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Kinetics of WC-Co oxidation accompanied

by swelling
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The oxidation behaviour of WC-Co sintered carbides with 3-5 um grain size of WC and
6-15 vol.% of cobalt have been studied in air in the temperature range 650-800°C. The
intensive swelling of up to 350% of initial specimen size and linear kinetics of the growth of
the porous WOj3 layer were observed during the oxidation. The final shape of the specimen
after oxidation was dependent on its initial shape. The apparent activation energy of the
dimension and weight gain kinetics were within the range 32-67 kJ mol — 1 and the process
was proposed to be controlled by the reaction at the interface. The oxidation rates and
swelling coefficients increased when the mean size of WC grains was decreased and cobalt
content increased. The possible model of WC-Co alloys’ oxidation and swelling was
proposed for the observed shape development and kinetics of oxidation.

1. Introduction
Tungsten carbide alloys are well-known engineering
materials widely used for cutting tools because of their
high hardness, strength and wear resistance [1-3].
However, the application of hard metals at high tem-
peratures can be limited by their oxidation — even
relatively short-time surface oxidation can cause sig-
nificant reduction of the strength of WC-Co [4].

The parabolic like weight gain kinetics and the
formation of brittle oxide layers have been reported
after the oxidation of WC and WC-Co systems in the
temperature range 600-1000°C [5-8]. The addition
of 6% of Co slightly decreased the oxidation rate in
comparison with pure WC [5]. Similar behaviour was
observed during the oxidation of WC-Ni—Al alloys [9].

Detailed studies [9—-11] revealed the dependence of
oxidation rate of sintered carbides on the oxygen
partial pressure. However, the mechanisms of the oxi-
dation were not described in these works. The investi-
gation of the oxidation behaviour of a similar system,
TiC powders, showed several fast and slow stages and
different activation energies at different temperatures
[11]. The variety of factors influencing the oxidation
of sintered carbides requires more detailed study of its
kinetics over the wide temperature range.

The aim of the present work was to study the
kinetics and mechanism of oxidation of sintered
WC-Co alloys with different microstructures.

2. Material characterization and
experimental methods

The oxidation experiments were carried out on

4 grades of WC-Co alloys produced in Pramet Sump-
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erk (Czech Republic) containing 6, 10 and 15 vol.% of
Co and with 3 and 5 pm mean size of WC grains. The
porosity of all samples was less than 1%. The speci-
mens had the shape of cylinders (diameter 7 mm,
height 13 mm) or cubes (side 5 mm) with polished
surfaces.

The isothermal annealing of specimens in air was
performed under atmospheric pressure  at
650, 700, 750 and 800 °C, respectively. Vertical elonga-
tion within the range of 2 mm was measured continu-
ously by inductive transducer. When the dimensional
change exceeded the transducer range heat treatment
was periodically interrupted, samples were rapidly
cooled and weight gain and dimensional changes
(length and diameter in the case of cylinders and all
sides in cubic specimens) were measured at room tem-
perature. The microstructure of as-received and oxi-
dized samples were observed by optical and scanning
electron microcopy (SEM). The phases present in the
sample after the oxidation were identified by X-ray
diffraction (CuK,) and by electron microdiffraction in
a transmission electron microscope under an acceler-
ating voltage of 90 kV on fine oxide particles which
were dispersed in carbon replicas.

3. Results

The extensive brittle porous oxide layer formation was
observed on all samples over the whole studied tem-
perature range. Monoclinic WO; phase in oxidized
layers and a small amount of Co, CoO and unoxidized
WC were identified by X-ray diffraction. The electron
microdiffraction in TEM confirmed the presence
of WO;. Time dependence of weight gain showed
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Figure 1 Relative weight gain kinetics of WC—Co alloys with differ-
ent grain size and Co content after oxidation at different temper-
atures. O, 6% Co/3 um WC; A, 6% Co/5 um WC; A, 10% Co/5 pm
WC; @, 15% Co/3 um WC.

non-linear, parabolic-like behaviour (Fig. 1) and the
maximum relative weight gains after the complete
oxidation reached approximately 18.5-19% depend-
ing on the content of Co and mean size of WC grains.

The shape of specimens changed considerably dur-
ing the oxidation: cylindrical specimens were trans-
formed to “rotors” with several radial “blades™ and
two cones on the axis (Fig. 2), while the cubic speci-
mens — to a 3-dimensional cross (Fig. 3). The differ-
ence between oxidized cylindrical and cubic specimens
consisted also in the formation of regular pyramids
without cracks from the flat sides of a cube instead of
cones, which grew from the base planes of a cylinder.
The successive shape development of a cylindrical
specimen from Fig. 2a—c can be seen in the scheme in
Fig. 4. The angles at the top of the cone 2P at different
temperatures and for the specimens with various
microstructure parameters are summarized in
Table I.

In contrast to weight gain behaviour, both continu-
ous and interrupted dilatometric measurements of the
vertical elongation of samples showed approximately
linear kinetics (Fig. 5). The maximum relative elonga-
tion AH (t.,)/Ho, (Where AH = H(t) — Hy (H,, initial
specimen height (length); H{(¢), time dependence of the
height of specimen; ¢ time of oxidation; t,,, time to
complete oxidation)) reached almost 350% (see
Fig. 5).

The SEM observation of the cross-sections (perpen-
dicular to the cylinder axis) of partially oxidized speci-
mens revealed a very porous microstructure of oxida-
tion products (Fig. 6a) and a sharp boundary between
the oxide layer and unoxidized WC—Co (indicated by
arrow on Fig. 6b). The linear dimensions (radius and
height) of the unoxidized part of the cylindrical sam-
ples decreased linearly with the same rate in both
radial and longitudinal directions (Fig. 7). The thick-
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ness of the oxide layer also increased linearly with time
(Fig. 7). When it attained approximately 0.1 mm, large
radial cracks appeared and separated the layer into
several parts. These isolated parts of the oxide layer
grew linearly with time in a radial direction in the
same way, as the total height of specimen, and formed
the “rotor blades”.

4. Discussion
4.1. Shape development and kinetics of
oxidation

The significant increase of linear dimensions during
the oxidation could not be explained only by the
formation of oxide phases. The extensive swelling of
new phases should accompany this process. This as-
sumption was supported by microstructure observa-
tion and by the dependence of the final shape of the
oxidized specimen on its initial geometry.

From the results of X-ray analysis it can be sugges-
ted that the oxidation of tungsten carbide could be
described by the reactions [12].

WC + £ 0, - WO, + CO,, or )
WC + 20, » WO, + CO )

These reactions assumed the formation of volatile
gases besides WQO3. The comparison of the theoret-
ically determined and experimentally measured
weight gain proved this assumption: theoretical
weight gain evaluated according to Equation 1 and/or
Equation 2 only for the initial and final phases in
the specimen yielded the value (Mwo, — Mwc)/
My = 0.183 (Mwo, and My, molecular weights of
WO, and WC, respectively; atomic weight of W is
My = 183.8, carbon M¢ = 12 and oxygen, Mg = 16)
which was in very good agreement with the weight
gain of 18.5-19% determined experimentally. The
small deviation can be connected with the presence of
Co in studied materials that was not considered in the
evaluation. The values of weight gain would be differ-
ent for the reactions assuming the formation of other
tungsten oxides (approximately 10% for WO, and
16% for W,04,). ’ '

The presence of volatile gas could explain the effect
of swelling due to pore formation and their extensive
growth. The gas pressure inside the pores at the tem-
perature T can be estimated as follows: from one WC
grain with size I and containing N molecules of WC
(N = I*/Qwc, where Qwc = volume of one WC mol-
ecule) can arise the same amount — N molecules of
WO; and N molecules of CO, or CO (see Equations
1 and 2). These molecules formed n moles of gas
(n = N/N4, N4, Avogardro’s number) and when they
fill in the pore with size L, the gas pressure p inside this
pore would be approximately p=nRT/L?
= nNAkT/L? = (kT /Qwc) (I/L)?; (R = N sk; gas con-
stant, k= 1.3x1072* Jmol 'K, Boltzmann con-
stant). The pressure inside the pore would be propor-
tional to the cube of the ratio of linear dimensions of
WC grains and pores. This pressure in the pores,
which is comparable with the mean grain size (I ~ L),
can reach at T~ 10°K and Qwc~ 1 x1072° m?,
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Figure 2 Shape change development of cylindrical sample (3 pm WC grain size, 6% Co) during oxidation at 700 °C (a—c, side view; d—, top

view): a,d, initial shape; b,e, after 80 min; c, f, after 510 min at 700 °C.

approximately p ~ 1.4 GPa. This is comparable with
the rupture strength of WC—Co at studied temper-
atures (approximately 1.4-1.7 GPa at 600°C and
1.0-1.3 GPa at 800 °C for similar grain size and cobalt
content in vacuum [13-14] and considerably higher
than the stress range in which creep deformation has
been studied (83—220 MPa for 6 and 15% Co content
at 750 and 650°C, and up to 500 MPa at higher
temperatures and in pure WC, respectively [15-16]).
Such a high pressure inside the pores would be able to
deform the ductile binder Co phase and cause their
intensive swelling. On the initial stage of oxidation,
when L<«I, the pressure inside the pores should be
even higher than the above calculated value. It can be
expected that the swelling of the oxide layer would
occur relatively fast on the oxidation front and devel-
op up to the formation of open porosity.

The linear kinetics of oxidation can be seen to be
directly due to the formation of regular cones and
pyramids from the flat surfaces of cylindrical and
cubic specimens, respectively. It would be possible
only in the case of constant oxidation rate controlled
by the reaction at the interface and constant swelling
in all directions. The diffusion through the oxide layer
could not be the rate-controlling process in this case,
especially if the open porosity and sharp boundary
between oxide and hard metal were observed. The
tangent of the half angle at the top of the cone
B should be proportional to the rate of initial radius of
cylinder R, and the thickness of oxide layer after
complete oxidation b (see Fig. 4) in this case. Assum-
ing constant swelling after oxidation b = kR, where
k i1s the swelling coefficient, the angle B should be
proportional to the reciprocal value of swelling
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coefficient x
tanp = Ro/b = 1l/x

The values of the swelling coefficient k¥ of studied

materials at different temperatures are summarized in
Table L.

10 mm

Figure 3 The initial and final shape of a cubic specimen after oxida-
tion at 800 °C.

Figure 4 Scheme of the cross-sections of a cylindrical specimen at
different stages of oxidation: a, initial; b, intermediate; ¢, final — after
the complete oxidation (see Fig. 3a and c).

Tangential tensile stresses should arise only on the
cylinder surface due to the same and constant rate of
swelling in both radial and longitudinal directions.
These stresses could explain the formation of radial
cracks in the oxide layer in oxidized cylindrical sam-
ples (see Fig. 6b) and can be estimated from the rela-
tive deformation when the first cracks appeared. The
thickness of the oxide layer, when large cracks ap-
peared, was found to be approximately 0.1 mm. For
the initial sample radius Ry = 3.5 mm (the radius de-
crease can be neglected) the relative deformation of the
cylinder perimeter would be approximately 2.8%. The
tensile stress on the cylindrical surface for the value of
Young’s modulus E ~ 450 GPa [14], should be higher
than 12 GPa. This value can be reduced to more
reasonable values by taking into account the possibili-
ty of pore formation and swelling and the assumption
that the first microcracks could appear in essentially
thinner layers, than we measured for relatively large
cracks. Despite this it can be expected that the reduced
stress level exceeds the strength of oxide products.

Linear kinetics of relative elongation due to swell-
ing (Fig. 4) were inconsistent with the parabolic-like
weight gain kinetics observed in the final stages of
oxidation (Fig. 1). This contradiction can be explained
by the following analysis in which the presence of
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Figure 5 The kinetics of the relative elongation of WC—-Co samples
with different grain size and Co content during the oxidation. O, 6%
Co/3 um WC; A, 6% Co/5 um WC; A, 10% Co/5 ym WC; @, 15%
Co/3 um WC.

TABLE I Top angles and swelling coefficients of WC—~Co sintered carbides at different temperatures

Top angle 2B/swelling coefficient

Sample Co content (vol.%)/
mean grain size [um]

Temperature
973 K (700°C)

1023 K (750 °C) 1073 K (800°C)

6/3 29°/3.86
6/5 32°/3.48
10/5 23°/491
15/3 28°/4.01

24°/4.70 25°/4.51
28°/4.01 24°/4.70
22°/5.14 20°/5.67
25°/4.51 21°/5.39
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Figure 6 (a) Detail of the porous microstructure of the oxide layer;
(b) sharp boundary between the oxide layer and WC-Co.

24 124

Relative layer thickness (%)

Relative size decrease 100 x [R, - r(t}] / R, (%)

Time (min}

Figure 7 The kinetics of oxide layer thickness and diameter of
unoxidized part of a cylindrical specimen measured on cross-section
during oxidation at 650°C. O, 6% Co/3 pm WC; A, 6% Co/5 ym
WC; A, 10% Co/5 um WC; @, 15% Co/3 pm WC.

the Co phase was neglected. The initial weight m,
of the sample, which consists only of a large amount
of WC grains, can be expressed through the total
amount of WC molecules in the sample N, as
mo = Mwc(No/Na). Because of the constant number
of W atoms N in the specimen, either in the form of

WC or WO, the weight of the oxide phase, which
arose from AN atoms of W, would be Mo, (AN/N,),
where AN is the reduction of N, due to the oxidation.
The weight of the specimen m(t), partially oxidized
after time t < t.,,, Where t,,, is the time to complete
oxidation of the specimen, can be found as a sum of
molecular weights of Ny — AN molecules of WC and
AN molecules of WO,. The kinetics of relative weight
change during oxidation can be described by the fol-
lowing equation

(m(t) —mo)/my = (Mwo,/Mwc— 1)AN/Nq

where Mwo,/Mwc = 1.183. The ratio of the numbers
of the oxidized and unoxidized WC molecules AN/N,
should be the same as the ratio of the volumes
AV/V,,

AN/N, = AV/V,

where V, is the initial volume of WC sample contain-
ing N, molecules and AV is the reduction of WC
volume due to the oxidation of AN molecules of WC.
Finally, the relative weight gain kinetics can be ex-
pressed as

(m(t) — mo)/mg = (Mwo,/Mwc—1AV/V,y (3)

Equation 3 indicates that weight gain kinetics will be
controlled by the relative volume decrease of the un-
oxidized part of the specimen AV /V, = (Vy — V(1))
/V . It can be found from the assumption of constant
rate of decrease of the radius r(t) and height h(z) of the
WC part of cylindrical specimen

r@t) =
h(t) =

Ro - qt
Ho — 241, 4)

where q is the rate of oxidation defined as ¢ = Ry/tpax
The substitution of Equations 4 into Equation 3 gives
the relative weight gain kinetics of the cylindrical
specimen

(m(t) — mo)/my = (Mwo,/Mwc —1)
x [2(1 + Ro/Hy)t — (1 + 4Ro/H)t?
+ 2(R0/H0)T3] (5)

where dimensionless time T was determined as
T = t/tmax- The ratio Ry/Hy, is a geometric factor con-
nected with the initial form of the specimen. The
weight gain kinetics of cubic specimens was expressed
in a similar way

(m(t) — mo)/mg = (Mwo,/Mwc—1)
x (31 — 312 + 19) (6)

The difference between Equations 5 and 6 is caused
only by different specimen geometry.

Theoretical relative weight gain kinetics for a cylin-
drical specimen (Equation 5) was compared with the
experimental results in Fig. 8. The relatively good
agreement between the theoretical curve and experi-
mental points confirmed that the kinetics of weight
gain would be controlled by the linear decrease of WC
part of specimen as it was concluded from the kinetics
of dimensional changes. The deviations of experi-
mental results and model curve at t~ 05 and 1 =1
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can be connected with incomplete oxidation of WC
grains in the intermediate stage of oxidation and with
the contribution of Co at the final stage, respectively.

4.2. Apparent activation energy

The apparent activation energy Q,,, of the studied
process of oxidation and swelling can be evaluated
from the Arrhenius plot of the oxidation rates at
different temperatures. However, weight gain kinetics
(see Equations 3, 5 and 6} is not suitable for the deter-
mination of the oxidation rates, because of its nonlin-
ear dependence (d[(m(t) — mo)/mo]/dt =~ d(AV/V )/
dt ~ q + Aq’t + Bg3t%; A, B are coefficients of pro-
portionality). The true rate q can be determined from
the slope of the weight kinetics curve only on the
initial stage of oxidation, when it is almost linear (44>t
and Bq>t? are small in comparison with g). The deter-
mination of oxidation rates g from the kinetics of the
unoxidized part of the specimen decrease (Equation
4 and Fig. 7.) and measurement of t,,, (and formula
q = Ry/tn,,) was preferred. The resulting rates g deter-
mined by both methods and the values of the apparent
activation energies are summarized in Table II. The
mean values of apparent activation energy @,,, were

0.20

Relative weight gain

0.04

1

H L
0.0 0.2 0.4 0.6 0.8 1.0
Relative time, T = /1,

Figure 8 The comparison of experimentally measured and theoret-
ically predicted relative weight gain kinetics of WC—-Co oxidation at
700°C. O, 6% Co/3 pm WC; A, 6% Co/5 um WC; A, 10% Co/5 pm
WC; @, 15% Co/3 um WC.

within the range 45-67 kJ mol ~!. Weight gain kinetics
on the initial stage of oxidation gave very similar
results (32-52kJmol 1), as can be expected from
above-mentioned analysis, These values are consider-
ably lower than the apparent activation energy of
creep deformation, ~ 540 kJ mol ™%, reported for sim-
ilar WC—~Co materials at stresses up to 200 MPa [16].
We concluded that the measured values of apparent
activation energy are connected mainly with the reac-
tion at the interface despite possible plastic deforma-
tion of the binder phase and the rearrangement of
oxide grains in it, indicated by intensive swelling.

4.3. The influence of microstructure
characteristics

The examination of experimental data showed the
minimum oxidation rates and swelling coefficients for
materials with 6% Co. The dependence of these para-
meters on grain size of WC was not so clear because of
small differences of grain size between the studied
materials, but the tendency of the decrease of oxida-
tion rate and swelling coefficient can be seen for those
with larger grains.

Cobalt as a binder phase seemed to play an impor-
tant role in the studied process. The numerous pre-
vious works on pure WC revealed only the formation
of very brittle layers or complete loss of specimen
shape after oxidation. The existence of a highly por-
ous, but still rigid skeleton with a rotor- or cross-like
form after oxidation would be possible due to the
binding of oxide grains by Co. The occurrence of
swelling would be also dependent on the presence of
cobalt — the pressure of gas inside the pores could be
relaxed due to the plastic deformation of Co or sliding
of oxide grains in the binder phase. Consequently,
smaller grain size and higher cobalt content should
allow greater swelling, as observed experimentally
(see Tables I and II).

4.4. The model of oxidation of WC—Co
accompanied by swelling

The oxidation kinetics of studied materials can be
limited either by diffusion or by reaction at the inter-
face. It was shown in Section 4.2 that the reaction at
the interface of WC grains should control the kinetics
of oxidation. The WC grain oxidized directly in contact
with oxygen (Fig. 9b) at the initial stage of oxidation
and formed porous WQj; grains. Cobalt covering the

TABLE II Oxidation rate of WC-Co sintered carbides at different temperatures

Temperature Oxidation rate q (x 107 %) (ms™%)
(K) 6%Co/3 pm WC 6%Co/5 pm WC 10%Co/5um WC 15%Co/3um WC
923 5.0 1.4 7.5 9.0
973 7.7 7.5 7.6 7.7
1023 11.5 11.1 11.9 123
1073 144 12.6 19.6 16.5
Apparent activation energy Q,,, + standard deviation (kJ mol 1)
592 +4.0 449 £+ 11.8 53.9 1+ 1438 66.9 1+ 6.8
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Figure 9. The schematic model of the oxidation of WC-Co alloys
accompanied by swelling.

WC grains could limit both oxygen admission to WC
and CO, exhaust after the reaction (Equation 1).
However, because of fast oxygen diffusion through the
thin cobalt phase, indicated by linear kinetics, volatile
gas formation at the interface of the WC(WQO;)/Co
phase can cause the nucleation and rapid growth of
cavities. The binder phase can deform, the oxide grains
rearrange in it and cavities can grow until the forma-
tion of open porosity (see Fig, 9¢). As a result, swelling
can be observed on a macroscopic scale. This model
could explain the observed linear kinetics, approxim-
ately constant swelling coefficient and influence of WC
grain size and Co content on oxidation behaviour.

5. Conclusions

The oxidation of studied WC—Co alloys in the tem-
perature range 650-800°C was found to be accom-
panied by extensive swelling of the porous oxide layer
(up to 350% of initial size) due to the development of
WOj; and volatile gas that filled the pores and caused
their growth. The oxidation showed linear kinetics
with apparent activation energy within the range of
44-67 kJmol~*. It was proposed that the kinetics of
oxidation was controlled by reaction at the interface.
The oxidation rates and swelling coefficients increased

when the mean size of WC grains was decreased and
cobalt content increased. A possible model of WC-Co
alloys’ oxidation and swelling was proposed for the
observed shape development and kinetics of the oxi-
dation.
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