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Crack propagation behavior of cermets and
cemented carbides under repeated thermal
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In this study, an improved quench testing method for thermal shock resistance has been
proposed. Repeated thermal shock tests were performed on cemented carbides to show
the advantages of the new proposed method that would enable us to estimate an intrinsic
relationship between the crack propagation rate and the stress intensity factor under
repeated thermal shocks. The cyclic thermal fatigue crack propagation behavior and
fracture toughness values were shown to be independent of the specimen heights and the
cooling media employed. We then evaluated the thermal crack propagation behavior for
cermets and cemented carbides by using this method, and discussed the differences
between both materials in the crack growth behavior on the basis of their microstructures.
© 1999 Kluwer Academic Publishers

1. Introduction In this study, an improved quench method for a ther-
Recently, cermets have been often used as a cuttingal shock experiment has been proposed. First, re-
tool material, to fill the increasing need for efficient peated thermal shock tests by the new method were per-
and high-speed cutting. Cermets have several superiéd@ormed on cemented carbides to confirm that the cyclic
features, such as high resistance to wear and good ctirermal fatigue crack propagation behavior and frac-
pability for dressing surfaces of the works. In high-feedture toughness values are independent of the specimen
and intermittent cutting, many cracks are initiated dueheights and cooling medium with two different coeffi-
to repeated thermal or mechanical shocks. Therefore, toients of kinematic viscosities. Then by using this novel
develop good cutting tools, it is necessary to clarify themethod, we evaluated the crack propagation behavior
repeated thermal shock behavior of the cutting materiand fracture toughness values for both cermets and ce-
als [1]. Nevertheless, very few studies on thermal shocknented carbides, and discussed the differences in the
behavior have been done for cemented carbides amtack growth behavior between both materials on the
cermets, cutting tools, as compared with many kinds obasis of their microstructures.
ceramics.

Quench tests [2—14] have been employed to evaluate
the thermal shock resistance of the materials tested. In
these tests, the critical temperaturgsaTwhich bend- 2. Specimens and experimental procedures
ing strength after thermal shock drops abruptly due t®.1. Specimens
initiations of thermal cracks are used as a scale for therFhe materials tested were cermets and cemented car-
mal shock resistance. The quench test has the advantalgigles with 8.5u.m WC grain size. Their chemical com-
of being easily conducted, but has the disadvantage gfositions are listed in Table I. As seen from Table I,
an absence of the physical meaning for the paramete¢he main compositions for cermets are TiCN, TaC and
T¢ used. For example, changes in the specimen size®yC, and those for cemented carbides are WC, TiC and
specimen shapes and cooling medium yield differenffaC. The specimen shape and dimensions are shown
values of T, even if the same material is tested. There-in Fig. 1. For cemented carbides, two specimen sizes,
fore it is difficult to obtain reliable Tvalues, and also 8 x 4 x 25 and 16x 4 x 25 mm, were prepared, but
determine the quantitative relationship between subcritfor cermets, the specimen size wax & x 25 mm.
ical crack growth rate and stress intensity factor undeAll specimens were polished with diamond paste to
repeated thermal shock tests. Thermal boundary corthe mirror-like finish prior to the tests. The mechan-
ditions between the specimen surface and the coolingcal properties after sintering are listed in Table Il
media change in a complex way, and cannot be prefhe value of fracture toughness for the cemented
dicted or perhaps “explained” [15-16]. carbides is 12.7 MPal?, a little higher than that
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TABLE | Chemical compositions of the material used

Wt (%)
wC  TiC TaC NbC Co O o
O O
Cemented 72 8 8 2 10 O SN &)
carbides 1 Motor Q 1 o)
WC TiCN  TaC  Ni Co Mo 2 Timer
3 Furnace
Cermets 15 50 10 8 8 9 4 Specimen
5 Water or Silicon oil
TABLE Il Mechanical properties of the materials used Figure 2 A schematic illustration of the thermal shock testing equip-
] ment.
Cemented carbides Cermets
Coefficient of linear expansion 5.3410°6 7.96x 10°° y?
Young’s modulus (GPa) 527.24 428.26 rmo couples

Poisson’ modulus 0.222 0.233
Kic (MPam¥/2) 12.7 10.86
Bending strength (MPa) 2600 2150

N Nm/Specimen -

y F ottt x

Thermal shock

Figure 3 The locations of thermocouples attached to the specimen to
N measure the temperature distribution in the specimen height during the
25 thermal shock.

sions of the specimen were confirmed as small. So, we
can assume that the only dimensional temperature gra-
dient is in the specimen height. Measurements of the
temperature gradient along the specimen height were
done by using five Alumel-Chromel thermocouples

y X with 0.2 mm diameter. These were attached to the spec-

16

imen’s side at 0, 1, 2, 4 and 8 mm for the 8 mm high
specimens, and 0, 1, 2, 4, and 16 mm for the 16 mm
high specimens, (Fig. 3) measured from the cooled
surface (bottom of the specimen). These temperature
measurements were done five times at constant heating
(=10.86 MPar%?) for the cermets. A similar trend temperatures. The averaged temperature distributions
is also seen in bending strength. were used for the calculations of the dynamic thermal
stresses induced during the thermal shock test.

25

Figure 1 The shapes and dimensions of the specimens.

2.2. Experimental procedures
2.2.1. Measurement of temperature 2.2.2. Analysis of thermal stresses

distributions When the temperature gradient does not occur in the
All surfaces of the specimen but the bottom were coatedpngitudinal and transverse directions of the specimen
with a silicone resin to provide them with adiabatic but only in the direction of the specimen height, ther-
boundary conditions. The surface without coating wagnal stresses can be evaluated by the following expres-
planned to contact the cooling media. The specimension [18],
were heated in the furnace for 20 minutes. Then the

specimens were dropped down to contact the cooling aET(t, y) 1 2¢ ET q
media at 293 K, and left there for 5 minutes. For the &x(tY) = ——— 2ci—v) Jo & (t y)dy
cooling media, water and silicon oil were used in the 3 o

present study. Their coefficients of kinematic viscos- y / ET(t d 1
ity are 089 x 108 m?s~1and 5x 106 m?s1[17], re- * 2c3(1—v) Jo oET(t y)ydy @
spectively.

Repeated thermal shock tests were conducted usinghere «, E, v denote the linear coefficient of ther-
a timer-controlled motor that can lift or lower the mal expansion, Young's modulus and Poisson’s ratio
specimen between the furnace and the cooling mediungf the material, respectively. In addition, 2c indicates
as shown in Fig. 2. From the preliminary experiments the specimen height, and T denotes the temperature gra-
temperature variations in the length and width dimen-dient. In this calculation, the variations of the thermal
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and mechanical properties with temperature changes 550 T
were expected to be small [19], so the averaged values P S f%
in the temperature’s range were employed for the cal- M 500 -
culations. The numerical integral method was used for = - T, =523(K)
the calculation of the above expression. » 450 £=0.5(sec)
g In water
= ® Height 8mm
L. 2. 400 O Height 16mm
2.2.3. Crack growth behavior in the 5
repeated thermal shock test = Ty I D T
Precrack was introduced at the center of the specimen 0 0.004 0.008 0.012 0.016
by the bridge indentation method. Their lengths ranged Distance from the cooled surface y (m )
from 100 to 150um. The specimen surfaces contain- @
ing the indentation were polished, eliminating about
40 um, to remove the effect of residual stresses in- 330 e
duced by the bridging indentation. Crack length during -
the fatigue process was measured by an optical micro- % 300 /%
scope at magnification of 46000 by interrupting the = O Ta=523(K)
test at the specified number of cycles. The relationship § 450 t=0.5(sec)
between da/dN-Kax was obtained from the observed & i Hgg‘?nlgg}g;
crack growth curve 2a-N. éﬁ 400 §- ® In silicon oil
The Newmann-Raju expression [20] for surface K T
crack in bending was employed in the calculation of 350t i i
Kmax. The crack shapes for the surface cracks were 0 0.004 0.008 0.012 0016
found to be b/a=0.74, where b and a denote a crack Distance from the cooled surface y (m)
depth and a half crack length, respectively. The smooth (b)

unnotched specimens were also tested to study the

differences in the crack initiation behavior between Cer_Figure 4 The effects of specimen heights and the cooling medium on
e temperature distributions in the direction of the specimen height at

. . t
mets and cemented carbides durmg the repeated th%E'e elapsed time of 0.5 sec. (a) Effect of the specimen height. (b) Effect

mal shock tests. of the cooling medium.
—~ 400 T T T I T I T ]
3. Effects of specimen heights and cooling & The thermal shock in water
medium on the thermal shock behavior 2 300 Tn=523(K)
3.1. Temperature distribution in the S ® =0(sec)
specimen during thermal shock . 200 O t=0.5(sec)
Fig. 4a and b show the temperature distribution in the & 100 2 ig 828
direction of the specimen height at the elapsed time of *
0.5 sec after thermal shock. The distribution was ob- g 0 "‘*'-’5!4‘,,,”
tained for the case of a heating temperature of 523 K. 2 -‘IIIII"MQ
From Fig. 4a, a small difference can be seen between & -100 L1
the 8 and 16 mm height specimens in the temperature 0  0.002 0.004 0.006 0.008
distributions, though a sudden temperature change near Distance from the cooled surface y (m)

the cooled specimen surface due to thermal shock is
commonly seen for both specimens On the other han(gigure 5 Distributions of the thermal stresses in the specimen induced
. . . A : . y the thermal shock near the cooled surface with time.

in Fig. 4b, which indicates the effect of the cooling

medium on the temperature distributions, the tempera-

ture for the case of silicon oil changes more slowly in¢goled surface of the specimen, and they are in tension.

the direction of specimen height than in water. These tendencies are common to other experimental
conditions.

Fig. 6aand b showthe changesinthe thermal stresses,

3.2. Dynamic thermal stresses ocool, that are seen at the cooled specimen surface as a

The experimentally obtained temperature distributiongunction of time for the case of the heating temperature
were substituted into Equation 1 to calculate the dy-of 523 K. From Fig. 6a, we can see that the maximum
namic thermal stresses induced in the specimen at ththermal stresses appear atthe elapsed time of 0.5 second
instance of the thermal shock. for both 8 and 16 mm high specimens, but the absolute
Fig. 5 shows the variations of the thermal stressevalues of the thermal stresses differ with the specimen
with the distance from the cooled surface for severaheight. The value for the 16 mm high specimen is 1.3
elapsed times from the beginning of the thermal shocktimes larger than that for the 8 mm high specimen. In
This figure shows the data for the case of a heating tenfig. 6b, different behavior in the variations of the ther-
perature of 523 Kand specimensize & x 25mm.As  mal stresses can be seen between water and silicon oil.
acooling medium, water was employed. We can see thathe maximum stresses,ax for water are at 0.5 sec, and
the maximum thermal stresses are always found at théne value is 470 MPa, while for silicon oil, it occurs at
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Figure 6 Variations of the thermal stresseg, occurred at the cooled ®
surface with elapsed time. (a) Effect of the specimen height. (b) Effectrigure 7 Changes of the maximum dynamic thermal stresses during the
of the cooling medium. thermal shock as a function of the heating temperatures of the specimens.
(a) Effect of the specimen height. (b) Effect of the cooling medium.

6 sec and the value is 160 MPa. So, we noticedhal
for silicon oil is only 0.34 times of that for water, and
changes very slowly by comparison.

Fig. 7a and b show the variations of the maximum
thermal stresseasyax as a function of the heating tem-
perature Tax Of the specimen. As seen from Fig. 7a,
positive linear relationships can be seen betwagy
and Tmax. At a constant fax the maximum thermal
stresses for the 16 mm high specimen are larger than
those for the 8 mm high specimen, though the slopes 107
for both relations are almost same. On the other hand,
in Fig. 7b indicating the effect of the cooling media, 107! preore | HE‘
the slope of the linear relationship in silicon oil is more ! e S
gentle than that in water. Kiax (MPam'?)

107

The repeated thermal shock
in water
® Height 8mm
O Height 16mm

da/dN (m/cycle)

TTTIAW T TTIm T TT0mr T TEImm T TTimm

Figure 8 Effect of specimen heights on the relationship da/dhgkfor

the repeated thermal shock tests.
3.3. Cyclic crack growth behavior in the

repeated thermal shock tests

Fig. 8 shows the relationship between crack growth rate, Fig. 9 shows the effect of the cooling medium on
da/dN, and stress intensity factor,X,, on the log-log the relationships between da/dN ang. under re-
plot under the repeated thermal shock tests for botlpeated thermal shock. In the tests, the specimen size
8 and 16 mm high specimens. In the tests, water wa6 x 4 x 25 mm was used. As seen from this figure,
used as a cooling medium. As seen from this figurethere are linear relationships between da/dN apgiK
there are linear relationships between da/dN apgkK exceptthe low stress intensity range on the log-log plot.
for both specimens besides the region of low stresén addition, the relationships are independent of the
intensity, and no differences exist between them. Asooling medium employed. This factindicates thateven
stated above, since there is no specimen size depeiithe thermal boundary conditions between the speci-
dence in the relationships between da/dN apgdkwe  men surface and cooling medium would be unexpected,
can realize the effectiveness of the present method tae can evaluate the exact thermal stresses that appear
determine crack growth behavior under repeated therlong the cooled specimen surface by using the present
mal shock. method.
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Figure 9 Effect of quenching medium on the relationship da/dNaK Figure 10 The relationship between da/dN and stress intensity factor
for the repeated thermal shock tests. for cermets and cemented carbides in the repeated thermal shock tests.

By applying the least squares method to Figs 8 and 9 . . . . .
we éetprihye ?ollowing in?rinsic relationship %etween ihg by the bridge indentation method listed in Table II.

da/dN and Ky that is independent of the specimen One of the reasons for this difference is expected to be
size and the c%(oling medium: oxidization of the specimen under high temperature,

but the details of the mechanisms are unknown at the

da/dN= 2.02 x 107 (Kmax — 3.3)-% 2) present.

4. Repeated thermal shock behavior for

3.4. Estimation of thermal fracture cermets and cemented carbides
toughness under thermal shock 4.1. Crack growth behavior _
condition Fig. 10 shows the differences in crack growth behavior

The heating temperatures of the specimen at whickinder repeated thermal shock between cermets and ce-

precracks of size 2a begin to propagate more thamenteq CarbIQES. As Seen. from this flgure, in the low

100 #m by a single thermal shock were investigated.Stress intensity factor region, we can see that crack

By applying these temperatures as shown in Fig. 7agrowthrates for cemented carbides are faster than those

we can estimate the dynamic thermal stresses ani@' cermets. In the high stress intensity factor region,

evaluate thermal fracture toughness valugs tsing  there is little difference in the crack growth rates for

the Newmann_Raju expression for surface cracks ”both materials. In addition, the Slope of cermets in the

bending. The values of K are listed in Table l1l. relation is steeper than that of cemented carbides. This

The average fracture toughness values are estimated &$ult suggests a more brittle manner crack growth be-

10.7 MPan¥2 for the specimens of 8 mm height, and havior in cermets than in cemented carbides.

9.8 MPant/? for the 16 mm specimens. Though the

value for the former is somewhat higher than for the

latter, they are considered to be almost the same. But.2. Crack initiation behavior on the

these estimated values are smaller than those obtain-  unnotched smooth specimen during
repeated thermal shock

TABLE 11l The values of fracture toughness obtained by the presentcra‘Ck initiation behavior for both cermets and ce-

method mented carbides were studied on the unnotched smooth
specimen during repeated thermal shock tests. Many
Te (K) omax (MPa) 2a fum) Kic (MPant/2) visible small cracks were initiated at the interfaces

between hard phases and binder phases by the thermal

(2) Specimen height 8 mm shocks. The number of cracks increased with the num-

586 479.14 836 10.98

607 526.39 358.175 783 ber of thermal shocks applied. By coalescences among
613 539.89 538.175 9.86 these small cracks, a large macroscopic crack appeared
685 701.89 710 14.77 and propagated catastrophically.
699 733.393 306.35 101 Fig. 11 shows variations of the number of cycles to
Aver. 10.71 crack initiation Ni as a function of the maximum ther-

. : mal stresses during thermal shock excursion. The data
(b) Specimen height 16 mm L .
586 705.2 3213 9.97 plotted at 0.5 cycles indicate bending strength [3—4].
633 861.05 162.8 8.66 As seen from this figure, the number of cycles to
648 910.76 230.45 10.9 macrocrack initiation for cemented carbides is larger

than those of cermets in the high stress region, while in

Aver. 9.84 . .
the low stress region, the reverse trend is seen.
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Figure 11 The relationship between maximum thermal stresses and Number of thermal shock N
number of cycles to crack initiation observed with unnotched smooth
specimen. Figure 13 Variations of number of cracks per area with number of ther-
mal shocks.

4.3. Observations of microcracks initiated
during thermal fatigue process paths observed in cemented carbides chiefly consist of

We investigated the changes in the microstructures dhe interfaces between the matrix and binder phases,
the materials and crack growth morphology during theand the interior in the binder phases. So cracks in ce-
repeated thermal shocks to clarify the differences irmented carbides propagate in an enhanced zigzag man-
thermal shock behavior for both materials. ner. On the other hand, in cermets, cracks propagate in a

Fig. 12 shows the microstructures of cermets and celess zigzag manner than in cemented carbides, perhaps
mented carbides before applying thermal shocks and afiue to its smaller microstructural size.
ter applying five thermal shocks. In cemented carbides, Fig. 13 shows the variations of the crack densities
many microcracks initiate at the interface between thavith numbers of the thermal shocks for both cermets
matrix and binder phases as shown by arrows in thisnd cemented carbides. In cemented carbides, the num-
figure. In cermets, however, few microcracks are initi-ber of cracks per area increases monotonically with
ated even after receiving five thermal shocks. The crackicreasing numbers of thermal shocks. In cermets, no

Figure 12 Appearances in the microstructures before and after thermal shocks for cermets and cemented carbides. (a) Cemented carbides before
thermal shock. (b) Cemented carbides after thermal shock. (c) Cermets before thermal shock. (d) Cermets after thermal shock.
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crack initiations were confirmed within 10 cycles. The 5. Conclusions
above results indicate a big difference in the nucleatiorThe following results were reached in the present study.
behavior of microcracks for cermets and cemented

carbides. 1. The relationships between da/dN and stress inten-

sity factor, Knax, and the values of fracture toughness
under repeated thermal shocks were studied using the
new testing method. We confirmed that the relation-
ships are independent of specimen sizes and the cooling
medium employed. The following intrinsic expression
for the da/dN and Kaxwas obtained for cemented car-
bides:

4.4. On the differences in the crack growth
behavior between cermets and
cemented carbides under repeated
thermal shocks

We can consider cermets and cemented carbides as hy-

brid materials which are composed of a ductile binder

phase and a hardened brittle phase. The hardened brit-
tle phases are TiCN and WC for cermets and cemente(é

carbides, respectively, and the ductile binder phases altb e present method are independent of specimen sizes,

Ni and Co for cermets and Co for cemented carbides.. ut are _Iower than those estimated b_y _the bridging
In cemented carbides. the coefficients of linear eX_lndentatlon method. The reason for this is unclear at
pansion for the hardene'd phase (WC) and the binddpresent, but some oxidization effects in the high tem-
(Co) are 384x 106K~ and 123 x 10-5K-1, re- perature environment are expected.

spectively. In cemented carbides, because the differ- 3. Cermets and cemented carbld(_es were stu_dled un-
ence in the coefficient of linear expansion between th er repeated thermal shock to obtain the relationships

two is rather large and the value of Young’s modulus etween da/d_N and_,lgx using the new testing method.
t low stress intensity factor, crack growth rates for ce-

is also large (696 GPa), thermal stresses become faLirr%ented carbides are faster than those for cermets, but no
large and cause microcracks at the interface betwee '

WC and Co as shown i Fig 12.On th other hand 121 between them were oserved at gh sess
in cermets, the coefficient of linear expansion for the, Ity ' ve di w

hardened phase (TiC or TiN) and the binder phase (N!ntensity for both materials was thought to be due to
he differences in the coefficients of linear expansion

or Co) are B5x 10K~ and 133 x 106K, re- .
spectively. As the difference between these values anBetween_ th_e hard phase and the binder phase. -
4. Variations of the number of cycles to crack initia-

Young's modulus (215—-451 GPa) are not large, itis con-.

sidered that thermal stresses are not sufficient to initiatS°" N.i as a.functlon GRS maximumhermal stresses
thermal cracks in cermets. were investigated on the unnotched smooth specimen

In cemented carbides, the microcracks shoul uring repeated thermal shocks. At low stress, or in the

cause crack acceleration by coalescences between t 49 Iife region, thermal fatigue str_ength for cermets

microcracks and the main crack, especially at low Stresgxceeded those for cemented carbides.

intensity factor or low heating temperature of the spec-

imen. At high stress intensity factor, too many micro-

cracks are initiated, and cause crack deceleration bﬁeferences
. . 1.Y. IYORI, N. SIMA andH.

the interactions bg'gween them. Cracks are thought t0™ i chi Kinzokus (1987) 65.
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