
lable at ScienceDirect

Journal of Alloys and Compounds 800 (2019) 462e467
Contents lists avai
Journal of Alloys and Compounds

journal homepage: http: / /www.elsevier .com/locate/ ja lcom
Effect of Fe impurities and pure Cr additions on microstructure of
nanostructured WC-10Co alloy sintered by HIP

C.G. Garay-Reyes a, *, M.A. Ruiz-Esparza-Rodríguez a, J.M. Mendoza-Duarte a,
I. Estrada Guel a, S.E. Hern�andez-Martínez b, J.L. Hern�andez-Rivera c , J.J. Cruz-Rivera d ,
J.S. Castro-Carmona e, H.M. Medrano-Prieto e, J.M. Silva-Aceves e, H. Camacho-Montes e,
Quirino Estrada e, R. Martínez-S�anchez a

a Centro de Investigaci�on en Materiales Avanzados (CIMAV), Laboratorio Nacional de Nanotecnología. Miguel de Cervantes No. 120, Z.C. 31136, Chihuahua,
Chih, Mexico
b Instituto Potosino de Investigaci�on Científica y Tecnol�ogica, Camino a la Presa San Jos�e 2055, Col. Lomas 4a, Z.C. 78216, San Luis Potosí, Mexico
c CONACYT-Instituto de Metalurgia, Universidad Aut�onoma de San Luis Potosí, Sierra Leona 550, Lomas 2a Secci�on, Z.C. 78210, San Luis Potosí, Mexico
d Instituto de Metalurgia, Universidad Aut�onoma de San Luis Potosí, Av. Sierra Leona 550, Lomas 2da Secci�on, Z.C 78210, San Luis Potosí, S.L.P, Mexico
e Universidad Aut�onoma de Ciudad Ju�arez (UACJ), Av. Plutarco Elías Calles 1210, Col. Fovissste Chamizal, Z.C 32310, Cd Ju�arez, Chih, Mexico
a r t i c l e i n f o

Article history:
Received 22 April 2019
Received in revised form
1 June 2019
Accepted 4 June 2019
Available online 5 June 2019

Keywords:
Fe impurities
Pure Cr additions
Bimodal grain size distribution
Abnormal grain growth
Nanostructured WC-Co
* Corresponding author.
E-mail address: carlos.garay@cimav.edu.mx (C.G. G

https://doi.org/10.1016/j.jallcom.2019.06.045
0925-8388/© 2019 Elsevier B.V. All rights reserved.
a b s t r a c t

The present work evaluates the effect of both, Fe impurities and Cr addition, in nanostructured WC-10Co
cemented carbides, which are sintered by hot isostatic pressing. Fe impurities and Cr addition in
nanostructured WC-10Co alloy generate a series of microstructural and structural changes in the
morphology, present phases, crystallite size and density, which in turn influences the microhardness of
the samples. Such changes are mainly related to the nature of binder, generation of a bimodal grain size
distribution and an abnormal grain growth of the WC phase and the formation of the h phase.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Nanostructured WC-Co cemented carbides can be effectively
used in all areas where conventional carbides are present. However,
recently, a particular interest in the synthesis of nanostructuredWC-
Co cemented carbides has emerged for the manufacture of cutting
tools. In these applications, nanostructured systems are preferred
because the useful life of the tooling could be increased by a
reduction in the grain size of the WC phase which induces positive
improvements in their mechanical properties [1,2]. A typical
microstructure of cemented carbides consists of a hard WC phase
embedded within a soft and tough Co binder phase [2e4]. There are
many works in which the cemented carbides with different ratios
WC:Co are studied, many of themwith microstructures in the order
aray-Reyes).
of microns [2,5]. Nowadays more than 90% of all WC-hard metals
utilize Co as the preferred binder metal with contents between 3
and 30wt % [2] and as cutting tool materials, cemented carbides
with 3e12wt % Co are commonly used [6,7]. The mechanical
properties of WC-Co cemented carbides are directly related to their
chemical composition and microstructure, for this reason, and
depending on each application, their properties can be adapted
upon the Co content, size, and quality of the starting powder, sin-
tering techniques, and the use of additives as grain growth inhibitor
[2]. Therefore, the uses of nanostructured systems open new pos-
sibilities in terms of increasing the working life of cutting tools.

Conventionally, WCeCo cemented carbides are fabricated by
mixing, compaction and sintering of powder precursors. The liquid-
phase sintering process is carried out above the eutectic tempera-
ture of WCeCo (1280e1310 �C). For cemented carbides, the grain
growth is favored by their high interfacial free energy. Therefore, the
addition of grain growth inhibitors such as VC, Nb3C2, and Cr3C2 is
necessary to control this growth during sintering process either by
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modifying the WC-Co interface or by providing diffusion resistance
[8]. The pure Cr has not been used as an inhibitor of grain growth
due to the assumption that Cr when interacting withWCwill reduce
the W and give rise to the formation of the h-phase (Co3W3C -M6C
type). However, the influence of Cr element in cement carbides
recently has been studied by different researchers, showing the
positive effects on such carbides. They reported that as the Cr in
cemented carbides is mainly located in the Co binder [9,10]; as well
as a decrement in WC grain size as the Cr content is increased [11],
the segregation of Cr and Co at both WC/Co and WC/WC boundaries
may be closely related to the retardation of growth and changes
morphological of WC grain [9,12]. Also it has been reported the
formation of M7C3 [11,13], which contributes to a fine dispersion of
h-phase [11], in addition to suggest that Cr addition would delay Co
spreading and enhance differential shrinkage in WCeCo alloys [14].

On the other hand, it is known that during the synthesis of
nanostructured WC-Co cemented carbides through high-energy
milling, some contamination due to the milling media and
container wear is generated. Although many researchers use balls
and containers made of WC for minimize such contamination,
others still using a variety hard steels due to their low cost.
Regarding this issue, few researchers have paid attention to the
possible Fe contamination. Some of them concluded that the level of
Fe contamination increases if the powder is milled for longer times
than required. For example, 20 at.% Fe has been found in a WC
mixture milled for 310 h and 33 at.% Fe in pureWmilled for 50 h in a
SPEX mill [15]; as well as increases in contamination by Fe with
milling time of almost 3wt% after 300min milling [16]. A large
number of scientific articles related to milling of WC alloys have
been published, where the use of steel as milling media and in
container is reported, however, strangely none of them reported
contamination effect or Fe impurities, much less have been evalu-
ated; some of them are indicated in references [17e22]. At a given
level of cobalt, the hardness is improved by decreasing the grain size
of the WC. Therefore, in the present study a composition of 10% by
weight of Co is used in order to evaluate only the Fe impurities
generated when reducing the grain size throughmilling process and
by grain growth inhibitor addition (pure Cr). Thus, a study on the
effect of Fe impurities and pure Cr as a grain growth inhibitor in
WCeCo cemented carbides processed by mechanical alloying and
Hot Isostatic Pressing (HIP) is fully justified as the primary objective
of this work.

2. Experimental procedure

2.1. Powder processing

The starting materials consisted of commercial WC (99.95%
pure), and elemental powders of Co and Cr (99.5% pure). The
nominal compositions of the studied systems were WC-10Co and
WC-10Co-1Cr with conditions of mixed and milled. The reference
samplewas notmilled; it was only mixed. Nanostructured powders
for the milled condition were synthesized through the milling
process. The millings were performed in a high energy ball mill
Spex 8000M, the used milling media and container were made
from hardened steel. Milling conditions were set to 5 h of milling
time, powder mass 8.5 g with a ball-to-powder ratio of 5:1. All
milling runs were performed with N-heptane as process control
agent and argon as an inert atmosphere (to avoid oxidation). The
ceramic powders are more difficult to compact compared tometals,
and therefore, very high pressures need to be are applied. To obtain
WC-10Co compacts free of any additives, ultra-high pressure in
piston/cylinder die at ~1.6 GPa for 5min has been used for both
conditions, mixed and milled. A drawback when substantial pres-
sures are applied is increasing of residual stresses in ceramic
powders that may result in fracture upon subsequent handling;
however, this issue is not addressed in the present study.

On the other hand, abnormal grain growth often takes place
during liquid phase sintering of ceramics with faceted or even
partially faceted grains. Based on the above, Yang et al. [23]
attempted to reduce the time of liquid phase sintering through
solid state densification by pre-sintering the compacts below the
liquid formation temperature with acceptable results. Thus, in the
present study, the process mentioned above will be followed using
pre-sintering the samples at 1200 �C for 2 h. Finally, the sintering
process was carried out by HIP, using ~186MPa of pressure under
two temperatures: 1300 and 1400 �C for 1 h.

2.2. Structural and microstructural characterization and
microhardness

The structural characterization of themixed andmilled powders
and sintered samples was performed by X-ray diffraction (XRD)
analysis, in a Panalytical X'pertPRO diffractometer operated at
40 kV and 35mA. The crystallite size (powder and consolidated
samples) were estimated based on XRD peak broadening using the
WilliamsoneHall method [18].
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where q is the Bragg diffraction angle, D is the average crystallite
size, ε is the average internal strain, l is the wavelength of the ra-
diation used and b is the diffraction peak width at half maximum
intensity. To determine crystallite size {0 0 1}, {1 0 0}, {1 0 1} WC
peaks were used. Microstructural characterization and phases
evolution in both, powders and sintered samples were evaluated
through a scanning electron microscope (SEM) Hitachi model
SU3500. The samples analyzed by SEM were prepared under con-
ventional metallographic techniques. Density measurements of
sintered samples were determined following the Archimedes
method. The Vickers hardness test was performed using a LECO LM
300AT equipment, reporting the mean value of at least 10 in-
dentations. Vickers microhardness tests were carried out on a
polished surface using 300 g of load and 15 s of dwell time.

3. Results and discussion

3.1. Morphological evolution of phases during different stages

TheWC grain growth during the sintering process is due to their
high interfacial energy which is the main driving force for the
growth process; thus large grains grow at the expense of smaller
grains. Fig. 1 shows micrographs obtained by SEM of WC-10Co and
WC-10Co-1Cr systems, in two conditions, mixed and milled. Be-
sides, is presented several images corresponding to three different
stages of the process: powders, pre-sintered and sintered by HIP at
1300 and 1400 �C. In the images corresponding to the powders
(first row) a different arrangement of particles in the milled pow-
ders in comparison to the mixed ones can be observed; the mixed
powders show a rounded morphology and small size while the
milled powders exhibit different particle sizes and agglomeration.
The above could be related principally to Fe impurities and to a
possible effect of the mechanisms of the milling process: defor-
mation, welding, and fracture. For the pre-sintering stage (second
row), in mixed samples, an incipient diffusion between particles
forming a network is observed. In milled samples, the onset of
abnormal grain growth as well as the formation of faceted WC
grains, and roundedWC grains characteristic of the startingWCeCo
powder is detected. For the HIP sintering stage (third row), in the



Fig. 1. Micrographs obtained by SEM of WC-10Co andWC-10Co-1Cr systems mixed and milled corresponding to powders, pre-sintered samples at 1200 �C and HIP sintered samples
at 1300 and 1400 �C.

Table 1
Concentration of Co, Cr and Fe elements in studied systems, WC-10Co, and WC-
10Co-1Cr with conditions of mixed and milled.

Powder/Element Co Cr Fe

WC-10Co mixed 11.254 e e

WC-10Co1-Cr mixed 11.121 0.978 e

WC-10Co 5h milled 9.509 e 6.535
WC-10Co-1Cr 5h milled 10.544 1.292 7.161
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case of sintering at 1300 �C, an increase in densification and grain
size for all samples are observed. In the mixed samples, larger
particles from network previously generated are formed, mean-
while in milled samples, the greater number density of faceted
carbides is observed. The last row shows representative micro-
graphs HIP sintering at 1400 �C; these samples showed that most
grains have a faceted morphology. Furthermore, two types of grain
growth are identified, anisotropic grain growth in the mixed sam-
ples and abnormal grain growth in the milled samples. The hex-
agonal symmetry of WC explains the faceting of the grains. The
most common form ofWC is the so-called truncated trigonal prism,
which is considered the equilibrium form of WC grains. The WC
structure contains three types of dense planes formed, the pinacoid
{001} and the two prismatic planes {100} and {010}, which deter-
mine the morphological characteristics [24]. Abnormal grain
growth can be explained in terms of interface mobility, thus
rounded grains with isotropic interfacial energy have a disordered
interface, while faceted grains with highly anisotropic interfacial
energy exhibit an ordered interface. For rounded grains, the energy
barrier of the atom near the interface is negligible, and the growth
rate is limited by the diffusion of the solute atoms resulting in
normal growth [25]. In the case of the growth of faceted grains with
atomically flat surfaces, it is generally assumed that further growth
is possible only by two-dimensional surface nucleation or a defect-
assisted growth process. In faceted grains, there is essentially a
critical driving force for substantial growth. If some larger grains
have higher driving forces than the critical value, they can grow
easier, while the growth of other grains with smaller driving forces
than the critical value, it is suppressed, causing abnormal grain
growth and leading to a bimodal grain size distribution as shown in
Fig.1 [26,27]. The above explains the cause of the abnormal growth;
however, other studies have suggested other causes such as
segregation of impurities, matrix viscosity, and mixed liquid pres-
ence. Therefore, the abnormal grain growth should be evaluated
concerning the effect of CoFe binder (Table 1). The effect of Cr as
grain growth inhibitor becomes evident from the presence of a
bimodal grain size distribution for the milled sample in the pres-
ence of Cr; this distribution allows inferring a decrease in the
growth rate in comparison to WC-10Co mixed and milled samples.
The dissolution and reprecipitation phenomena of WC has been
altered probably because of a lowering of the interfacial free
energies due to Cr segregation to the WC/Co interface boundaries
and changes in the array of the binder (Co/CoFe). In this regard,
Wittmann et al. [28] reported that the nature of the binder changes
the growth behavior by influencing the metal-carbon bonding
relationship. Fe has the highest affinity to carbon compared to Co,
so it can form metal-carbon bonds (as in the liquid phase), which
masks carbon and prevents transport and carbon precipitation by
increasing activation energies for the nucleation and grain growth
processes. The above seems to be a possible explanation for the low
coarsening rate of the WC in the case of the binder with Fe, in
comparison with the WC-Co system. Besides, Fe has good wetta-
bility and solubility with WC [29] and has a ternary eutectic tem-
perature less than Co [6]. However, other authors reported that
exist other different explanations for the abnormal grain growth
induced by mechanical milling; this is related with the generation
of lattice defects, dislocations (microstrain) and the existence of
free carbon inside the sample. Both explanations seem to be in-
dependent of each other, but probably can act simultaneously, since
both effects support the diffusion of W atoms, which is a prereq-
uisite for grain growth. The higher driving force and flow of ma-
terial, the greater the probability that the systemwill approach the
state of thermodynamic equilibrium, that is, a coarse grain struc-
ture with a small interface area [30]. Since that abnormal growth of
the grain is more highlighted in milled samples in comparison to
mixed samples, and Cr addition generates free carbon within the
sample due to the possible formation of carbides; a deeper study to
determine the precise cause of abnormal grain growth is necessary.
With regard to the reported by Yang et al. [23], a more homogenous
microstructure in the mixed sample was obtained, which reveals
that the effect of abnormal grain growth is reduced through a pre-
sintering stage. The results also showed twinned WC crystals,
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which may have different origins: twins might be originated from
the starting WC powder (as growth twins) or might result from
powder milling in ball mills (by the introduction of defects) and
subsequent recrystallization on heating (recrystallization twins).
However, they can also be caused by chemical reactions which take
place during sintering and which might result in the formation of
growth twins and subsequent plate formation. A strong indication
of formation mode is given in the present research, which showed
enhanced twinning as a result of powder milling. Also, a fraction of
binder might be entrapped within the growing crystals, as shown
in Fig. 1. This binder inclusion in twinnedWC crystals suggests that
the WC crystal is growing through multilayer growth [27,31].
3.2. Phases identification

Fig. 2 shows XRD diffractograms of WC-10Co and WC-10Co-1Cr
systems mixed and milled corresponding to the three stages of our
process: powders, pre-sintered and HIP sintered at 1300 and
1400 �C. In all diffractograms, the strongest diffraction peaks
correspond to the WC phase; this is due to the high proportion of
the WC phase (90wt%) in the sample. For WC peaks the width
becomes slightly narrower, and the intensity becomes stronger,
indicating that the crystallite size of the samples increase under
higher sintering temperature. The milled samples show the for-
mation of CoFe phases (binder) due to Fe contamination during
processing. Although it is known that Fe decreases the coarsening
rate of WC, it is probable that the joint action between the milling
process and the Fe impurities generated by this process develops a
favorable configuration that leads to preferential grain growth,
which would explain the abnormal grain growth in the samples
with the presence of the CoFe binder. Peaks corresponding to the
Co3W3C phase (h phase) in the WC-10CoCr mixed and milled
samples are observed. The formation of this phase is directly
related to the addition of Cr, since it was only detected in samples
modified with such element. Yu B et al. [11] reported a similar
behavior, increasing the Cr content increased the formation of h-
phase. For both cases the formation of h-phase is associated with
the C deficiency in the Co-rich phase.
Fig. 3. Crystallite size of WC-10Co and WC-10Co-1Cr systems mixed and milled cor-
responding to powders, pre-sintered samples at 1200 �C and HIP sintered samples at
1300 and 1400 �C.
3.3. Analysis of crystallite size, density, and microhardness

In the case of a nanostructured material, the crystallite size of
the material is the most predominant factor which influences the
physical and chemical properties. X-ray diffraction is the most
Fig. 2. XRD diffractograms of WC-10Co and WC-10Co-1Cr systems mixed and milled corresp
and 1400 �C.
convenient method for determination of crystallite size. Fig. 3
shows the crystallite size of WC-10Co and WC-10Co-1Cr systems
mixed and milled in the form of powders, pre-sintered samples,
and HIP sintered samples at 1300 and 1400 �C. The crystallite size of
WC has been reduced approximately by half after milling in both
systems, WC-10Co from ~32 to ~18 nm and WC-10Co-1Cr from ~34
to ~19 nm. For the sequence of stages: mixed-milled / pre-
sintering / HIP (1300 �C), gradual growth in the crystallite size
with close values between both systems, WC-10Co and WC-10Co-
1Cr, is observed. The crystallite size increase with the sintering
treatments can be attributed to the fact that higher temperatures
enhance the diffusion process. During sintering by HIP at 1400 �C a
smaller value in the crystallite size in the WC-10Co-1Cr samples
compared to the WC-10Co samples is obtained. The difference
between mixed and milled samples is ~13.7 and ~27%, respectively.
From the mentioned results it can be inferred that the Cr addition
as grain growth inhibitory agent, and possibly the presence of Fe
impurities duemillingmediawear, change the nature of binder and
have a positive effect not only in the grain size but also in the
crystallite size at high temperatures (1400 �C).

Fig. 4 shows the density obtained ofWC-10Co andWC-10Co-1Cr
systems mixed and milled corresponding to pre-sintered samples
onding to powders, pre-sintered samples at 1200 �C and HIP sintered samples at 1300



Fig. 4. Density of WC-10Co and WC-10Co-1Cr systems mixed and milled corre-
sponding to pre-sintered samples at 1200 �C and HIP sintered samples at 1300 and
1400 �C.

Fig. 5. Vickers microhardness (HV0.30) of WC-10Co and WC-10Co-1Cr systems mixed
and milled corresponding to HIP sintered samples at 1300 and 1400 �C.
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and HIP sintered samples at 1300 and 1400 �C. Based on density
measurements we found that the milled samples have lower den-
sity compared to the mixed samples: WC-10Co 12.61 (mixed) and
12.23 g/cc (milled), WC-10Co-1Cr 12.35 (mixed) and 11.90 g/cc
(milled). These results are somehow expected due to the internal
deformation and low compressibility of the particles caused by the
high energy milling process [16,18]. Also, lower density values in
WC-10Co-1Cr mixed and milled samples compared to WC-10Co
mixed and milled samples during all sintering processes were ob-
tained. Such behavior is predictable since the primary function of
the inhibitors is to maintain the grain size of the starting powders
in the sintered product by means the slowing down of solution/
reprecipitation reactions at WCeCo interfaces and acts to interfere
with the overall grain growth [8,32]. For all systems, the highest
density values are observed in HIP sintered samples at 1400 �C due
to liquid sintering promotes better densification, this is because
cobalt tends to spread over the WC particles to reduce the surface
energy, increasing the overall density of the sample. However, the
formation of the liquid phase will inevitably lead to the growth of
WC grains due to Ostwald ripening.

Fig. 5 shows Vickers microhardness (HV0.30) values obtained of
WC-10Co and WC-10Co-1Cr systems mixed and milled corre-
sponding to HIP sintered samples at 1300 and 1400 �C. The HIP
sintered samples at 1300 �C show a higher value with WC-10Co
samples (mixed ~408 and milled ~1234 HV) compared with WC-
10Co-1Cr samples (mixed ~363 and milled ~1101 HV), such re-
sults can be associated with the obtained density values, where a
substantial difference in density is evident, a direct impact on the
hardness value can be inferred due to porosity presence. Besides,
the milled samples showed higher values compared to the mixed
samples (~67%), this behavior is associated to sintering process in
the solid state, and is expected that micro deformations and defects
generated during mechanical milling are still present. Samples HIP
sintered at 1400 �C showed a higher value inWC-10Co-1Cr samples
(mixed ~2453 and milled ~1947 HV) compared to the WC-10Co
samples (mixed ~2227 and milled ~1802 HV), these results can be
associated with grain size, since a smaller grain size in the samples
with Cr additions was obtained (Fig. 3) and density values between
both samples were very close (Fig. 4). Furthermore, the mixed
samples showed higher values compared to the milled samples
(~20%), which is associated with the densification rate and mainly
with the microstructure homogeneity.
4. Conclusions

The effect of both, the impurities of Fe and the addition of Cr, on
WC-10Co nanostructured cemented carbides has been studied; the
main conclusions are listed below.

� The iron impurities generate a change in the array of binder
(Co/CoFe) that produces an abnormal grain growth.

� The effect of pure Cr as grain growth inhibitor is evident based
on the generation of a bimodal grain size distribution for sam-
ples with this element.

� The presence of the h-phase is associated with Cr addition and
the C deficiency in the Co-rich phase.

� The crystallite size and density also were affected by Cr addition
generating changes in the Vickers microhardness.
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