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Evaluation by indentation of fracture toughness
of ceramic materials
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A transition fracture mode from Palmqvist to median has been observed in a number of cer-
amic materials. A new expression to determine the fracture toughness (K,c) by indentation is
presented. The K. values calculated by this formula are independent of the crack profile
(median or Palmqvist) and of the applied load. This formula has been obtained by miodifying
the universal curve of Evans and Charles to incorporate Palmqgvist and median cracks over a
wide range of loads in the case of brittle materials with different mechanical properties (elastic

properties: £, v, K¢).

1. Introduction

The fracture toughness, or the critical stress intensity
factor (K,-), can be considered as one of the most
important fracture properties of structural ceramic
materials. The conventional ways to determine K. (by
single edge notched beam (SENB), chevron notched
beam (CVNB) and double cantilever beam (DCB))
require complex experimental procedure and a mini-
mum number of samples which have quite large
dimensions. Recently, there have been several attempts
to use the indentation method which could be con-
sidered as a simpler technique to obtain the fracture
toughness values of brittle materials [1-3]. This tech-
nique requires only a small polished area on the speci-
men surface from which a large number of data points
can be generated rapidly.

In principle, indentation methods require measure-
ment of the size of the cracks formed around the
indent at loads in excess of the critical load, P,, which
is required to initiate the cracks (around the indent).
After measuring the indentation parameters (e.g. the
indentation radius, the crack length and the applied
load), we can use one of several expressions (listed
in Table I) which have been developed by different
authors to obtain K¢ values.

However, there are specific conditions and limi-
tations for using these formulae because some of them
are related to the treatment of indentation data on the
basis of a median crack (Fig. 1a) and the others on the
basis of a Palmqvist crack (Fig. 1b); moreover some of
these are restricted to certain materials. Up to now, no
universal formula has been available to evaluate real
values of K. using any crack profile produced over a
large range of loads for all ceramic materials.

The aim of this paper is to observe the character-
istics of crack profiles from Palmqvist type to median
type in the case of different materials, or at differ-
ent loads for the same material, and to find out the
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relationship of fracture data to the ratio ¢/a (c is the
crack length and a is the half diagonal length of
the indent (Fig. 1a)) and to the elastic properties of
materials (elastic modulus, Poisson’s ratio).

We have performed indentation experiments using
both low (1 to 50 N) and high (100 to 500 N) loads for
zirconia-toughened alumina dispersoid composites. A
new formula which yields acceptable values of K.
over the entire range of loads has been put forward,
taking into consideration the role of Poisson’s ratio.

2. Literature review

Surface cracks associated with Vickers indentation are
now widely used to estimate fracture toughness of
ceramics and cermets. Crack profiles induced by
indentation may be classified into two types: median
type and Palmguvist type.

2.1. Crack of median type

A fundamental study of the median crack problem,
based on Griffith-Irwin fracture mechanics, has
recently been developed [11]. Lawn and Fuller [12],
working primarily on glasses, discovered that the
crack radius ¢ increased with load P as

¢ = kPP (1)

where k is an empirically derived constant. Marshall
and Lawn [13], on the basis of experimental obser-
vations, changed the form of Equation 1 and obtained

Ke = yp/c” @)

for well-developed indentation cracks (Fig. 1a), where
K¢ is the toughness of the indented material and y is
a constant to be determined for any given indentation/
specimen system.

During recent years many studies of indentation
fracture in ceramic materials have been performed.
Evans and Charles [1], according to the relationship of
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Figure 1 Comparison of (a) median and (b) Palmqvist cracks
around a Vickers indentation.

hardness and diagonal of indent

H = Pla,d 3)
changed the form of Equation 2 into
K _
L L @

where g = 0.48, ¢ is a constraint factor (& 3) and H
is the hardness of the indented material.

Niihara ef al. [4], working on hot-pressed SiC, hot-
pressed Si;N, and B,C, sintered SiC, chemical vapour-
deposited Si;N, and soda-lime-silica glasses, found a
value of g close to 0.203 (Formula A).

Using Equation 2 or 4, Evans and Charles [1] dis-
covered that there is no exact coincidence of the frac-
ture data (K. ¢/Ha"?) for the different materials tested
in their study. Evans and Charles [1], Lawn ez al. [6]
and Anstis et al. [5] analysed this problem. From the
analysis of elastic—plastic field, they considered that
the volume of plastic zone is accommodated by the
surrounding elastic matrix. In this way, the constant y
depends on the ratio of Young’s modulus to hardness,
E/H, to a power m:

x = B(E/H)" (5)

where f, is a material-independent constant for
Vickers-produced radial cracks. Evans and Charles [1]
obtained m = 0.4; Lawn et al. [6] and Anstis et al. [5]
obtained m = 0.5. Following the approach of Lawn
et al. [6], Laugier [9] obtained an analysis approxi-
mation m = 2/3.

Withm = 0.4, Blendell [14] obtained a new expression

(et ) () -

TABLE 1 Available formulae*

0.055 log (8.4ajc)  (6)

from the data of Dawihl and Altmeyer [15]. Niihara
et al. [3] found Formula B (Table I) with the restricting
condition c/a = 2.5.

For m = 0.3, Anstis et al. [5], working on a wide
range of ceramics and glasses, obtained Formula C.
Lawn er al. [6) obtained Formula D.

2.2. Crack of Palmqvist type
Palmqvist [16, 17] suggested first that the average
length of the cracks, /, emanating from the corners of
a Vickers indent (Fig. 1b) might be a measure of the
relative toughness at low loads. Niihara et al. [3] dis-
tinguished Palmqvist cracks from median cracks by
using different ratios of ¢/a or lja (=(c/a) — 1). They
found that at higher values of crack-to-indent ratio
(c/a = 2.5) the crack profile is of median type, and
that at lower ratio values of the ratio (//a < 2.5 or
c/a < 3.5) the crack profile is of Palmqvist type.
Exner [18], working on low-binder content cermets,
defined a crack resistance o, based on the observed
linear relationship between the indentation load and
the average crack length /:

P/l )

Ogilvy et al. [19] and Perrott [20] suggested that for
high-binder content WC-Co material Equation 7
should be modified to

o =

) =

(P — Py)/Al ®)
where P, is a threshold indentation load for cracking.
More recently, Nithara [21] and Warren and Matzke

[22] have independently suggested a relationship of the
form

K = B (Hw)l/z )

where f, is a non-dimensional constant which depends,
in Niihara’s model, on the ratio of Young’s modulus
and hardness [21].

Shetty et al. [7] used Equations 8 and 3 to obtain

C =1l+a

P — P, P\
= a0 + <ﬁl> for P > P, (10)

They discovered that two models (Equation 1 and
Equation 10) give surprisingly very close results in
their experiments for Palmqvist cracks, but they
said that the Palmqvist model (Equation 10) gave a

No. Author Equation for K,c (MPam'?)
Median crack Palmgqvist crack
A Niihara et al. [4] 0.203(Ha'?)(¢c/a)~ ' /¢ -
B Niihara et al. [3] 0.129(Ha' Y E$/H )" (c/a)~" ¢ -
1 Anstis ef al. [3] 0.016(E/H "> (P/c?) -
D Lawn et al. [6] 0.028(Ha' ?)(E/H)* (c/a)~ ' -
E Shettey et al. [7] - (HPJADP 31 — v)(2")n tan )]
F Niihara et al. [3] - 0.035(Ha"?) (EQ/H )4 (ja)~** |5
G Lankford [8] 0.142(Ha Y Ed/H ) (c/a) "% /¢
H Laugier [9] 0.010(E/H )" P|C*" -
I Laugier [10] - 0.015(//a) "2 (E/H Y P/ C*?

* E is the elastic modulus; H is the Vickers hardness; ¢ is a constraint factor (& 3); ¢ is the half apex angle of the Vickers indenter (= 68°);
P is the applied loads on indentor; v is Poisson’s ratio; a, ¢ and / are as shown in Fig. 1.
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better fit overall than the half-penny crack model
(Equation 1).

Shetty et al. [7] considered Palmgqvist cracks as a
two-dimensional problem and they suggested that
Palmquist cracks in equilibrium with the post-inden-
tation crack opening due to the residual plastic zone
are equivalent to a through-crack in equilibrium with
a wedge of height 2A. For the later case, Barenblatt
[23] and Tweed [24] gave

B Eh
(1= v)(2nr)"”

Shetty ez al. [7] suggested that the wedge thickness was
given by the radial (plastic) expansion of the plastic
zone beneath the hardness impression required to
accommodate the hardness impression volume:

Kic (11)

2!,/2a3

20b = —5—
3nb* tan y

(12)
where Y (= 68°) is the half-apex angle of the Vickers
indenter, b is the plastic radius and 65 is the variation
of the plastic radius due to the expansion. The ratio
b/a can be given by [6]

b [E 12 1

a \H/) @%ntany)"?
Thus, Shetty et al. [7] obtained Formula E in Table I.
Formula E is just like Equation 9. Combining with

Equation 3, Equation 9 or Formula E can be written
as

(13)

= By(lja)~"” (14)

where

1
271 — )27 tan §)"”

Niihara et al. [3] discovered that there is no exact
coincidence of the fracture data (K.¢/Ha'?) at
low values of the ratio //a for different materials.
According to the approach of Evans and Charles [1],
a normalizing parameter, (H/E¢)™, is added to
Equation 14 and the Formula F (Table I) can be
obtained.

B

2.3. Mixed type of median—Palmqvist crack

Lankford [8] has disputed the analysis in the literature
[3, 15] and argued that Palmqvist cracks behave in a
manner identical to fully developed radial/median

cracks. He noted that the ZnSe and ZnS data obtained
by Evans and Charles [1] were plotted by Niihara et al.
[3] in terms of //a rather than c/a in spite of no evi-
dence that ZnSe and ZnS cracks are of Palmqvist type.
He replotted these data in their original form, i.e. in
terms of ¢/a, and recombined with the other Evans
and Charles data (in ¢/a) and with the results of Niihara
et al. [3] (in //a). He found that all of the Evans and
Charles data are adequately described by Formula B
(Table I) and it is not necessary to use Formula F to
take into account the case of ZnSe and ZnS. Lankford
used materials for which indentation at the lower
loads produced only Palmqvist cracks with a tran-
sition to well-developed halfpenny cracks at higher
loads. He modified Formula B to give Formula G.
This last formula can be used in both cases: Palmqvist
cracks and median cracks.

Up to now, the relationship between the Palmqvist
type and median type has not been established. Lank-
ford [8] admitted that there were still errors of about
35% in his formula for four materials. This paper
attempts to find out the relationship between the two
crack profiles and to find out the transformation pro-
cedure for crack profiles.

3. Experimental procedure

3.1. Materials

Zirconia-toughened alumina composites with dif-
ferent compositions (0 to 100% ZrO,) were used to
'provide materials with a wide range of elastic and
fracture properties for our study (Table II). These
composites were produced by attrition milling, cold
isostatic pressing and hot pressing (H.P.) at 1500°C
‘for 15min/30 MPa to full density [25]. The compo-
sitions with their respective Young’s moduli (£) and
Poisson’s ratio (v) were obtained from the law of
mixtures [26].

Specimens 4 mm by 3 mm by 20 mm were machined
from sintered materials; the surfaces were carefully
polished successively with 6, 1 and 0.1 um diamond
pastes. After the surface preparation, specimens were
annealed (1200°C, 15min) to remove surface com-
pressive stresses [15, 27].

3.2. Test conditions

Fracture toughness (X,-) was measured for each com-
position using the standard SENB technique. The
specimens were notched with a low-speed diamond
saw to a relative depth a/w =~ 0.4 and a notch radius
of about 0.40 um. They were tested in three-point

TABLE II Compositions and elastic properties of alumina-zirconia composites

Material

AlLO; AS5SZ0Y Al0ZOY  A15Z0Y  A20Z0Y  A20Z1Y  A20Z2Y  A20Z3Y  A45Z3Y TZP
ALO, 100 95 90 85 80 80 80 80 55 0
(vol %)
ZrO, 0 5 10 15 20 20 20 20 45 100
(vol %)
Y,0, - - - - - 1 2 3 3 3
(mol %)
E 392 379 370 340 250 350 349 345 296 198
(GPa)
y 0.27 0.27 0.27 0.27 0.275 0.275 0.275 0.275 0.28 0.29
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Figure 2 Crack profiles on different materials: (a) A15Z0Y, at 10 N, Paimqvist; (b) A15Z0Y, at 100 N, Palmqvist; (c) A15Z0Y, at 500 N load,
median; (d) TZP, at 100N load, Palmgqvist; (e) TZP, at 500 N load, median.

bending (span = 15mm) using a displacement rate of
0.1 mmmin~', at room temperature [26].

Indentation tests were performed by the direct
crack measurement (DCM) technique. The specimens
were indented on the polished surface with a Vickers
microhardness tester using loads ranging from 1
to S0N and with a Vickers hardness tester using
loads from 100 to 500 N. The values of ¢ and a were
measured by an optical microscope.

After indentation, the cracks induced around the
indentation zone were revealed by a dye penetrant.
Specimens were then broken from the indented points
under bending so as to observe the crack profiles by
microscope examination of the distribution of the dye
penetrant inside the samples.

4. Results and discussion

4.1. Crack profiles

Figure 2 shows crack profiles (arrows indicate the
edge of the crack front in each figure). In each tested

material the crack profile is always of Palmqvist type "

(Figs 2a, b, d) when the applied load is small. When
the load increases, the crack profile is modified from
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Palmqvist type to median type (Figs 2c, ) and the
ratio d/c increases from 0.2 to 1 (d is the depth of the
profile), i.e. there is a transition step from the Palm-
qvist type to median type (the ratio d/c is a function of
the applied load). At the same load, the materials
studied exhibit different crack profiles. For example,
with 100N load, the pure Al,O, specimens have a
crack profile of median type, whereas the TZP speci-
mens present a Palmqvist type. When the fracture
toughness values are low, it seems that the crack pro-
file is mainly of median type: if the fracture toughness
values are high enough, the crack profile is of Palm-
gvist type, but the transition is a function of the
applied load.

Sullivan and Lauzon [28] used 296N loads on
alumina and two types of zirconia (stabilized by 4.4
and 2% Y,0,, respectively); they observed that the
alumina material has a median type profile (d/c = 1),
whereas the others have a Palmqvist type but with
different d/c ratio. We observed that the crack profile
changes from Palmgqvist type to median type more
easily when the material is more brittle (low tough-
ness). Hence, the crack profile is a function of both
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the applied load and the properties of the material.
Between the Palmqvist type and median type there is
a transition state; we do not observe a well-defined
transition from Palmqvist crack to median crack.

4.2. Indentation load dependence of crack
length

Figure 3 shows the crack length as a function of
indentation load. The variation of crack length corre-
sponds in fact to the Palmqvist model (Equation 7)
when the applied load is small (P < P,) and to the
median model (Equation 1) when the load is great
(P = Py).

If we compare the three materials, it can be pointed
out that P, or P, values are greater in the tough
materials than in lower-toughness materials. This
trend may indicate that the load range of the Palm-
qvist type is larger in the high-toughness materials
than in the low-toughness ones.

It was noted, from Fig. 3 that the transformation of
the crack profile from Palmqvist type to median type
is quite regular: when P, < P < Py, the crack profile
is in fact in a transition state. This is consistent with
the microscopic examination of the crack profiles.
These observations lead us to suggest that it is possible
to find a universal model describing the two crack
profiles.

4.3. Fracture curves
Using the expression of Evans and Charles [1] which
has been accepted by Nithara ef al. [3] and Lankford

0.08
0.08
0.07
0.06

T

0.05F

0.04f

cla

Figure 4 Variation of W = (K,¢/Ha'"?) (H/Ep)** against c/a.
(0) ALO,, (a) ASZ0Y, (3) AL0ZOY, (v) AlSZ0Y, (W) A20Z0Y,
() A20ZLY, (x) A20Z2Y, (¢) A20Z3Y, (V) A45Z3Y, (®) TZP.

[8], curves (in log-log plot) of (Kjc¢/Ha'*) (H/$E)**
against ¢/a were obtained (Fig. 4). The values of K¢
were measurd by SENB and the hardness was measured
by indentation (Table 11I).

Figure 4 indicates that the variation of the slopes of
the curves is continuous. This phenomenon is consist-
ent with Fig. 3. When the c/a ratio is small, the crack
model is of Palmqvist type; when the ratio is large, the
crack model is of median type; at median ratio, the
crack model is between these two types, i.e. the crack
profile is in a transition state.

The slopes of the curves (Fig. 4) are not always
equal to —3/2, but are remarkably similar for all
curves at the same value of c/a: the slopes of these
curves are a function of ¢/a for all materials which we
have studied and can be fitted with a parameter equal
to [(¢/18a) — 1.51] (value close to — 3/2). It indicates
that it is possible to describe all fracture curves in
terms of ¢/a and that it is not necessary to use to //a
ratio to describe fraction data. This consequence is in
agreement with the results of Lankford [8].

Figure 4 shows another important phenomenon:
the fracture data corresponding to the different
materials studies define a set of parallel curves: the
slopes of all curves are defined by a parameter which
is a function of the ratio c/a. Using these slopes (as a
function of c/a), we can plot the fracture data of the
literature from Niihara et al. [3]. Figure 5 compares

TABLE III Fracture toughness and Vickers hardness of alumina—zirconia composites

ALO;,  ASZ0Y A10Z0Y  A20Z0Y  A20Z1Y  A20Z1Y  A20Z2Y  A20Z3Y  A45Z3Y TZP
Kic 5.0 8.1 9.3 6.5 6.0 8.2 10.1 8.9 10.7 11.5
(MPam'?) £ 0.2
H, 194 18.9 18.4 17.9 14.0 17.7 18.5 18.4 17.0 14.4
(GPa) + 0.3
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ture toughness data of (O) hot-pressed silicon nitride,
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Niihara [3].
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the two curves: one is plotted by Blendell [14] and the
other is plotted by us. It can be noted that our curve,
whose slope is a function of ¢/q, is consistent with the
fracture data obtained by Niihara ez al. [3] and by
Dawihl and Altmeyer [15].

4.4. Poisson's ratio dependence of fracture

data
Evans and Charles [1] proposed the expression
Ko
Fon = Fi(aF(, . bja) (15)

where v is Poisson’s ratio, u is the friction coefficient
between the indenter and the material and b is the
plastic zone radius. This equation indicates that frac-
ture data are a function of the Poisson’s ratio of the
material. Shetty ez al. [7] obtained Formula E (Table I)
containing v.

Figure 4 shows that there is not an exact coinci-
dence of the fracture data, (K,c¢/Ha'?) (H/E$)**, for
the different materials studied. At a constant ¢/a ratio,
the value of fracture data for TZP material is the
highest and the value for alumina is the lowest. Table
II shows that the value of Poisson’s ratio (v) for TZP
is the greatest and the value for alumina is the lowest.
Figure 4 shows that there are similar W values for

T
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| SO N [N IS S |

1
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v

Figure 6 Variation of « against Poisson’s ratio.
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A2070Y, A20Z1Y, A20Z2Y and A20Z3Y which pre-
sent the same values of Poisson’s ratio and different
values of fracture toughness. Therefore, the position
of a curve seems to be closely related to Poisson’s
ratio.

As a consequence of these observations, we assume
that we can separate Equation 15 as follows:

Kicp/Ha'"? = F(c/a)F,(m, bja)F;(v)  (16)

with
Fi(cla) = (cfa)"™ ! )
Fy(u, bjla) = F,(H/E¢) = (E¢/H)** (18)

and F;(v) is an empirically determined function. By a
numerical analysis, we obtain
1

F3(V) = 14{1 _ 8[(4v — 05)/(1 +- V)]4}

(19)
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Figure 7 Variatrion of W’ = Wa against c/a. (0) ALO,, (a)
ASZ0Y, (O) AL0Z0Y, (v) AI5Z0Y, (m) A20Z0Y, (a) A20Z1Y,
(%) A20Z2Y, (e) A20Z3Y, (v) A45Z3Y, @ TZP.
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Figure 8 Comparison of fracture toughness values of Al,O,-ZrO,
using Equation 21 with that measured by SENB. (0) ALO;,
(A) ASZOY, (D) ALOZOY, (v) A1SZOY, (m) A20Z0Y, (A) A20Z1Y,
(x) A20Z2Y, (e) A20Z3Y, (») A45Z3Y, (®) TZP.

We use o instead of 1/F;(v) for simplifying Equation

19, where
4y — 0.5\
41 -8 ——— 2
()] @

o is a non-dimensional constant and is a function of
the Poisson’s ratio of the material (Fig. 6): « decreases
with increasing v with a corresponding increase in K.

In Fig. 7, the different points of Fig. 4 are plotted
on the same curve by including the parameter . Now
all the data shown in Fig. 7 can be expressed by

RO

4.5. Application of the new formula

Figure 8 shows that the new values of K| calculated
by Equation 21 for all the loads used are just the same
as those measured by SENB for the different alumina-
zirconia materials.

In order to confirm this new formula (Equation 21),
we have tested sintered SiC and pure alumina of dif-
ferent grain sizes. With different applied loads, the
values of K calculated by Equation 21 are very close
to the values measured by SENB (Figs 9 and 10).

o =

5. Conclusions
1. The crack profile induced by indentation depends
on the applied load and on the properties of the

% )
=] cp]*w b4 - ¥ —t 7
[« %
=
= 2 e SENB
X
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Figure 9 Comparison of fracture toughness values of SiC calculated
by DCM using Equation 21 with that determined by SENB.

K (MPa m1/2)

40r

3.5
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@ {pm)

Figure 10 Comparison of fracture toughness values of pure alumina
of different grain sizes calculated by (%) DCM using Equation 21
with that determined by (v%) SENB.

material. Between the Palmqvist type and median
type, a transition state is observed with a mixture of
both Palmgvist and median fracture modes.

2. A new formula has been developed in order to
obtain independent values of K¢ for brittle materials
by treatment of K. values as a function of v as well as
H and E.

3. With the new formula, any load can be used in an
indentation test whatever the induced crack profile
(Palmavist, median or transition mode).

4. We believe that this formula could be more uni-
versal than previous ones, and hence the use of this
indentation method to determine the mechanical
behaviour and fracture toughness values of ceramic
materials can yield intrinsic values for the material.
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