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a b s t r a c t

Although no detailed study on the Cr solubility in WC exists the compilation on the various C–Cr–W
phase diagrams [1] suggests this behaviour. In order to prove this and to estimate the diffusivity of
Cr in WC we prepared diffusion couples of the type Cr3C2–WC by joining and annealing polished fully
dense counterparts of the two carbides (temperature range 1550–1750 ◦C). After thermal treatment the
diffusion couples were cut, polished and investigated by metallography. For the measurement of the
diffusion profiles the couples were subjected to WDS-EPMA (Cameca SX 100 microprobe). W, Cr, and
C concentration profiles were obtained from line scans performed perpendicular to the interface. The
analysis of diffusion couples of WC contacted to other carbides used for doping of hardmetals (VC, TaC,
NbC, and TiC) did not yield perceptible solubility of the respective metals in WC with respect to the
detection limit of EPMA.

From the Cr diffusion profiles a diffusion coefficient of Cr in WC of approximately
−11 2
rain-growth inhibition
pherical diffusion

D = 1.70–2.20 × 10 cm /s and an activation energy of EA = 0.75 eV was estimated. In addition the
composition of the ternary phase (W,Cr)2C in equilibrium with WC and Cr3C2 could be measured. For
example, in couples annealed at 1750 ◦C the composition reaches from (W0.5Cr0.5)2C (in equilibrium
with WC) to (W0.2Cr0.8)2C (in equilibrium with Cr3C2).

With the results obtained from the analysis of diffusion couples, the Cr uptake of WC powder as a
function of grain size, time and temperature was calculated. Cr saturation in idealised spherical particles
of 1 �m occurs only within a few minutes.
. Introduction

Hardmetals, widely used for cutting and drilling tools and
ear resistant applications, generally consist of a high fraction

f tungsten carbide (WC) grains embedded in a relatively soft
nd tough cobalt (Co) binder matrix. Variations in cobalt com-
osition and the addition of cubic carbides can improve the
echanical properties [2,3]. The microstructural control with

espect to size and uniformity of the carbide grains during
intering is an important issue in fabrication of hardmetals.
t is well known that this goal can be approached by addi-
ion of so-called grain-growth inhibitors, like VC, Cr3C2, TaC,
bC or TiC, whereas VC and Cr3C2 are the most effective ones
4].
Hardmetal production follows a powder metallurgical route,

hich involves mixing of the components, granulation, press-
ng and sintering. To ensure effective grain-growth inhibition and
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uniformity of WC particles, a homogeneous distribution of grain-
growth inhibitors in the powder mixture is desired. An alternative
technique, capable of achieving the most uniform distribution of
grain-growth inhibiting elements would consist of alloying the
grain-growth inhibitors to WC. Unfortunately, WC does not percep-
tibly dissolve the grain-growth inhibiting carbides, possibly with
one exception, Cr3C2. Stecher et al. [5] noted explicitly that WC does
not dissolve any chromium carbide (a fact which is also contained in
the collection of Upadhyaya [6]). In other studies [7,8] the Cr solu-
bility in WC was assumed to be very low and a clear statement about
this behaviour is missing. However, the ternary phase diagram
collection of C–Cr–W by Villars et al. [1] suggests that a certain solu-
bility of Cr in WC should exist, although the compilation is based on
these studies [5,7,8]. An example of a C–Cr–W phase diagram indi-
cating a small Cr solubility (circle) in WC is given in Fig. 1. For other
carbides such as TiC, VC, TaC, and NbC no solubility was detected

[6].

Therefore, the aim of the study reported in this paper is to
prove the solubility of metals in WC and to investigate the dif-
fusion behaviour if there is any solubility detectable. This was
performed by diffusion couples, annealed at temperatures up to

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:walter.lengauer@tuwien.ac.at
dx.doi.org/10.1016/j.jallcom.2009.09.137
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Line scans on various diffusion couples are shown in Fig. 4 and
◦

ig. 1. Isothermal section of the W–Cr–C phase diagram at 1350 ◦C [1,5]. Data for
= 1750 ◦C for the homogeneity range of (Cr,W)2C were introduced from the present
tudy.

750 ◦C, combined with high-precision electron-probe microanal-
sis (WDS-EPMA).

. Experimental

.1. Specimen preparation

To obtain dense specimens used as counterparts for the diffusion couples, VC,
r3C2, TaC, TiC, NbC, and WC powders (H.C. Starck, Germany) were compacted and
intered by hot pressing in vacuum. The oxygen partial pressure in the furnace atmo-
phere was not measured but was certainly very low because of the presence of
raphite and graphite insolation and heating elements. Only the hot-pressed sample
f Cr3C2 contained some larger pores which, however, was not a serious prob-
em for further analysis. The resulting disk-like samples were cut into a final size
f 10 mm × 10 mm × 10 mm. The contacting surfaces of the hot-pressed carbides
ere ground and polished by standard metallographic techniques up to mirror-

ike quality. In order to achieve identical annealing conditions all diffusion couples
ere sintered simultaneously in a graphite crucible at 1750 ◦C for 6 h under a static

oad of 2 kN/cm2. For more detailed investigations in case of the Cr3C2–WC cou-
les, variations in load (0–10 kN/cm2), in annealing temperature (1550, 1650, and
750 ◦C) as well as in annealing time (3, 6, 12, and 18 h) were applied. After ther-
al treatment the diffusion couples were cut perpendicular to the interface, ground

nd polished. For microstructural characterisation of the interface light optical and
canning electron microscopy were used.

.2. Measurements of concentration profiles

Concentration profiles were measured parallel and perpendicular to the inter-
aces using wavelength-dispersive electron-probe microanalysis (WDS-EPMA) by

eans of a CAMECA SX 100 microprobe, equipped with five spectrometers and a
ull set of analysing crystals. Chemically characterised standards of VC, Cr3C2, TaC,
iC, NbC, and WC were used as a reference material for calibration [9]. Various
eam conditions between 10–20 kV and 60–100 nA were adopted. Carbon (C-K�)
as measured by use of a W/Si artificial multilayer crystal with a 2d spacing of

1.254 Å. In case of the metals the crystals LLIF (for Cr-K�, V-K�), TAP (W-M�,
a-M�), LPET (Nb-L�), and PET (Ti-K�) were used. The background was measured
for metals on one side of each line and combined with a slope function for cal-
ulating the background of the other side; for carbon on two sides of each line)
nd subtracted from the peak intensity. Typically, line scans with a step width
f 1–2 �m were performed, with measurement time at each point of 10 s at the
eak maximum and 5 s at the background position. For scans perpendicular to the

nterface at least three concentration profiles were averaged to reduce statistical

rrors. Some scans parallel to the interface of about 20–30 points per scan were
erformed in order to obtain average concentration values at some individual dis-
ances from the interface. The measured composition (in wt.%) was calculated into

ol%.
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3. Results and discussion

3.1. Investigation of selected diffusion couples

As an example, the microstructures near the contact interface
formed at 1750 ◦C after an annealing time of 6 h are shown in
Fig. 2a–e, where WC is always at the bottom position. The contact
areas of the different carbide counterparts with WC were plane so
that a perfect interface bonding could be achieved.

Cracks, resulting from stress caused by differences in thermal
expansion and strain relaxing processes, propagate across the inter-
face area and confirm that an interface reaction takes place during
the annealing process. These cracks are formed only in the coun-
terpart carbides of WC, not in WC, and stop mostly at the border to
WC.

The corresponding EPMA diffusion profiles perpendicular to
each bonding interface are shown in Fig. 2a–e, too. Due to restricted
lateral resolution of EPMA (about 1–2 �m) some overlapping occurs
and the concentration profile is not completely steep at the inter-
face even if no mixing occurs. With exception of the Cr3C2–WC
couple, for the counterparts with TaC, TiC, NbC, and VC no signifi-
cant amount of the corresponding metal could be detected within
tungsten carbide. In a depth of 1–2 �m nothing of the metal is
detectable in WC. The VC–WC couple (Fig. 2a) showed formation
of the (W,V)C1−x phase between VC1−x and WC because of the
solubility of W in VC and is visible in form of a narrow bright
diffusion band and also in the EPMA scan, but was not further
characterised in detail in this study. Possibly, also some (V,W)2C
is formed.

The Cr3C2–WC couple (Fig. 2b) showed a wide band of (W,Cr)2C
with a constant carbon profile and strongly varying W and Cr con-
centrations from 10.8 mol% W and 55.4 mol% Cr ([W]/[Cr] = 0.2)
at the Cr3C2/(W,Cr)2C interface to 31.0 mol% W and 35.4 mol% Cr
([W]/[Cr] = 0.9) at the (W,Cr)2C/WC interface.

The most important insight from this first screening is the fact
that a significant amount of Cr was found in WC at a distance up
to several microns from the interface, which is definitely not an
artefact of restricted lateral resolution of EPMA. As reported by
several authors [6–8] a solid solution of group IV–VI transition
metal carbides in WC was not found even at much higher tem-
peratures.

Hence, further diffusion couples of the type Cr3C2–WC were
prepared and investigated in more detail.

3.2. Detailed investigations on Cr3C2–WC diffusion couple

3.2.1. Microstructure and concentration profiles
A variety of concentration profiles was measured on diffusion

couples subjected to different annealing temperatures and anneal-
ing times for evaluation of the concentration of the maximum
solubility cs of Cr in WC. A maximum temperature near the decom-
position temperature of Cr3C2 (1811 ± 10 ◦C [10]) was used for
heat treatment processes in order to reach the maximum solu-
bility under the boundary conditions of the applied experimental
technique.

The microstructures of the Cr3C2–WC diffusion couples formed
during the heat treatment process at 1550 ◦C for annealing times
between 3 and 18 h are shown in Fig. 3. As mentioned above, a
(Cr,W)2C subcarbide layer is formed at the interface area. This layer
grows with annealing time. For example after 18 h it is twice as thick
than after 3 h.
the corresponding analysis data for 1550 and 1750 C on the Cr and
W variation across the diffusion band of the subcarbide (Cr,W)2C
are shown in Table 1. Due to some carbon contamination the carbon
is slightly overestimated as compared to a contamination-free sam-
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Fig. 2. Left: optical micrographs of the interface of (a) VC–WC, (b) Cr3C2–WC, (c) TaC–WC, (d) TiC–WC, and (e) NbC–WC diffusion couple annealed for 6 h at 1750 ◦C, load:
2 kN/cm2, right: corresponding concentration profiles measured perpendicularly to the interface.
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Fig. 3. Optical micrographs of the interface of Cr3C2–WC diffusion annealed without loading at a temperature of 1550 ◦C. Left: for 3 h and right: for 18 h.
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Table 1
Analysis data of Cr and W contents for the (WxCry)zC subcarbide phase in couples
annealed at 1550 and 1750 ◦C. Carbon is slightly overestimated due to surface C
contamination as compared to Fig. 2b (z was set to 2).

Distance (�m) (WxCry)zC

1550 ◦C 1750 ◦C

x y z x y z

1

Cr3C2

0.2 0.8 2.0
2 0.2 0.8 2.0
3 0.2 0.8 2.0
4 0.2 0.8 2.0
5 0.3 0.7 2.0
6 0.3 0.7 2.0
7 0.3 0.7 2.0
8 0.3 0.7 2.0
9 0.4 0.6 2.0
10 0.4 0.6 2.0
11 0.2 0.8 2.0 0.4 0.6 2.0
12 0.3 0.7 2.0 0.5 0.5 2.0
13 0.3 0.7 2.0 0.5 0.5 2.0

bly attributed to an influence of pressure onto the microstructure
ig. 4. Overview of measured concentration profiles starting from pure Cr3C2 (left)
o pure WC (right) annealed for 6 h at a temperature of 1550, 1650, and 1750 ◦C
ithout loading.

le (Fig. 2a–e). For the carbon content of the (Cr,W)2C subcarbide
was set to 2 in close correspondence to the first results (Fig. 2b).
he carbon overestimation has no influence on the measured Cr
ontent in WC.

Interestingly, in the case of long isothermal annealing and by
pplication of a heavy static load onto the diffusion couples the
lane geometry of the interface is destroyed. Fig. 5 shows an exam-
le annealed at 1750 ◦C for 6 h under a loading of 10 kN/cm2.
ompared to the samples presented in Fig. 2b the interface is
agged and a porous zone is formed in WC. This porous zone forms

elow another zone which – still located within WC – contains free
Cr,W)2C particles and is pore-free (Fig. 5, right). These phenomena
re dependent on the load. The heavy external load causes plastic
eformation and further Cr diffusion into WC occurs easily along

Fig. 5. Optical micrographs of the interface bonding of Cr3C2–WC di
14 0.4 0.6 2.0 0.5 0.5 2.0
15

Interface/WC Interface/WC
16

destroyed grain boundaries. However, if the porosity occurring in
WC is explained by the Kirkendall effect, this would be an indi-
cation that W diffuses faster into (Cr,W)2C than Cr into WC. Since
neither the porosity nor the precipitation of (Cr,W)2C was found
in diffusion couples at lower static loads, the porosity is proba-
of WC.
In our following investigation diffusion couples obviously

affected by (Cr,W)2C precipitation and excessive void formation
could not be taken into account and no additional loading was

ffusion annealed at 1750 ◦C for 6 h under a load of 10 kN/cm2.
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Table 2
Mean values of measured concentration profiles for different temperatures and annealing times (standard deviation given in parentheses).

Distance (�m) 3 h 6 h 12 h 18 h

Mol% Wt.% Mol% Wt.% Mol% Wt.% Mol% Wt.%

1550 ◦C 4 0.84 (0.38) 0.48 (0.21) 0.99 (0.41) 0.56 (0.24) 0.88 (0.28) 0.49 (0.16) 0.87 (0.51) 0.48 (0.29)
6 0.55 (0.32) 0.31 (0.18) 0.66 (0.14) 0.37 (0.08) 0.74 (0.71) 0.42 (0.41) 0.80 (0.58) 0.43 (0.32)
9 0.57 (0.37) 0.32 (0.21) 0.46 (0.29) 0.26 (0.16) 0.51 (0.40) 0.28 (0.23) 0.57 (0.12) 0.31 (0.06)

12 0.30 (0.12) 0.17 (0.07) 0.34 (0.20) 0.19 (0.11) 0.36 (0.07) 0.20 (0.04) 0.34 (0.21) 0.19 (0.12)
16 0.20 (0.17) 0.11 (0.10) 0.11 (0.01) 0.06 (0.01) 0.26 (0.20) 0.14 (0.11) 0.10 (0.12) 0.06 (0.07)
20 0.11 (0.20) 0.06 (0.11) – – 0.25 (0.15) 0.14 (0.08) 0.21 (0.09) 0.11 (0.05)
22 0.09 (0.09) 0.05 (0.05) – – 0.15 (0.06) 0.08 (0.03) 0.27 (0.12) 0.15 (0.06)

1650 ◦C 4 – – 0.72 (0.43) 0.41 (0.25) 0.75 (0.32) 0.47 (0.19) 1.03 (0.61) 0.60 (0.36)
6 – – 0.58 (0.34) 0.33 (0.20) 1.05 (0.52) 0.75 (0.11) 0.96 (0.71) 0.56 (0.41)
9 – – 0.41 (0.25) 0.23 (0.14) 0.54 (0.40) 0.35 (0.25) 0.41 (0.15) 0.23 (0.08)

12 – – 0.21 (0.14) 0.12 (0.08) 0.40 (0.18) 0.26 (0.08) 0.41 (0.20) 0.23 (0.11)
16 – – 0.21 (0.11) 0.12 (0.06) 0.05 (0.05) 0.02 (0.03) 0.30 (0.09) 0.17 (0.05)
20 – – 0.11 (0.11) 0.06 (0.06) 0.19 (0.14) 0.12 (0.09) 0.27 (0.07) 0.15 (0.04)
22 – – 0.09 (0.06) 0.05 (0.03) 0.26 (0.25) 0.19 (0.13) 0.26 (0.15) 0.15 (0.08)

1750 ◦C 4 – – 0.98 (0.44) 0.56 (0.26) – – – –
6 – – 0.73 (0.66) 0.41 (0.37) – – – –
9 – – 0.62 (0.58) 0.36 (0.34) – – – –

7) 0.2
2) 0.0
2) 0.1
6) 0.0
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12 – – 0.45 (0.3
16 – – 0.16 (0.1
20 – – 0.23 (0.2
22 – – 0.15 (0.0

pplied. For each specimen several concentration profiles were
easured in WC near the (Cr,W)2C–WC interface. In general, for

ach annealing condition at least 3 line scans perpendicular to the
nterface were superimposed and averaged to obtain mean con-
entration data. A comparison of four such line scans on samples
nnealed at 1550 ◦C for different length of time is presented in Fig. 6.
t shows that an increase in annealing time leads only to a small
ncrease of the penetration depth, an indication of the low diffusiv-
ty of Cr in WC. Due to the lateral resolution of EPMA the position of
he interface is accurate to ±1 �m. The maximum solubility cs of Cr
n WC is 0.8–1.5 mol%. This solubility did not change significantly
n the investigated temperature interval due to restricted precision
f EPMA. Table 2 summarises the mean values of concentration
rofiles under different annealing conditions. For estimating the
ccuracy of measurement data the standard deviation is given in
arentheses.

.2.2. Estimation of the diffusion coefficient and activation energy

Assuming a concentration-independent diffusivity (based on

he Fick’s first law), the diffusion coefficient D was evaluated by
tting Eq. (1) to the measured data described by Crank [11] and

ig. 6. Overview of measured concentration profiles (average values) of Cr3C2–WC
ouples annealed at 1550 ◦C for 3, 6, 12, and 18 h, without load.
6 (0.22) – – – –
9 (0.07) – – – –
2 (0.12) – – – –
8 (0.04) – – – –

Jost [12]:

cx − c0

cs − c0
= 1 − erf

(
X

2
√

D · t

)
(1)

where c0 and cs are the initial and surface concentration (cs is also
the maximum solubility), cx the concentration at distance x from
the interface position and t the annealing time. Within the accuracy
of the analytical method cs does not change with temperature in
the investigated range, compare Fig. 6 (for thermodynamic reasons
increase of cs with temperature is to be expected).

The diffusion coefficients calculated for diffusion of Cr in WC in
the temperature range between 1550 and 1750 ◦C are summarised
in Table 3. As shown in Fig. 6 the maximum solubility of Cr in WC
is approximately 1.5 mol%. To omit the possible influence of the
boundary the calculations were done with values of ≤1.0 mol% Cr.
The data show a linear relationship between ln D and 1/T (Fig. 7)
and hence, the pre-exponential factor D0 and the activation energy
EA could be calculated as defined by the Arrhenius relationship (Eq.
(2)), where R is the gas constant.

D = D0 exp−EA/RT (2)
The calculated diffusion coefficient shows a low tempera-
ture dependency which results in a comparatively low activation
energy of diffusion. As reported in literature activation energies
for metal diffusion should be substantially larger. An example is
given by Klotsman et al. [13] where diffusion of chromium and

Table 3
Diffusion coefficients of Cr in WC obtained from various concentration profiles mea-
sured in Cr3C2–WC diffusion couples annealed at different temperatures and for
different times.

Diffusion coefficient, D(cm2 s−1)

3 h 6 h 12 h 18 h

Annealing temperature
1550 ◦C 3.40E−11 1.50E−11 1.10E−11 8.10E−12
1650 ◦C – 1.60E−11 1.40E−11 1.10E−11
1750 ◦C – 2.20E−11 – –

Activation energy
EA (kJ/mol) – 58.00 70.30 89.21
EA (eV) – 0.60 0.73 0.92
D0 (cm2/s) – 6.60E−10 1.10E−09 2.90E−09
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Fig. 7. Arrhenius plot for Cr3C2–WC couples annealed for 3, 6, 12, and 18 h.

olybdenum in tungsten single crystals was investigated. The dif-
usion coefficient for Cr in W was 1.81 × 10−14 cm2/s at 1812 ◦C
nd 1.6 × 10−11 cm2/s at 2385 ◦C, respectively, with an activation
nergy of 130.73 ± 0.52 kcal/mol (5.7 eV).

However, the low activation energy is compensated by a very
ow D0 so that the complete set of data is capable of estimating
iffusion of Cr in WC. Such estimation is done in the next sec-
ion for the Cr uptake of WC powders, assumed as ideal spherical
articles.

.2.3. Estimation of Cr uptake into WC powder
Under the aspect of a possible Cr alloying of WC powder it was

nteresting to estimate the compositional change of WC powder
articles. For this procedure the diffusion coefficient as well as max-

mum solubility of Cr in WC estimated from the above analysis of
iffusion couples could be taken. A formula for the average compo-
itional change of spheres at isothermal conditions is available in
rank [12], Eq. (3):

av = cbulk + (cs − cbulk) ×
[

1 − 6
�2

×
n=∞∑
n=1

1
n2

exp
(

−n2�2D
t

r2

)]
(3)

here, for the present case, cav is the average composition of Cr

n a WC particle of radius r, D is the diffusion coefficient of Cr in

C, t is the time and cs is the value for maximum solubility of Cr
n WC (cbulk = 0 if WC does not contain Cr previous to diffusional
reatment). A calculation for different particle sizes and temper-
tures is shown in Fig. 8. Depending on annealing condition the

ig. 8. Average concentration of Cr (relative to the maximum average concentration
f 1.5 mol%) in WC particles as a function of annealing time at temperatures of 1550
nd 1750 ◦C and particle size. Calculation was done for WC spheres in diameters of
, 2, and 5 �m (Eq. (3)).
Compounds 489 (2010) 408–414 413

time necessary for almost complete Cr uptake (cav close to cs) varies
from approximately 10 min for particle diameters of 1 �m, to sev-
eral 1000 min for particles exceeding diameters of 2 �m. Within the
temperature range investigated the temperature influence is not as
great as the influence of particle size in the range of 1–5 �m. These
results show that very fine WC powders of less than 1 �m could
be Cr saturated only within minutes. Because of three-dimensional
diffusion the concentration change of spheres is much faster than
in the one-dimensional case of planar diffusion couples, a phe-
nomenon which is important in powder synthesis [14]. These short
diffusion times allow a technical alloying procedure of WC powders
with Cr up to approximately 1.5 mol% Cr.

4. Conclusion

Grain-growth inhibition and microstructural design in WC–Co
hardmetals by addition of various carbides is an important issue.
A solid solution of various metals with WC, rather than a mixture
of individual carbides, would represent the best procedure for the
desired homogeneous distribution of grain-growth inhibitors.

Therefore, we studied possible metal solubilities and diffusivi-
ties in WC by means of diffusion couples of WC intimately contacted
to TiC, VC, NbC, TaC and Cr3C2, respectively, at a temperature of
1550–1750 ◦C. While for TiC, VC, NbC and TaC no solubility of their
metal component in WC could be detected within the limits of the
applied WDS-EPMA technique, a Cr solubility was found and a more
detailed study also on the diffusivity of Cr was performed in the fol-
lowing. According to the diffusion profiles the maximum solubility
of Cr in WC is approximately 1.5 mol% and the diffusion coeffi-
cient of Cr in WC is D = 1.5–2.2 × 10−11 cm2/s in the investigated
temperature range. Although the accuracy of the data is certainly
restricted due to the principal physical limits of the applied ana-
lytical technique we should state that to our knowledge this is
the first detailed study on solubility and diffusion of Cr in WC. As
a side result the homogeneity region of the subcarbide (Cr,W)2C
was measured and reached, depending on annealing conditions,
from (W0.5Cr0,5)2C (in equilibrium with WC) to (W0.2Cr0.8)2C (in
equilibrium with Cr3C2).

The estimated diffusion coefficient of Cr as well as the maxi-
mum Cr solubility in WC was used to estimate the Cr uptake of WC
powders. Calculations for spherical WC particles with a diameter
of 1–2 �m show that the maximum solubility of Cr can be attained
within 10–1000 min, respectively. Of course finer powders react
even faster. This could facilitate the preparation of Cr-alloyed
WC powders for a better microstructural design of WC–Co
hardmetals.
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