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Abstract: Effects of Cr;C,, VC and La,0; additions on the WC grain morphology, hardness and toughness of WC-10Co alloys were
investigated. To intensify the grain growth driving force, nano W and nano C, instead of the conventionally used WC, were used as
the starting materials. To obtain a three-dimensional WC grain morphology, the natural sinter skins of the alloys were observed
directly by scanning electron microscopy. It is shown that the additions have a strong ability in regulating the WC grain
morphological and grain size distribution characteristics and the combinations of hardness and toughness. Due to the formation of
regular and homogeneous triangular platelet WC grains, WC—10C0—0.6Cr;C,—0.06La,0; alloy shows an excellent combination of
hardness and toughness. The morphological regulation mechanism, the relationship between the WC grain morphology and the

properties were discussed.
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1 Introduction

It is well recognized that small amounts of VC and
Cr;C, (cubic carbides) can effectively inhibit the WC
grain growth during the sintering process of ultrafine and
near-nano (also called super ultrafine) WC—Co cemented
carbides [1—4]. And it was reported that rare earth oxide
has an ability in inhibiting the discontinuous or
inhomogeneous WC grain growth in WC—Co cemented
carbide at the stage of solid phase sintering [5].
Nevertheless, the WC grain growth and grain growth
inhibition mechanisms still remain mysterious.

As an important component of the integrated
research of the WC grain growth mechanism which is
tightly related to the grain growth inhibition mechanism,
we examined originally the effects of Cr;C,, VC and
La,O; additions on the microstructure and properties of
WC—-Co alloys under high WC grain growth driving
force. The prime novelties of this work are as follows: 1)
instead of the conventionally used WC powder, nano W
and nano C were used as the main starting materials to

intensify the grain growth driving force; 2) to keep La
additions staying stably in the alloys and to avoid the
effect of the foreign active elements on the crystalline
morphology of WC grain on the sinter skins (surface
layers), a patented furnace cleaning material was
employed; 3) the sinter skins were directly observed to
obtain a 3-D WC grain morphology; 4) it is revealed that
Cr;C,, VC and La,O; additions have a strong ability in
regulating the WC grain morphological and grain size
distribution characteristics and the related combinations
of hardness and toughness. The study of the behaviors of
VC, Cr;C, and LnyO; (Ln: rare earth) in cemented
carbides can shed more light on the understanding of the
WC grain growth and grain growth
mechanisms and the mechanism for determining the
combination of hardness and toughness which is a

inhibition

common concern in cemented carbide field.
2 Experimental

2.1 Starting materials
Nano tungsten powder (Chongyi Zhangyuan
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Tungsten Co., Ltd., China), nano graphite powder
(TIMREX® KS4, Timcal Ltd., Switzerland), ultrafine
spherical cobalt and nano lanthanum oxide powders
prepared in our laboratory, and commercial chromium
carbide and vanadium carbide powders were used as the
starting materials. Both the chromium carbide and the
vanadium carbide were pretreated for 36 h by ball
milling in hexane to obtain a particle size to match the
ones of other powders. The characteristics of the
powders used in this study are summarized Table 1.

Table 1 Characteristics of powder materials used in this study

F Total carbon xXygen

Powder >0 (nslgg*/ D) dr?fg/ ((:)(Ezrllt:r?t/l?’/oo coOntZie/%

w - 6.70 46.4 - 0.90

Co - 2.59 255 - 0.66

C - 26.00 106.8 - -
La,04 - 12.51 73.1 - -
Cr;C, 1.02 - - 13.26 0.50

VC 1.05 - - 18.19 0.70

FSSS: Fischer sub-sieve size; Sger: BET specific surface area; dggr: BET
calculated grain size; the particle sizes of Cr;C;and VC are the original one
before the pretreatment.

2.2 Alloy preparation and microscopic investigations

Powders corresponding to the compositions shown
in Table 2 and paraffin wax based macromolecule
compounds were wet-milled in a multicomponent
ball-milling organic medium for 32 h in a conventional
ball mill. The mass ratio of milling media (cemented
carbide balls) to charge was 4:1. Dewaxing and sintering
of the pressed samples were performed in a sinter-HIP
furnace with controllable atmosphere. Dewaxing was
carried out in H, from room temperature to 480 °C.
Sintering was carried out in vacuum from 480 °C to 1350
°C, and then the sintering atmosphere was turned to Ar
from 1350 °C to 1380 °C. At the final sintering stage of
1380 °C, Ar pressure was kept at 5.6 MPa for 40 min.
After the sintering, the samples were cooled down to
around 80 °C with an average cooling rate of 4—5 °C/min
in Ar.

It was shown that the behavior of Ln additions in

Table 2 Composition of alloys used in this study (mass fraction,
%)

Alloy Composition
A WC-10Co
WC-10C0—0.6Cr;C,—0.06La,05
C WC-10C0—0.6VC—-0.06La,0;
D WC-10C0—0.4Cr;C,—0.3VC—0.06La, 05
E WC—-10C0—0.6Cr3C,
F WC-10Co—0.6VC
G WC-10C0—0.4Cr;C,—0.3VC

cemented carbides is unstable. Under some conditions,
e.g., a small amount of sulfur in the sintering atmosphere,
Ln even added in the form of oxide can migrate
directionally from the cemented carbide body to the
sinter skin during the sintering process [6,7]. If Ln added
stays stably in cemented carbides during the sintering
process and the working environment can provide sulfur
resource and moderated heat to promote the diffusion,
the inward diffusion of sulfur from the sulfur-containing
workpieces and the forward diffusion of Ln in the
cemented carbide tools can result in the in situ formation
of layer-structured Ln,O,S on the working surfaces [8].
As a result, Ln-containing cemented carbide tools can be
endowed with a self lubricating function. In this
experiment, to keep La additions staying stably in the
alloys and to avoid the effect of the foreign active
elements on the crystalline morphology of WC grain on
the sinter skins, a patented furnace cleaning material [9]
was employed. During the sintering process, the pellet
cleaning material with high activity can preferentially
adsorb oxygen from the sintering atmosphere as well as
the volatile sulfide and other impurity elements, e.g. Ca,
Si, from the carbon fiber and graphite materials in the
sintering furnace.

The natural sinter skins of the samples were
observed by scanning electron microscope (JEOL
JSM-6490LV and JEOL JSM 5600LV) in backscattering
mode to produce backscattered electrons (BSE) images.

2.3 Vickers hardness and Palmqvist toughness tests

Vickers hardness and Palmqvist toughness tests
were performed on the polished cross section of the
samples. The tests were determined according to ISO
3878: 1983 Hardmetals—Vickers hardness test and ISO
28079: 2009 Hardmetals—Palmqvist toughness test,
respectively. The applied load of 294 N was chosen. The
uncertainty in Vickers hardness measurement is usually
in the range of £196 N and the uncertainty in the sum of
crack lengths measurement £20 um [10].

3 Results and discussion

3.1 Morphological characteristics of WC grains

The observation of the polished section by optical
microscope shows that all the alloys A—-G have a
two-phase structure of WC and Co based binder phases.
Figures 1(a)—(g) show the SEM micrographs of the sinter
skins of alloys A—G.

It is known from Fig. 1 that the cubic carbides and
La,O; additions have a strong ability in regulating the
WC grain morphological characteristics. For WC—10Co
alloys with intensified grain growth driving force, the
combination of 0.6VC—0.06La,0; additions exhibits the
strongest ability in suppressing the continuous WC grain
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growth; nevertheless, their ability in controlling the
discontinuous or inhomogeneous WC grain growth is
limited.

It is well established that the crystal structure of WC
is simple hexagonal (type P 6 m2). The lattice constants
are 8=0.2906 nm and ¢=0.2837 nm with a/c=1.0243 [11].
The WC grains distributed in the Co matrix usually
generate three types of facets: two types of prismatic
{1010} facets with different spacings of the tungsten
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Fig. 1 SEM micrographs of sinter skins of alloys
A—G: (a) Alloy A; (b) Alloy B; (c) Alloy C; (d)
Alloy D; (e) Alloy E; (f) Alloy F; (g) Alloy G

and carbon planes, and two basal (0001) facets that
delimit the flat triangular prism with truncated corners
[11], as shown in Fig. 2.

From Fig. 1, it is known that the combination of
0.6Cr;C,—0.06La,0; additions leads to regular triangular
prism WC grains. Whereas, singular 0.6Cr;C, and the
combinations of 0.4Cr;C,—0.3VC and 0.4Cr;C,—0.3VC—
0.06La,0; additions lead to a mixture of triangular and
truncated triangle prism WC grains with an uncertain
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Trigonal symmetry

Ashort
Fig. 2 Schema of equilibrium shape of WC grain in Co binder

(1]

truncation factors, where truncation factor r is the ratio
between the length of the two types of {1010} prism
facets (r=) Agort/Y @1ong) [12,13]. Singular 0.6VC and the
combinations of 0.6VC-0.06La,0; additions lead to a
mixture of stepped triangular prism and near triangular
prism (less sharp) WC grains.

Due to the anisotropy growth induced by the
additions, most of the WC grains in alloys B-G take the
shape of platelet (thin triangular and truncated triangle
prism with a length to height ratio of (1010) prism facet
more than 2). For WC-10Co alloy without any addition,
the WC grains take a truncated multangular prism feature
with more than eight crystal planes and a length to height
ratio of (1010) prism facet near to 1, which indicates
that the difference in the interface energies is small.

LAY et al [14] identified the existence of a thin
cubic layer with about 0.5 nm in thickness at the interior
of the WC platelet in Ti-doped WC—-Co alloy, which
suggests that the existence of WC platelets is likely
related to the presence of this cubic layer. It was reported
that similar cubic layer existed at the boundary between
two WC grains and between WC and Co in V/Cr-doped
WC—Co alloys [15-17]. Then, we deduce that under the
condition of the existence of a high driving force for the
grain growth contributed by the nano particle size and a
complex transformation, the existence of the cubic layers
facilitates the formation of WC platelets. Here, the
transformation during the sintering process includes
W+C+Co—CoW,C (eta phase)+C—WC+Co.

YAMAMOTO et al [15] detected that the amount of
V content was different in the habit planes (0001) and
(1010) of V-doped WC—Co alloy. The concentration of
V was several times higher at the (0001) habit plane than
at the (1010) one. KAWAKAMI et al [17] detected that
the concentration ratios of V or Cr atoms at the (0001)
habit plane to the ones at the (1010) habit plane were
3.3 for V in WC-10Co—-0.5VC alloy and 1.5 for Cr in
WC—-10C0—-0.9 Cr;C, alloy prepared in a rapid cooling
mode, respectively; the concentration ratios of V or Cr
atoms at the (0001) habit plane to the ones at the (1010)
habit plane were 5.5 for V and 1.3 for Cr in

WC-10C0—0.5VC-0.9Cr;C, alloy prepared in a rapid
cooling mode, 2.4 for V and 1 for Cr in the same alloy
prepared in a wusual cooling mode, respectively.
YAMAMOTO and KAWAKAMI et al’s results on the
pronouncedly anisotropic precipitation of V atoms
provide a clue to understand the formation of the steps
on the WC triangular prisms of alloy C
(WC-10Co—0.6VC—0.06La,05) and alloy F
(WC-10Co—0.6VC) with relatively higher V doping
amount. The lower addition amount of VC is possibly
related to the fact that the combination of
0.4Cr3;C,—0.3VC (—0.06La,03) additions did not result in
the formation of easily identified steps.

3.2 Vickers hardness and Palmqvist toughness

Figure 3 shows the combination of Vickers hardness
and Palmqvist toughness of alloys A—G. The order from
superior to inferior of the combinations of hardness and
toughness is as follows: Alloy B> Alloy E > Alloy D>
Alloy G > Alloy C> Alloy F. Compared with Alloy A
alloy, Alloy B shows a much better combination.
Compared with a mixture of platelet triangular and
truncated triangle prism WC grains, regular platelet
triangular prism WC grains lead to a better combination.
La,O; additions facilitate the improvement of the
combination. Rare earth elements have a strong ability to
combine the elements with large difference in
electronegativity. Therefore, during the sintering process,
La can combine with some impurity elements from the
raw materials, which can relieve the tendency of the
interface segregation of some impurity elements. As a
result, the existence of La can possibly cause the local
change in the arrangement of the interface atoms and the
interface energies. These changes are possibly related to
this improvement.

From Figs. 1(c), (f) and Fig. 3, it is known that the
formation of easily identified steps on the {1010 }
prismatic facets of WC grains in alloys F and C and the
finer average WC grain size are related to an inferior
combination of hardness and toughness. Therefore, the
addition amount of VC in WC—Co alloys must be
optimized. The damage of the crystalline perfection of
WC grains resulted from the steps, the decrease in the
microstructure homogeneity, as well as the tendency to
form an intergranular segregation phase with
pronouncedly anisotropic precipitation of V atoms in
V-doped WC—Co alloy [18,19] are the reasons behind
the inferior combination.

NAM et al [20] reported that the HV;, and
Palmgqvist toughness of (W0.9Ti0.1)C—10Co alloy with
(W,Ti)C platelets were 11721 MPa and 13.5 MPa-m'?,
respectively. Table 3 shows the composition and
properties of HION and HIOP cemented carbides of
Sandvik Hard Materials [21]. Compared with our results
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Fig. 3 Double coordinates column plots showing combination of Vickers hardness and Palmqvist toughness of alloys A to G

shown in Fig. 3, it is known that all the alloys A—G show
a better combination of hardness and toughness than the
one with (W,Ti)C platelets and the counterpart H1ON
and H10P cemented carbides with similar cobalt content
and grain sizes determined by the linear intercept method,
and with the conventional WC morphology.

Table 3 Composition and properties of HION and HI10P
cemented carbides of Sandvik Hard Materials [21]

W(WC)/ W(CO)/ . . HV30/ ch/
Grade o % WC grain size GPa (MPa-m] /2)
HION  90.5 9.5 Medium 13.720 14
HI10P  90.5 9.5 Medium-coarse 11.858 17

CHRISTENSEN et al [22] predicted WC grain
morphology in WC—Co alloy from interface energies
using density-functional theory. It is shown that WC
grains are predicted to be hexagonal when the interfaces
are assumed to be coherent; and change to a truncated
triangular shape where the long prism side lengths are
five times longer than the short side lengths, when the
interfaces are assumed to be incoherent. Among three
types of the interfaces, i.e. coherent, semi-coherent and
incoherent, interface the highest
cohesion. Then, we deduce that the good combination of
hardness and toughness is related to the combination of
the following facts: 1) the in situ formation of WC
crystal without easily identified defects, such as Co
inclusions and micro pores within WC grains; 2) the
platelet WC morphology which can benefit substantially
from the high hardness ratio (1.69) of (0001) basal plane
(HV,0s=21560 MPa) to the ( 1010 ) prism facet
(HV05=12740 MPa) [11]; 3) the improvement of the
interface cohesion which is influenced by the WC grain
morphology; 4) the difference in electronic structure
characteristics between WC—Co alloys and (W, Ti)C—Co
alloys.

coherent shows

4 Conclusions

1) Cubic carbides and La,0; additions have a strong
ability in regulating the WC grain morphological
characteristics. The combination of Cr;C,—La,0;
additions leads to regular platelet triangular prism WC
grains. Singular Cr;C, and the combinations of
Cr;C,—VC and Cr;C,—VC-La,0O; additions lead to a
mixture of platelet triangular and truncated triangle prism
WC grains. Singular VC and the combinations of
VC-La,0; additions lead to a mixture of stepped platelet
triangular prism and near triangular prism WC grains.

2) VC exhibits a strong ability in suppressing the
continuous WC grain growth; nevertheless, the ability of
VC to control the discontinuous or inhomogeneous WC
grain growth is suppressed. As a result, compared with
Cr;C,, VC additions deteriorate the homogeneity in the
microstructure and exaggerate the distribution range of
the WC grain sizes, no matter if it is added independently
or together with other additions.

3) The order from superior to inferior of the
combinations of hardness and toughness is as follows:
WC-10Co0—-0.6Cr;C,—0.06La,0; > WC—10C0—0.6Cr;C,
>  WC-10C0—-0.4Cr;C,—0.3VC—0.06La,0; > WC-
10C0—0.4Cr;C,—0.3VC > WC-10C0—0.6VC—-0.06La,05
> WC-10Co0—-0.6VC. Compared with WC-10Co alloy,
WC—-10C0—0.6Cr;C,—0.06La,0; alloy shows a much
better combination of hardness and toughness.

4) Compared with a mixture of platelet triangular
and truncated triangle prism WC grains, regular and
homogeneous platelet triangular prism WC grains lead to
a better combination of hardness and toughness. The
formation of easily identified steps on the {1010 }
prismatic facets of WC grains can result in an inferior
combination. Therefore, the addition amount of VC in
WC—Co alloys must be optimized.
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