Journal of the Korean Ceramic Society
Vol.27, No.1, PP.102~108, 1990.

Fracture Behavior and Mechanical Properties of WC-Co Subjected to Thermal Shock
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ABSTRACT

WC-Cao composites are widely used as culling or drilling tools because of their high hardness. strength, and
fracture toughness. The working temperature s, however, generally in the range of §00-700C so thermal shock
fracture of WC-Co can occur. In this study, the strength, fracture toughness ard fracture surface of 16wt Co

honded tungsten carbide composites before and afler thermal shock were ohserved.
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INTRODUCTION cooling may cause considerable cracking damage and
possible catastrophic fallure, if thermal stress exceeds

The ability of WC-Co composites to withstand high the strength of the material'~*.
temperature 18 one of the major concerns delermining Kingery® has examined numerous factors affecting
their application. However, their characteristic brittle thermal shock It was concluded that materials are
nature and generally low thermal conductivity leaves desived with high values of strength, thermal
them susceptible 1o thermal shock damage and cenductivity and thermal diffusivity combined with low
fracture. High tensile stresses at the surface on rapid thermal expansion coefficient and elastic medulus,
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Fig.1. Proposed strength behavior of a hrittle
material subjected to thermal shock,

Experimental evidence supporting these parameters
has been shown hy many investigators. including
Coble and Kingery®, and Hasselman and Crandall”,

Thermal stress theory predicts distinct regions of
behavior for a material based on thermal shock (Fig.
13, In the region of least thermal shock, flaws
present within the material are subcritical with respect
to the thermal shock. Therefore,

damage is initilated and no change in the strength is

no  significant

observed for materials subjected to this degree of
thermal shock. The next region occurs upen reaching
a critical degree of severity of thermal shock. Here,
cracks grow 1o a new length and an instantaneous
decrease in strength results. The third region shows
little or no further loss in strength because the flaws
are subcritical in lenglh require a higher degree al
thermal shock to extend the cracks. In the most
severe thermal shock region, another critical degree
of extremely severe thermal shocking is reached and
the
temperature change. The cracks will prapagate even

cracks are again unstable with rtespect to

more extensively, resulting in a gradual decrease in
strength with increased severity theramal shock. The
flaw
distribution in the material. The larger the standard

deviation of the strength, the wider the tranmsition in

severity of the transition depends on the

temperature.

This type of strength behavior has been chserved by
Zn0™ and TiCH,
However, it has been reported’™ that some materials

several workers for ALOJ-',
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do not follow the generally accepted Hasselman
theary" for thermal shock in hrittle materials and
residual strength fell gradually at temperatures lower
than the expected critical quenching temperature. Mai
and Atking'*, have applied Hasselman's theory of
thermal shock to examine the retained strength of
carbide tools after heat treatment and they reported
that the retained strength was low hecause the pre
-existing small internal flaws in the carbides grew
during the critical shock,
tests for thermal shock'*'#

In general, are

essentially of two types . determination of the
minimum shock to nucleate cracking (thermal stress
resistance parameter) and determination of the
amount of damage sustained by a fixed shock or series
of shock ({thermal shock damage resistance parameter) .
Mai and Atkins'? also suggested that carbide tools
could be compared according to both resistance to
crack initiation and resistance to crack propagation,

The critical quenching lemperature difference (AT.)
could be approximately estimated from eguation
(1‘) LR}

om0 ()

where a is the half plate thickness, h iz the heat

tranfer coefficient, v is Poissons ratio, k is the

thermal conductivity, o« 1s the thermal expansion

coefficient, o is the {flexural strength at room
temperature and E is elastic modulus

the results of an
shock

resistance and fracture strength behavior of 16wt% Co

The present paper reports

experimental investigation on the Lhermal

bonded Lungsten carbides.
EXPERIMENTAL PROCEDURES

The sintered 16wt% cobalt bonded tungsten carbide
composites* were used. Table 1 summarizes the
properties of the material used in this study 5

specimens were heated af a rate of 20°C/min up to

* DBS Co Houston, TX
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Table 1. The Properties of WC-16wt% Co
*
b kl/ ! “ 1;/ N
Cals b | FYS L Gpa | MPa MPay m
Ccm Tem?®
n.22 012 |6x10°% 1.0 560 1950 241

* DBS Co Data

400, 600, 800 and 1000°C, held for 15 minutes and
quenched m a water bath at 20°C . Each specimen was
then broken using 3-point flexure for strength
measurements. The oxidation laver was analyzed
using X-ray diffraction,
Fracture toughness was measured using an
indentation technique before and after water —quenching,
To remove prinding damage on the surface before
indentation, three sequential polishing sleps were
required © 3 minutes on 15xm, 10 minutes on Ggm,
and 10 mimdes on 1zxm diamond grit wheel using an
autematic polisher. After polishing, all indentations
were made at 2000N with a diamond Vickers indenter
The

loading speed was 0.0005mm/sec, held for 15 seconds

using screw driven tensile testing machine**,

and released at the same speed as thal of loading.
Crack sizes were delermined by optical microscopy
KL-

indentation technique'™ (Eq.2)

Fracture toughness, was evaluated using an

Ke=0.0164 [E/H]Pc

In above equation, P is the indentation load, ¢ the
crack length, H the hardness, and E the elaslic

modulus,

RESULTS AND DISCUSSION

The specimens alter thermal shock tests are shown
in Fig.24. The darker color of the specimen at 6007C
indicates the mitiation of the oxidation process. The
oxidation layer can be easily seen by the unaided eye
for specimen from 800C and above The average

thickness of the cxidation layer was 190gm at 800C

# # Instron Eng Corp.. Canton, MA
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Appearance change of thermally shocked
WC—16wt% Co due to oxidation (A) and X —
ray diffraction analysis indicates WO, and
Co,0, are the major oxidation products ().

Fig .2,

and 340m at 1000°C, respectively. In Fig 28, X-ray
diffraction analysis indicates tungsten mainly oxidizes,
with minor oxidation of the coball phase,

Fig 3 shows the strength degradation behavior of
thermally shocked WC-16wt% Co. The sirength was
caleulated based on the original dimension before
thermal shock test. Il is better to exhibit the thermal
shock property using relation of load-carrying
capacity lo quenching temperature difference for
oxidizable materials because of dimension change,
However, either strength cr load-carrying capacity

remains essentially constanl for temperature differenc-
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Fig.3. Relation of strength and load-carrying
capacity of WC-Co composite tc quenching
temperature difference.

es of up to 600C and then decreases with further
increase in thermal shock temperature difference.

This behavior agrees with the prediction of
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Fraciure Toughness [MPJ‘Jm]

10 L 1 L I :
[ 200 400 600 300 1000

Quenching Temperature Difference [*C]

Fig.4. Fracture toughness change as a funclion of
thermal shock severity.

A7l 41 E (1990

Hasselman’s theory?, Mai*™® reports that strength lnss
is a result of subcritical crack growth caused by
plastic deformation within the metal phase or surface
residual stress during thermal shock

Substitution of values in Table 1 into Eq (1) results
in AT.=11007C for 16wt% Co bonded WC when h=1
cgs unit. The crack initiation parameter [koy/Ea]
caused by theram! shock yields about 163.5 calfem/
sec, The thermal-shock-damage parameters [Ko/o)?
are 1134em, 1840gm and 1850pm at AT=600T,
8007, and 1000°C, respectively, The observation
from strength measurements and theraml shock
damage parameter indicales that AT, is aporoximately
700C for WC-16wt% Co composites, The relained
strenglh in fact falls off well before the predicted
critical temperature The reason for the depariure

from Hassebmans medel seems to be hound upon

e, Sourée ] '

Fig.5. SEM micrographs taken above indentation
crack (&) and oxidation flaw (8) show that WC
particles mainly fracture transgranularly after
thermal shock,
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reduction in strength (Fig.3) and fracture toughness
(Fig.4)
temperature difference,

of WC-Co with Increasing quenching

It is reasonable to assume that some fracture
micromechanisms must account for the strength
and 800C.

include subcritical

degradation behavior between 600°C
Plausible mechanisms crack
extension due to thermal siress, microcracking of WC
particles {Fig.5}, partial oxidation of WC particles/
(Fig.2E)

carrosion during guenching  Previcus research'” on

cobalt phase or water-assisted stress
failure analysis of WC-Ca shows that WC grains less
than 4-5xm mainly fracture mtergranularly at ambient
temperature, However, photos in Fig.5 show that
fracture paths are mainly transgranular for both small
graing (arrow 1) and large grains {arrow 2).

The SEM micrographs in Fig.§ show fracture
surfaces of unindented specimens for each AT. The

roughness on the fracture surface becomes less severe

We- 1{;-\#1_‘?'(‘9

with increasing AT, indicating a decrease in the
strength of sample. I1 can be seen that the specimens
at 400[6-A] and 600°C[6-B] {failed due ta miecrostru-
ctural processing defects. It is most likely that the
oxidation process weakens the surface and creates
surface flaws [6-C & 6-D]. Fig.7A shows the
microstructure above failure-initiating flaw correspon-
ding circle region in Fig 6C, The X-ray analysis of
the dark particle (arrow) indicates that tungsten
oxidizes by oxygen diffusion during heat-treatment,

thereby reducing its fracutre resistance,

SUMMARY

The prediclion by Hasselman's theory for critical
temperature difference, AT, should be reconsidered
even though behavior of strength degradation vs AT
approximately follows the theory which does not

acconnt for the reduction in strength after thermal

Fig.6. SEM micrographs showing fracture surtaces of

quenching differences.

(108)

specimens after thermal shock at different
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Fig.7. SEM (&) and X-ray (B) analysis around failure
-initiating flaw of thermally shacked specimen
(AT=800T).

shock .

toughness remains almost constant in thermal shock

It is usually assumed thal the fracture

test. This study, however, reveals that the fracture
toughness decreases with increasing quenching
temperature.

Fracture surface analyses show that an oxidation
layer creates surface defects which act as the failure
initiating flaws. The thermal shock stress seems to
more transgranular

change failure pattern, i.e.,

fractures even for the small grains.
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