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Abstract

In a recent paper, Fargas et al. [Fargas, G., Casellas, D., Llanes, L. and Anglada, M., Thermal shock resistance of yttria-stabilized zirconia
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ith Palmqvist indentation cracks.J. Eur. Ceram. Soc., 2003,23, 107–114] make use of the Vickers indentation technique to character
hermal shock resistance of brittle materials exhibiting the Palmqvist indentation crack system. They claim that their approach ca
easurement of Hasselman’sR′′′′ thermal shock resistance parameter. It is here demonstrated that the obtained parameter is in factdifferent from
′′′′. In parallel, it is shown that a previously developed approach, which is both consistent with the concepts ofR′′′′ and of the critical quenchin

emperature difference,�TC, can be used in the case of the Y-TZP ceramics of Fargas et al. This approach also allows an estimat
aximum thermal stresses and of the coefficient of heat transfer at the fluid–solid interface as a function of the quenching temperatur
2005 Elsevier Ltd. All rights reserved.

eywords: Thermal shock resistance; Mechanical properties; Toughness; Indentation

. Introduction

Thermal shock is a frequent problem for ceramic users,
hen sudden temperature changes are involved, for instance

n refractories, superconductors, electronic components, fuel
ells, filtration devices, thermostructural parts, etc. During
hermal shocks, transient thermal stresses build up in the ma-
erial and can become large enough to induce damage, such
s microcracking or macrocracking. The nature and extent of

hermal shock damage depend on the one hand on the ability
f the ceramic to resist cracking, i.e. on its toughness and
trength, and on the other hand on the severity of quench-
ng, i.e. on the maximum value reached by transient thermal
tresses during the process. If the former can easily be mea-
ured by conventional mechanical testing, the latter is rather
ifficult to evaluate since it is the result of complex transient

∗ Tel.: +33 2 40 68 31 97; fax: +33 2 40 68 31 99.
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mechanisms like heat transfer and conduction in the flu
the solid and at their interface. For this reason, many stu
aim at the characterisation of the consequences of the
shock on ceramic materials rather than the physics invo
In this respect, the investigation of the behaviour of Vick
indentation cracks under quenching conditions has raise
terest in the past years.1–9 In particular, an interesting wo
has been performed and published by Fargas et al.,1 where the
authors derive several quantities and parameters. The
interest of this work is that it proposes to take into accoun
effects of corrosion cracking, of a risingR-curve, and of th
indentation residual stresses relaxation during crack ex

In the present work, some aspects of the approac
analysed from a theoretical point of view, especially the
posed comparison of one of the derived parameters with
selman’sR′′′′ thermal shock resistance parameter.10 Then, a
comparison is made with a previously proposed approa
characterise the thermal shock resistance of brittle mat
exhibiting the Palmqvist indentation crack system.4 Finally,
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the latter method is used to exploit and analyse the experi-
mental results gained by Fargas et al. on Y-TZP ceramics.1

2. Theoretical background

2.1. Thermal shock and Hasselman’s R′′′′ parameter

The present paper is voluntarily restricted to the quenching
of brittle materials from high temperature into a colder fluid.
In such a case, tensile transient thermal stresses appear near
the surface of the quenched part, with a maximum value given
by:11

σth = Eα∆T

1 − ν
f

(
rh̄

k

)
(1)

whereE is the material’s Young’s modulus,α its coefficient of
thermal expansion,ν its Poisson’s ratio,k its thermal conduc-
tivity andr a characteristic dimension of the quenched part.h̄

is the effective heat transfer coefficient at the fluid–solid inter-
face, andf is a rising function, with values between 0 (“soft”
quench) and 1 (“hard” quench). If the quenched material con-
tains a natural flaw on which fracture can occur, with a char-
acteristic sizea/2, associated to a geometrical factorY, its uni-
axial fracture stressσf is governed by its toughness,KIC, as:
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Fig. 1. Schematic representation of Palmqvist indentation cracks: (a) top
view; (b) cross-section.

(within certain limits) to a new length,�. It has been previ-
ously shown that this writes:4

KIC = χpP
1/2�−1/2 + σth

(
πΩ

�

2

)1/2

(5)

The right-hand part of this equation is the stress intensity
factor induced by the thermal stresses,σth, at the tip of each
semi-elliptical Palmqvist crack of length�. The geometrical
factorΩ is equal to 4/π2. The equation can also be written us-
ing a global geometrical factorY, as proposed later by Fargas
et al.1 Using the present formalism, this gives:

KIC = χpP
1/2�−1/2 + σthY

(
�

2

)1/2

(6)

The combination of Eqs.(4) and(5) can be used to measure a
number of quantities, such as the value of the maximum tran-
sient thermal stress,σth, and several thermal shock resistance
parameters. Some of them will be presented and commented
in the next section.

3. The Vickers indentation method and Hasselman’s
R′′′′ parameter

Fargas et al.1 proposed to calculate a quantity which,
i dual
s
E

R

T sion
o ess
o :

σ

F
H tain
a oved,
w s
n ow-
e
t ed,
IC = σfY

√
a

2
(2)

imilarly, Hasselman has shown that, under thermal s
onditions, the critical natural flaw size which may ca
racture (if the thermal stress reaches the fracture stre
roportional to a parameter calledR′′′′:10

′′′′ =
(

KIC

σf

)2

(1 + ν) (3)

′′′′ can thus be understood as being proportional to the
f the natural surface flaw which may cause fracture du
uenching.

.2. The Vickers indentation method for Palmqvist
racks

When brittle materials are indented with a Vickers d
ond, they may develop cracks around the indent, ado
ne of the two observed systems, the median-radial o
almqvist crack system, the latter being the object o
resent paper (Fig. 1). Cracks of initial length�0 form under
n indentation loadP following:12

IC = B

(
H

4

P

�0

)1/2

= χpP
1/2�

−1/2
0 (4)

hereB is a geometrical constant,H the material’s hard
ess, andχp is defined asB(H/4)1/2. Under thermal shoc
onditions, thermal stresses superimpose to the inden
esidual stresses, which provokes stable crack propag
f neither stress-corrosion cracking nor indentation resi
tresses relaxation occurs (which corresponds toµ = 1 in the
q. (19) of the cited reference), reduces to:

′′′′ = 8�0Y
2 (1 + ν) (7)

his quantity is obtained by introducing, into the expres
f Hasselman’sR′′′′ parameter, the value of the fracture str
f an indented material (Eq. (18) of the cited reference)

cr = KIC

4Y
√

�0/2
(8)

argas et al. claim that the parameter calculated in Eq.(7) is
asselman’sR′′′′ thermal shock parameter (they also ob
nother parameter if contact residual stresses are rem
hich is a 16th of the same quantity, ifµ = 1, but this doe
ot change anything from a fundamental point of view). H
ver, it is worth reminding that Hasselman’sR′′′′ is propor-
ional to thenatural flaw size that may cause fracture. Inde
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combining Eqs.(2) and (3)gives the actual value ofR′′′′:

R′′′′ = 1
2aY2(1 + ν) (9)

It becomes obvious that the quantity calculated in Eq.(7)
is not Hasselman’sR′′′′, but is proportional to theartificial
(indentation) crack size,�0, that will cause fracture. To avoid
such a confusion between these two quantities, they should
be given different names.

At the opposite, another thermal shock parameter had been
proposed earlier.3 This parameter reflects the fact that, to
resist a given thermal shock, a material must exhibit a high
resistance to cracking, i.e. a high toughness, and must be
submitted to a low thermal stress. It writes:

Rth =
(

KIC

σth

)2

(10)

It has been shown that, for Palmqvist indentation cracks, its
value can be obtained by a simple measurement of the lengths
of indentation cracks before and after quenching, as:4

Rth = πΩ�

2[1 − (�/�0)−1/2]
2 (11)

It is important to note that, contrarily to the so-calledR′′′′
parameter of Fargas et al. of Eq.(7), Rth does not depend on
indentation conditions, such as initial crack length or load.
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Table 1
Palmqvist crack lengths before (�0) and after (�) thermal shock for the two
grades of Y-TZP quenched with various temperature differences,�T

P (N) �T (K) �0 (�m) � (�m)

Y-TZP (AR)
300 370 170 175
300 380 162 177
300 400 171 181
300 405 164 179
300 410 166 183
300 435 170 204
200 450 133 156
200 475 135 170
200 490 133 183
200 510 135 183

Y-TZP (2H)
625 420 271 282
625 455 309 360
625 480 289 309
625 500 257 323
625 520 276 367
625 530 280 374
300 540 148 273
300 560 146 298
200 600 100 245
200 620 98 280

Data from Fargas et al.1.

thermal shock behaviour of these ceramics using the stage of
stable propagation of Palmqvist indentation cracks. Their re-
sults are presented inTable 1. It is important to note that both
ceramics present a risingR-curve behaviour, especially the
so-called Y-TZP (2H) grade. However, because all measured
cracks have initial lengths correponding to toughness values
close to theR-curve plateaus,1 it can be approximated that,
during subsequent crack propagation under thermal shock
conditions, the toughness will remain nearly constant. There-
fore, we will takeKIC = 4.3 MPa m1/2 for Y-TZP (AR) and
KIC = 7.4 MPa m1/2 for Y-TZP (2H).

4.1. Transient thermal stresses

The first interesting thing to do is to evaluate the maximum
thermal stress in the ceramics,σth, and its evolution with the
quenching temperature difference,�T. The former can be
obtained by combining Eqs.(4) and(5), which gives:

σth = KIC

(
2

πΩ

�0

�

)1/2

(�−1/2
0 − �−1/2) (12)

This quantity has been calculated from the values ofTable 1,
and plotted inFig. 2for both grades of Y-TZP as a function of
�T. It is clear that, for a given�T, both materials experience

ramics
r Y-

will
ndeed, as defined in Eq.(10), Rth is only related to the ma
erial toughness and to the transient thermal stress d
uenching. Only themeasurement of Rth makes use of in
entation cracks, but its value is always the same wha

he indentation conditions are. In fact, this particularity
e used to measureRth with accuracy, for instance by intr
ucing indents under different loads, giving different va
f �0 and�; Rth is then obtained from the slope of the� versus

[1 − (�/�0)−1/2]
2

line.4

When the quenching conditions become more se
he maximum transient thermal stressσth increases. Fra
ure occurs in a non-indented material whenσth reache
he material fracture stressσf , which corresponds
th = (KIC/σf )2 = R′′′′/(1 +�). In fact, when the quenchin

emperature difference�T increases,Rth tends towards3
′′′′/(1 +ν).

. Thermal shock of Y-TZP ceramics

The method to evaluateRth in the case of Palmqvist in
entation cracks had been exposed from a theoretical po
iew, but could not be experimentally validated due to a
f usable measurements.4 In this respect, the data publish
y Fargas et al.1 can be precious. These data concern
ropagation of Palmqvist indentation cracks in discs (8

n diameter and 4 mm in thickness) of two different gra
f yttria-stabilised zirconia, called Y-TZP (AR) and Y-TZ
2H), submitted to quenches from various temperatures
ilicon oil at room temperature. Fargas et al.1 investigated th
similar stresses. This suggests that, because both ce
exhibit almost identical fracture stresses (1076 MPa fo
TZP (AR)1 and 1058 MPa for Y-TZP (2H)13), their critical
quenching temperature difference should be similar; this
be later evaluated by another method and discussed.
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Fig. 2. Evolution of the thermal stress,σth, in Y-TZP ceramics as a function
of the quenching temperature difference,�T.

4.2. Coefficient of heat transfer

Knowing the values of thermal stresses, it becomes possi-
ble to evaluate the coefficient of heat transfer at the fluid–solid
interface, h̄, which is an important parameter governing
quenching processes. Indeed, Eq.(1) can be rewritten as:

f

(
rh̄

k

)
= f (β) = σth(1 − ν)

Eα�T
(13)

The evolution of the reduced stress,f(β), as a function of the
Biot number,β = rh̄/k, for this type of quenching geometry
is well described by:11

f (β) = β

β + 4
(14)

Combining Eqs.(13)and(14), and taking values ofr = 2 mm
(the discs half-thickness),E = 200 GPa and ν = 0.3,13

α ∼= 10.10−6 K−114 and k ∼= 2.2 Wm−1 K−1,15 it becomes
possible to obtain a rough estimation of the evolution ofh̄

with �T (Fig. 3). The coefficient of heat transfer being char-
acteristic of the heat that the fluid is able to take away from
the interface per unit time, it is normal that the trend is the
same for both grades of ceramics. The obtained values, of the
order of several hundreds of Wm−2 K−1, are typical of those
obtained for silicon oils in this range of�T.16

4
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Fig. 3. Evolution of the heat transfer coefficient,h̄, as a function of the
temperature difference,�T.

selman’sR′′′′ parameter and the quantitiesR′′′′/(1 +ν) have
been calculated for both materials with equation (3), taking
toughnesses of 4.3 MPa m1/2 and 7.4 MPa m1/2, and fracture
stresses of 1076 MPa and 1058 MPa for Y-TZP (AR) and Y-
TZP (2H), respectively. For both ceramics, the obtainedRth
parameters are plotted inFig. 4as a function of the tempera-
ture difference, and values ofR′′′′/(1 +ν) have been added to
the graph.

First, the thermal shock resistance parameterRth is higher
for Y-TZP (2H) than for Y-TZP (AR), for all temperature
differences. This can be explained by the higher toughness of
the former. Indeed, it has been shown in the previous section
that, due to similar thermophysical and elastic properties,
both materials experience similar transient thermal stresses
during quenching. Thus, differences inRth = (KIC/σth)2 are
governed by the sole toughness. BecauseRth is proportional

F
c
l
T

.3. Thermal shock resistance parameters

The measurement by Fargas et al.1 of the propagatio
f Palmqvist cracks under quenching conditions provid
xcellent opportunity to validate the previously propo
pproach,4 and the use ofRth as a meaningful thermal sho
esistance parameter. In this aim,Rth was calculated with Eq
11) from values ofTable 1, for both grades of ceramics a
or each temperature difference. Parallelly, the values of
ig. 4. Evolution of the thermal shock resistance parameter,Rth, in Y-TZP
eramics as a function of the quenching temperature difference,�T. As the

atter increases,Rth = (KIC/σth)2 decreases and tends towardsR′′′′/(1 +ν).
his allows to estimate the critical quenching temperature difference,�TC.
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to the size of the natural surface flaw that can be withstood by
the material during quenching, this means that Y-TZP (2H)
ceramics are more flaw-tolerant than the Y-TZP (AR) ones:
under given thermal shock conditions, the former can resist
cracking if they contain defects of a larger size than the latter.
This is an extremely important issue, as ceramic fabrication
always implies a statistical dispersion in flaw sizes, hence
in fracture stresses. By using a more flaw-tolerant material,
the user makes sure that a higher fraction of parts will resist
a given thermal shock. Also, even in the case where both
materials contain small initial flaws of comparable sizes, a
higherRth allows the user to tolerate the larger cracks which
may form in service by thermal fatigue or by stress-corrosion
slow crack growth.

Then, as expected,Rth decreases as�T increases, which
is due to the increase ofσth. Theoretically,Rth tends towards
R′′′′/(1 +ν) when�T tends towards�TC. This makes possi-
ble, by extrapolating the evolution ofRth with �T towards
R′′′′/(1 +ν), to estimate the value of the critical quenching
temperature difference,�TC, which is the temperature dif-
ference that causes thermal shock fracture from natural flaws.
This gives, for both grades of Y-TZP, critical temperature dif-
ferences of around 740 K. Of course, due to the large extrap-
olations performed, these values are very approximate. It is
interesting to note that, even if one ceramic is significantly
superior to the other in terms ofR , they have very similar
� y ex-
p t, as
a er-
s t,
i insic
a and
n
d
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s al
s tion
o

they
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size

e
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ited
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the effective heat transfer coefficient at the fluid–solid
interface,h̄, as a function of the quenching temperature
difference,�T.

(iv) The thermal shock resistance parameterRth
3,4 can be

used to characterise Y-TZP ceramics quenched into a
silicon oil. The extrapolation ofRth towardsR′′′′/(1 +ν)
allows to evaluate the critical quenching temperature
difference,�TC, of the ceramics. The two investigated
grades of Y-TZP exhibit a similar�TC (∼= 740 K), due
to similar thermoelastic properties and fracture stresses,
but the thermal shock flaw tolerance (Rth) is higher for
the material with a superior toughness.
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. Conclusions

Several conclusions can be drawn from this critical an
is of the work of Fargas et al.1 on the investigation of therm
hock behaviour of Y-TZP ceramics through the propaga
f Palmqvist indentation cracks:

(i) The parameter proposed by the authors, which
namedR′′′′, is proportional to the size of theartificial
(indentation) crack on which fracture will initiate. It
therefore different from the actual Hasselman’sR′′′′ ther-
mal shock parameter, which is proportional to the
of thenatural flaw on which fracture will initiate.

(ii) A previously proposed approach,4 which describes th
propagation of Palmqvist indentation cracks under t
mal shock conditions, is validated with the use of d
gained on Y-TZP ceramics and published in the c
reference.1

iii) This method allows to estimate the maximum of
thermal transient stresses in the material,σth, as well as
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