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bstract

he effect of thermal shock on the flexural strength has been investigated experimentally. It was found that the variation in flexural strength with
uench temperature was influenced by the CBN grain size. Polycrystalline material containing small CBN grains showed a discontinuous drop
n measured flexural strength above a material dependent critical quench temperature difference, �Tc. The sharp decrease in measured strength
s accompanied by unstable crack propagation. Material containing a significantly larger CBN grain size exhibited a gradual decrease in strength

bove the critical quench conditions. The experimental observations agreed with an established theory developed for thermal shock of alumina.
he theoretically calculated critical temperatures agree well with the observed experimental data for each material when a flaw size equal to the
BN grain size is employed.

 2012 Elsevier Ltd. All rights reserved.
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.  Introduction

Polycrystalline cubic boron nitride (PCBN) is a super hard
aterial used in the machining of hardened steels, aerospace

rade alloys and other abrasive materials. 1–3 In these appli-
ations the tools are subjected to high operating temperatures,
brasion and impact loading. This can lead to the brittle fracture
f the tool. Accurate determination of the fracture characteristics
f PCBN under a wide range of loading rates and temperatures
s therefore essential in order to evaluate the performance of the
ool under these highly demanding operating conditions. The
urrent work examines the thermal shock performance of two
rades of PCBN.

Thermal shock occurs when a material is exposed to temper-
ture extremes in a short period of time. Under these conditions,
he material is not in thermal equilibrium, and internal stresses
ay be sufficient to cause fracture of the material. The ability

o withstand thermal shock is a function of several variables,
ncluding the thermal conductivity, k, the coefficient of ther-

al expansion, α  and the specific heat capacity, cp. Winkleman

nd Schott4 proposed an empirical parameter they called the
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oefficient of thermal endurance which gives a qualitative esti-
ate of the ability of a material to withstand thermal shock.

th = F

αE

√
k

ρcp

(1)

here Eth is the coefficient of thermal endurance, not to be
onfused with the Young’s modulus E, which appears on the
ight hand side of Eq. (1) and F  is the material tensile strength.
elected coefficients of thermal endurance are given in Table 1.6

t is significant to note the large difference in thermal endurance
etween cubic boron nitride and a variety of typical PCBN
inder phases. This is an indicator that fracture of polycrystalline
ubic boron nitride may be a thermally controlled phenomenon.

A theoretical analysis of crack propagation in brittle ceram-
cs under the influence of thermal stresses was conducted by
asselman and co-workers.5,7 They found that for a material
ith small cracks, which propagate kinetically on initiation, the

rack length and material strength are expected to change with
he severity of quench, shown schematically in Fig. 1. Speci-

ens with initial crack lengths longer than some critical value
ere found to propagate stably. Further to this, Gupta8 found for
lumina of varying grain sizes the extent of unstable crack propa-
ation was inversely proportional to the grain size of the material.
ore recently several researchers have applied the analysis to

omposite ceramic materials9–12 as well as functionally graded
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Table 1
Thermal endurance factor for selected materials.

Material Eth

Cubic boron nitride 648
Diamond (Type IIA) 30.29
Aluminium nitride 2.325
Silicon carbide 1.4
Alumina (99%) 0.640
A
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PCBN material is generally sintered under high tempera-
lumina (96%) 0.234

eramics.13 Whilst the importance of thermal shock resistance
or PCBN cutting tool materials is widely acknowledged,14,15

ittle or no attempt has been made to date to apply these existing
heories to PCBN.

A significant result from the work by Hasselman5 is the dif-
erence between resistance to crack initiation and resistance to
rack propagation. Resistance to crack initiation, R′, and crack
ropagation, R′′, is given by:-

′ = GE

σ2
t (1 −  ν)

= K2

σ2
t (1 −  ν)

(2)

′′ =
√

G

α2E
= K

αE
(3)

here G  is the fracture energy, K  is the stress intensity factor,

 is the Young’s modulus of the uncracked specimen and σt is

he tensile strength of the material. It can be clearly seen that
esistance to crack initiation is proportional to K2 and inversely

t
g
P

Fig. 1. Crack propagation and strength for unstable (a
eramic Society 32 (2012) 2581–2586

roportional to σ2
t whereas resistance to crack propagation is

inearly proportional to K. Therefore a material will be more
esistant to crack initiation if it has a larger fracture process
one size since most estimates of process zone size indicate a
roportionality to (K/σ)2,16–18 whereas resistance to crack prop-
gation is purely a function of toughness. The intrinsic strength
f the material does not affect the material’s ability to resist crack
ropagation.

Hasselman developed an analytical expression to calculate
he critical temperature difference at which the flexural strength
egins to decrease. For initial short cracks this is given as5,19:-

Tc =
[

πγ(1 −  2ν)2

2Eα2(1 −  ν2)2

]1/2

c−1/2 (4)

here γ  is the energy required to create a new surface (γ  = G/2),
 is the linear expansion coefficient, E is the Young’s modulus
f an uncracked specimen, ν is the Poisson’s ratio and c is the
nitial crack length.

.  Materials  and  methods

Rectangular specimens of length 28.5 mm, width 6.25 mm
nd thickness 4.76 mm were provided by Element 6 for testing.
ure (1200–1500 ◦C), high pressure (4–7 GPa) conditions. Two
rades of PCBN material were provided. The first grade, denoted
CBN A has a grain size of 22 �m, with 90 vol.% CBN grains.

) and stable (b) crack propagation conditions.5



D. Carolan et al. / Journal of the European Ceramic Society 32 (2012) 2581–2586 2583

F
p

T
w
b
c
c
u
s
B

P

T
T

G
D
E
ν

α

E
ν

α

Table 3
Approximate heat transfer coefficients for various media.24

Quench media h [W/m2K]

Water 5000
O
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at that temperature for a period of 1 h. The annealing tem-
perature in all cases was the same as the quench temperature
and the anneal hold time was 2 h. After annealing, the samples
ig. 2. Scanning electron micrographs of PCBN A and PCBN B showing CBN

articles (dark phase).

he second grade, denoted PCBN B has a grain size of 1 �m
ith a lower volume percent of CBN, approximately 60%. The
inder phase for PCBN A is best described as aluminium based
eramic, whilst for PCBN B the binder is a typical titanium
arbo-nitride binder. Typical micrographs for the two materials
nder investigation are given in Fig. 2. Thermo-mechanical con-
tants for the constituent materials of both PCBN A and PCBN
 as are shown in Table 2.20

In total 84 samples were tested in three point bending, 46 for
CBN A and 46 for PCBN B. For each grade, 15 were samples

able 2
hermal properties of PCBN grades and binder constituents.20

PCBN A PCBN B

PCBN [J/m2] 70 11
 [�m] 22 1

CBN [GPa] 800 800

CBN 0.14 0.14

CBN [10−6/K] 1.2 1.2

binder [GPa] 315 250

binder ≈0.2 ≈0.2

binder [10−6/K] 4.8 9.4 F
4

il 2000
ir 200

ere tested in the as-received  condition and a full Weibull anal-
sis of the strength was carried out.21 A full description of
eibull’s method is given in Ref. 22 The important outputs from

he analysis are the characteristic strength, σ0 and the Weibull
odulus, m, a measure of the degree of scatter of the data.
The flexural strength of each sample was calculated via Eq.

5) in accordance with BS-EN 843:123 where σf is the flexural
trength, Pin is the breaking load, b  is the width, h  is the height
nd s  is the span of the supporting rollers. The samples were
oaded to fracture using a constant crosshead displacement rate
f 1 mm/min.

f = 3Pins

2bh2 (5)

The remaining samples were then subjected to a variety of
eat treatments, water quench with quench temperature differ-
nce, �T, varying between 220 ◦C and 1080 ◦C, oil quench,
20 ◦C <�T< 1080 ◦C and water quench with subsequent
nneal. The oil used was a light grade oil. Approximate heat
ransfer coefficients for unagitated water, oil and air quenching
re given in Table 3.24

For each heating cycle, samples were heated at a rate of
0 ◦C/min up to the required holding temperature and then held
ig. 3. Weibull plot of strength data for (a) PCBN A (n = 15, m = 15.7, σ0 =
38 MPa) and (b) PCBN B (n = 15, m = 7.4, σ0 = 670 MPa).
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Fig. 4. Flexural strength of PCBN A quenched in water and subsequent anneal-
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Fig. 5. Flexural strength of PCBN B quenched in oil and water as a function of
quench temperature difference [�T]. The standard deviations of strength values
f
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ng from quench temperature as a function of quench temperature difference
�T].

ere allowed to cool slowly in the closed furnace. They were
ubsequently fractured in three point bend using the method
reviously described.

.  Results  and  discussion

Flexural strength results for both grades of PCBN investi-
ated are presented in Fig. 3. The Weibull modulus, m, was
ower for PCBN B, m  = 7.4, than for PCBN A, m  = 15.7, indi-
ating a greater scatter in strength data for the smaller grained

aterial.
Figs. 4 and 5 present the results of the various heat treatments,

il quench, water quench and water quench with subsequent

q
t
m

Fig. 6. SEM micrographs showing main fe
or quenched material >Tc are sufficiently small as to be hidden in the figure.

nnealing from the quench temperature on both PCBN A and
CBN B. PCBN A exhibits stable crack propagation for water
nnealing at all levels of quench as explained in Fig. 1. The
aximum quench temperature difference, 1080 ◦C, resulted in

 drop in strength to 87.6 MPa, 20% of the as-received  value.
il quenching had no effect on the measured flexural strength
f PCBN A.

An oil quench on PCBN B has the effect of increasing the
verage flexural strength. The oil quench, which is a less severe
uench than a water quench, may have had the effect of relieving

he existing residual stress field, caused by the sintering and

achining of the sample.

atures of quench failure of PCBN B.
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Fig. 7. Knitted SEM micrograph of long unopened crac

A severe water quench causes a large discontinuous drop in
exural strength for a quench temperature difference of between

hose samples quenched through 375 ◦C and above. This type of
ehaviour can be termed unstable crack growth as explained pre-
iously in Fig. 1. Below 240 ◦C no drop in flexural strength was
ecorded. The flexural strength recorded for a quench tempera-
ure difference of 780 ◦C and above was very low, (≈  25 MPa).
t was noted that the failure was very low energy and the fracture
nitiated from the centre of the sample. This is clearly illustrated
n Fig. 6. The failed material also exhibited long unopened cracks
xtending from the initiation site to the edge of the sample as
hown in Fig. 7. A significant surface colour change was also

oted on quenching at these temperatures, from dark grey to light
lue and upon microscopic investigation, significant voids close
o the surface were noted as shown in Fig. 8. It is thought that

ig. 8. Fracture surface of PCBN B flexural strength sample, quenched from
100 ◦C. Microscopic voids are clearly evident close to the surface which are
ot present in the unquenched sample. (For interpretation of the references to
olour in this figure legend, the reader is referred to the web version of this
rticle.)
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nding from failure initiation region to edge of sample.

his colour change is a result of the oxidation of the titanium
ased binder near the surface. This has not been investigated
urther in this work.

It was found that simply heating either material up to a tem-
erature following by slow cooling in the furnace showed no
hange in the measured value of flexural strength for PCBN B.
herefore furnace heating alone does little to anneal the resid-
al stresses and there exists some intermediate rate of cooling
hich appears to be beneficial in terms of the measured flexural

trength at least for PCBN B.
Using the thermal properties for the binders in both cases

rom Table 2 in conjunction with Eq. (4), it is found that for an
nitial crack length, c, equal to the average CBN grain size, D, of
he material, �Tc= 326 ◦C for PCBN A and 319 ◦C for PCBN
. This prediction agrees with the experimental data shown in
igs. 4 and 5. If, on the other hand, the critical temperature is
alculated using the thermal properties of the CBN grains, �Tc

 1070 ◦C for PCBN A and 1990 ◦C for PCBN B. The avail-
ble data on the thermal properties of the composite materials,
.e. binder and CBN together, are obtained under steady-state
xperimental conditions and do not take account of any tran-
ient behaviour which may occur for short time intervals. It is
mportant to note that the thermal properties presented in Table 2
re room temperature values. However work by Carolan25 has
hown that the bulk thermoelastic properties of both PCBN A
nd PCBN B are not significantly affected by a global increase
n temperature up to 800 ◦C. Thus, the use of room temperature
roperties in the thermal shock calculations is justified.

. Conclusion

The thermal shock resistance of two grades of PCBN mate-
ial was determined experimentally by measuring the flexural

trength of the material after being subjected to a quench
reatment. It was found that the thermal shock resistance of
he material was governed by the thermal properties of the
inder phase and not by the thermal properties of either the
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omposite materials or the CBN grains. However the size of
he CBN grains plays an important role in determining the type
nd extent of crack propagation. It was shown that the crack
an propagate either kinetically or quasi-statically depending
n the initial crack length. Excellent agreement was found with
n existing theory of thermal shock developed for monophase
aterials if the initial crack length was assumed to be a flaw of

ne CBN grain in length. Microscopic examination of fracture
urfaces revealed that the locus of failure for severely quenched
aterial was located in the centre of the specimen where ten-

ile residual stresses are known to occur as a result of the rapid
ooling. It is concluded that the theory developed by Hassel-
an sufficiently describes the thermal shock characteristics of
CBN.
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