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- For the great majority of materials to which the Vickers
Introduction indentation test can be applied, the process of polishing the

The relative merits of the 19 standardised Vickers indent-
ation fracture toughness equations given in Part1' are
assessed by using the indenter load data together with the
indentation half-diagonal and crack length data for two
aluminas, seven Silceram glass ceramics in the system
CaO-Mg0O-Al1,0,;-8i0,, four tetragonal zirconia poly-
crystals (TZPs), a zirconia toughened alumina (ZTA), and
two cobalt bonded tungsten carbide cermets. The resulting
toughness values are compared with the values obtained
from conventional fracture toughness tests such as the
single edge notched beam (SENB) test. However, before
evaluating the equations, the effect on the crack length of
factors other than the inherent fracture toughness of the
material is discussed, together with the techniques that can
be used to measure the crack lengths.

Surface radial crack length

FACTORS AFFECTING SURFACE CRACK
LENGTH

A number of factors can prevent the actual measurement of
the radial or Palmqvist surface crack lengths or render the
measured values invalid.

The first factor to be considered is the surface stress state
before indentation, which may be inadvertently neglected
when applying the Vickers indentation test. The apparent
surface crack length is a reflection of both the fracture
toughness of the material and any pre-existing surface
stresses, be they compressive or tensile. All the Vickers
indentation fracture models in Part 1! are based on the
assumption that there are no pre-existing surface stresses.

A compressive surface stress will decrease the surface
crack length relative to the equilibrium length in the
absence of surface stresses;” a tensile stress will clo the
reverse. Surface stresses may be induced in a number of
ways, such as mechanical damage, thermal tempering, ion
exchange, and ion bombardment. For example, mechanical
damage due to surface grinding, a common processirn.g step
for ceramics, produces a compressive surface stress.?>

specimen (to produce a plane, highly reflective test surface)
reduces and, it is hoped, removes any surface stresses caused
by earlier surface finishing processes such as grinding.
However, this should not be taken for granted; the early
work on cermets (see ‘Origins of Vickers indentation tough-
ness test’ in Part 1) serves as a reminder that the surface
stress state must always be considered (e.g. see Ref. 6).

Second, the initiation and propagation of subsurface
lateral cracks, sideways away from the base of the indent-
ation plastic zone and roughly parallel to the specimen
surface just before and on unloading of the indenter,”'°
can also affect the surface crack length. Lateral cracks
continue to extend after complete unloading under the
action of the irreversible residual crack mouth opening
matrix stress field,'!'!2 arcing towards the specimen
surface. Thus, they often intersect the surface resulting in
the removal of surface material from within one or more of
the regions bounded by the surface cracks, obliterating any
trace of the said surface cracks along most of their length.
The extent of lateral cracking is greater in harder
materials,® and the incidence of consequent gross chipping
or spalling usually increases with increasing indenter
load.’3: 14

Both the growth and breakthrough of lateral cracks to
the surface relaxes the constraint exerted by the elastic
matrix on the indentation plastic zone, which reduces the
magnitude of the residual stress field.!> This has been
shown to result in crack tip closure of the median crack and
the surviving lateral crack of a Knoop indentation in
soda-lime silicate glass.'® This tip closure prevents the
cracks attaining their postindentation equilibrium lengths
for a given indenter load; thus, even if the crack tips of the
bounding cracks are visible, the use of such crack length
data is likely to overestimate the fracture toughness of the
material.

A third factor, is the occurrence of environmentally
assisted, time dependent postindentation slow crack growth
in susceptible materials such as silicate glasses,!’"!® which
is initiated by the residual stress field operating during and
after unloading. All three types of indentation crack, i.e.
radial surface, median, and lateral, can experience slow
crack growth. The slow crack growth of any lateral cracks
will lead to a reduction in the residual stress field, thereby
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countering the simultaneous slow crack growth of the
radial and median cracks. Furthermore, severe chipping
at high indenter loads may be expected to release all
constraints on the indentation plastic zone, essentially

reducing the residual stress field to zero; in this case, no -

slow crack growth would be expected.'®

Thus, the observation by Anstis et al!® that post-
indentation slow crack growth of the lateral cracks in
soda-lime silicate glass in an oil environment ultimately
allowed the lateral crack fronts to catch up with the
radial-median crack fronts might also be interpreted as
the slow crack growth of the lateral cracks reducing the
simultaneous slow crack growth rate of the radial-median
crack system by relaxing the residual stress field.

If slow crack growth occurs, the measured crack lengths
will possess a systematic error and the indentation tough-
ness K_ data from all indentation toughness equations will
be equally affected. Thus, it is advisable to monitor the
mean radial or Palmqyvist surface crack lengths of a number
of indents, as well as the initiation and propagation of any
concomitant lateral cracks, as a function of time after
indenter unloading, for example, as soon as possible after
unloading and 1h, 12 h, and 1 day later. This will indicate
(i) the sensitivity of the material to postindentation slow
crack growth and (ii) how quickly the crack length should
be measured after indentation for the measured lengths to
be taken as the equilibrium values such that K = K_. If the
material is sensitive to slow crack growth, a In—-In plot of
the surface crack length versus elapsed time data may be
used to determine the K_ value by extrapolation back to
zero elapsed time. '8 1°

The last factor to be considered is the effect of micro-
structure on indentation crack morphology. When
annealed soda-lime silicate glass is indented, the radial
surface cracks emanating from the corners of a Vickers
indent are equal in length and the indentation itself is
equiaxial along the diagonals as a result of the isotropic
structure of the glass.?° However, in brittle polycrystalline
materials, the microstructure affects the indentation cracks
in a number of ways, such as crack termination at porosity
and/or grain boundaries normal to the crack path and
crack deflection along grain boundaries.?!

The effect of the microstructure depends on the size and
density of the dominant microstructural features relative to
the indent size. Thus, if the average grain size is very much
greater than the indent size (i.e. > 2a) an indent in a grain
will give a toughness similar to the single crystal toughness.
However, indents at grain boundary intersections or on
grain boundaries will give anomalous toughness data.
When the mean grain size is much smaller than 2a the
indent crack morphology will be reminiscent of that in
soda—lime glass, except for the asymmetric crack lengths
and the undulating indent edges and cracks which follow
the grain boundaries.' - '#-2! Thus, the measured toughness
will represent the polycrystal toughness.

For a mean grain size similar to 2a, Anstis et al.'® noted
that when Coors Vistal alumina (grain size 20 pm) and
Coors AD999 alumina (grain size 3 pm) were indented at a
load of 50 N (producing in both ceramics indent diagonal
lengths of ~80 pum), the former suffered crack pattern
disruption in the form of discontinuous and multiple cracks
emanating from the indentation corners, as well as cracks
emerging from the sides of the indentation rather than from
the corners, while the latter did not. Evans?? has reported
severe crack pattern disruption in relatively coarse grained
(= ~20 um grain size) ceramics sintered to full density
(translucency) with the aid of specific additives, e.g. alumina
sintered with MgO (General Electric Lucalox), as have
Smith and Pletka.?! Thus, when the grain size is of the
order of 2a, the indent crack pattern is likely to be severely
disrupted by localised grain fracture events and as a result
the Vickers indentation toughness test cannot be used with

1‘18

any confidence, or indeed, validity.

A final point to note is that the elastic—plastic stress field
generated by an indentation should not interact with the
stress field of any adjacent indentations nor be subject to
modification by adjacent free surfaces, i.e. surfaces beneath
or perpendicular to the indented surface. It is suggested that
the specimen thickness should be at least an order of
magnitude greater than ~2c¢ and that adjacent indent
centres should be no closer than ~4c¢ (where c is the surface
radial crack length).

MEASUREMENT OF SURFACE CRACK
LENGTH

To measure the radial (or Palmqvist) surface crack lengths
the specimen test surface must be polished before indent-
ation until it is optically reflective. This invariably requires
polishing using diamond pastes through to 1 um at least. In
some instances, a finer finish is required, e.g. polishing with
0-05 pm Al,0O;. Even after polishing, diffuse scattering of
incident light may make difficult the optical observation of
the surface cracks. However, the test surface can be coated
with a vacuum sputtered layer of gold or gold alloy (~20 to
40 nm thick) to eliminate any diffuse scattering of incident
light, enabling the crack lengths to be measured more
accurately. The authors consider that coating the surface
with gold before (rather than after) indentation is to be
preferred, because the coating process may affect the
postindentation crack length and the gold film is likely to
obscure optically the crack tips. A further advantage of
precoating with gold is that the slight surface displacement
accompanying surface cracking will rupture the gold film
making the surface cracks more visible.

An alternative method of highlighting the surface cracks
is to use a dye penetrant (fluorescent or otherwise),
particularly on opaque ceramics which are light in colour,
e.g. alumina, zirconia. The authors have successfully used
various dye penetrants on these materials. However, it must
be remembered that their use after indentation is likely to
enhance postindentation. slow crack growth in many
glasses, glass ceramics, and ceramics. In transluscent
materials, the full extent of the cracks can be determined by
using dark field or angled illumination; for transparent
materials, transmitted light can also be used.

There is a number of ways in which the crack lengths can
be measured, the most convenient being direct optical
measurement using a calibrated eyepiece graticule. With
this method, it is difficult to measure the true length of an
undulating crack and hence the crack length [ is invariably
measured as the straight length from the corner of the
indentation to the crack tip which may result in a measure-
ment error. However, by taking optical negatives of the
indentation—crack system at calibrated magnifications, from
which enlarged micrographs can be made, the accuracy
of the measurement can be increased. More accurate
optical crack length measurements, employing optical inter-
ference contrast, ie. optical interferometry, are possible
because of the small surface displacement which
accompanies any surface crack. Last, the high topographical
resolution of a scanning electron microscope (SEM)
enables highly accurate crack length measurements to be
taken from calibrated, enlarged micrographs of the indent—
crack system.

However, given the time and expense involved in taking
optical or SEM micrographs, the crack length measure-
ments are most likely to be made by direct optical micros-
copy. Thus, the authors have investigated the relative
accuracy of direct optical and SEM crack length measure-
ments for Vickers indentations in cast Silceram SCF5. A
calibrated JEOL T200 SEM and a calibrated Reichert
optical microscope were used for the SEM and optical
measurements, respectively. In Table 1, crack length
measurements taken from SEM negatives of indents made
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at 152, 148, and 103N are compared with the corres-
ponding optical crack length measurements. As would be
expected the crack lengths determined using SEM were
longer than the optically determined crack Ilengths;
however, the difference was no more than ~49,.

A similar comparison by Petrovic,2® using Corning
Pyroceram C9606 glass ceramic (which has been employed
by ASTM Subcommittee E 24.07 addressing ‘Fracture
mechanics test methods for brittle, non-metallic materials’
for a comparison of the main fracture mechanics test
methods for ceramic materials), showed that for 58-84 and
9-81 N Vickers indentations the calibrated crack lengths
measured using SEM exceeded the measured crack lengths
obtained from calibrated optical micrographs by about 4
and 15%, respectively. Thus, it appears that surface crack
lengths can be measured optically with acceptable
accuracy when indentation loads of >50 N are employed.

Experimental procedure and results

EXPERIMENTAL PROCEDURE

Specimen preparation

All the materials used by the authors and their colleagues
for the indentation tests, namely, the cast and hot press
sintered Silceram glass ceramics, the Vitox biograde
alumina (manufactured by Morgan Matroc Ltd, Anderman
Division), the three yttria stabilised TZP materials (coded
A, B, and C), and the yttria stabilised ZTA material, were
prepared for indentation testing by carefully diamond
polishing the test surface, finishing with 1 or 0-25 um grade
diamond. The final polished surface was then vacuum
coated with gold.

Indenting procedure

The hot press sintered Silceram materials and the cast
Silceram materials SCR19.34 and SCR25.76 were indented
using a standard Vickers macrohardness testing machine
with a load of 5kgf (49 N). The other materials were
indented for a nominal period of 15s using a Vickers
indenter fixed to the crosshead of a table-top universal
testing machine; the crosshead speed was fixed at
0-5 mm min~!. The number of indents made in a material
ranged from 6 to 33. The TZP materials (A, B, and C) and
the cast Silceram SCR19.13 were indented at a nominal
foad of 60 N, while the Vitox alumina, the ZTA material,
and the cast Silceram SCFS5 were indented at a nominal
load of 50 N. Silceram SCF5 was also indented at nominal
loads of 100 and 150 N to investigate the effect of indenter
load on indentation fracture.

Surface crack length measurement

The Palmqvist crack lengths and the indentation half-
diagonal lengths were measured directly using a Reichert
or Leitz optical microscope with a calibrated eyepiece
graticule and a magnification appropriate to the size of

Table 1 Comparison of crack lengths measured using
scanning electron microscopy (SEM) and
optical microscopy (OM) of Vickers
indentations in Silceram glass ceramic SCFb

Mean crack length, pm, measured
‘using

Indenter load, N SEM oM

152 392 375

148 386 379

103 332 326

the indents: typically, x450 or x 500. The average radial
surface crack length, average Palmqvist crack length, and
average half-diagonal length were used in the indentation
fracture toughness equations.

Crack profile characterisation

An assessment was made of the nature of the Vickers
indentation crack profiles produced in the cast and hot
press sintered Silceram glass ceramics, and Vitox alumina,
TZP (A, B, C), and ZTA ceramics under specified condi-
tions. The profiles were determined by the serial polishing
away of Vickers indents using a 1 pm diamond lapping
wheel and observing the surface crack patterns.

The surface radial crack lengths of the cast Silcerams
were mapped as a function of depth below the original
surface. One sample of each cast Silceram, ie. SCF5,
SCR19.34, SCR19.13, and SCR25.76, was polished until the
original indent had disappeared. The SCR19.34 sample was
then polished further until the indentation cracks also
disappeared. The depth of material removed was monitored
by the changes in the diagonal dimensions of Vickers
marker indents made in the vicinity of the indent being
mapped. The marker indents were made at a load
different from that of the mapped indent to ascertain the
effect of indenter load on the crack profile. There was no
difference between the crack profiles produced at 25 and
49 N; higher loads were not used, because of the risk of
lateral crack breakthrough to the specimen surface.

The crack profiles in the sintered Silcerams, Vitox
alumina, TZP, and ZTA ceramics were inferred from
the surface crack patterns observed as the Vickers indents
were polished away to the point at which they had all but
disappeared. The indents in the Silcerams were made at
49 N, whereas those in the alumina, TZP, and ZTA
ceramics were made at 10 kgf (98-1 N).

EXPERIMENTAL RESULTS
Vickers indentation fracture toughness data

The indentation toughness K, data for the cast Silceram
glass ceramics are given in Table 2; the values of the
parameters important in indentation fracture, E/Hy, c/a,
P/c*2, and P/l are also tabulated as also are the three point
SENB K|, fracture toughness values. The mean K, values
are given for all the halfpenny model and Palmqvist model
equations together with the ratios K /K, (designated by o).
All mean values are quoted together with the sample stan-
dard deviations. The coefficients of variation of E, Hy, K,
¢/a, P/c®?, P/l, and E/H, are also given when calculable, as
an aid to assessing the contribution of each parameter to
the variation in K.

This presentation style is also used in Tables 3-5; the
data for the hot press sintered Silceram glass ceramics are
tabulated in Table 3 and the data for TZP A, TZP B,
TZP C and the ZTA are given in Table 4. The indentation
toughness results derived from the data reported by Jones
et al.?® for an yttria stabilised TZP ceramic and an alumina
ceramic, and by Laugier?® for two WC—Co cermets, are
given in Table 5 and refer to halfpenny cracks in alumina
and Palmqvist cracks in the TZP ceramics and the WC-Co
cermets.

Serial polishing results

In Figs. la and 1b, schematic diagrams are shown for
idealised halfpenny and Palmqvist crack systems, respect-
ively, after serial polishing down to a plane AA. However, it
was found that the SCR19.34 sample had developed
Palmgqyvist type cracks of the form shown schematically in
Fig. 1c: the ratio of the crack depth to the Palmqvist crack
length d/I, was ~1-8. The other cast Silcerams were found
to have similar crack profiles down to the indent depth;
therefore, presumably they have crack depths of the same

Materials Science and Technology October 1989 Vol. 5



964 Ponton and Rawlings Vickers indentation fracture toughness test: Part 2

Table 2 Mean Vickers indentation fracture toughness K, MN m~*2 and K_/K| ratios (designated by ¢) for cast
Silceram glass ceramics SCF5, SCR19.34, SCR19.13, and SCR25.76

Material SCF5 SCR19.34 SCR19.13 SCR25.76

VALUES OF PARAMETERS” IMPORTANT IN INDENTATION FRACTURE

Et, GNm~2 - 1206+09 (1%) 1150402 (0-2%) 100-6 1217415 (1%)

H,, GNm~?2 7-02+0-23 (3%) 7-34+0-08 (1%) 6-96 +0-35 (5%) 747+ 013 (2%)

K3, MN m—372 2:02+011 (5%) 1-83+0-06 (3%) 106+ 011 (11%) 2:29+0:21 (9%)

c/a 3-61+0-29 (8%) 3-58+0-10 (3%) 4-86 +0-44 (9%) 3:79+010 (3%)

P/c¥?, MN m~32 193+21 (11%) 175+ 07 (4%) 11-1+1-4 (13%) 16:3+07 (4%)

P/, MN m~’ 0-45+0-08 (18%) 0-344-001 (3%) 0244003 (13%) 0-32+0:02 (3%)

E/Hy 1718 1567 14-45 16-29

VALUES OF K, AND ¢ OBTAINED USING HALFPENNY MODELS

Model’ K, ° K, ¢ K, I K, <
LS 0-70+0-06 0-35 0-63+001 034 0-54 1003 0-51 062+0-01 0-27
LF 1-00+011 050 0-90+0:04 049 057+ 007 0-54 084 +0-04 0-37
EW 0-99+0-30 049 0-93+0-11 051 —-030+0378 —0-28% 071+ 011 0-31
EC 1-69+017 079 1-44 4+ 0-06 079 092+ 011 0-87 1-34+0-06 059
ED 1-93+020 0-96 1-69+0-07 0-92 103+ 011 097 1-69+0-07 0-69
B 213+019 1-05 1-86 +0-06 1-02 1161018 1-09 178 +0-06 078
LEM 1-07+011 063 0-93+ 004 0-51 0-57+007 0-54 0-88+0-04 0-38
ACLM 123+013 0-61 1-07 +£0-04 058 0-65+008 0-61 101+ 004 044
NMH1 1-99+0-21 0-99 1-73+0-07 0-95 1-07+013 1-01 1-64 +0-07 072
JL 2:03+022 1-00 1-77+0-07 097 107 +014 1-01 166 +0-07 072
MM1 2:03+0-228 1-008 1-62+0-038 0-89%8 124 +0-088 1178 168+ 0-038 0-738
MM2 1-73+018 0-86 1-39+0-04 076 0-90+010 0-85 1-39+0-04 061
[R] 1-22+013 0-60 1:04+0:04 057 0-63+0-08 0-59 0:99+0-04 043
L2 1-33+014 0-66 116 +0-05 063 0:71+0-09 0-67 1-09+0-04 048
T 1-38+015 068 1-22+0-05 067 0-76 +0-09 0-72 - 114 +0-05 050
VALUES OF K. AND ¢ OBTAINED USING PALMQVIST MODELS

Model' K, . ° K, [ K, c K, <
NMH2 ' 2:27+0-208 1128 1-97 +0-048 1-088 1-566 +0-098 1478 1-95+0-048 0-858
N 312+0-288 1-548 2:70+0-05% 1-488 21440138 2:028 2:67 £ 0-058 1178
SWMC 2614022 1-29 2-35+004 1-28 1-92+013 1-81 2-29+0-05 1-00
L3 115+018 057 0-98+0-06 0-54 0-49+0-09 0-46 0-:90+0-05 0-39

* Eis Young’s modulus, Hy is Vickers hardness, K|, is fracture toughness, ¢ is radial crack length, ais indentation half-diagonal length, Pis test load, and
/is Palmqvist crack length. Coefficients of variation are given in parentheses.

t These data were measured experimentally using Férster's forced resonance method.?*

T These values were determined by conventional three point bending SENB plane strain fracture toughness tests.

8§ These K, and o values are not valid because the ¢/a or //a limits of the equations are not satisfied.

Table 3 Mean Vickers indentation fracture toughness K., MN m~%2, and K_/K, ratios (designated by ¢) for Vitox
alumina and hot press sintered Silceram glass ceramics SCR19.34 HPC2, HPC3, and HPC4

Material Vitox SCR19.34 HPC2 SCR19.34 HPC3 SCR19.34 HPC4
VALUES OF PARAMETERS* IMPORTANT IN INDENTATION FRACTURE

Et, GNm™2 400 120 120 120

Hy, GN m~2 1921 +0-97 (5%) 6:24+1-07 (17%) 6:54+1-08 (17%) 6:94+1-19 (17%)

Kict, MN m~3/2 6:02+068 (11%) 2:36+ 016 (7%) 2:42+010 (4%) 2:51+013 (5%)

c/a 2:96+0-22 (7%) 2:52+ 033 (13%) 2:33+0:31 (13%) 2:25+026 (12%)
P/c¥?, MN m~—¥2 48-3+4-9 (10%) 26:8+ 61 (23%) 31-0+55 (18%) 339+58 (17%)

P/, MN m~! 0:74+008 (11%) 0-56+0:14 (25%) 065+014 (22%) 0714015 (21%)

E/Hy 20-82 1923 1835 17-29

VALUES OF K, AND o OBTAINED USING HALFPENNY MODELS

Model' K. ¢ K. [ K. < K. G
LS 1-43+0-05 024 0-67+0:09 028 0724007 030 0-76+0-08 030
LF 2:49+0-25 041 1-38+031 058 1-60+0-28 066 1-75+0-30 070
EW 3-63+058 0-59 210+ 051 089 2:44+0-44 1-01 2:68+0-42 107
EC 398+ 040 066 2:21+050 094 255+ 045 105 279+ 0-48 111
ED 5-08+0-43 0-84 2:47+030 1-05 2:67+023 110 2:80+0-20 112
B 526+ 0-36 0-87 2:52+0-30 107 2:73+024 113 2:85+0-23 114
LEM ) 2:96+0-32 049 1-568+0-33 067 1-79+0-33 074 1-90+0-33 076
ACLM 340+ 037 056 1-81+0-38 077 2:06+0-38 0-85 219+0-38 087
NMH1 538+058 089 2:89+061 122 3-30+0-598 1-368§ 3-52+059§ 1-408
JL 555+ 062 092 3:01+066 1-28 3-45+064 143 369+ 065 1-47
MM1 522+0-29% 0-878 2:22+023 094 2:26+0-27 093 2:23+0-27 0-89
MM2 502+ 0-48 083 2:36+0-408 1-008 2:63+0-47§ 1-06§ 2-54+0-46§ <1018
L1 3-48+0-39 058 1-84+0-38 078 2:07+039 086 218+0-39 0-87
L2 3-59+0-38 0-60 1-93+0-40 082 2:20+0-39 0-91 2:34+0-40 093
T 3-62+0-38 060 197 +042 083 2:25+040 093 2:43+0-40 097
VALUES OF K, AND ¢ OBTAINED USING PALMQVIST MODELS

Model' K. 4 K, c K. o K, ¢
NMH2 525+0-29 0-87 2-50+0-31 1.06 271+028 112 2:85+0-30 114
N 7194039 119 3424043 1.45 372+039 1-54 3:90+0-41 155
SWMC 558+ 0-29 093 2744044 1.16 3:03+037 1-26 3:25+041 129
L3 379+063 063 2:33+0:80 0.99 2:82+085 117 3:03+092 121

* Eis Young's modulus, H, is Vickers hardness, K| is fracture toughness, c is radial crack length, ais indentation half-diagonal length, Pis test load, and
/is Palmqvist crack length. Coefficients of variation are given in parentheses.

t The value for Vitox is after Real et al;?° the values for the hot press sintered Silceram glass—ceramics, SCR19.34 HPC2, HPC3 and HPC4, are estimates
calculated by Kim.2®

1 The values were determined by conventional three point bending SENB plane strain fracture toughness tests.

§ These K, and ¢ values are not valid because the ¢/a or //a limits of the equations are not satisfied.
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Table 4 Mean Vickers indentation fracture toughness K, MN m~%?2, and K_/K, ratios (designated by o) for TZP
materials A, B, and C, and ZTA material

Material TZPA TZPB TZPC ZTA
VALUES OF PARAMETERS* IMPORTANT IN INDENTATION . FRACTURE

Et, GNm-2 210 210 210 340

Hy, GNm~2 1314+ 0-58 (5%) 12:85+1-22 (10%) 13:33+0-59 (5%) 14-89+1-10 (7%)
K, MN m~—32 943+ 1-33 (14%) 1076+ 117 (11%) 10-73+0-81 (8%) 6:5+0-3 (5%)

c/a
P/c3/2' MNm -3/2

1-60+019 (12%)

968 +14-0 (15%)

1-64+018 (11%)
91-6+12:3 (13%)

1-86+0-26 (14%)
7984157 (20%)

1-63+0-10 (7%)
1080+ 11-8 (11%)

P/l MN m~! 244%0-95 (39%) 216%059 (27%) 1-68+0-46 (27%) 2504048 (19%)

E/H, 1598 1634 1575 2283

VALUES OF K, AND ¢ OBTAINED USING HALFPENNY MODELS

Model' K, c K, ¢ K. o K, ¢

LS 1-64 +0-05 016 1560+ 010 014 1-46+012 014 1-66+0-10 026
LF 4-99+0-72 0-53 471 +£0-63 044 4114081 0-38 556 +0-61 0-86
EW 6-85+0-49 073 6-57+0-56 061 6:01 £0-96 056 7-62+0-69 116
EC 7-98+1-16 085 7-54+1-01 070 658 +1-30 0-61 8-90 +0-97 1-37
ED 560+0-18 0569 549+0-21 051 526+043 049 6-921+0-26 1-06
B 5-94+0-24 063 581 +026 0-54 54910563 0-51 7-39+0-33 114
LEM 5-20+0-84 055 4-97+0-69 046 4-24+0-81 0-40 6:92 +0-69 1-06
ACLM 5:97 +0-97 063 571+079 053 4-88+0-93 0-45 7-95+0-80 1-22
NMH1 9-70+1-548 1-038 9-25+1-268 0-868 7-93+1-528 0748 1246 +1-268 1928
JL 1093+1-74 110 988+ 141 092 842+1-67 078 13:37+1-40 2:06
MM1 4-07 +0-25 043 4-07+0-32 0-38 377+027 035 6674031 1-03
MM2 561+0-768 05698 564 +0-72§ 0518 479+ 0668 0-458 941 +0-748 1-458
L1 586 +0-99 062 5624080 052 476 +0-90 0-44 8:27+0-83 1-27
L2 647 +1-03 0-69 616 +0-84 0-57 529+1-01 049 8:31+0-84 1-28
T 6-78+1-04 072 6-44+0-87 060 5564108 052 8:27+085 1-27
VALUES OF K; AND ¢ OBTAINED USING PALMQVIST MODELS

Mode! K. 4 K. 4 K. o K. ¢
NMH2 6:98+1-22 074 6-61+0-83 0-61 584 +0-83 0-54 878+0-86 1-35
N 957 +1-678 1-018 9-03+1-148 0-845% 8:00+1-148 0758 12:03+1-188§ 1-858
SWMC 824 +1-31 0-87 774+ 098 072 6:95+1-04 0-65 9-00+0-95 1-38
L3 12:29+512 1-30 11-08+3-37 1-03 814+2-50 076 17-50+3-40 269

* Eis Young's modulus, H, is Vickers hardness, K| is fracture toughness, cis radial crack length, ais indentation half-diagonal length, Pis test load, and
fis Palmqvist crack length. Coefficients of variation are given in parentheses.

1 The values given were supplied by the manufacturer; the values given by the manufacturer for the TZP materials are similar to the values reported in the
literature for such materials. Measurements derived from Knoop hardness tests on TZP A, using the method of Marshall et a/,?’ gave £ = 199429 GN m~2
1 The values were determined by conventional three point bending SENB plane strain fracture toughness tests.

§ These K, and ¢ values are not valid because the c/a or //a limits of the equations are not satisfied.

Table 5 Mean Vickers indentation fracture toughness K, MN m~%2, and K_/K| ratios (designated by ¢) from TZP
and Al,0, data of Jones et al.® and WC-Co (vol.-%) data of Laugier®

Material TZP AlLO, WC-5Co WC-24Co
VALUES OF PARAMETERS® IMPORTANT IN INDENTATION FRACTURE

Et, GNm~? 210 350 640 551

Hy GN'm 2 1315+ 1-33 (10%) 17:01 +2:05 (12%) 19:36+018 (1%) 13444007 (1%)

K.t MN m 372 55+07 (13%) 3 88 115

cla 226 +0-48 (21%) 423+0-49 (12%) 3074020 (7%) 1294009 (7%)

P/c¥?2, MN m -2 657 £7:0 (11%) 35:4+37 (10%) 76-3+39 (5%) 21204147 (7%)

P/l MN'm "' 1401015 (11%) 0824028 (34%) 1:94 4 005 (3%) 121 +2:8 (23%)

E/H, 1578 20-58 33 41

VALUES OF K, AND ¢ OBTAINED USING HALFPENNY MODELS

Model' K. < K. ¢ K. < K. ¢

LS 1-48+021 027 1524026 051 236 +0-05 027 2764010 024
LF 3381036 061 1821019 061 3934020 045 1094 £076 095
Ew 506 +0-39 092 053+0935 0188 535+ 0-66 061 1330052 116
EC 542+058 099 2924030 097 6291032 071 17:50+1-21 152
ED 514 052 093 3754047 1-25 976+ 032 111 1456+ 0-56 127
B 527+ 0-45 096 4294057 1-43 10214019 116 16743060 137
LEM 350+ 037 064 2154029 072 587 +0:29 067 18233129 159
ACLM 4031042 073 2:48+033 083 675+033 077 20954148 182
NMH1 655 + 0685 1195 3924049 131 1020 £ 050 116 3096 +2185 2698
JL 6:87+0-81 125 3954049 132 10494056 119 3355 +2:47 292
MM1 383+ 066 070 5-42+1-205 181§ 138840345 1-585 19921078 173
MM2 432310438 0795 4224083 141 13034028 1-48 3090+ 1558 2:695
] 3944043 072 2531037 084 746 +0-36 085 24004170 209
L2 4361045 079 2614033 087 6:80+034 077 2064 +1-45 179
T 4695047 0483 2644030 0488 6401032 073 18812131 164
VALUES OF K, AND ¢ OBTAINED USING PALMQVIST MODELS

Model' K. ° K, ¢ K. ¢ K. I
NMH2 536+028 097 51240845 1718 10274014 117 23174267 201
N 7354038 134 70241158 2345 1408 +019 1-60 3176 +3675 2765
SWMC 6374038 116 548 0-85 183 909+013 103 1880 +215 163
L3 571 +209 1-04 2141035 071 7841077 089 694041465 603

* Eis Young’'s modulus, H, is Vickers hardness, K, is fracture toughness, cis radial crack length, ais indentation half-diagonal length, Pis test load, and
lis Palmquist crack length. Coefficients of variation are given in parentheses.
t The assumed TZP value is similar to the literature values quoted for such materials; the assumed alumina value was calculated by presuming
E/H, ~ 20-21; the WC-Co values were derived from the Laugier?® E/H, data.
1 Jones et al.?® quoted K. = 5-6 MN m~%2 for the alumina; the WC-5Co K, value is that reported by Chermant and Osterstock,® and the WC-24Co K,
value was estimated from Fig. 3 of Ref. 30.
§ These K_ and ¢ values are not valid because the ¢/a or //a limits of the equations are not satisfied.
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PLAN VIEW

CROSS- SECTION
(a)

PLAN VIEW

CROSS-SECTION
(b)
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a, b schematic plan view of Vickers crack system after serial polishing of original surface down to plane AA for idealised radial-median (halfpenny)
and idealised Palmqvist system, respectively; ¢ actual cross-section through surface radial crack plane showing deep Palmqvist cracks formed

by Vickers indenter in Silceram SCR19.34
1 Vickers crack systems

order of magnitude as SCR19.34. Serial polishing of the hot
press sintered Silceram glass ceramics also revealed the
presence of Palmqvist cracks which had penetrated deeper
than the indentation depth.

The implication is that all the Silceram glass ceramics
develop Palmgqvist cracks of the form depicted in Fig. 1¢
when indented at a load of 49 N; however, it cannot be
assumed that the Silcerams would also develop such cracks
at higher indenter loads nor that all glass ceramics develop
such Palmqvist crack profiles. Yet a study by Shetty et al.3!
of the Vickers indent crack profiles in Pyroceram 9606 glass
ceramic (made from a parent glass in the system
MgO-Al,0,-SiO,) has shown that Palmgqvist cracks,
penetrating deeper than the indent itself, develop on
indentation at loads in the range 50-200 N. Also, the
crack profiles developed at 200 N were similar to those
depicted in Fig. lc, except that d/l was ~1.

It is well documented that typical WC-Co cermets
(having cobalt contents >5vol.-%) develop Palmgvist
cracks as a result of Vickers indentation,® 1% 2% 32 with the
bulk of the evidence indicating that the cracks extend to a
depth greater than that of the indent itself.® 2% 32 However,
in contrast to SCR19.34 and Pyroceram 9606, the d/I aspect
ratio of the Palmqvist cracks in such WC-Co cermets is
~04 to 0-5.52°

Serial polishing of the Vitox alumina, ZTA ceramic, and
the TZP ceramics A, B, and C indicated that the TZP and
ZTA ceramics had developed Palmqvist cracks that pene-

trated deeper than the indent depth, while it was found that
the Vitox alumina had developed halfpenny cracks. Resi-
dual damage zones were evident at the sites of the original
indents in the Vitox and ZTA ceramics, but the damage was
greater in the Vitox; the absence of residual damage in the
TZP ceramics implies that it is a feature characteristic of an
alumina matrix. Lateral cracking in the Vitox alumina
manifested itself as interference fringes within the quadrants
bounded by the surface radial cracks.

These inferred crack profiles are consistent with the data
of other workers on the Vickers indentation crack profiles
formed in alumina, ZTA, and TZP ceramics. It has been
reported that Palmgqvist cracks developed in Y,O; TZP at
loads of 24-294 N (Ref. 28) and 294 N (Ref. 33) and in
CeO, TZP at loads of 200-500 N (Ref. 34). However, at
much higher indenter loads, halfpenny cracks have been
reported to form: at 530 N in Y,0; TZP (Ref. 28) and at
2600 N in CeO, TZP (Ref. 34). Calculating the d/I aspect
ratio values for the TZP ceramic data of Jones et al.?® and
Sullivan and Lauzon3® gives d// = 1-1-1-6. with a mean
value of 1-:3+0-2. Concerning the crack depth d, Jones
et al.?® found that the Palmgqvist cracks in the TZP were
deeper than the indents, which is consistent with the obser-
vations of the present authors on TZP and ZTA. Regarding
the alumina ceramics, Jones et al.?® have reported that
halfpenny cracks developed at loads of 49-530 N, while
Sullivan and Lauzon®? found that halfpenny cracks formed
at 294 N. Furthermore, Laugier®® has reported the forma-
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tion of Palmqvist cracks which were deeper than the
indentation depths in a ZTA ceramic.

Discussion

The purpose of this paper is to assess the relative merits of
the standardised versions of the equations reviewed in
Part 1 as predictors of the fracture toughness of brittle
materials. Thus, for each of the materials to which the
equations are applied, there must be a comparative fracture
toughness value that is by definition assumed to be the true
material fracture toughness. In this paper, the reference
fracture toughness is the K. toughness as typified by the
three point SENB value.

It should be noted that the SENB test gives a fast
fracture macrotoughness value Kj. that tends to be an
overestimate of the fracture toughness associated with an
atomically sharp crack, as a result of the relative bluntness
of the notch. By contrast, the Vickers indentation test gives
a slow fracture microtoughness value in the sense that crack
growth occurs under a constant load applied for a given
time which induces an irreversible residual stress that
operates both during loading and unloading®'! driving
the cracks to an equilibrium length. Also, the indentation
toughness may be an underestimate of the true material
fracture toughness because of the proclivity of many
materials to postindentation slow crack growth.

Thus, K, and K, appear to be fundamentally different
fracture toughness parameters and hence not comparable.
However, it must be remembered that the majority of
Vickers indentation fracture toughness equations are cali-
brated using well documented K, data for a range of brittle
materials on the basic assumption!'!® that K, = K.
Hence, the Vickers indentation slow fracture microtough-
ness value, in a sense, will be scaled to give the equivalent
fast fracture toughness value. The present authors are there-
fore of the opinion that ¢ = K /K|, is an acceptable para-
meter for assessing the relative merits of the standardised
indentation equations.

DISCUSSION OF RESULTS FOR EACH CLASS
OF MATERIAL

The K, results given in Tables 2-5 for the individual
materials within each class of material, i.e. within the cast
Silceram glass ceramics, the hot press sintered Silceram
glass ceramics, the aluminas, the zirconia ceramics, and the
WC-Co cermets, are considered first. The reader should
always bear in mind that (i) the given K;_ value is assumed
to be the true material fracture toughness; (ii) only those
equations having c/a or l/a range limits satisfied by the

experimental data are regarded as giving valid K, and’

hence ¢ values; and (iii) a o limit of ¢ = 1:00+0-25, or
whatever wider ¢ limit is necessary to indicate at least the

Table 7 P/c*? and P/l as function of P for Silceram

SCF5
PN P/c%?, MN m~372 P/, MN m™’
50 187 0-369
99 ’ 188 0-447
149 20-2 0635

best three equations for a given material, is used as the
cut-off point in assessing the relative merits of the valid
equations.

Furthermore, the chosen equations are ranked in
decreasing order of the closeness of their ¢ values to
¢ = 100 and identified by their designated letter codes (see
Table 1 of Part 1'); the corresponding ¢ values are given in
the next column. Also, to distinguish them from the stan-
dardised versions, whenever K. data obtained from the
original versions of the equations are referred to in this
paper (Part 2) the original equations are identified by their
equation number as given in Part 1! and printed in bold

type.

Cast Silceram glass ceramics

The ranked data for these materials are given in Table 6;
except for SCR25.76, the same four halfpenny equations,
ED, B, NMH1, and JL give the best correlation between K
and K;, with ¢ ranging from 0-92 to 1-09. By contrast, the
Palmqvist equation SWMC is best for SCR25.76, with ED,
NMH]1, JL, and B giving ¢ values ranging from 0-69 to 0-78.

Comparison of the P/c*? and P/l values for SCF5 at
mean indenter loads P of 50, 99, and 149 N in Table 7
shows that P/c3? is essentially independent of P, whereas
P/l appears to increase with P. Given that all these
materials develop Palmqvist cracks and that, except for
SCR25.76, halfpenny equations employing the term
(E/Hy)*> appear to give the closest agreement between K,
and Kj, it is obviously not possible to determine solely
from the load dependence of P/c*? and P/l which crack
system develops, ie. either halfpenny or Palmqvist, nor
which theoretical or empirical indentation equation is the
most suitable.

Shetty et al.®! came to the same conclusion regarding
Corning Pyroceram 9606 glass ceramic and suggested that
Palmqvist cracks in ceramics must behave in a manner
different from those in WC-Co cermets as a result of the
differing aspect ratio d/I of the cracks in the two classes of
material. In the Pyroceram 9606, d/I was found to be ~1,
whereas in typical WC—Co cermets d/l is <1; thus, the
Palmqvist cracks in the Pyroceram were apparently
behaving as pseudo halfpenny cracks. As d/l was ~ 2 for the
Palmgqvist cracks in SCR19.34 and assuming, reasonably,
that d/l was > 1 in the other cast Silcerams, this explanation
would seem to apply to the cast Silcerams, except for
SCR25.76. Thus, the behaviour of SCR25.76 cannot be fully
explained in terms of the indentation parameters, c/a, l/a,

Table 6 Vickers indentation fracture toughness equations (denoted by letter codes) ranked in order of decreasing
closeness of ¢ to ¢ = 1:00 for cast Silceram glass ceramics SCF5, SCR19.34, SCR19.13, and SCR25.76

SCF5 SCR19.34 SCR19.13 SCR25.76
Rank order Equation 4 Equation 4 Equation a Equation o
1 JL 1-00 B 1-02 JL 1-01 swMcC* 1-00
NMH1 1-01
2 NMH!1 099 JL 097 ED 097 B 078
3 ED 0-96 NMH1 095 B 1-09 JL 072
NMH1 072
4 B 1-05 ED 092 EC 087 ED 069
5 MM2 0-86 EC 079 MM2 0-85 e .
6 EC 079 MM2 076 . S
* Palmqvist equation.
Materials Science and Technology October 1989 Vol. 5
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Table 8 Vickers indentation fracture toughness
equations (denoted by letter codes) ranked in
order of decreasing closeness of ¢ to 6 =1-00
for hot press sintered Silceram glass ceramics
SCR19.34 HPC2, HPC3, and HPC4

SCR19.34 SCR19.34 SCR19.34
HPC2 HPC3 HPC4
Rank order  Equation ¢ Equation ¢ Equation ¢
1 L3 099 EW 101 T 097
2 ED 105 EC 1-05 EW 1-07
L2 0-93
3 NMH2* 1-06 MM1 093 EC 111
EC 094 T 093 MM1 0-89
MM1 0-94
4 B 1-07 L2 091 ED 112
5 EW 089 ED 110 ACLM 087
L1 " 087
6 swmMmce* 116 NMH2* 1112 NMH2* 114
B 114
7 T 083 B 113 L3 1-21
8 L2 082 L1 086 LEM 076
9 NMH1 122 ACLM 085 ... o
L1 078 ... A
10 ACLM 077 L3* 117
11 swmMmc 1-25

* Palmqvist equation.

P/c*?, P/l, and E/Hy, or d/I. However, the microstructure of
SCR25.76 could be responsible for its being the only cast
Silceram having Palmqvist cracks that appear to be best
modelled by a Palmgqvist crack model and equation as,
unlike the other cast Silceram glass ceramics, its crystal
morphology is somewhat euhedral rather than dendritic.?*

Hot press sintered Silceram SCR19.34 glass
ceramics

The ranked results for these materials are given in Table 8;
the halfpenny equations EW, EC, ED, B, ACLM, MM,
L1, L2, and T and the Palmqvist equations NMH2 and L3
satisfy ¢ = 1-00+0-25 for all three materials.

It is instructive to examine those halfpenny equations
satisfying, in this particular instance, ¢ = 1-001+0-15 for
cast Silceram SCF5 and SCR19.34 and sintered Silceram
SCR19.34 HPC3 and HPC4 as these materials are more
than 50 vol.-% crystalline. The satisfactory equations for
SCF5 and SCR19.34 employ the term (E/Hy)?°, whereas
those for HPC3 and HPC4 employ as a group all the
reported exponents of E/Hy, namely, 0, 1/4, 2/5, 1/2, and
2/3. Despite the different exponents of (E/Hy) these nine
equations give similar o values with the result that the
mean ¢ value for HPC3 is 0-97 +-0-10 (10%,), while the mean
o value for HPC4 is 1-00+0-11 (11%). )

This implies that when using the HPC2, HPC3, and
HPC4 results to calibrate the equation K, = k(P/c*?),

Table 9 Vickers indentation fracture toughness
equations (denoted by letter codes) ranked in
order of decreasing closeness of ¢ to ¢ = 1-00
for Vitox alumina and alumina of Jones et al.2®
Vitox Al,0,
‘Rank order Equation o Equation a
1 sSwmMmcC* 093 EC 0-97
2 JL 092 T 0-88
3 NMH1 0-89 L2 087
4 NMH2* 0-87 L1 0-84
B 087 - o
5 ED 0-84 ACLM 0-83
6 MM2 0-83 ED 1-25
7 N 119 . .

* Palmqvist equation.

Table 10 P/c? and P/l as function of P for alumina of
Jones et al.2®

P, N . P/c¥2, MN m~3/2 P/l, MNm~'
49 329 0532
981 342 0-629

196 353 0-820

294 329 0-865

530 41-7 126

where k is a constant, averaging the K;./(P/c*?) data would
give a k value not markedly different from the value of k
given by m(E/H)", where m and n are constants obtained
by least squares analysis of In[K/(P/c*?)] versus
In(E/Hy). Carrying out such an analysis using the HPC2,
HPC3, and HPC4 data gave m = 0-000769 and n = 1-598
(correlation coefficient r = 0-9851); this n value has no
theoretical basis (unlike the n values of <1 for the valid
halfpenny equations in Table 8; see Part 1!). Using
the E/Hy values in K /(P/c*?) = 0000769(E/Hy)'3%®
produced a mean predicted K, /(P/c*?) value of 0-07798;
this compares with the mean experimental K /(P/c*?)
value of 0-08005. Thus, for the given set of K;., P/c*?, and
E/H, data, both a simple constant factor k and a factor of
the form k = 0-000769(E/H,)" >°® give equally acceptable
calibration constants for K_ = kP/(c¥?), as previously
surmised.

Alumina ceramics

The ranked data for the aluminas are given in Table 9;
however, the ZTA data are not included because the
toughening behaviour of ZTAs determines that they should
be considered with the TZP zirconia ceramics. Only the
halfpenny equation ED satisfies ¢ = 1:00+0-25 for both
Vitox and the alumina studied by Jones et al.8, while for
each alumina there is only one halfpenny equation that
gives a ¢ value within 0-90 < ¢ < 1-10; this is surprising
since both aluminas developed halfpenny cracks.
Comparing the load dependence of P/c3? and P/l for the
alumina studied by Jones etal. over the load range
P =49-530 N (see Table 10) shows that P/c** does not
vary with P, while P/l appears to increase with P (as found
for Silceram SCF35); this may explain why no Palmqvist
equations were suitable.

Rawlings'® found that the Evans and Charles®® half-
penny equation (15) gave K, values about 25%; lower than
the K, values for two aluminas having a grain size of -
~2 um. Marion3’ found that the Lawn and Swain’ and
Lawn and Fuller®® halfpenny equations (6) and (7),
respectively, gave K, values about 60% lower than the
K. values for two aluminas. Anstis etal.'® used the
data for two Coors aluminas, AD999 (3pum grain
size, K;,=39MNm %) and AD90 (4 pm grain size,
K. =29 MNm~%2), when calibrating their halfpenny
equation (24) and noted without comment that the K,
values lay below the correlation line K, = K. The ¢ values
for AD999 and AD90 are ~0-6 and ~0-7, respectively.

Averaging the ¢ values for the 14 valid halfpenny
equations for Vitox (K, =602MNm~*?) gives
o = 065+020 (31%), whereas averaging the o values for
the 13 valid halfpenny equations for the Jones et al
alumina (K;, =3 MN m~*?) gives ¢ = 1-004+0-31 (31%).
For Vitox, all 14 equations produce ¢ < 1-00, while for the
Jones et al. alumina eight of the 13 equations produce
o < 1-00; thus, the poor correlation between K, and K|,
cannot readily be attributed to errors in crack length
measurement. This is because the measured crack lengths
would tend to err on the short side, which, assuming the
calibration constant was derived from reliable and appro-
priate data, would give K_ values that are too high, i.e.
produce ¢ values > 1.
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It is possible that the Vitox in particular was subject to
postindentation slow crack growth, but while this could

account for all the equations giving ¢ < 1, it does not .

explain why a material that forms well developed halfpenny
cracks and has a reliable K, value? is so poorly served by
most halfpenny model equations when all the equations
would be equally affected by erroneous crack length data
resulting from any postindentation slow crack growth.
Smith and Pletka®! have compared the K, and K, data for
three alumina ceramics having grain sizes of 2, 9, and
18 um, designated in this paper as I, II, and III, respectively.
They used the Lawn and Fuller*® and Lawn etal'!
equations (7) and (22), respectively, to calculate the K,
data. Their results are summarised in terms of ¢ values: for
equation (7) the g values are 0-40, 0-78, and 0-61 for I, II,
and ITI, respectively, while for equation (22) the o values
are 0-41, 1-01, and 0-77 for I, I1, and III, respectively. Since it
was stated that the measured postindentation slow crack
growth data for the three materials were similar, slow crack
growth cannot account for the ¢ values of <1 in view of the
good agreement between K. and K, for alumina II, as
concluded by Smith and Pletka.

Scatter in the K, /(P/c*?) and E/H, data for alumina
may be responsible for the poor agreement between K, and
K,.. This was investigated by analysing the numerical data
extracted from the graphical results of Tanaka®® for
alumina; K, /(P/c*?) ranges from 0-0624 to 0-1044 with a
mean of 0-0867+0-0147 (17%) while E/H,, ranges from 19-5
to 30 with a mean of 22:7+3-7 (16%,). A least squares fit of
the In[K,/(P/c*?)] versus In(E/Hy) data gives m = 0-1206
and n = —0-110; however, the exponent n in k = m(E/Hy)"
has no theoretical fracture mechanics basis and, owing to
the large scatter in the data, r = —0-0992. Nevertheless,
using the equation K, = 0-1206(E/Hy)~%11%(P/c3?) gives
o =069 and 1:02 for Vitox and the Jones et al. alumina,
respectively. These ¢ values are very close to the corres-
ponding ¢ values of 070 and 1-03 derived from K, =
0-0867(P/c¥?); the mean E/H, value of 22-7 gives k as
0-0855. The above analysis shows that the weak dependence
on E/Hy, through n being close to zero or E/Hy, not varying
much between materials, leads to very similar k values, just
as for the sintered Silcerams.

Thus, the poor agreement between K, and K, would not
appear to be a result of (i) a proven error in the crack length
measurements resulting from slow crack growth; (ii) the
value of the exponent of E/Hy; nor (iii) the presumption
that the primary assumption of the halfpenny model,
namely that halfpenny cracks with ¢ > a develop (allowing
use of the point force approximation which predicts that
P/c¥? is a constant), is satisfied by c/a = 2:6-4-7. However,
it may be that K,  data that are not appropriate have been
used to calibrate the indentation equations.

Petersson and Bergman*® carried out a comparison of .

four fracture toughness test methods applied to

Al,05-ZrO, ceramics including a pure alumina; the single
edge notched beam (SENB), chevron notched beam (CNB),
and Vickers indentation strength (VIS) bend tests, and the
Vickers indentation toughness (VIT) test were used. They
employed the Evans and Davis (as cited in Evans®?), Lawn
etal,'! and Anstis et al.'® equations (19), (23), and (26),
respectively, and found that the measured toughness of the
pure alumina decreased in the order VIS > equation (19)
> SENB > CNB > equation (26) > equation (23). Their
SENB K, value of 4 MNm~*? and the VIT K_ values
were used to calculate the ¢ values for the VIT equations:
the equations rank in decreasing order of the closeness of ¢
to o =100 as (19); 1-10 > (26);075 > (23); 0-63. This
order is similar to that of the alumina of Jones et al
(Kie =3MNm™%2), ie. ED;125 > ACLM;083 >
LEM; 0-72.

Lemaitre and Piller*! measured the fracture toughness of
a given alumina using three test methods, i.c. the single edge
precracked beam (SEPB), VIS, and VIT techniques; they
used the Anstis et al.'® VIT equation (26). It was found that
the measured toughness values differed by more than a
factor of 2, with toughness decreasing in the order SEPB >
VIS > equation (26). This is consistent with the findings of
Petersson and Bergman in that the measured SENB and
SEPB toughness values are higher than the K_ values
obtained from the Anstis et al. equation (26); as indeed are
the double cantilever beam (DCB) K, values of Anstis
et al.'® for Coors AD999 and AD90 alumina.

The above data show, for alumina at least, that the
notched beam K. values are generally higher than the K,
value. The higher K. values could result from the notch
root radius not being small enough relative to the average
grain size, i.e. notch bluntness***** and/or K, increasing
with crack length, i.e. R curve behaviour.** ** During three
point SEPB testing under both subcritical displacement
controlled and critical load controlled loading, fine grained
(~1-3 um) aluminas display little or no R curve behaviour
(as for narrow notch SENB tests*?43), whereas coarse
grained (~20-40 pm) aluminas exhibit significant R curve
behaviour.#>4% Swain*’ reports that coarse grained
(~15-20 pm) alumina displays marked R curve behaviour
during DCB K|, testing, which he suggests should scale
with the square of the grain size.

Zirconia and zirconia toughened alumina ceramics
These ceramics employed ZrO, stabilised by 3 mol.-%Y,04
enabling the ZrO, to be retained in its metastable tetra-
gonal form during cooling from the fabrication tempera-
ture; the ZTA contained 20 wt-%ZrQO,. Furthermore, they
all developed Palmqvist cracks (under the conditions which
produced the K_ data) having mean c/a ratios in the range
1-5-2-3. Thus, the assumption of a residual point force
propagating the cracks in the halfpenny model may in some

instances be close to its limit of validity.

11,18,48,49

Table 11 Vickers indentation fracture toughness equations (denoted by letter codes) ranked in order of decreasing
closeness of ¢ to ¢ = 1-00 for TZP materials A, B, and C; TZP of Jones et al.,?® and ZTA material

TZP A TZP B TZPC TZP ZTA
Rank order Equation 4 Equation o Equation o Equation 2 Equation o
1 JL 110 L3 1-03 JL 078 EC 099 MM1 1-03
2 swMmce* 087 JL 092 L3 076 NMH2* 097 ED 1-06
LEM 1-06
3 EC 085 swmc* 072 swmce 065 L3* 1-04 B 114
B 096 LF 0-86
4 ED 093 EW 116
5 EW 092 ACLM 1-22
6 swmce* 116
7 T 083
8 L2 079
9 JL 1-25
* Palmquist equation.
Materials Science and Technology October 1989 Vol. 5
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Table 12 P/c*? and P/I as function of P for TZP of
Jones et al.%®

P, N P/c¥?, MN m~%2 P/, MNm~’
245 770 ) 1-43
49 64-1 119
981 67-3 1-31

196 60-8 1-47

294 594 1-68

The results for these materials are given in Table 11. As
always, the possibility that data scatter and/or a funda-
mental discrepancy between K, and K;, may be responsible
for the presence or absence of any trends in the ¢ data, is
implicitly acknowledged. Nevertheless, for whatever reason,
TZP A, B, and C are better served by the JL halfpenny
equation than by the EC halfpenny equation, whereas the
opposite is true for the TZP of Jones et al. By contrast, both
these equations give ¢ values above 1-30 for the ZTA, with
equation JL giving o = 2:06 (see Table 4). Seven halfpenny
equations satisfy ¢ = 1-00+0-25 for ZTA and the TZP of
Jones et al., two for TZP A, and one for TZP B and TZP C.
Three Palmqvist equations satisfy the o limit for the TZP of
Jones et al., compared to one for TZP A, B, and C, and
none for the ZTA. The coefficients of variation for P/c%?
and P/l over the load range 24-5-294 N for the TZP of
Jones et al. are identical at 119} (see Table 5), but if the
datum at 24-5 N is excluded, the coefficients are 6 and 129,
respectively. Examination of the P/c¥? and P/I values as a
function of indenter load P for P > 49 N suggests that
P/c¥? decreases and P/l increases as P increases (see
Table 12); these apparent variations will be considered
further below.

The SENB K, and K data of Petersson and Bergman*®
for a 22 wt-%ZrO, ZTA give a ¢ ranking (equation
numbers are in parentheses) of (23); 1-27 > (26); 1-55 >
(19); 200 agreeing with LEM > ACLM for the ZTA (see
Table 11). The TZP data were compared with the K,
data of Matsumoto®* for a ceria stabilised TZP, the high
toughness of which is attributed to ferroelastic
domain switching®° rather than to tetragonal to monoclinic
ZrQ, transformation induced toughening.’' Of the nine
equations he used,>* eight are reviewed in Part 1' and
considered here; the ninth equation was K =
Z[(Hya'?)/p1[Ep/Hy]¥>, where Z is determined graphi-
cally from the plot of Evans and Charles.?® The only
Matsumoto data used here are his values of K, derived
from data for indenter loads <3500 N, which were used
in conjunction with K;, =102 MNm~*? to calculate
the corresponding ¢ values, since under these loads the
CeO, TZP develops Palmqvist cracks, as do the zirconia
ceramics cited in the present paper.

The eight equations used by Matsumoto are: Shetty
et al.® (46); Lawn et al,'! (23); Anstis et al,'® (26); Evans
and Davis (see Evans??), (19); Blendell,’? (20); Niihara
et al.,> (27) and (29); Lankford,’* (30). Assuming that use
of the standardised forms of these equations would not
change their rank order, we have LEM > ACLM >
ED =B > NMHI > JL for the halfpenny equations and
NMH2 > SWMC for the Palmqvist equations.

WC-Co cermets

The o data for the Laugier?®* WC—-Co cermets are given in
Table 13. The Palmqvist equations SWMC, L3, and
NMH?2 satisfy o = 1-00+0-25 for WC-5 vol.-%Co, but no
Palmqvist equations do so for WC-24 vol.-%Co, even
though both cermets developed?® Palmqvist cracks on
indentation at loads between 290 and 490 N. Only the
halfpenny equation ED is ranked for both materials, as
second and third best equation for WC-5 vol.-%Co and
WC-24 vol.-%,Co, respectively.

Table 13 Vickers indentation fracture toughness
equations (denoted by letter codes) ranked in
order of decreasing closeness of ¢ to ¢ =100
for WC-Co (vol.-%) cermets of Laugier®®

WC-5Co WC-24Co
Rank order Equation a Equation 4
1 sSwWmMc* 1-03 LF 095
2 L3" 0-89 EW 116
ED 111 e e
3 L1 0-85 ED 1-27
4 B 116 e .
NMH1 116
5 NMH2* 117
6 JL 119
7 ACLM 077
L2 077

* Palmgqvist equation.

The ¢ data for these cermets will be compared with the
results of Francois and McLaren,>> who compared the
SENB K, and Vickers indentation K_. data for
WC-5 vol.-%Co and WC-22 vol.-%Co cermets. They used
indenter loads of 200-1000 N and the equations of Lawn
and Swain,” (6); Lawn et al.,** (22); and Lawn and Fuller,>8
(7). The new standardised versions are LS, LEM, and LF,
respectively.

Using their data for the WC-5 vol.-%Co cermet, the ¢
values ranked the equations in decreasing order of the
closeness of o to 1-00 as (22); 0-67 > (7); 0-56 > (6); 0-36.
This order is the same for the Laugier WC-5 vol.-%,Co
cermet, i.e. LEM; 0-67 > LF; 0-45 > LS; 0-27. For the
Frangois and McLaren WC-22vol.-%Co cermet the
equations ranked as (7); 112 > (22); 1:36 > (6);0-36,
whereas the order for the Laugier WC-24 vol.-%Co cermet

_is LF; 095 > LS; 024 > LEM; 159, although the Lawn

and Fuller equation gives the o value nearest to 1-00 for
both cermets. This is surprising, since this is a halfpenny
equation which assumes that c/a > 2, whereas c/a is <145
for the WC-24 vol.-%Co cermet.

Shetty and Wright®> have compared the K;, and K,
values for WC-Co cermets using the equations of Shetty
et al.,’ (46) and Anstis et al.,'® (26). They maintain that the
Palmqvist model typified by equation (46) gives a better
correlation between K, and K, than the halfpenny model
typified by equation (26). The respective new standardised
versions, SWMC and ACLM, give ¢ values for the WC-Co
cermets in the present paper of 103 and 077 for the
Laugier WC-5 vol.-%Co cermet and 1-63 and 1-82 for the
Laugier WC-24 vol.-%Co cermet, respectively. These
values confirm the findings of Shetty and Wright. Laugier?®
has reported that equation (26) increasingly overestimates
the fracture toughness of WC—Co cermets as the cobalt
content increases. He also claims®® that indentation models
in terms of ¢/a and l/a are equally valid for WC-Co cermets
with 1 < ¢/a < =2, but by contrast with both Shetty and
Wright and the present authors, he found that the Anstis
et al.'® model (P/c3? = constant) gave less scattered results
than the Palmqvist model (P/! = constant).

Table 14 P/c*? and P/I as function of P for WC-Co
(vol.-%) cermets of Laugier®®

P. N P/c®2, MN m~—3/2 P/, MN m~!
WC-5Co

294 80-2 1-91

392 761 1-95

490 72-4 1-97
WC-24Co

290 214 130

392 217 12-3

490 204 99
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Table 5 indicates that P/c¥? and P/l are independent
of P for the WC-5 vol.-%Co cermet, with coefficients of
variation of 5 and 3%, respectively, while for the
WC-24 vol.-%Co cermet having c/a < 1-5, the corres-
ponding coefficients are 7 and 23%,. However, the data in
Table 14 show that as P increases, P/c¥? decreases and P/!
increases for the WC-5vol-%Co cermet, whereas P/I
decreases (P/c** may possibly do likewise) for the
WC-24 vol.-%Co cermet. The dependence of P/c*? and P/!
on P will be considered in the following section.

Summary of results for each class of material

Those valid equations satisfying ¢ = 1-00+0-10 for at least
half of the materials in a given class of material and
o = 1-00+0-35 for all the matertals in the same class, are
given below.
1. Cast Silcerams: ED, B, NMHI1, JL.
2. Hot press sintered Silcerams: EW, EC, ED, MM1, L2,
T

3. Aluminas: EC, JL.
4. Zirconias
(i) TZP ceramics: JL
(i) ZTA ceramic: no agreement with TZPs or
aluminas.
5. WC—Co cermets: ED.
Note that equations JL and ED satisfy the above ¢ limits
for three out of five classes of material.

EFFECT OF SURFACE STRESS STATE ON K

The systematic variation of P/l and P/c*? with P for
Silceram SCFS5, the alumina and TZP of Jones et al.,2® and
the WC—Co cermets of Laugier?® may be due to residual
compressive surface stresses.

The effect of a surface compressive stress (caused by
transformation toughening induced by surface grinding) on
the indentation toughness of partially stabilised ZrO, and
HfO, ceramics and ZTA ceramics has been studied by
Tkuma and Virkar.>” They used a model after Marshall and
Lawn®® which predicts that the indentation of a compress-
ively stressed surface should lead to a linear plot of positive
slope for (P/c3/?) versus ¢'/?; since K, = kP/(c*?), K, should
also be a linear function of ¢'2. The equation K, =
Z[(Hya'?)/¢p]1[E¢/Hy]*5, where Z is determined graphi-
cally from the plot of Evans and Charles,*® was used to
calculate the K_ results. The equations of Blendell,>? (20),
and Evans and Davis (Evans??), (19), are likely to give
similar K, values.

The value of K, was found to increase linearly with
increasing ¢!/ for both ZTA and the partially stabilised
ceramics having <6 mol.-% stabilising oxide, but was inde-
pendent of ¢'/? for annealed soda-lime glass and (essen-
tially) for alumina. Tkuma and Virkar®” concluded that a
positive dependence of K, on ¢'/? together with K_ values
that are much higher than the K, values are indicative of
the presence of induced surface compressive stresses.

Green®® disputes their conclusions; he studied the K,
versus ¢'/? behaviour of ZTA ceramics having both stress
free and compressively stressed surfaces, using the
equations of Evans and Davis (as cited in Evans?2), (19),
and Anstis et al.,'® (26), to calculate the K, values. Plotting
K, against ¢'/? for a ZTA having a stress free surface, he
found that K, from equation (19) increased linearly as ¢/
increased, whereas K, from equation (26) was relatively
independent of c¢'2. It was also found that P/c*? was
independent of c'/? for a stress free surface, but decreased
linearly with increasing c'/*> for a compressively stressed
surface. Green proposed that since ¢ went much deeper
than the compressive zone depth (~40pum) in these
materials, the value P/c*? should decrease towards the
value for a stress free surface as the indentation load and
hence crack length increased (as would K, when calculated

from K, = kP/c3?, where k is a constant), i.e. as the median
cracks grow beyond the compressive stress zone. He thus
claimed that the positive variation of K, with ¢'/* reported
by Ikuma and Virkar is due not to the presence of surface
residual stresses, but to the inapplicability of the Evans and
Charles®® indentation fracture model to transformation
toughenable ceramics, especially when they have been
surface ground.

Ikuma and Virkar®® refute Green’s explanation of their
results and, in reply, replotted their PSZ data using the
Anstis et al. equation,'® (26), and found that instead of K,
increasing linearly with ¢!/2 as it did when calculated from
the plot of Evans and Charles,®® it decreased linearly.
Extrapolation of the PSZ K_ data derived from equation
(26) to c¢¥? = 0 gave K;. = 5 MN m~*?2, whereas the PSZ
data derived using the plot of Evans and Charles produced
K. = 31 MN m~¥?2, which agrees well with the DCB value
of K. = 35 MN m~%? (Ref. 57). They also presented data
for two ZTA ceramics designated as ZTA 1 and ZTA 2 in
the present paper; ZTA 1 consisted of an inner core, which
retained most of its ZrO, as tetragonal ZrO,, and a
surrounding outer layer (~300 to >500um thick)
containing a large fraction of ZrO, as monoclinic ZrO,, i.e.
the surface layer was compressively stressed to a depth of
>300 um. ZTA 2 essentially contained only monoclinic
Zr0,, i.e. its surface was effectively stress free. A plot of the
K, data for both samples (obtained from the Anstis et al.
equation,'® (26)) against c!/? revealed that K, showed a
sharp linear decrease for ZTA 1, but only a small linear
decrease for ZTA 2 as ¢'? increased. However, as the
deepest crack in ZTA 1 was deemed to be 200 um, and
therefore wholly contained within the surface compressive
stress zone, the Marshall and Lawn>® model was fully valid
and K, for ZTA 1 would be expected to increase with
increasing c'/%; this it did if K, was calculated using the
Evans and Charles model.

Thus, Tkuma and Virkar concluded that a decrease in K,
with increasing c'/?> does not indicate that the crack is
growing beyond the compressive stress zone. Instead, they
suggest that this behaviour results from the invalidity at
low values of c¢/a of the point force approximation to the
distributed residual crack-driving force in the halfpenny
model, K, = k(P/c*?), since in their work,>” c/a was often
<2, while ¢/a > ~ 2 is the generally accepted lower validity
limit for this approximation.

In response to these conflicting explanations as to why
the slope of a K, versus ¢!/2 plot seems to depend on the
indentation equation used to calculate the K, data, Ponton
and Rawlings®! investigated the dependence of K, on the
surface radial crack length as a function of both the Vickers
indentation fracture toughness equation used to calculate
K. and the material indented. The ¢'/? and I'/? data for
Silceram SCFS, the alumina and TZP of Jones et al.,2® and
the WC-5 vol-%Co cermet of Laugier?® were used in
conjunction with the K_ data from the standard equations
in Part 1! to conduct least squares linear regression analy-
ses of the equations K, = Ac'?+B and K, = AlY?+B,
where A and B are constants, which are different for each
equation and material.

It was concluded that the linear relationship between K,
and ¢!/ or I'? is a general one because it (i) appears to hold
for both halfpenny and Palmqvist crack systems; (i) is not a
function of E/Hy; and (iii) is not restricted to certain c/a, l/a,
or P ranges. However, the results do indicate that the slope
of the plot of K, versus ¢'/? or I'/? is a function of both the
generic form of the indentation equation used and the
material, but the slope appears not to depend on c/a or l/a
(note c¢/a = l/a+1). On ignoring the data for equations EW,
ED, B, and MM2, and assuming (with good reason) that
Silceram SCF5 and alumina do not exhibit the same
susceptibility to induced surface compressive stresses as do
TZP and WC-Co, some general conclusions regarding the
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Table 15 Values of A from K,=Ac'?+B that
correspond to equations ED, B, and ACLM"
for Silceram SCF5, alumina and TZP of Jones
et al,”® and WC-5vol.-%Co cermet of
Laugier,?® and graphically estimated values of
A from data of Green®® and Ikuma and Virkar®®

Equation
Material ED B ACLM
Stress free surface
SCF5* 0-03 0-05 0-02
Alumina* 0-06 0-09 0-05
TZP* 012 011 —0-08
WC-5 vol.-%Co” -018 -~0-07 —-019
ZTA (Ref. 59) ~ 016 . ~ 0-003
ZTA 2 (Ref. 60)1 ~ —005
Compressive surface stress
PSZ (Ref. 60)% ~ 029 ~ 029 ~ —012
ZTA (Ref. 59)8 L. o ~ —037
ZTA 1 (Ref. 60)8 ~ 020 ~ 020 ~ —0-36

* These materials are assumed to be stress free given that they had been
diamond polished down to <1 pm.

t These materials were annealed and/or polished®® or essentially
contained only ZrO, in its monoclinic form;%® thus, they were presumed
to be stress free.

¥ lkuma and Virkar were of the opinion that this PSZ ceramic had a
surface compressive zone.

§ These materials had a partially transformed surface layer (monoclinic/
tetragonal ZrO,); thus, they possessed a surface compressive stress zone.

57,60

sign of the slope can be drawn. The data show that
equations of the generic form

K, = kP/(ax'?) = k(P/a**)(a/x)'/* = k(P/x)/?

where x =c¢ or [, give K. values that increase with
increasing x> for both classes of material, whereas
equations of the generic form K_ = kP/c¥? give K, values
that increase with increasing x'/? for materials not suscep-
tible to induced surface compressive stresses and K, values
that decrease with increasing x'/? for materials prone to
induced surface compressive stresses.

Ponton and Rawlings®! estimated the slopes of the
graphical plots of K, and P/c3? versus c'/? given by Ikuma
and Virkar®” ¢° and Green®?; for the ZTA ceramics studied
by Green, the P/c*? values were converted to the equiva-
lent K. values using equation (26), assuming E/H, = 20.
The estimates were compared with the slopes obtained
from K, = Ac'?*+B for the equivalent standardised
equations for Silceram SCF5, the alumina and TZP of
Jones et al.,*® and the WC-5 vol.-%Co cermet of Laugier.?®
The results are given in Table 15.

Excluding consideration of the WC-Co A values,
because of the lack of any data for surface stressed WC-Co
cermets, and allowing for the experimental scatter in
(i) Fig. 1 of Green>® for the equation ED data and (ii) in
Fig.1 of Tkuma and Virkar® for their PSZ data, the
tabulated data tentatively suggest that:

(i) for equations ED and B (although a direct compari-

son with the corresponding graphical plot of Evans
and Charles® is not actually possible) a positive 4
value of the order of >0-2 implies the presence of a
surface compressive stress zone ,
(ii) for equation ACLM, a negative 4 value of the order
of =01 indicates the existence of a surface compres-
sive stress zone.
Furthermore, the surface stress model of Marshall and
Lawn®® based on K_ = kP/c*? as applied to annealed and
tempered soda—lime glass appears to be consistent with the
trends in Table 15. Using equation LF, which is of the form
K, = kP/c*?, gives A = 0 for the annealed soda-lime glass
and A =~ 0-1 for the tempered soda—lime glass. Since the A
values from equation LF for Silceram SCF5 and the
alumina of Jones et al. (which were presumed to have stress
free surfaces) are 0-01 and 0-03, respectively,®! it might be
expected that K, as calculated from K, = kP/c** for low
toughness materials (i.e. K;, < 4 MN m~32) would increase
markedly with increasing c!/? if the test surfaces were
compressively stressed. Finally, it is recommended that a
strong linear dependence of K, on ¢!/2 should not be
considered indicative of a surface compressive stress unless
K_ versus c!/? data for the stress free surface condition are
also available for comparison.

DISCUSSION OF PERFORMANCE OF
EQUATIONS

Ability -of equations to correlate K, and K

Having already discussed above the K_ and ¢ data for the
materials within each class of material, attention is now
given to the correlation between K, and K;, produced by
each of the valid indentation equations for all 16 materials.
The ¢ values in Tables 6, 8, 9, 11, and 13 were used to
determine the best three equations for each of the 16
materials. The total number of first, second, and third rank
placings of each valid equation, denoted by X1st, 22nd, and
23rd, respectively, was then determined, together with the
sum of first and second placings and the sum of first,
second, and third placings, denoted by X(Z1st + X2nd) and
Z(Z1st+X2nd + X3rd), respectively. The equations are thus
ranked in Table 16 on the premise that the order of
decreasing precedence is 1st > X2nd > X(X1st+X2nd) >
23rd > Z(E1st+X2nd+X3rd). Using the sum of

Table 16 Frequency of satisfactory performance by indentation equations in terms of three ¢ values which are
nearest to ¢ = 1-00 for each material as evaluated from o data for all sixteen materials

™
ity
o

-

Equation’ ¥2nd Z(Z1st+22nd)
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w
=

a

Z(Z1st+X2nd +X3rd)
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JL
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* Palmqvist equation.

SC = Z(Z1st+X2nd) + Z(T1st+L2nd + £3rd), which is used as the equation selection criterion; the greater the SC the better the correlating ability of a

given equation.
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Y(Z1st+X2nd) and Z(Z1st+Z2nd+X3rd), which gives
greater weighting to X(X1st+X2nd), as the selection
criterion for correlating ability, it can be seen that equation
JL gives the best result, in agreement with the data given
above in ‘Summary of results for each class of material’;
equations SWMC and ED are second, while equations L3
and EC are third.

In an attempt to evaluate the overall correlating ability
of each equation as regards the five material classes, all the
valid ¢ values (i.e. the valid K_ values by inference) from
each equation were averaged. The mean ¢ value o,,, the
sample standard deviation o, the coefficient of variation o,
and the number of ¢ values averaged N corresponding to
each equation are given in Table 17. Using the decreasing
precedence order (N>12) > (o,= 1004025 >
(o, < 30%) as the selection criterion, equations B, ED, EC,
and SWMC may be considered to be the most satisfactory.

The above two selection criteria, employing the data in
Tables 16 and 17, appear to show that equations ED, EC,
and SWMC may be the best all-round equations to use if
one wants to, or must, determine the fracture toughness of a
ceramic material using the Vickers indentation test rather
than one of the conventional fracture toughness tests, e.g.
the SENB test. However, the data in Tables 16 and 17 give
no information regarding the relative abilities of the
equations to rank materials in the order of the fracture
toughness measured conventionally; this performance
aspect of the equations will be considered in the following
section.

Ability of equations to rank materials according to
their fracture toughness

The preceding discussions of the results have concentrated
on the ability of the Vickers indentation equations to give
K, values close to K. for the individual materials as

Table 17 Mean o value ¢,,, sample standard deviation
o, and coefficient of variation ¢, for each
indentation equation as obtained by
averaging all valid ¢ values produced by given
equation (¢ = K_/K ), together with number
of ¢ values averaged N (¢ data are given in
Tables 2-5)

o parameters

Equation [ A a,, % N
Group A
B 0-99 0-27 27 16
ED 0-93 0-25 27 16
EC 0-91 0-26 29 16
SWmMC* 121 0-35 29 16
Group B
T 0-82 0-29 35 16
EW 076 0-27 36 14
L2 0-81 0-33 41 16
ACLM 077 034 a4 16
L1 079 o041 52 16
Group C
JL 1-27 0-565 43 16
L3 1-28 1-38 108 16
LEM 067 0-30 45 16
LF 057 016 28 16
LS 0-29 011 38 16
Group D
NMH2* 1-05 0-40 38 1
- MM1 082 043 52 9
NMH1 1-03 019 18 8
MM2 097 034 35 7
N~ 1-45 016 11 6

* Palmgqvist equation.

Group A satisfies N2>12, g, = 1-00+0-25 and g,<30%.
Group B does not satisfy ¢,<30%.

Group C does not satisfy o, = 1-00+0-25.

Group D does not satisfy N>12.

measured by o, ie. K /K. The actual K and K|, data in
Tables 2—-5 are now considered. Table 2 shows that all the
valid equations rank the toughness of three of the cast
Silceram glass ceramics, SCF5, SCR19.34, and SCR19.13, in
the same order as the SENB K, toughness, namely, SCF5
> SCR19.34 > SCR19.13, even though equation EW, not
being valid for SCR19.13 because ¢/a > 4-5, gives a negative
K, value for SCR19.13. However, SCR25.76, which is the
toughest Silceram according to the K, data, appears to be
incorrectly ranked by all the valid equations which give
SCF5 > SCR19.34 > SCR25.76 > SCR19.13. This could
be because of a difference in the SENB notch and indent-
ation crack propagation behaviour of SCR25.76 resulting
from its crystal morphology, which being different from
that of the other cast Silcerams, may also be responsible for
the SWMC Palmqvist equation being the only one to
satisfy o = 1-00+025 for SCR25.76, giving as it does
o = 1-00.

Considering the three hot press sintered Silceram
SCR19.34 glass ceramics and the Vitox alumina, Table 3
shows that all the valid equations, excluding MM1 (which
is in fact not valid for Vitox), rank the materials in the same
order of toughness as the SENB K, values; Vitox alumina
> SCR19.34 HPC4 > SCR19.34 HPC3 > SCR19.34
HPC2. Equation MM1 ranks the sintered Silcerams as
SCR19.34 HPC3 =~ SCR19.34 HPC4 ~ SCR19.34 HPC2,
but the differences in K, are too small to give a definite
toughness ranking; equation LS also ranks SCR19.34
HPC3 =~ SCR19.34 HPC4. Regarding the relative tough-
ness of the Vitox and the Jones et al. alumina ceramics (see
Tables 3 and 5), the K, values rank them as Vitox > Jones
et al. alumina, as do all the valid equations, except equation
LS which ranks them in reverse order. Also in Table 5, the
two WC-Co cermets are ranked in the same order of
toughness by both the K. and K_ values.

So far, the agreement between the K;, and K, fracture
toughness rankings has been acceptable; however,
according to Tables 4 and 5, the K;, and K, toughness
rankings for the TZP and ZTA ceramics exhibit different
trends. The K, data ranks these materials by toughness as
TZPB > TZPC > TZP A > ZTA > TZP (Jones et al),
but all the valid equations, except LS and MM, rank them
as ZTA > TZP A > TZP B > TZP C > TZP. Equation
LS gives ZTA > TZPA > TZPB > TZP > TZPC,
while equation MM1 gives ZTA > TZPA = TZPB >
TZP C > TZP. Thus, the only agreement between the K,
and K, data (including the LS and MM1 results) as regards
the ranking is: (i) ZTA > TZP; (i) TZPB > TZPC;
and (iii) TZP A, TZP B > TZP.

However, if the LS and MMI results are excluded, (iii)
becomes TZP A, TZP B, TZPC > TZP. Furthermore,
ignoring the LS ranking gives the K, ranking TZPB >
TZP C > TZP, in agreement with the K|, ranking. Thus,
equation LS has the worst ranking ability in terms of K,
which is in keeping with its giving, on balance, the worst o
values for these materials. :

Fracture toughness correlating and ranking ability
of Vickers indentation technique

To assess the ability of the Vickers indentation technique
both to correlate and rank the indentation toughness
relative to the toughness obtained by other means, all the
valid K, values for each material were averaged and the
corresponding ¢ value calculated. The results are given in
Table 18, together with the sample standard deviation and
coefficient of variation for the mean K_ values, as well as the
number of K. values averaged, and the K, value. The
average ¢ value was 0-89+40-33 (37%); if the very high o
value for WC-24 vol.-%Co is excluded, the mean ¢ value is
0834021 (25%). Thus, the overall correlating ability is
reasonably good, i.e. within 20%, on average. Concerning
the ranking ability, the K, and K_ rankings are in agree-
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Table 18 Mean K_ value of Nvalid K values for each of
16 materials, together with corresponding K.
and o ( = K/K,) values (o, K. K, data are
given in Tables 2-5)

Material K., MN m~372 N K.MNm3? ¢

SCF5 1-51+ 052 (34%) 16 202 075
SCR19.34 1-32+0-46 (35%) 16 183 072
SCR19.13 0-87+0-37 (43%) 15 106 082
SCR25.76 1-24 +0-45 (36%) 16 229 054
SCR19.34 HPC2  2:20+0-64 (29%) 18 236 093
SCR19.34 HPC3  2:42+0-70 (29%) 17 242 1-00
SCR19.34 HPC4  2:57+0-74 (29%) 17 251 102
Vitox 4-25+1-38 (32%) 18 602 071
Al,0, 309+111 (36%) 15 3 1-03
TZP 4-80+1-42 (30%) 17 55 087
TZP A 6:61+252 (38%) 16 943 070
TZPB 624+221 (35%) 16 1076 058
TZPC 542+1-69 (31%) 16 1073 051
ZTA 8:31+338 (41%) 16 65 1-28
WC-5 vol.-%Co 812+3-03 (37%) 18 88 092
WC-24vol.-%Co  21-39+14:39 (67%) 16 115 1-86

ment for the alumina and TZP of Jones et al., the WC-Co
cermets of Laugier, the hot press sintered Silceram
SCR19.34 glass ceramics, and the cast Silceram glass
ceramics SCF5, SCR19.34, and SCR19.13.

The apparent disagreement between the K. and K,
rankings for the remaining materials is considered below.
Possible reasons as to why the Silceram SCR25.76 results
are anomalous (as regards either the K, or K, values) have
been put forward already. Concerning the generally poor
correlation between the K values from halfpenny equations
and the K|, values for alumina, it is possible that the use of
inappropriate calibration data and/or a basic difference
in the indentation crack and notch crack propagation
behaviour of alumina may be responsible. The effect of R
curve behaviour during K, tests is only significant for
coarse grained aluminas (see ‘Alumina ceramics’ above). As
far as the fine grained Vitox alumina is concerned, the low
average o value of 0-71 for the 18 valid equations and 0-65
for the 14 valid halfpenny equations may result from its
average grain size of 3 pm affecting the indentation crack
propagation, as might be inferred from the data presented
below.

1. Rawlings'?® found that equation (15) produced a o
value of ~0-75 for two aluminas with a mean grain size of
~2pum.

2. The present authors used the graphical K, and
numerical K, data of Anstis et al.'® for Coors AD999 and
AD90 aluminas to estimate their respective ¢ values; it was
found that ¢ was ~0-6 for AD999 of 3 pm grain size and
~0-7 for AD90 of 4 pm grain size.

3. Smith and Pletka?! reported data for three alumina
ceramics, designated as I, II, and III in this paper, having
grain sizes of 2, 9, and 18 um, respectively. Using their K,
and K, data, the respective average ¢ values are 0-41, 0-90,
and 0-69.

These results would seem to suggest that a grain size of
the order of 2-3 um may in some way correspond to a poor
correlation between K, and K;; however, it may just be a
coincidence. For example, Petersson and Bergman*® have
reported toughness data for an alumina having an alumina
matrix grain size of 1-6 um, containing a 0-52 volume
fraction of 7x3 um tabular alumina grains and 1-5%
porosity. The fracture toughness data were obtained using
the halfpenny indentation equations (19), (23), and (26), and
the SENB, CNB, and VIS bending tests (see ‘Alumina
ceramics’); the present authors used the SENB K, value to
calculate a mean ¢ value of 0-83 4-0-24 (29%). Also, since no
grain size data were available for the alumina of Jones
et al.,?® the average o value of 1-03 for all 15 valid equations
and 1-00 for all 13 valid halfpenny equations cannot be
commented upon.

The TZPs A, B, and C have mean ¢ values of <07,
however, both crack length measurement errors, which tend
to err on the short side, and pre-existing compressive
surface stresses would be expected to give ¢ > 1. Another
possible explanation could be that the SENB K. values
were overestimated because of a notch width sensitivity
and/or K, increasing with increasing relative notch depth,
ie. R curve behaviour; a notch width of 0-15mm and
relative depth* range of 0-2-0-4 were used as for the ZTA
ceramic.

Concerning the ZTA results, Petersson and Bergman*®
found that the K_ values (calculated using equations (19),
(23), and (26)) for a 22 wt.-%ZrO, ZTA were higher than
the toughness determined using the SENB, CNB, and VIS
methods (see ‘Alumina ceramics’). They suggest that the
lower K,. values of the high zirconia content (e.g.
~20 wt.-%ZrO,) ZTA materials, are the result of micro-
cracks (formed on cooling from the sintering temperature as
tetragonal ZrO, transforms to monoclinic ZrO,) linking up
during loading in the SENB, CNB, and VIS bending beam
toughness tests, thus leading to a low K value. By
contrast, the Vickers indentation test, being a localised
microfracture test and thus sampling a smaller material
volume, is not likely to cause the inherent microcracks to
join up sufficiently to produce a decrease in toughness.

Last, having found from Table 18 that the K, and K|,
rankings are in agreement for 10 of the 16 materials, the
combined correlating and ranking ability of the equations
as regards these 10 materials can now be assessed.
According to Table 17, equations EC, ED, B, and SWMC
display the best all-round correlating ability for all 16
materials; hence, the ¢ values produced by each of these
four equations for the Jones et al. TZP and alumina, the
Laugier WC-Co cermets, the hot press sintered Silceram
SCR19.34 glass ceramics HPC2, HPC3, and HPC4, and the
cast Silceram glass ceramics SCF5, SCR19.34, and
SCR19.13 were averaged. The results are:

#(EC) = 0:97 +0-23 (24%)
o(ED) = 107 +0-13 (12%))
o(B) = 114 0-15 (13%)
(SWMC) = 1-37+0-28 (20%)

Thus, equations ED, EC, and B appear to possess the best
combined correlating and ranking abilities as far as these 10
materials are concerned. Finally, although the ¢ values
produced by EW for the alumina and Silceram SCR19.13
were invalid and therefore not used, the mean ¢ value was
0-83 +026 (31%).

Conclusions

From the detailed discussion in this paper and Part 1,! the
following generalised conclusions have been drawn
regarding the Vickers indentation fracture toughness test
and the various K, equations.

1. The test sample surface should be stress free before
indentation and hence should be carefully polished down to
at least 1 um to remove any prior surface damage; also
when the material is susceptible to induced surface residual
compressive stresses, ¢.g. cermets and transformation
toughenable ceramics, annealing after polishing, but before
indentation, may be necessary.

2. A minimum indenter load of ~50 N is recommended
if the surface radial crack lengths are to be measured
optically, as this will give acceptable accuracy relative to
obtaining the measurements using SEM.

* Relative depth = notch depth/specimen thickness parallel to notch depth.
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3. To ensure that the crack length measurement errors
are kept to a minimum, the largest indenter load that does
not cause lateral crack breakthrough at the surface should
be used. In addition, the resultant c/a values will be large
enough to avoid elastic—plastic stress field interaction
effects near the indent corners which would (i) affect
the propagation of the cracks into the elastic matrix
surrounding the indentation plastic deformation zone and
(i) invalidate the assumption of the point force indentation
model that ¢ > a; in practice c¢/a > = 2.

4. The test sample should be about 20c¢ in thickness and
have little or no porosity, while adjacent indent centres
should be no closer than about 4c.

5. To minimise the effect of postindentation slow crack
growth, the indentation crack lengths should be measured
as soon as is practicable after indentation.

6. It is preferable to coat the polished specimen test
surface with gold before indentation as this will reduce the
time between indentation and crack length measurement;
also precoating will not affect the postindentation crack
length, whereas postcoating may do so.

7. Dye penetrants should be used with caution, as they
may enhance postindentation slow crack growth; if they are
used and slow crack growth is observed, the effect on the
apparent surface radial crack length must be taken into
account when calculating the fracture toughness.

8. For consistency and comparability between the K,
toughness values obtained using the various equations, it is
suggested that the standardised versions (of the original
equations) given by the authors in Part 1! are used.

9. There is no consistent relationship between the
performance of a given equation, be it a halfpenny or
Palmqvist model equation, and the subsurface crack propa-
gation behaviour of ceramics, i.e., whether halfpenny or
Palmqvist cracks are actually developed. For most intents
and purposes, halfpenny and Palmqvist equations give
equally valid data regardless of the crack profile developed
in any given material.

10. The existence of a positive or negative linear depen-
dence of K, on c!/? over a reasonably wide indenter load
range, e.g. 50-150 N, should not be accepted as evidence for
the presence of a compressively stressed surface layer in the
absence of K, versus c!? data for the truly stress free
surface condition.

11. If, because the materials or the available samples are
not amenable to any of the conventional fracture toughness
tests, the Vickers indentation toughness test has to be used
to measure the inherent fracture toughness of the materials
within a given material class, it is recommended that
equations JL and ED are used (see ‘Summary of results for
each class of material’), while for materials not in the same
class, equations B, ED, EC, and SWMC should be used (see
‘Ability of equations to correlate K, and K, and Tables 16
and 17).

12. Any of the standardised equations in Part 1,! except
equation LS, can be used qualitatively to rank materials
within a given class, provided the c¢/a or I/a criterion of any
chosen equation is satisfied by the material data. That is,
essentially identical materials can be ranked via K, in the
same order as they would be in terms of their K, values,
e.g. the cast Silcerams SCF5, SCR19.34, SCR19.13; the hot
press sintered SCR19.34 Silcerams; the two alumina cera-
mics; the WC—Co cermets. The TZPs A, B, and C and ZTA
ceramics, which are identical in the sense that they are all
ZrO, transformation toughened ceramics, are an exception;
however, factors such as the surface stress state of the test
sample, the microstructure, and the operative transform-
ation induced toughening mechanisms, etc, may have
affected their indentation cracking behaviour, resulting in
the different K_ and K, toughness rankings.

13. When attempting to rank different materials via K,
anomalous behaviour is sometimes observed in that certain

materials are misranked by K, relative to the K|, ranking.
There is a number of possible reasons for this, such as
microstructural features, e.g. Vitox alumina and the
Silceram glass ceramic SCR25.76, and transformation
toughening as well as possible R curve behaviour in ZTAs
and TZPs. None the less, the average K, from the valid
equations for each material is capable of qualitatively
ranking the TZP and alumina of Jones et al., the WC-Co
cermets of Laugier, the hot press sintered Silceram
SCR19.34 glass ceramics HPC2, HPC3, and HPC4, and the
cast Silceram glass ceramics SCFS, SCR19.34, and
SCR19.13 in the same order of toughness as K|, typified by
the SENB K,  values (see ‘Ability of equations to rank
materials according to their fracture toughness’ and
Table 18). Therefore, any equation (which can be validly
used) would probably be able to rank qualitatively more
materials in order of toughness via K, than it could charac-
terise in terms of a K /K, ratio of ~1.

14. As regards the quantitative ranking of different
materials in order of toughness, i.e. combining both corre-
lating and ranking ability, it is suggested that equations EC,
ED, and B are used (see ‘Ability of equations to rank
materials according to their fracture toughness’), because
they are capable of ranking the TZP and alumina of Jones
et al., the WC-5 vol.-%Co and WC-24 vol.-%Co cermets of
Laugier, the hot press sintered Silceram SCR19.34 glass
ceramics HPC2, HPC3, and HPC4, and the cast Silceram
glass ceramics SCF5, SCR19.34, and SCR19.13 in the same
order of toughness as K;, while at the same time correlating
K, and K, such that the mean of all 30 ¢ values is
1:064+0-18 (17%).

15. As a generalisation (to which there are always
exceptions) it appears that the majority of the 19 Vickers
indentation toughness equations may be capable of
producing a correlation between K, and K. of 0-8:1 to an
experimental accuracy of the order of 30%.

Insummary, the Vickers indentation fracture toughness test
technique has experimental advantages which, on balance,
outweigh the disadvantages, particularly when it is used in
a brittle materials development programme to (i) rank the
materials in terms of fracture toughness and (ii) to measure
the intrinsic fracture toughness of those materials for which
conventional toughness test methods are not suitable for
whatever reason.
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