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Summary
The bend deformation characteristic of WC-Co cemented carbides with
micron and submicron grain size and different Co content were investigated
in the temperature range from room temperature to 1000°C by measuring
load deflection curves in vacuum. Transverse rupture stress of (TRS), yield
stress as and strain at fracture 8 were determined. Ductile-brittle transition
temperature Td and strain-hardening parameters at 800 and 1000°C were
obtained too. The temperature Td is equal to 200-300°C for micron grades
and 300-700°C for submicron grades. But essential plasticity at fracture is
observed only at temperatures more than 600-700°C. The influence of grain
size, cobalt content and the temperature on the cs, af, 8 and strain hardening
is discussed. It is shown that the WC-Co alloys are characterized by very high
strain hardening. The predominant deformation mechanism for submicron
grades at 1000°C and deformation rate 7x10"5 s"1 is the grain boundary
sliding, that is typical for superplastic deformation.

Keywords
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1. Introduction
The mechanical properties of WC-Co cemented carbides at elevated
temperatures are of great scientific and practical importance, but they are
investigated very weakly [1-3]. There are more numerous works devoted to
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hot hardness of these materials [4-6]. The purpose of this work is to consider
mechanical properties of WC-Co cemented carbides (TRS, yield stress, strain
at fracture, ductile-brittle transition temperature and strain-hardening
coefficients) at the temperatures up to 1000°C and discuss the influence of
grain size and concentration of Co binder on the mechanical properties and
deformation mechanism.

2. Experimental procedure and results
Table 1 shows the composition, grain size, designation and some structural
factors and mechanical properties of the investigated alloys. More complete
investigation was carried out for S and NY grades and partially for NYA
grades.

Table 1. Average grain size d, Co-content, contiguity C, binder mean free path X,
hardness HV, ductile-brittle transition temperatures Tdp and Tdc,

yield stress (^(calculated from hardness HV by Marsh equation [12]),
TRS Of, ratio af/as and plasticity characteristic 8H.

Designation
of grade

I d, |a.m
: % Co, mass

C

X, |im
HV, GPa
(P=50N)
Tdp, °C

Tdc, °C

Of, GPa

os, GPa

CTf/Cs

5H

S6

1.30

6
0.60
0.36

16.8

300
700
2.61

5.23

0.499

0.739

S10

1.32

10
0.70
0.84

15.2

250
600
2.74

4.50

0.600

0.737

S15

1.30

15
0.58
0.98

13.6

200
450
2.83

3.63

0.780

0.752

NY6

0.328

6
0.57
0.08

22.5

550
650
2.39

6.68

0.358

0.678

NY10

0.397

10
0.52
0.16

19.3

-300
580
3.56

6.33
0.562

0.701

NY15

0.350
15

0.45
0.20

16.3

-300
570
2.79

6.04

0.461

0.719

NY6A

0.292

6
0.55
0.07

24.3

700
820
0.91

7.40

0.123

0.630

NY10A

0.293

10
0.60
0.14

19.0

400
615
1.66

6.18

0.268

0.703

NY15A

0.304

15
0.63
0.26

16.6

400
605
0.65

5.35

0.178

0.712

The structure of grades was investigated by SEM with magnification up to
x40,000. Some typical structures for micron and submicron grades are given
in the fig. 1. The parameters of the structure: average grain size d, the mean
free path in the binder phase X and contiguity C were determined by the
method proposed in [7].
Specimens 35x4.5x1.2 mm3 were prepared by using cutting diamond wheel
and polished by diamond powders. Specimens were subjected to three-point
bend tests (span L=18.0 mm) to get load P - deflection f curves. The bend
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tests were performed in the Instron - type high rigidity testing machine in
1-3vacuum 10 Pa with tungsten heater, in the temperature range 20-1000 C.

a) b)
Figure 1. Microstructure of WC-Co alloys: a) NY6; b) S10.

The crosshead speed was 1.7x10"6m/s that corresponds to deformation
velocity of extreme fibres v = 7x10"5 s'\ Based on the P-f curves the stress a
- strain e curves for extreme fibres of specimens were built. The values of a
and e were calculated by equations:

a = 1.5PL; (1)
bh'

8 =
6hf

(2)

where b is the width and h is the height of specimen. The treatment of o - e
curves gives possibility to determine TRS cf, yield stress cs which was
determined as proportional limit (o s ~ a001) and strain at fracture for extreme
fibres 5. 4-5 specimens were tested at every temperature, and average
values were calculated. The physical ductile-brittle transition temperature Tdp

was determined as the maximum temperature at which 8 = 0, and the
conditional ductile-brittle transition temperature Tdc was determined as the
temperature at which 8 = 0.1 % (see table 1).
The temperature dependence of af and os are given in fig.2.

HV
The value of Tdp are given in this figure too. The ratio (where HV is the

hot hardness) was calculated using the HV values determined in [5, 6] (fig.3
and table 2).
The temperature dependence of strain at fracture 8 is given in fig.4 together
with plasticity characteristic 8H determined by hardness measurement
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method. 5H is the ratio of the plastic deformation during indentation to the total
deformation [8] and was calculated by equation:

8 H = 1 - 1 4 . 3 ( 1 - V - 2 V 2 ) H V (3)

The values of the hot hardness HV were taken from [5, 6], the values of
elastic characteristics from [3].

Table 2. Strain hardening coefficient N and strain hardening exponent n in Eq.(6), Vickers
hot hardness HV, yield stress os, ratio HV/cs, the flow stress 07.6%, plasticity parameter 5H

and ratio HV/c>7.6%.

t, °c

800

Alloy

S6
S10
S15
NY6

NY10
NY15
NY6A

NY10A

NY15A

S6
S10
S15
NY6

1000 NY10
NY15
NY6A

NY10A

NY15A

N,
GPa

13.1
10.6
7.7
15.7
9.9
7.2
-

8.1

5.1

4.4
3.2
1.85
1.9

1.17
1.01
0.92

0.74

0.52

n

0.49
0.48
0.45
0.45
0.49
0.47

0.43

0.42

0.48
0.50
0.52
0.41
0.38
0.37
0.37

0.34

0.32

HV,
GPa

8.47
6.84

6.00
14.20
10.24

7.18
-

-

-

5.21

3.80
2.82

6.81
4.70
3.02

-

-

-

GPa

0.52
0.31
0.29
0.57
0.44

0.29
0.55

0.33

0.18

0.16
0.12
0.08
0.15
0.12
0.07
0.15

0.07

0.05

HV

°s
16.3
22.1

20.7
24.9

23.3
24.8

-

-

-

32.5
31.7
35.0
45.3
39.2
42.9

-

-

-

SH

0.845
0.847
0.844
0.753
0.798
0.829

-

-

-

0.897

0.902
0.911

0.870
0.891
0.912

-

-

-

07.6%,
GPa

3.93
3.15
2.53
4.90
2.95
2.25

-

-

-

1.37
0.96
0.54
0.77
0.54
0.45

-

-

-

HV
07.6%

2.154
2.171
2.374
2.897
3.472

3.186
-

-

-

3.791

3.966
5.171
8.787
8.696
6.724

-

-

-
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Figure 2. Temperature dependence of the TRS Of and flow stress a s . Tdp are the ductile-

brittle transition temperatures at which Oi = as and § = 0: a) S grades; b) NY grades.
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0.7 -

b) c)
Figure 4. The temperature dependence of strain at fracture § and plasticity characteristic

8H: a) 6% Co by mass; b) 10% Co by mass and c) 15% Co by mass.

3. Discussion
We will discuss the influence of the temperature, grain size and cobalt
content on different mechanical properties separately.

3.1. Yield stress
The yield stress os may be determined only for the temperatures T>Tdp. It is
seen from fig.2 that the yield stress as depends on the temperature very
strongly that is typical for covalent crystals and for refractory compounds [9].
The yield stress os decreases if the cobalt concentration growths for micron
grades S and for submicron grades NY as well (fig.2). At the same time the
decreasing of grain size d at the same cobalt concentration increases the
yield stress os at the temperatures lower than 1000°C (fig.5). But at 1000°C
os does not depend on grain size at cobalt concentration Vm = 6% (by mass).
And for the smallest grain size (NY-A alloys) cs decreases with the
decreasing grain size for Vm = 10 and 15% at 800 and 1000°C. The «normal»
dependence of as on d"1/2 at 600°C and partially at 800°C may be described
by the Hall-Petch equation:

(4)as =ao+Kyd -1/2
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Figure 5. The dependence of the yield stress os on the WC grain size d

in co-ordinates os - d"1/2: a) 600°C; b) 800 and 1000°C.

The values of parameters o0 and Ky which can be calculated from fig.5a are
typical for refractory materials by the order of magnitude [9]. The «inverse»
relation cs(d~1/2) for submicron grains at 1000°C and partially at 800°C may
be explained by grain boundary sliding at these temperatures. This concept
will be discussed later.
The resistance of WC-Co alloys to the plastic and elastic deformation may be
evaluated by the hardness measurement. In [5, 6] the temperature
dependence of Vickers hardness was studied for the same alloys which were
investigated in the present work.

HV HV
According to Tabor [10] ~ 3. But it is seen from fig.3 that » 3 at high

temperatures and this ratio decreases if the temperature decreases.
HV

Extrapolation of the (T) to the room temperature gives value 2.7 that is

close to the Tabor constant. (During extrapolation the results for NYA grades
at 1000°C were not taken into account in connection with grain boundary
sliding in this case at low strain rate at which cs was determined. During hot
hardness measurement strain rate is bigger and grain boundary sliding does
not influence on the hardness HV.)
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It is well known that hardness corresponds to the yield stress of material at
the same plastic deformation which is observed during indentation [8, 10].
During Vickers hardness measurement the average total deformation
Et ~ 7.6% [8], and the average plastic deformation ep = et8H, where 8H is the
plasticity characteristic of material calculated by eq.(3). It is seen from the
table 2 that 5H for WC-Co alloys is closed to 0.8-0.9 and consequently
ep = 6-5-6.5%. And the ratio of HV to the yield stress as determined at
et ~ 7.6% indeed is approached to 3. It is seen from these results that the very

HV
big value of the ratio for WC-Co alloys is the consequence of a very

strong strain hardening of these alloys at elevated temperatures (see part
3.5). The strain hardening of WC-Co alloys at room temperature can be
evaluated from the stress-strain curves, obtained by indentation technique
[11], in which pyramidal indenters with different angles of sharping are used.
The value of strain hardening estimated from these curves indeed is small
and the hardness at 8% is closed to the minimum hardness, which
corresponds to the lower yield point.
The reason of the strong strain hardening at elevated temperatures will be
discussed later, but it is seen that hardness is not simple characteristic of the
yield stress cs for WC-Co alloys in the wide temperature range. Indeed in the
common case HV~ 3 (cs + AG), where Ac is the strain hardening during
deformation to et = 7.6%. But for WC-Co alloys Aa may be some time more
than os.

The concept of plastic limit analysis for WC-Co alloys was proposed by Lee
and Gurland [7]. In this analysis the fraction of the continuous carbide volume
Vv is calculated to be equal to the volume fraction of carbide phase multiplied
by the contiguity C of that phase, i.e. Vv = VWCC. This concept was used in [7]
and in many other works, including our papers [5, 6], to calculate the effect of
the continuous carbide phase on the hardness of WC-Co alloys. Taking into
account the strong strain hardening of WC-Co alloys we think that this
concept better to use for description of the yield stress os, which is more
simple characteristic of material than HV. In this case

os = s s W C V w c C + G s m (1 -V w c C) (5)
Here os we is the yield stress of WC and the csm is the yield stress of the
binder phase. It is impossible to calculate os from (5), because we do not
know the values of oswc and osm at elevated temperatures. But eq.(5) will be
used for discussion of strain hardening of WC-Co alloys.
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0.8

3.2. Fracture stress
The analysis of the temperature dependence of the TRS (fig.2) shows that
fracture stress decreases with increasing temperature slowly, as Young
modulus does, up to 600°C and decreases more rapidly at higher
temperatures, approximately as flow stress does.
The influence of cobalt content on fracture stress cf of WC-Co alloys is
different for high temperatures (T>Tdc) and for low temperatures (T<Tdc). It is

seen from fig.2 that in the high
temperature range af increases if the
cobalt content decreases. The
maximum value of of have alloys S6
among micron grades and NY6 among
submicron grades. By the other words
the cobalt content influences on of by
the same way as it influences on the
yield stress as. In the low temperature
range the influence of the cobalt
content on strength af is not
monotonic. Alloys S10 and NY10 have
the maximum of. For the alloys S6 and
NY6 the value of Cf is decreased in
connection with higher brittleness of
these alloys. In the temperature range

T<Tdp th ti f
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Figure 6. The correlation of the ratio f

temperature, where the strain
hardening is low, the as value can be
calculated by the Marsh equation [12],
from the HV value and compared with

af (see table 2). It is seen from fig.6 that the ratio f correlate with plasticity

with plasticity characteristic 8H at room
temperature.

parameter 5H. The more is 8H - the higher is the ratio f .

The influence of grain size on of is more complex. In the high temperature
range the TRS for micron and submicron grades is approximately the same.
But in the low temperature range the NY10 alloy has essentially higher value
of 0f than other alloys.
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3.3. Ductile-brittle transition in WC-Co alloys
At room temperature WC-Co alloys are brittle at standard mechanical tests
such as tension, compression or bending. With increasing temperature these
materials have some plasticity before fracture (fig.4). The theory of the cold

brittleness of loffe [13] may be
used for description of the ductile-
brittle transition in WC-Co alloys.
In the loffe theory the yield stress
as rises more quickly with the
decreasing of the temperature
than the TRS afdoes. Interception
of two curves os(T) and oT(T)
corresponds to the ductile-brittle
transition temperature Td. Firstly
this concept was used for
description of the cold brittleness
in steels, but later it was extended
on other metals with bcc structure
[9] and ceramics [9, 14]. For
porous ceramics it was shown that
porosity decreases af more quickly
than cs and for this reason the
porosity increasing leads to
increasing Td [15]. Authors did not
find publications devoted to the
systematic study of the ductile-

0.75 0.80 0.85 0.90
Vwc

Figure 7. The dependence of strain
at fracture 5 on the volume fraction

of WC grains VWC- 1 - NYA; 1000°C (B=2.0);
2 - NY; 1000°C (B=3.0); 3 - S; 1000°C (B=4.8);
4 - NYA; 800°C (B=4.8); 5 - NY; 800°C (B=4.3);
6 - S; 800°C (B=4.4). B is the constant in eq.(6). b r i t t | e transition in WC-Co alloys.

In the present work both ductile-
brittle transition temperatures: physical Tdp and conditional Tdc ones were
determined. Tdp corresponds to the condition af = as and is the maximum
temperature at which plasticity at fracture 8 = 0. Tdc in the present work
corresponds to the condition 8 = 0.1%. The values of Tdp for different grades
are given in the fig.2 and the values of both ductile-brittle transition
temperatures are given in the table 1. It is seen from the table 1 that the
decreasing of the grain size d of WC particles leads to the essential
increasing of Tdp and Tdc. And the increasing of cobalt content decreases
these temperatures. The minimum ductile-brittle transition temperature Tdp is
equal to 200°C for S15 grade and the maximum Tdp is equal to 700°C for
NY6A grade. For the majority of investigated alloys the Tdc = 600-700°C and it
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is possible to say that only at temperatures more than 600-700°C these alloys
have essential ductility during bending tests.

3.4. Strain at fracture 8
Plasticity at bending tests in investigated grades may be revealed at the
temperature T > Tdp. The temperature dependence of 8 is given in the fig.4
together with the plasticity characteristic 8H, obtained by the hardness
measurement. The increasing of the cobalt content in alloy increases the 8
and 8H values in the all temperature range. The influence of grain size on the
plasticity is more complicated. Micron grades S have higher plasticity in
comparison with submicron NY and NYA grades at low temperatures. But the
plasticity of submicron grades increases more quickly with the growth of the
temperature and at 800 and 1000°C NY and NYA grades have higher
plasticity than S grades. And NYA grades (where grain size d is lower than in
NY grades) have higher than NY plasticity at these temperatures. In the
works [14, 16] the equation for the dependence of strain at fracture 8 on the
porosity 9 of sintered material was obtained in the form

(6)

Here 8k is the plasticity of the porousless material. The value of constant
B = 4.3 was calculated on the base of experimental results of Shelak et al.
[17] for porous iron. Later it was shown in the work [15] that the same value of
B in (6) may be used for the porous ceramic SiC. The eq.(6) was obtained on
the base of concept of Cope [18], where the ceramic - metal composite was
selected as the model and supposed that ductile matrix is deformed by their
branches between hard particles (or pores).
At the description of the strength properties of materials pores and particles of
the second phase show essentially different influence on properties. But for
description of the plasticity at fracture the models of porous body and body
with the hard particles of the second phase practically coincide. In the both
models only bounded part of the material volume is deformed plastically
before fracture. For this reason it is possible to use for WC-Co alloys eq.(6)
for description of the dependence of 8 on the cobalt content taking 0 = VWc ,
where Vw c is the volume fraction of WC particles. We had enough reliable
experimental points only at temperatures 800 and 1000°C. As it is seen from
fig.7 eq.(6) may be used for description of dependence 8(VWc)- Indeed, in
compliance with (6) ln(8) is linearly dependent on Vw c and constant B = 4.3 at
800°C and at 1000°C for S grades. But at 1000°C the dependence 8 on Vw c

is more weak for NY and NYA alloys. This phenomenon as well as high
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plasticity of NY grades at 1000°C may be connected with the appearance of
grain boundary sliding as a deformation mechanism.

3.5. Strain hardening
Analysis of the stress-strain curves a - e for studied WC-Co alloys indicated
that parabolic strain hardening is typical for this alloys from the deformation
beginning. For this reason stress-strain curves may be treated according to
Ludwik relation [19] between stress a and plastic deformation ep.

c = cs+Ne£ (7)
Here as is the lower yield stress or proportionality limit, N is the strain
hardening coefficient and n is the strain hardening exponent. In the
dislocation mechanism of deformation [9]

N = ccGb1/2 CV2 (8)
where a is the constant equal to 1 by the order of magnitude, G is the shear
modulus, b is the Burgers vector and I is the mean free path for slipping, and
n = 0.5. N decreases with increasing temperature due to the decreasing of
a and G. The typical stress-strain curves in co-ordinates Ig (a-os)— Ig ep are
given in fig.8 for 800 and 1000°C, where plasticity is enough for reliable
determination of N and n values. It is seen from this figure that experimental
points are situated indeed on the straight line that makes possible to use
eq.(7) and to determine N and n. In the table 2 the calculated values of N and
n are given for S, NY and NYA grades. It is seen from this table that for
800°C n is closed to 0.5 for all grades.
The value of N is very big. Indeed, for example, even for room temperature
N = 0.65 GPa for Mo and N < 0.55 GPa for steels [9]. But for WC-Co alloys N
is close to 10 GPa at 800°C. At 1000°C n « 0.5 only for S grades, but for NY
and NYA alloys n < 0.5, and for NYA alloys where grain size d is lower than
for NY ones n is the lowest. The value of N at 1000°C is decreased also and
for NYA grades N is lower than for NY grades.
It is seen from the fig.9 that strain-hardening coefficient N decreases with
increasing cobalt content in alloy. If for 1000°C the difference in the values of
N for S and NY grades is small, this difference is very big at 1000°C. The
peculiarities of the strain hardening for NY and NYA alloys may be connected
with the grain boundary sliding during their deformation.
If to use the concept of Lee and Gurland [7] to the strain hardening of WC-Co
alloys and take into account the eqs.(5) and (7) the strain hardening
coefficient N may be given in the form:

N = aF, (9)
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where Ou.1/2 i1/2 /.i w n \

Gbm A, ( 1 - V w c C )
u.1/2

w c b w c

-1/2
(9')

0.05 0.1

a) b)
Figure 8. The strain-stress curves for WC-Co alloys in co-ordinates

Ig (a - o s ) — Ig ep: a) S grades; b) NY grades.

Here Gm and bm are the shear modulus and Burgers vector for Co matrix and
Gwc and bWc are the same for WC particles. In this equation the slipping free
path is estimated as X for the Co matrix and as d/4 for WC particles. In order
to control the applicability of the eq.(9) we have calculated the value F and of
parameter a as a =N/F. For the calculation of F the next values of parameters
were taken: bm = 2.5 A; bwc = 2.9 A; Gm = 64.1 GPa at 800°C and 57.5 GPa
at 1000°C; GWc=271 GPa at 800°C and 265 GPa at 1000°C. The values oiX,
d, C and Vw c are taken from the table 1 and N from the table 2. The obtained
values of a are given in the table 3.
It is seen from the table 3 that for the «normal» dislocation deformation
mechanism (at 800°C for all alloys and at 1000°C for S grades) a is close to 1
by the order of magnitude. But for NY and especially NYA alloys, where the
mechanism of boundary sliding is supposed, the value of a is essentially
lower at 1000°C.
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\Alloy

t, °c\
800
1000

S6

2.5
0.89

Table 3. The values of parameter a

S10

2.1
0.64

S15

1.9
0.46

NY6

1.6
0.20

NY10

1.3
0.16

NY15

1.1
0.15

in eq.(9).

NY6A

-

0.09

NY10A

0.82
0.07

NY15A

0.56
0.06
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The calculation of strain hardening
coefficient by eq.(9) has shown that
very strong strain hardening of WC-
Co alloys is stipulated by the next
reason: high value of shear modulus
G for WC particles, low values of the
binder mean free path, X, and low
value of grain size, d, for WC
particles.

The results, given in the present
work, make possible to consider 3
temperature ranges with different
mechanisms of deformation for WC-
Co alloys. At low temperatures (t <
60f>800°C) the plastic deformation is
possible only in Co binder, but not in
the WC carbide skeleton, that leads
to very low strain at fracture 5 during
standard mechanical tests. At more
higher temperature some plastic

deformation of WC skeleton is possible too, that increases strain at fracture
and stipulates very high strain hardening. And at the highest investigated
temperature 1000°C the grain boundary sliding (which is typical for
superplastic deformation) is possible. This deformation mechanisms is
observed more legibly for submicron grades NYA.

4. Conclusions
1. Mechanical behaviour of cemented tungsten carbide is characterized by

brittle-ductile transition during heating. The physical ductile-brittle transition
temperature is equal to 200-300°C for micron grades and 300-700°C for

% Co

Figure 9. The dependence of the strain
hardening coefficient N on the Co
concentration at 800 and 1000°C.
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submicron grades. But essential plasticity at fracture is observed only at
temperatures more than 600-700°C.

2. Transverse rupture stress af (TRS) decreases with increasing temperature
slowly, as Young modulus does, up to 600°C and more rapidly at higher
temperatures. At the temperatures T > 600°C cf depends on the cobalt
content by the same way as yield stress as. But at the low temperatures
where af < as the ratio ov /os decreases with decreasing ductility, which
may be characterized by plasticity characteristic 8H, determined during
hardness measurement.

3. The yield stress os (which was determined at very low deformation degree
as ao.01) increases rapidly with decreasing the temperature and ductile-
brittle transition takes place at the temperature of intersection of cs(T) and
Cf(T) curves. The ratio HV/as increases rapidly with increasing the
temperature from the value ~ 3 at room temperature to the value 30-40 at
1000°C. But the ratio HV/c7.6% ~ 3 in the wide temperature range.

4. The increasing of the cobalt content in WC-Co alloy increases the strain at
fracture 5 and plasticity characteristic 8H in the all investigated temperature
range. The equation for the dependence of 5 on the Co concentration is
proposed. Micron grades have higher plasticity than submicron grades at
temperatures t < 800°C. But the plasticity of submicron grades increases
more quickly with the growth of the temperature and at 800 and 1000°C the
lower is WC grain size, the more is the 5 value.

5. The WC-Co alloys are characterized by high strain hardening even at 800
and 1000°C, that may be explained by the high value of shear modulus G
for WC phase and low value of the mean free path for dislocation slipping
in Co binder and WC particles.

6. The obtained results give possibility to consider for WC cobalt alloys 3
temperature ranges with different mechanisms of plastic deformation:

• Low temperature range (t < 600-800°C). Plastic deformation during
mechanical tests is possible only in Co binder phase, that leads to very low
strain at fracture 5.

• Middle temperature range (from 600-800 to 1000°C). Plastic deformation
takes place not only in binder phase, but in WC skeleton too, that stipulates
very high strain hardening.

• High temperature range (1000 and partially 800°C - only for submicron
grains). Grain boundary sliding (which is typical for superplastic
deformation) is the predominant deformation mechanism. This mechanism
is confirmed by the low value of yield stress as and decreasing of as with
decreasing WC grain size, high value of strain at fracture, low values of
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strain hardening coefficient and strain hardening exponent. It is possible
that appearance of grain boundary sliding was possible due to very low
strain rate during mechanical tests (7x10~5s~1).
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