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Abstract

In this study composite powders of WC and Ni/Fe/Cr were prepared in an innovative way, which consists of the sputter-deposition of
the metallic binder onto the tungsten carbide particles. Compacts of coated powders were sintered by conventional vacuum sintering
followed by hot isostatic pressing (HIP) to reach almost full densities. In order to evaluate the mechanical properties of reduced spec-
imens size (microcomponents), depth-sensing indentation equipment was used. This method enabled the evaluation of the hardness, H,
Young’s modulus, E, and the yield stress, oy, in a non-destructive way, using only one sample. For the composites of sputter-coated WC—
Ni/Fe/Cr the results showed an effective reduction of H and E due to the properties of Ni and the binder characteristics of the coated

powders, such as uniform distribution and nanometer structure.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Hard metal has been industrially produced since the
1920s and nowadays represents more than 40% of the cut-
ting tool market [1]. Due to their technological importance
these composites of WC, which are formed using a transi-
tion metal binder, usually cobalt but to a lesser extent iron
or nickel, have been subject to a great deal of investigation
in order to optimize the compositions and the processing
leading to the highest mechanical properties [2-7]. During
the last few decades, the deployment of cobalt natural
resources and the increasing demands on material perfor-
mance has directed the research mainly towards the search
and optimization of new binder compositions and the
development of specific coatings to improve the useful
properties [8,9]. On the other hand, the industrial process-
ing of these composites has made very little difference,
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although new emerging technologies for powder metallurgy
are currently being researched with a view to industrial
implementation [10-12].

In this study, an innovative method of preparing com-
posite powders was used, consisting of the sputtering of
the metallic binder onto the WC particles. The coated pow-
ders resulting from this technique show a very high unifor-
mity of binder distribution associated with a
nanocrystalline structure. The surface properties of the
particles are changed, increasing the powder’s flowability,
pressing behaviour and sinterability in such a way that eas-
ier powder processing can be adopted [13—17]. One of the
benefits comes from the possibility of shaping without a
pressing binder, therefore eliminating the long milling step
used in the conventional hard metal processing to add the
binder and to prepare the composite powders, and also the
subsequent drying of the slurry and the burnout of the
pressing binder. Moreover, due to the high uniformity of
the binder’s distribution and its nanometer structure, liquid
phase sintering is more efficient, leading to high density
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compacts at lower temperatures [15-17]. Additionally, by
eliminating the milling and the pressing binder burnout
steps, the processing is moving towards a cleaner technol-
ogy with environmental and health benefits.

Weighing up the benefits of the low binder content
needed to coat the particle surfaces using this technique
(i.e. for WC particles with 2-10 pm, ~4 wt.% of stainless
steel AISI 304, will be enough for a complete particle cov-
erage [13-18]) together with the high sinterability of the
sputtered powders against the relatively high cost of the
sputtering step, points to the benefits of this methodology:
an innovative technological process with interesting pros-
pects in the production of powders with low binder content
for high hardness applications.

Previous studies were dedicated to the study and optimi-
zation of the surface characteristics in sputtered powders
and consequences on the powder processing [13-18]. In this
study, composites of WC and low Ni/Fe/Cr binder content
(4-7 wt.%) were prepared using both the sputtering tech-
nique and the standard conventional mixture, in order to
highlight the role of sputter coating powders on the
mechanical properties.

A novel method was used in order to get the best possi-
ble measurements of mechanical characteristics using only
one test — depth-sensing indentation. This methodology is
particularly appropriate for the characterization of materi-
als prepared on a laboratorial scale with equipment that
often limits the amount and the size of the samples, as
was the case here. This is a problem that researchers have
to face frequently. The reverse analysis method has been
successfully applied to characterize single phase materials
[19] but had not previously been tested in multi-phase,
composite materials. This method was therefore first
applied to a commercial WC-Co sample, whose mechani-
cal characteristics had been characterized in previous stud-
ies, before it was used to measure the mechanical properties
of the coated and conventionally prepared WC-Ni rich
binder samples.

2. Experimental procedure

The starting powder was fully carburized WC (H.C.
Starck, HCST-Germany) with a particle size of 2-10 um.
The WC powder particles were coated with Ni/Fe/Cr bind-
ers using modified d.c. magnetron sputtering equipment
and previously selected deposition parameters, which are
described elsewhere [14]. Two coated powders, C-WCl1
and C-WC2, with different binder contents (<8 wt.%) were
investigated. For comparison a conventional mixture of
nickel (Goodfellow NI006021/11), iron (Goodfellow
FE006020) and chromium (Goodfellow CR006021/22)
powders was performed with the uncoated WC powder
and 1.5 wt.% of paraffin wax, named M-WC.

Pellets of ~10 mm diameter were subjected to cold iso-
static pressing (CIP), at a maximum pressure of
~330 MPa. The compacts underwent conventional vacuum
sintering to a maximum temperature of 1510 °C, for 1 h, at

a pressure of 20 Pa. To simplify the experimental proce-
dure, the same sintering cycle was used for coated and con-
ventionally  prepared  powders, although  higher
densifications are attained for coated powders, due to their
higher reactivity. Finally, to attain almost complete densi-
fication, the pre-sintered samples were submitted to hot
isostatic pressing (HIP) at 1550 °C, for 2 h at a pressure
of 30 MPa. For each composition a set of 4-6 samples were
sintered.

The density of the sintered samples was determined
using the Archimedes’ method. Phase identification was
performed by X-ray diffraction (XRD, Rigaku PMG-
VH). Optical microscopy (Zeiss, Jenaphot 2000) and scan-
ning electron microscopy (SEM, Hitachi-S4100) were used
to characterize the microstructure of polished surfaces
chemically etched with Murakami’s reagent,' for 2 min,
to reveal the grain boundaries. WC average grain size
and size distribution were measured using the linear inter-
cept method [20] on the SEM micrographs. Random
straight lines were drawn across the micrographs and the
length of the intercepts with the WC grains were measured
and averaged (at least 300 intercepts per sample were used).
Fullman’s formula was applied to transform the two-
dimensional mean intercept, 1, into a three-dimensional
mean grain size, G, using a transformation factor of 1.5
[20]. The contiguity, C, was also determined using nearly
100 measurements from the optical micrographs and
applying the following equation, with the assumption of
a Gaussian grain size distribution [217]:

C=1-Vy*exp(0.391 x V) (1)

where V7, is the volume fraction of binder and V' is the coef-
ficient of wvariation of WC grain size distribution
(V = owc/Gwc where awc is the standard deviation and
Gwec is the mean carbide grain size).

The chemical characterization of the sintered samples
was obtained using an electron microprobe (EMPA-
SX50, Cameca) and the final carbon content was deter-
mined by automatic direct combustion (LECO CS 200 IH).

The hard metal samples were mechanically character-
ized using depth-sensing indentation equipment (Fischer-
scope H100). In order to obtain representative average
values for the evaluated properties, 75 tests were performed
on different surface points of each samples per set. In each
test the load was increased in steps, from the first load of
0.4 mN until a nominal load of 500 mN. Sixty steps were
used for both loading and unloading, with a 0.5s delay
between each step. Two creep periods of 30s were per-
formed during the tests: at the maximum load and at the
lowest load. The values of the 75 tests performed on each
sample were used for the direct determination of the hard-
ness, H, and calculation of the Young’s modulus, E, and of
the compressive rupture strength, ¢,. In order to evaluate

' A solution of potassium ferricyanide (10 g) and sodium hydroxide
(10 g) in distilled water (100 ml).
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the effectiveness of this method, a commercial sample of
WC-Co with 4 wt.% of binder was first characterized.
Additionally, the hardness of this standard sample was also
measured using Vickers hardness tester (Zwick/Roell
ZHU) with a load of 293 N and dwell time of 15s, and
the dynamic Young’s modulus, E, was yet determined by
the impulse excitation vibration method at room tempera-
ture using a sample of dimensions 50 x 12 x 1.5 mm?>.

The fracture toughness, K., was determined in WC-Ni/
Fe/Cr composites from the measurements of the Palmqvist
radial cracks at the corners of Vickers hardness indenta-
tions (load, 98 N), using the formula [22]:

K. = 0.087VHW 2)

where H is the hardness and W= P/Ly, P is the applied
load and Lt the total length of cracks.

3. Results and discussion
3.1. Chemical and morphological characterization

The composites of WC-Ni/Fe/Cr prepared by conven-
tional mixing (M-WC) and by sputter-deposition (C-WC)
had final metal amounts that varied between 4 and
7 wt.% (Table 1). The chemical characterization of the bin-
der was performed by EPMA analysis after sintering
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(Table 1). Ni is present in the highest percentage for all
the compositions, followed by Fe. Cr is a minor composi-
tion, not exceeding 7 wt.% of the total binder amount, in
any case. Moreover, the Fe and Cr amounts are near con-
stant for the three samples. The final binder amount (Table
1) was calculated as the summation of Ni, Fe and Cr con-
tents in each samples set. No significant carbon losses have
been found in final compositions, as described by LECO
analysis (Table 1).

The XRD patterns in Fig. 1 show that hexagonal WC
and f.c.c. rich Ni phases are the phases identified in coated
and conventionally prepared composites; graphite and n-
phases were not discernible. The Fe and Cr elements
appeared to be in solid solution in the Ni phase.

High apparent density values, p,,,, were attained after
sintering (Table 2). The correspondent relative densities,
pr, vary from ~94% to ~99%, considering the theoretical
density, pu, calculated by the mixing rule where
pm = 15.63 gem ™ for WC and pg, = 8.9 gem for fc.c.
Ni (the effect of Fe and Cr on the density was neglected).
The highest p, value (99%) was attained for the coated
powder with 6 wt.% of binder (C-WC2), whereas the densi-
fication of the conventionally prepared powder (M-WC),
with an equivalent amount of binder, showed the lowest
value, p, ~ 94%. For the coated powders, even 4 wt.% of
binder (C-WCl, Table 2) was enough to attain high densi-
fication, p, ~ 97%. These results demonstrate the improve-
ment of the sinterability in sputtered-coated powders,
already reported in previous studies [14-17], showing that

Table 1
Final binder elements and carbon percentages it is possible to achieve higher density materials than those
Samples  Fe® NP o Total cb conventionally prepared, using lower binder content.
(wt.%) (Wt.%) (Wt.%) (Wt.%) (Wt.%) The microstructures of the samples were observed by
C-WC1 15+03 23404 014100 39407 _ optical and SEM microscopy, in Figs. 2 and 3, respectively.
C-WC2 13403 43+05 04+01 6.0%09 5.62 The optical microstructures of the samples C-WC2 and M-
M-WC 1.0£02 59+06 01+00 7.0+08 5.60 WC, presented in Fig. 2, show that the microstructures of
2 EPMA analysis. WC grains and the binder phase have greater tonal varia-
° Automatic direct combustion. tion under optical observation than under the correspon-
wC
wC (101)
(100)
wC
-~ (001)
g
&
=
g
=
Ni Ni
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Fig. 1. XRD diffraction patterns of M-WC and C-WC2 composites.
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Table 2
Physical characteristics of the WC-Ni/Fe/Cr composites

Samples Papp (g cm ) pun (gem ) pr (%) D (um) G (um) G (um) C
C-WCl 14.7+0.1 15.17 97+1 1.7-10 209 44419 -
C-WC2 14.8 +£0.1 14.95 99 + 1 1.7-10 2.0-10 43419 0.62 = 0.06
M-WC 13.940.1 14.84 94+ 1 0.4-4.2 1.5-8 34417 0.60 = 0.06

Papp> apparent density; py,, theoretical density; p,, relative density; D, initial particle size; G, grain size; G, mean grain size; C, contiguity.

Fig. 2. Optical micrographs: (a) C-WC2 and (b) M-WC. The surrounding
area shows the heterogeneity of binder distribution.

dent SEM analysis (Fig. 3): the WC phase has a darker
grey and the binder phase a grey colour. The binder phase
is spread between the WC grains since it constituted a vis-
cous phase at the sintering temperatures. In Fig. 2a C-WC2
shows a microstructure without significant heterogeneities
of binder distribution, while for the M-WC sample
(Fig. 2b), a lower uniformity of the binder distribution is
detected, showing an accumulation of the binder phase in
some well dispersed regions. They can attain higher dimen-
sions than the WC grains (0.6-6 um) as shown in Fig. 2b
where a large binder area of ~9 x 9 pm? can be discernible.
The even distribution of the binder phase in the sputter-
coated samples is really expected, due to the high initial
uniformity of binder distribution, while the lower chemical
homogeneity observed in the conventional prepared

10 pm

Fig. 3. SEM micrographs: (a) C-WClI, (b) C-WC2 and (c) M-WC.

compacts is commonly observed, as a result of insufficient
mixing conditions, powder agglomeration and scale effects
[23,24].
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The SEM microstructures (Fig. 3) show polyhedral WC
grains and a darker intergranular phase, corresponding to
the rich Ni phase. The samples prepared from coated pow-
ders (C-WC1 and C-WC2) present very similar microstruc-
tures with coarser grains than the one prepared from mixed
powders (M-WC). The values for the average grain size
measured from the SEM micrographs are presented in
Table 1, together with the range of particle/grain size
before and after sintering. It can be observed that the grain
size width in the sintered samples of coated powders is cor-
respondent to the original particle size width, which means
that no appreciable growth of the particle size occurred
during sintering. The inhibition of particle growth during
the sintering of the sputtered-coated powders has previ-
ously been reported and attributed to the highly uniform
binder distribution attained in the sputtering process [14—
17]. The correspondent results for the M-WC compact
show that the ranges of initial particle sizes develop to
higher values, which is indicative of particle coarsening
during sintering. Thus, the larger C-WC grain size did
not originate during the sintering process but came from
differences in the powder particle size distribution of the
coated and mixed powders, as shown in Table 1. Although
the same WC powder was used as starting material for
both processes, the mixing step used in the conventional
preparation tends to desagregate some particles, resulting
in a finer powder and a finer sintered compact.

3.2. Test of the depth-sensing indentation method in a WC-
Co composite material

In order to test the values of the mechanical properties
determined by the depth-sensing indentation in multi-phase
materials, a commercial WC-4%Co sample was used as
standard. The optical microstructure of the polished and
etched surface is shown in Fig. 4. The standard sample is
characterized by a fine microstructure with almost no pores
and an average grain size of ~2 um (Table 3).

Fig. 4. Optical microstructure of the WC—Co composite.

Ultra-microhardness equipment was used to calculate
the hardness and the Young’s modulus, E, of the sample,
using Eq. (3), taking v =0.22 for WC—4wt.%Co [25]. The
following equation was proposed for determining the
reduced Young’s modulus [26,27]:

N 1
2 JA(C - Cy)

where C, and Cy are the total compliance of the system and
the frame compliance, respectively, and A, is the contact
area. In this equation, E,, is the reduced Young’s modulus,
which is a function of the Young’s modulus and the Pois-
son’s ratio, v, of the specimen (s) and the indenter (i),
through:

1 _ 1 -2

E E | E

E. = (3)

1 —?

‘ )

In recent years, efforts have been made to establish a re-
verse analysis algorithm for the evaluation of the plastic
mechanical properties of materials. The principal develop-
ments in this area of investigation are related to the appli-
cation of the finite element method to obtain dimensionless
functions that relate the characteristic parameters of inden-
tation loading—unloading curves to the mechanical proper-
ties obtained from the stress—strain curves [28]. Recently, a
straightforward reverse analysis approach was proposed
[19], which avoids the use of dimensionless functions. In
a simplified description, this approach, which was used in
the current investigation, consists of a direct comparison
between experimental and numerical simulation indenta-
tion curves, in order to determine the yield stress, oy, and
the strain hardening coefficient, n, of the material. The
Swift law was used in numerical simulations to describe
the plastic behaviour:

oy = K(e+&)" (5)

where ¢ is the plastic strain and K is a material parameter:
K =0y /)" (¢ is a constant, assumed as 0.005). The calcu-
lated values of g, can thus be envisaged using this method
and considering ¢ = 0.042 (Fig. 5). The results are shown in
Table 3, together with those resulting from conventional
tests” done in this study and reported in the literature for
specimens with similar chemical and physical characteris-
tics [25,29,30]. The value obtained for the Young’s modu-
lus, E, by the depth-sensing indentation is equivalent to
the one determined by dynamic excitation in this work, Ta-
ble 3. A very strong agreement is also observed with those
reported in the literature in Table 3. The ultra-microhard-
ness value determined by the depth-sensing method is not
directly comparable with the HV30 values due to the large
difference in the magnitude of the indentation loads,
500 mN in the first method and 300 N in HV30 tests. Even

2 Eis typically determined by dynamic excitation of ultrasonic frequency
longitudinal oscillations in a test bar and oy, by compressive strength tests
of a piece between two parallel carbide blocks, until failure occurs
[25,29,30].



496 C.M. Fernandes et al. | International Journal of Refractory Metals & Hard Materials 26 (2008) 491-498

Table 3
Microstructural and mechanical characteristics of WC-Co samples
Co amount (wt.%) Grain size (pm) Density (g cm ™) Hardness HV30 Hardness (GPa) E (GPa) oy (GPa) n Ref.
4 2.5 15.3 1830 4+ 50 22.0+0.2% 662 + 6% 6.52% 0.02° In this work
660
4 2-4 15.2 1900 - 660 6.00 [25]
3 2-4 15.3 1950 - 641 5.86 [29]
4 2-4 - 2000 - 665 7.10 - [30]
% Values obtained using depth-sensing indentation.
6 F properties by depth-sensitive equipment, allows different
E mechanical characteristics used in material science/
Sk mechanical engineering to be evaluated with precision.
—
~_~ 4 L
DCS o
S 3F 3.3. Mechanical characterization
© L
2 B Cc-wcCl . . . .
o CWC2 The mechanical characterization was carried out using
1F - MWwC depth-sensing indentation and Palmqvist toughness tests.
E Comparing the mechanical properties of the samples pre-
0 £ & pared by sputter-deposition (C-WC) and conventional
0 0.01 0.02 e 0.03 0.04 0.05 wet milling (M-WC), (Table 4), with the correspondent
P

Fig. 5. Stress-plastic strain curves obtained in the reverse analysis showing
the representative plastic strain value (¢;) and the constant value (&).

s0, it can be said that the determined value (H = 22 GPa)
concurs with the HV30 (H = 18.3 GPa), being of the same
order of magnitude but somewhat higher, as expected from
the lower indentation load used. The yield compressive
strength, oy, using depth-sensing indentation, show very
strong agreement with those resulting from conventional
tests in the literature, Table 3. The hardening coefficient
was very low, n = 0.02, characteristic of brittle materials.

The good match between the previous values of the
mechanical parameters determined by local depth-sensing
tests in the WC-Co sample and those from macroscopic
measurements is strongly indicative that the depth-sensing
test can be used in homogeneous and fine size multiphase
materials, since a representative indentation area was ana-
lysed overall. The number of tests needed to attain a repre-
sentative indentation area in multiphase materials is
dependent on microstructural characteristics, such as phase
distribution and grain size. Increasing the degree of chem-
ical homogeneity of the composite by increasing the unifor-
mity of the phase distribution and the fineness of the
microstructure will decrease the size of the representative
area and, therefore, the number of measurements needed.
In the case of the WC—Co standard, with fine microstruc-
ture (G = 1.9 um, smaller than the diagonal of each inden-
tation, ~8.4 um, load = 500 mN), the conditions of a
representative area were clearly fulfilled and a good match
with the measurements made by the classical methods of
mechanical characterization could be found.

Thus, it can be concluded that the applied method of
depth-sensing indentation for the calculation of mechanical

properties of a WC-Co standard sample with equivalent
amounts of binder (Table 3), the general trend points to
lower values of hardness, H, Young’s modulus, E, and
yield strength, oy, of the sputter-deposited samples (C-
WC). On the other hand, M-WC has only slightly different
property values compared to the standard sample, due to
similar microstructures but associated with the slight differ-
ence in mechanical properties between Ni rich binder and
Co.

For the samples prepared from coated powders C-WCl
and C-WC2, the mechanical properties are almost unaf-
fected by the variation of the composition (Table 1), reflect-
ing identical microstructures; high uniformity in the binder
distribution and similar relative densities and grain size dis-
tributions (Fig. 3a and b and Table 2). In fact, the micro-
structure of cemented carbide is characterized by various
parameters; phase volume fraction of carbide and binder,
homogeneity, grain size, and degree of contact between
individual grains, i.e. contiguity [31]. The only difference
in these parameters for C-WC1 and C-WC2 is the binder
content (Ni amount). The property that could be most
affected by this difference must be the Young’s modulus,
but for the samples under analysis, the divergent values
are included within the experimental error.

Comparing the properties of the samples prepared from
coated powders (C-WC) with those of the conventionally
prepared one (M-WC), the most significant deviation is
in the Young’s modulus values, E, where the M-WC com-
posite has the highest value, despite the fact that it contains
the highest Ni and total binder content, Table 1. The differ-
ence attained cannot be included in Voigt—-Reuss bounds
[32], Erecuss—Evoigt (calculated assuming the E value of
Ni), as shown in Table 4. The differences between the val-
ues of C-WC and M-WC Young’s modulus cannot be
attributed directly to the lower grain size of M-WC, as
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Table 4
Mechanical characteristics of WC-Ni/Fe/Cr samples

Samples Hardness (GPa) Young’s modulus (GPa) oy (GPa) n K& (MPa m" 2) ERecuss—Evoigt (GPa)
C-WCl1 170+ 04 519+7 4.32 0.03 9.6+0.3 581-638
C-wWC2 16.5+0.4 520+9 4.01 0.05 9.8+04 546622
M-WC 17.8 £0.2 609 £+ 5 4.62 0.02 11.0+04 531-615

% Fracture toughness determined from measurements of the Palmqvist radial cracks.

for the light differences of the other properties evaluated. £
is very sensitive to extrinsic factors such as binder distribu-
tion. The higher the grain size the lower the specific surface,
thus binder distribution may not be so efficient. However,
the contiguity values (Table 2) are similar in both cases
and the sintered density is favourable to the C-WC sam-
ples, also showing a lower tendency for porosity content
higher than 1.5%, which could significantly decrease the
E values. A possible explanation for the difference observed
in E values can be attributed to the chemical composition
of WC grains. Diffusion of Ni to WC particles was
observed during the high temperature vacuum brazing pro-
cess (10201120 °C, 1072 Pa) of NiCrBSi and WC-17 Co
powders on a mild steel substrate [33]. The preparation
of nickel-tungsten bimetallic carbides was investigated
and the results pointed to the formation of bimetallic car-
bides, where Ni enters in the tungsten carbide lattice in a
metallic state without forming bonds with carbon [34].
Due to the formation of this type of solid solution a
decrease of the carbide Young’s modulus proportional to
the Ni content will be expected. Thus the solid solution
effect of Ni in WC and its effect on the Young’s modulus
could not be ignored in the sintered WC and Ni. Reporting
to our results, during the powders’ preparation stage or sin-
tering process the Ni may diffuse more efficiently in coated
powders than in traditional prepared ones, due to sputter-
ing deposition conditions and to the nanocrystalline char-
acter of the Ni binder. Forthcoming studies will be
performed in order to investigate the diffusion of sputtered
Ni on WC surfaces. In addition, after sintering the Ni rich
binder achieves a preferential orientation (200) that also
contributes to a decrease in its Young modulus bearing
in mind the polycrystalline value.

Palmgqvist toughness testing [22] was performed using
the cracks that appeared at the corners of Vickers indenta-
tions (load =98 N). This technique was successfully used
because the contents of nickel are low. The values for the
fracture toughness, K., (Table 4) are very close for the
three samples, although a slightly higher value was evalu-
ated for the conventional WC sample (M-WC) as a direct
consequence of the grain size differences.

4. Conclusions

Using this method of depth-sensing indentation for the
calculation of mechanical properties in compressive
strength is an interesting alternative to the conventional
methods of mechanical characterization for composite
materials, as it enables several properties to be determined

from a reduced size sample. The characteristics obtained
for a standard WC-Co sample using this method are very
close to the published results of macroscopic characteriza-
tions for the determined values of hardness, H, Young’s
modulus, E, and yield stress, ay.

The depth-sensing local characterization of sintered
WC-Ni/Fe/Cr coated powders showed that lower values
of E than those found in similar sintered conventional
powders cannot be attributed to differences in grain size
as for H and o,. The high binder uniformity and the
nanometer-sized coating achieved by the sputter-deposi-
tion process is not the principal cause for the lowest val-
ues of E. The decrease in £ may have its origin in Ni
diffusion into WC powders during the sputtering, which
is enhanced during the sintering process. However, a
preferential orientation could also have a role in E val-
ues, contributing to their decrease. It is suggested that
lower amounts of ductile binder will be needed to obtain
convenient ductile properties in the composites prepared
from sputtered powders, than when a conventional mix-
ing process is used.
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