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Abstract In WC-Co alloys prepared by liquid phase
sintering WC grains are partly surrounded by the Co binder
and are terminated by basal and prismatic facets. This work
reports transmission electron microscopy (TEM) observa-
tions on basal WC/Co interfaces. Two kinds of preferred
orientation relationships are found. The one most common
corresponds to the joining of (0001)wc with (111)c,
planes. It leads to a large parametric misfit of 15% and is
observed for only small pools of Co, mainly located in
corners formed by the contact between WC grains. The
second type of interface corresponds to the joining of
(0001)wc with (001)c, and is more rarely found. For ran-
dom WC/Co orientation relationships a thin WC,_, cubic
layer about two atomic rows is revealed at the interface.

Introduction

WC-Co hard materials are obtained by the powder metal-
lurgy route, usually after liquid phase sintering. These alloys
combine a high toughness with a high hardness making them
suitable for a wide range of applications including tools and
wear parts. After liquid phase sintering, WC grains are fac-
eted [1]. They are delimited by basal and prismatic planes
and are partly surrounded by the Co binder. This latter forms
a skeleton inside the alloy. After cooling, large Co grains
several pum in size are observed in agreement with [2]. This
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feature shows that the liquid is interconnected over large
areas and that during cooling liquid Co crystallizes from a
small number of nucleus. In this way, it is expected that no
preferred orientation of Co regarding WC would occur
except maybe for the nucleus that has solidified first. Up to
now, little experimental work was devoted to the structure of
WC/Co interfaces in the literature. Main results concern the
affinity of the (111)c, habit plane with the (0001)wc plane
reported from the observation of small Co inclusions in WC
grain [3]. In other respects the existence of a thin ordered
precursor film of Co on the basal surface of WC was sug-
gested from wetting experiments at the solid state [4]. The
effect of the C/W ratio should also be studied since it is
known to influence the interface energetic of the system
[5-7]. The aim of the present work is to get a better knowl-
edge on WC/Co basal interfaces in WC-Co alloys after
solidification. Special orientations of Co regarding (0001)wc
are detected by transmission electron microscopy (TEM).
Two kinds of interfaces are studied by high resolution TEM
(HRTEM). A special feature of random WC/Co interfaces is
revealed using HRTEM.

Materials: preparation and data

Several types of WC—-Co alloys were examined (Table 1).
The effect of the C/W ratio is studied owing to the C and W
rich alloys called WC—Co,C and WC-Co,W. The C or W
addition leads to the presence of graphite or (Co,W)¢C in
the mixture of WC and Co. The other alloys contain some
Cr and are called WC—-Co,Cr or WC—-Co,C,Cr depending
on the C rate. The Co for Cr substitution rate (5%) is close
to that in industrial grades. The alloys were prepared from
WC powder with 0.91 pm in size and were heated at
1200°C for 1 h under argon flow then heated up to 1450°C
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Table 1 Measured contents of the alloys (at.%) after the sintering
treatment

W C Cr Co
WC-Co,C 42.55 44.45 - 13
WC-Co,W 44 .4 42.8 - 12.8
WC-Co,Cr 43.8 43.5 0.6 12.1
WC-Co,C,Cr 424 44.55 0.65 12.4

then maintained at 1450°C for 2 h using the processing
conditions described in detail in [8]. The cooling time, is
about 10 min in the temperature interval 1450-600°C.

Thin slices 30 um thick were prepared by mechanical
thinning for TEM observations. They were then milled by
argon ions at an angle of 10°. TEM observations were
performed using a 200CX JEOL or a 3010 JEOL micro-
scope. The HRTEM study was carried out using a 4000EX
JEOL microscope operated at 400 kV (C; = 1.05 mm,
semi-convergence angle 0.8 mrad, focus spread 9 nm). The
contrast of the HRTEM images was simulated using the
EMS software [9]. The interfacial dislocations were studied
using the HRPACK software that calculates the displace-
ment field around crystal defects [10].

Electron diffraction experiments and HRTEM images
were interpreted using the lattice parameters of the system
[11]. WC has a hexagonal unit cell (P-6m2) with W atoms at
(0,0,0) and C atoms at y (1/3,2/3,1/2) or f§ (2/3,1/3,1/2) posi-
tions. Its lattice parameters are a = 0.2906 nm and
¢ = 0.2837 nm. In WC-Co alloys, Co is a face centered cubic
metal with space group Fm-3m and Co atoms in (0,0,0)
position. Some W and C atoms are dissolved in the binder and
modify its lattice parameter [12]. As a first approximation the
lattice parameter of pure Co equal to 0.3544 nm is used.

Results
(0001)WC//(111)Co interfaces

Transmission electron microscopy observations of the Co
binder detect small Co pools with an orientation different
from that of the Co matrix mainly located in corners
formed by the contact between WC grains (Fig. 1). Dif-
fraction experiments show that these small Co pools are
oriented preferentially regarding basal facets of neighbor-
ing WC grains. In some cases the orientation relationship
could be determined as follows [13]:

(0001)yc//(111)¢, 2 =1 =10]ywc//[-110]c,

This orientation will be called OR1. The orientation
OR1 was observed in all studied alloys. It is noticeable that

with

it corresponds to the relationship reported by [3] for Co
inclusions in WC grains. The lattices of WC and Co do not
match well for this orientation. A parametric misfit of
about 15% can be calculated and is illustrated in Fig. 2.
This misfit is very large compared to the values close to 2%
usually observed for interfaces.

The HRTEM technique was used to study this interface
and find out how such a large misfit could be compensated.
Figure 3 shows a HRTEM image of a WC/Co interface
oriented according ORI in the WC—Co,C alloy. A dense
dislocation network is observed at the interface. The mean
dislocation spacing is close to 1.5 nm what corresponds to
Td_1-12)co OF t0 6dg1-10ywc Where d_1_12)co and d(1o-10ywe
are the spacing between (—1-12) planes in Co and (01-10)
planes in WC. The interface structure was determined in
several steps. The HRTEM image contrast was first inter-
preted using image simulation. Then the structural unit at
the interface was determined from the atom positions
between two dislocations. Finally, the elastic field around
the dislocations was simulated and compared to the
experimental image.

Several HRTEM images with increasing defocus values
were recorded for this interface. The focus values f were
determined by analyzing the image contrast of the amor-
phous layer at the edge of the hole close to the interface
[14]. For Fig. 3 a value close to —30 nm was deduced.
Some disordering of the atom columns was observed close
to the hole so a suitable distance in between 10 and 20 nm
from the edge of specimen was chosen to study the inter-
face. The thickness of the studied areas could be estimated
to be in the range 3.5-7 nm. The contrast of Co and WC
was simulated for focus values close to —30 nm and
specimen thicknesses up to 10 nm. It was observed that the
specimen thickness has only a little influence on the fea-
tures of the images. A value of 6 nm was taken. The
qualitative comparison of the experimental and simulated
images shows a good fit at f = =25 nm for both WC and Co
lattices (Fig. 4). This value is in the uncertainty range of
the focus determination and will be used in what follows.

Comparing the contrast of the calculated images and the
atom positions shows that Co and W atomic columns lie in
dark areas at the centers of polygons formed by the white
dots (Fig. 4g). C atomic columns lie in an outer part of the
white dots. The positions of Co and W atomic columns can
therefore be deduced from the experimental image unlike
those of C atomic columns. The atom stacking across the
interface was then determined from the experimental image
using small parts of the interface between two dislocations
to decrease the effects of distortions close to the dislocation
cores. It was determined as ACBAAA (Fig. 5a).

This stacking was checked by introducing the atom
shifts around the dislocations. Their Burgers vector could
be first determined using a Burgers circuit [15]. No step is
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Fig. 1 Examples of misoriented Co pools observed in the WC—Co,Cr
alloy. (a) Bright field TEM image showing WC grains in contact with
the Co matrix called Co™. In the matrix, some small Co pools with a
darker contrast denoted CoP are arrowed. (b—c¢) Dark field image
obtained with g = 111CoP and associated diffraction pattern of a
region containing WC1 and a small pool. The diffraction pattern
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Fig. 2 Superposition of the (0001)WC and (111)Co planes oriented
according to OR1 showing the large misfit between atomic positions
of both lattices. For WC, a W atoms containing plane was chosen.
The spacing value between two W atoms is 0.2906 nm and the
spacing between two Co atoms is equal to 0.252 nm in these planes
what leads to a parametric misfit of 15%

associated with the dislocations. The projected component
of the Burgers vector is the same for all dislocations. It is
parallel to the interface plane and is equal to Y4[-1-12]c,. It

@ Springer
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shows the preferred orientation of CoP regarding (0001) plane of
WCI. (d—e) Bright field image of the same area obtained for another
orientation and associated diffraction pattern of the Co matrix. The

m :

(111) reflection of Co™ is close to the Bragg position, which leads to a
dark contrast of the Co matrix unlike the Co pools that have another
orientation

compensates for the parametric misfit between (—1-12)c,
and (01-10)wc spacings. A screw component equal to
+14[-110] must be added to relate the nodes of WC and Co
lattices. The total Burgers vector of the dislocations is
therefore equal to by = 2 [-101] or b, = ¥2[0-11].

The displacement field of the dislocations was intro-
duced in the calculated positions of atom columns across
the interface using the HRPACK program (Fig. 5a). It is
seen in Fig. 5b that they fit well with the experimental
image and validates the sequence ACBAAA. The position
of the interface can be determined by a careful inspection
of the HRTEM image (Fig. 5b). The interplanar distance
between planes in Co parallel to the interface is the one of
(111)¢, planes (= 0.205 nm). The distance between planes
in WC is the one of (0001)wc planes (= 0.284 nm). At the
interface, the distance between planes is an intermediate
value (= 0.24 nm). The atomic stacking from Co to WC
can therefore be written as ACBA/AAA. According to this
sequence, four kinds of models can be assumed by intro-
ducing C atoms in the WC lattice in position y or f
(Fig. 6):

ACBA/7AyA7A I
ACBA/BABABA i
ACBA/AyAyA I
ACBA/ABABA v




J Mater Sci (2008) 43:892-899

Fig. 3 HRTEM image of a
WC/Co interface with the OR1
orientation observed in the
WC-Co,C alloy
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Fig. 4 (a) Projection of Co and WC crystal lattices along the studied
directions. (b—e) Image simulations of the lattices for f equal to
—20nm up to —35nm and a specimen thickness of 6 nm. (f)

For sequences I and II the WC facet is C terminated
while for sequences III and IV it is W terminated. The
contrast of the models was simulated using atom boxes
including the interface dislocations (Fig. 7). No significant
difference in contrast compared to the experimental image
can be found at the interface. Therefore no model can be
eliminated.

These results can be discussed in the framework of a
theoretical study on the stability of WC/Co interfaces with
the orientation OR1 [7]. Using ab-initio calculations the
energy of eight interfacial geometries was determined. The
models correspond to different translations between

Fig. 5 (a) ACBAAA sequence
at the interface and
displacement field associated to
the interface dislocations. (b)
Superposition of the calculated
atom positions on the
experimental HRTEM image
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Magnification of the experimental HRTEM image shown in Fig. 3.
The best fit occurs for f=-25 nm. (g) Superposition of the atom
positions and of the images simulated for f = 25 nm

the crystals. In this study only the translation parallel to the
interface plane is described. The translation perpendicular
to the interface plane is not mentioned. Moreover, only the
first layer of Co atoms close to the interface is taken into
account in the calculations. The comparison with our find-
ing shows that sequences I and II correspond to the model
called d while sequences III and IV correspond to models a
or b in Fig. 1 of [7]. The C ended model d has a lower
energy (1.16 J/m?) than a (3.15 J/m?) and b (1.45 J/m?). It
is to note that the experimentally found structure does not fit
with the C ended model called c that has the lowest energy
(0.66 J/m?). From these data, it is expected that the
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Fig. 6 Models corresponding
to the atom sequence deduced
from the experimental HRTEM
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Fig. 7 (a) Experimental
HRTEM image and (b, e)
images simulated for models
I-IV (f = =25 nm and
thickness = 6 nm). For models I
(III) and II (IV), the image of
WC is slightly different, but this
difference is not detected on the
experimental image

sequences I or II are the best candidates for the studied
interfacial structure.

The inspection of the superimposition of (0001)WC and
(111)Co planes (Fig. 2) shows that a good fit of the crystals
occurs if one lattice is rotated 30° around the normal of the
interface plane regarding OR1 (Fig. 8). This orientation
relationship is called OR2 and can be described as follows:

(0001)ye//(111)¢, [1 = 100]yc//[=110]¢,

From the superimposed lattices a good matching of
some atomic sites is observed: one node over three is in

with

(0001)WC//(111)Co

Fig. 8 Superposition of the (0001)WC and (111)Co planes according
OR2 showing the planar coincidence cell for this orientation

@ Springer
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coincidence for the W lattice and one node over four for
the Co lattice. Moreover, the misfit value for these coin-
cident sites is very small and is equal to 0.4%. The main
difference between the orientation relationships OR1 and
OR?2 is the density of sites in coincidence. For OR1, all
sites are in coincidence if we except the misfit while only
one site over three or four is in coincidence for OR2. Up to
now, this kind of orientation was not evidenced experi-
mentally although it is expected on the basis of the
coincidence site lattice concept [16].

(0001)WC//(001)Co interfaces

Another orientation relationship is pointed out using
HRTEM in the WC,Co,CCr alloy sintered for 2 h at
1450°C. In Cr doped alloys the Cr enrichment of WC/Co
interfaces was pointed out [17] and the presence of a thin
MC carbide layer (M = W,Cr) forming on the surface of
WC grains was shown [18]. For the studied interface, no
MC layer is observed between WC and Co. A direct con-
tact occurs between the (001)c, and (0001)wc planes
(Fig. 9). The lack of the MC layer is related to the special
orientation relationship called OR3 observed for this
interface:

(0001)y,//(001)¢, 2 = 1= 10]ywc//[110]¢,

In order to determine the degree of matching at the
interface, the two planes (0001)wc and (001)c, are super-
imposed (Fig. 10). A near coincidence site lattice is found
with a misfit value within the 0.4-3.2% interval and a

with
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Fig. 9 (a) General image of a (©
Co pool in special orientation
relationship with the lower WC Co[110]
grain in the WC-Co,C,Cr alloy.
(b) HRTEM image of the WC/
Co interface. The orientation of o o (111 /611 é
. . ]
Co is determined from the [99'!]1 * \\/ )
projection of the atoms. (c¢) s .
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Fig. 10 Superimposition of the (0001)WC and (001)Co planes
according to OR3 showing the planar coincidence cell for this
orientation. A small misfit of 0.4% occurs in [-110] direction while a
mismatch of 3.2% is recorded in the [110] direction

coincidence ratio rather large: one site over five is in
coincidence for W sites and one over six for Co sites. This
good matching probably explains the formation of such an
interface. Along the direction [-110]Co //[01-10]WC, the
misfit value is close to zero.

As expected few defects are noticed at the interface
along this direction (Fig. 9b). Only several stacking faults
lying in Co and stopping at the interface are observed. The
focus value of the HRTEM image was evaluated close to —
60 nm owing to the experimental conditions used and the
contrast analysis of the amorphous layer. The image quality
is less good than in the previous case so no attempt will be
made to determine the nature of the atoms at the interface.
Image simulation shows that the white dots of the image
correspond to Co and W columns for focus values close to
—60 nm. The Burgers vector of the partial dislocations
attached to the fault and lying in the interface was
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Fig. 11 Superimposition of the calculated positions of atom columns
around the stacking fault on the HRTEM image. Two inserts are
added showing the simulated contrast of WC and Co for f = —-60 nm
and a thickness of 6 nm. The partial dislocation lies at the interface

determined as bp = 1/6[-112] from the geometry of the
defect and using the HRPACK program (Fig. 11). Since
the binder contains W, C, and Cr atoms, its parameter
slightly deviates from the one of Co. It is therefore difficult
to predict the exact value of the parametric misfit at the
interface. The component of bp parallel to the interface is
oriented in such a manner that the dislocation can com-
pensate for a spacing of (-110)¢, planes smaller than the
one of (01-10)wc planes at the interface.

Thin interfacial cubic layer
Special attention was devoted to random WC/Co interfaces
in order to detect a local interfacial ordering. Actually

HRTEM observations point out the presence of a thin film
about two atomic rows at the interfaces with a high

@ Springer
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Fig. 12 HRTEM images of
WC/Co random interfaces in (a)
WC-Co,C and (b) WC—Co, W
sintered for 2 h at 1450°C. A
thin cubic layer is visible at the
interface. A good fit with WC;_,
lattice is found for the interface
film

frequency in WC-Co,W and more seldom in WC-Co,C
(Fig. 12). The atomic stacking in the layer corresponds to a
cubic crystal oriented along [1-10] with (111) plane par-
allel to (0001)wc. Two crystal lattices can be assumed for
this compound. Co is candidate in the assumption of a thin
layer with an orientation different from the Co binder
above the interface. The cubic WC,_, compound that is
stable at higher temperature is also considered owing to the
elements present in the alloys [19]. Indeed, thin (M,W)C;_
cubic layers with M being Cr or V were already observed at
WC/Co interfaces in doped alloys [18, 20]. The lattices of
Co and WC,_; were carefully superimposed on the
HRTEM images. Due to the smaller lattice parameter of Co
compared to WC_; (a =0.4336 nm [11]) the best fit
occurs for WC,_,. The parametric mismatch at the
WC/WC,_, interface is close to 5%. In order to get a better
insight on the formation of this layer, the thickness of the
layer was compared to the thickness of WC that precipi-
tates on the surface of WC grains during cooling. The
calculation was performed by considering the volume
fractions of WC at 1450°C and 1000°C and making the
excess of WC precipitate onto the existing grains. A mean
shape and size of WC grains was assumed [8]. This cal-
culation leads to a thickness larger than the one observed
for the film, about 13 nm for WC—Co,C and 9 nm for WC-
Co,W. The WC,_, layer would then correspond to the last
atomic layers which have precipitated during cooling.

Discussion and conclusion

The solidification of the binder phase in WC-Co alloys
generally forms large Co crystals without preferred orien-
tation with the embedded WC grains. However this study
reveals the presence of local interfacial configurations
which may minimize the interfacial energy.

First thin WC,_, films are observed at random basal
WC/Co. These films form at the end of the precipitation of

@ Springer
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W and C atoms at the surface of WC grains. The WC;_
cubic carbide is C deficient so it can accommodate some
deviation of stoichiometry especially in the W rich alloy
where the film is observed very frequently. Its formation
would be promoted by the C deficiency and by the lower
interface energy of the WC/WC,_,/Co sandwich compared
to that of the WC/Co interface for random orientations. The
thickness of the WC,;_ layer would be limited by the poor
stability of this compound at low temperature and by the
rather large parametric misfit with WC.

Second numerous small Co pools with an orientation
different from that of the binder skeleton are present in all
studied alloys. They are in contact with the basal facets of
neighboring WC grains. These observations show that Co
present in quasi-isolated liquid pools may crystallize
independently of the surrounding matrix by forming
nucleus which minimize the interface energy. The Co
solid pools adopt two kinds of preferred orientation
relationships. The one most commonly found corresponds
to the joining with the (111) plane of Co, which leads to a
misfit value of 15% and a coincidence ratio of 1. This
rather large misfit is made possible by (i) the relaxation of
stresses by the formation of a dense interfacial dislocation
network and (ii) the coincidence between dense planes of
both WC and Co structures, which maximizes the
chemical bounding at the interface. The other orientation
is due to the joining with the (001) plane of Co. A smaller
misfit value is recorded (0.4-3.2%) while the coincidence
ratio is smaller (< 1/4). A third special orientation is
expected from the coincidence site lattice concept but is
not found in this work. A systematic study using the
electron backscatter diffraction technique in a scanning
electron microscope would provide more quantitative
information on this point.
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