phenomena. Definitive
interpretation of such stable crack extension markings on a fracture surface may be extremely difficult. If stable crack
extension is detected follow the guidelines in 8 30

See Figure B.4 for an example of a crack with environmentally-assisted crack growth.

d) Stable crack extension

The final crack is on a different plane and only intersects 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 (8.3.6).

e) Precrack-truncation

The precrack s actually made of three segments. The precrack is not flat and has a 3-dimensional aspect. It is “rippled” or
“corrugated” gs shown.in“the figure. The interference may be from lateral or Hertzian cracks associated with the original
indent, or 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 (8.3.6).

f) Precrack segmentation

Figure B.7 — Crack interpretations (continued)
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