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bstract

n this paper, a comparative study between two techniques to determine material toughness through edge chipping measurements, is presented.
he first technique relies on static Rockwell indentations, performed at well-defined distances from the edge with an increasing load until chipping
ccurs. The second technique keeps the applied load constant but drives the Rockwell indenter towards the edge at constant speed until a chip is
ormed (scratch testing). In most studied cases, our experimental results on ceramics are shown to conform with the predictions of previous models
n the literature expressing the toughness K as a function of chip size l and critical chipping load P through K ∼= P/l 3/2. However, for silicon
Ic c Ic c

arbide, the toughness values obtained by both variants of the method are mutually incompatible. The discrepancy is shown to be related to the
angential loading occurring during scratch testing. A new equation for toughness assessment is derived that takes into account the influence of
riction. This equation is demonstrated to match well the experimental results both for static and sliding indentation.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

It has long been recognised that edge chipping resistance can
e easily determined by indentation techniques.1 Basically, the
echnique consists in performing an indentation near the edge
f a specimen with increasing applied load until a flake forms.
he mechanism of the chip formation is understood as follows:
uring indentation, a median/radial system of cracks forms in
he material sub-surface. As the load increases, these cracks tend
o grow rapidly towards the free edge. Finally, when they reach
he sample edge, a chip detaches from the specimen.

Several papers have pointed out the existence of a bi-unique
elation between the flaking load P and the chip size lc3–9 (Fig. 1).
sually, experimental data scatter do not allow to determine the

xact relationship between P and lc and therefore a linear depen-
ency P ∼= lc between both quantities is assumed. However, a

ecent approach from Chai and Lawn2 has pointed out that the
ctual dependency would be P ∼= l

3/2
c . The latter relation was

erived by using sound fracture mechanics instead of empirical
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vidence.3 In Ref. [2] the authors considered the stress intensity
actor generated by a sharp indenter on a median crack located
t some distance from the edge. They show that at equilibrium
hen the stress intensity factor equals the toughness, the critical

oad for chipping takes the form:

P

lc
3/2 =

(
Kc

χe

) (
cF

lc

)3/2

f

(
cF

lc

)
= βKc (1)

here Kc is the material toughness, cF the depth of the crack
hen it becomes unstable, χe an indentation coefficient relating

o the elastic component of the indentation field and f(cF/lc) a
imensionless and material-independent function.

Eq. (1) demonstrates the possibility of assessing toughness
hrough simple edge chipping measurements. The validity of this
elation was confirmed by testing several ceramics through edge
hipping measurements performed by Vickers indentations. A
alue of β = 9.3 ± 1.3 was derived from direct measurements on
lass.
An obvious limitation of Eq. (1) is the assumption that the
ontact between the indenter and the material is frictionless.
lthough, we may assume that friction can be neglected in the

static” configuration test (e.g., the usual indentation test where

mailto:f.petit@bcrc.be
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Fig. 1. Schematic drawings illustrating static (le

he material is loaded by a normal force only), it is obviously
ot the case in a scratch test experiment where the tangential
oading component will likely influence the crack path and the
ritical chipping load.

Through experiments conducted on a broad set of brittle
eramic materials, we demonstrate the validity of this statement.
direct application of the Chai and Lawn model2 shows a signif-

cant discrepancy between toughness assessments obtained by
oth configuration testing. A modification of the original Chai
nd Lawn equation to incorporate the influence of friction is
herefore proposed allowing to get a better agreement between
oth techniques.

. Experimental procedure—materials and sample
reparation

In this study, a set of five different technical ceramics was
sed. The materials were chosen to span a broad range of
oughness (KIc). The whole set includes two different alumi-
as (referred hereafter to as alumina A—99.9% purity and
lumina B—98% purity), two different yttria stabilized zirco-
ias (referred to as zirconia A and B hereafter) and one silicon
arbide. All these grades have a commercial origin.

Prior to characterisation, 4 mm × 3 mm × 45 mm bars were
ut from the as-received ceramic blocks, machined to become
round flat and polished with diamond paste down to a 3-�m fin-
sh. A small notch of nearly 1 mm deep was machined in half of
he bars for subsequent toughness (KIc) characterisation. KIc was
etermined using the single edge V-notched beam – SEVNB –
echnique10,11 using a three-point bending test apparatus (15 mm
pan) and a universal testing machine (Z-100 Universal test-
ng machine—Zwick, Germany). The crosshead speed was kept
onstant at 0.1 mm/min. At least of five different measurements
ere realized to obtain accurate toughness measurements.
Edge chipping measurements were performed on rectangu-

ar blocks of about 30 mm × 15 mm × 4 mm. The top face of
hese samples was polished as above. Great care was taken to

eep right angle sharp edges of samples all along the machin-
ng/polishing steps.

Static indentations measurements were performed using an
niversal testing machine equipped with a purpose-built-in

T
s

d sliding (right) edge toughness measurements.

evice. This device had two components: a holder for clamp-
ng the specimen and an indenter fixed on the crosshead of
he machine. The static indentations were realized according
o the following procedure: first, the specimen was placed in
he holder fixed on an X–Y table equipped with micrometric
crews. Using the screws, the sample was moved to a posi-
ion where the edge and the indenter tip are aligned. Then the
able was moved for displacing the indenter at a prescribed
istance from the edge. For these tests, the loading rate was
.1 mm/min. Complete unloading was realized immediately
pon chip formation whenever this was recorded by the machine.
upture was considered to occur after a 20% force decrease.
everal indentations could be realized on a single specimen
dge providing a significant distance (at least 2 mm) between
onsecutive chips was respected in order to avoid crack over-
ap.

Sliding indentations measurements were performed using a
EVETEST scratch tester (CSM Instruments—Switzerland).

n this work, test pieces identical to those machined for static
easurements were used. The specimens were clamped in the

older of a motorized X–Y table allowing sample motions
ight below the indenter. Experiments were carried out con-
idering several displacement speeds (0.5 mm/min, 5 mm/min
nd 15 mm/min) and loads (20 N, 40 N, 60 N and 80 N). These
oads were chosen low enough to prevent spalling and/or lateral
rack formation during scratching. All scratches were performed
erpendicularly to the edges and unloading occurred upon
hip formation detected by a corresponding peak of acoustic
mission.

For sliding as well as for static indentations, the actual chip
ize lc was estimated through measurements of the scar remnant
n the sample by using an optical microscope (Fig. 1).

All indentations were realized using a Rockwell diamond
indenter (tip radius of 0.2 mm) whose integrity was verified

etween each series of indentations.

. Results
Data of conventional toughness measurements are given in
able 1. Zirconias are clearly the most resistant materials of the
tudy followed by the aluminas and silicon carbide.
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Table 1
Materials toughness (SEVNB measurements).

Grade KIc (MPa m1/2)

Zirconia A 7.1
Zirconia B 12.0
Alumina A 4.1
Alumina B 3.5
SiC 3.2
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Fig. 2. Results of edge chipping meas
ramic Society 29 (2009) 2135–2141 2137

Fig. 2 exhibits the results of edge chipping measurements.
he chipping load is plotted as a function of the flake size lc
easured by microscopy.
Examination of these results confirms that the flake length

nd the fracture load are related to each other. Higher fracture
oads are required to form larger chips, as expected.

For zirconias, the results obtained by static indentation and
cratch testing demonstrate very similar behaviours: the com-
ination of the two series of points suggests the existence of a

nique non-linear dependency between the chip size and the
pplied load. For alumina, such a trend is less obvious. For
nstance in case of alumina A, a shift between the two series of
oints can be noticed in the flake length range between 0.2 mm

urements (uncorrected values).
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Fig. 3. Influence of the sliding speed on the flaking

nd 0.3 mm. The shift is even more pronounced in case of silicon
arbide. For this material, the critical loads determined through
cratch testing are almost three times lower than those measured
y static indentation for similar flake length.

The experimental scattering seems essentially to be materials
ependent. It is quite significant for static indentation measure-
ents and slightly lower for scratch testing. The scatter can be

artly explained by some variations of flake geometry which
akes chip size measurement uncertain. When distorted chip

eometries are observed, they present a larger surface of rupture
han the “ideal” flake geometry pictured in Fig. 1. In those cases,
igher loads than those needed to form a chip with a more regular
eometry are probably required. As a consequence, the compar-
son of chip sizes can sometimes be put into question. In some
ases, reorientations of the crack path before the chip forma-
ion have also been observed. Usually, those cracks tend to run
arallel to the edge before intercepting it. Those reorientations
uggest a branching phenomenon occurring when the main crack
its a local interacting flaw (porosity, local anisotropy or hetero-
eneity, etc.). In some cases, the crack stops before reaching
he free edge (especially in very tough materials like zirconias).
inally, some shape distorsions might also be related to the grind-

ng processes through the introduction of sub-surface flaws. In
ny case, no obvious correlation between the flake shape and
icrostructures was found. Influence of specimen roughness
as however not investigated in the present study.
Scratches observed by optical microscopy show that cracks

re present all along the wake (without noticeable lateral chip-
ing). No evidence of significant plastic grooving was detected
long the scratches. However, the presence of plastic remnant
mprints at the edge of some scars may suggest that the fracture
rocess is driven by an elastic/plastic stress field. The cracks
bserved along the scratches are typically partial ring cracks
hat deviate close to the edge to propagate in a half-cone shape
s for static indentation. This change can probably be related to
he change in stress field in front of the indenter close to the free

dge. A half-cone fracture is then initiated leading to the chip
ormation.

Contrarily to the “static” indentation experiments, distor-
ions of chips are negligible in case of scratch testing. This can

w

a
v

illustrated in the case of alumina A and zirconia B).

e related to the fact that chips are smaller (due to the lower
pplied loads) and therefore less sensitive to the influence of
eighbouring flaws during propagation.

. Influence of friction in the chipping mechanism and
aterial toughness assessment

To explain the discrepancy between “static” and “sliding”
xperiments, the influence of the displacement speed during
cratching was investigated as well as that of friction. During a
cratch test, friction is known to generate an asymmetrical stress
eld involving an in-plane tensile stress behind the indenter and
n in-plane compressive stress in front of it. Consequently, as the
eak tensile stress increases in presence of friction, the critical
racking load should decrease correlatively.

By performing scratch tests at different velocities (5 mm/min,
0 mm/min and 15 mm/min), it was easily checked that the
cratch velocity exerts almost no influence on chipping (Fig. 3).

Experimental measurements of friction were carried out on
lumina A, zirconia B and silicon carbide by performing comple-
entary scratch tests. A constant normal force of 30 N was used

o prevent cracking and three different velocities were still con-
idered, i.e., 5 mm/min, 10 mm/min and 15 mm/min. The results
f three different scratches are presented in Fig. 4.

The average friction coefficient was calculated to be 0.10,
.14 and 0.27 for zirconia B, alumina A and silicon carbide,
espectively.

To get a quantitative insight on the effect of friction on
hipping, it is necessary to consider some elementary fracture
echanics. The stress intensity K for a semi-circular flaw of

epth c in a monolithic material subjected to a uniform, i.e.,
epth-independent tensile stress σ is

∼= χσ
√

c (2)
here χ is a constant.
In case where the tensile stress is generated by a contact with

n indenter loaded at force P, simple dimensional analysis pro-
ides σ ∼= αP/c2 where α is a dimensionless constant. Therefore,
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Fig. 4. Friction coefficients meas

he stress intensity factor takes the usual form:

∼= αχ
P

c3/2 = χe

P

c3/2 (3)

ith χe = αχ.
The condition of cracking is obtained when K = Kc with Kc

he material toughness.
For edge chipping, Chai and Lawn have proposed to accom-

odate the influence of the front free surface which begins to
e felt when the crack propagates by normalizing crack size c
elative to indent location lc. They have demonstrated that the
ondition K = Kc with K given by Eq. (3) turns out to be

c
∼= χe

[(
cF

lc

)−3/2 1

f (cF/lc)

]
Pc

lc
3/2 = 1

β

Pc

lc
3/2 (4)

here 1/β = χe[(cF/lc)−3/21/f(cF/lc)], cF is the crack critical size
hen it becomes unstable and f(cF/lc) is a constant, independent
f material.

Eq. (4) was derived by neglecting any crack size dependence
n Kc and by assuming that the indenter does not unload prior

o chipping in order to neglect any residual inelastic component
n the stress field.

Although Eq. (4) exhibits dependency between toughness,
racking load and chip size, an obvious limitation of this expres-

F

a

t different scratching velocities.

ion is that it does not include the influence of friction which
annot be neglected during scratching. It is however straightfor-
ard to modify Eq. (4) in order to accommodate friction in a

easonable way.
In case of a sliding spherical asperity, the maximum of the

ensile stress will occur at the trailing edge of the stylus. This
tress will cause the material to fracture. The corresponding
tress intensity is classically given by12

∼= χσ

(
1 + 3 (4 + ν)

8 (1 − 2ν)
πμ

) √
c (5)

here μ and ν are the friction coefficient and the Poisson’s coef-
cient, respectively. Based on Eq. (5), it is possible to write an
quivalent counterpart of the frictionless case described by Eq.
3)

∼= χe

(
1 + 3 (4 + ν)

8 (1 − 2ν)
πμ

)
P

c3/2 (6)
or μ = 0, Eq. (6) becomes identical to Eq. (3).
Following Chai and Lawn2 and normalizing crack size c rel-

tive to indent location lc, the condition of cracking in presence
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Based on our experimental measurements, an average value
of β ∼= 5.4 was found. It can be noticed that this value differs
from that found previously by Chai and Lawn (β ∼= 9.3). The
reason is probably that we used Rockwell indentation rather
ig. 5. Effect of the incorporation of friction in the critical loads measured by
lumina A, zirconia B and silicon carbide, respectively).

f friction becomes

c
∼= χe

[(
cF

lc

)−3/2 1

f (cF/lc)

] (
1 + 3 (4 + ν)

8 (1 − 2ν)
πμ

)
Pc

lc
3/2

= 1

β

(
1 + 3 (4 + ν)

8 (1 − 2ν)
πμ

)
Pc

lc
3/2 (7)

q. (7) suggests that toughness can be correctly assessed only
f the friction coefficient value is known. Comparison of Eqs.
4) and (7) shows that the critical chipping load in presence of
riction is related to that of the frictionless case through:

c,μ = Pc

1

1 + (3(4 + ν)/8(1 − 2ν))πμ
(8)

herefore, if μ increases the critical chipping load decreases. To
ore clearly illustrate the influence of friction on the chipping

oad, the values obtained by scratch testing have been corrected
sing Eq. (8) and compared again with the values obtained by
tatic indentation. The result of this correction is illustrated
n Fig. 5 for alumina A, zirconia B and silicon carbide (other

aterials of the study behave similarly).

It is worth noticing that the proposed correction allows get-

ing a much better correlation between both series of points.
he agreement is now excellent even for alumina A and silicon
arbide.
ch testing (mean friction coefficients of 0.15, 0.11 and 0.27 were deduced for

A plot of the critical load (incorporating the values obtained
y normal loading and the corrected scratch test values) versus
he chip size is given in Fig. 6 for each material. Regression fits
f Eq. (5) with force-fit slopes 1.5 allow to determine values of
he constant β.
Fig. 6. Plot of chipping load P versus chip size lc.
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ig. 7. Plot of SEVNB toughness versus values determined through edge chip-
ing measurements.

han Vickers indentation as they did. With the value found, the
aterial toughnesses were recalculated and compared with the
EVNB values. The result shown in Fig. 7 illustrates the rather
ood agreement between both methods by using Eq. (7).

. Conclusions

In this study, static and sliding indentation have been used
o assess the edge chipping resistance and the toughness of
ve different ceramics. The influence of the scratching speed
as shown to be negligible in the chip formation for all stud-

ed materials. However, the influence of the friction coefficient
as shown to exert a dramatic influence. Without considering

riction, the chipping loads measured by scratch testing are not
onsistent with those derived from static measurements. Inspired
rom a recently published work by Chai and Lawn, a relation has
een proposed to tackle the influence of friction. It is demon-
trated that this new relation can fully explain all experimental

esults. Moreover, a good agreement between the toughness val-
es determined through edge chipping measurements (either
hrough static measurements of scratch testing) and SEVNB
alues is obtained.
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