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� WC/Co interface structure is
quantified by Small-angle neutron
scattering (SANS).

� Grain coarsening inhibition starts
upon atomic segregation of V at WC/
Co interface.

� Increasing amounts of V-doping bring
enhanced nano-layer coverage on WC
grains.

� Mean-field simulations rationalize
that two inhibition mechanisms are
at play.
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a b s t r a c t

The control of tungsten carbide (WC) grain coarsening using coarsening inhibitors is considered to be one
of the most important advancements for hard metals, leading to metal cutting tools with increased per-
formance. Until now, however, the grain coarsening inhibition mechanism for effective inhibitors such as
V has been elusive, posing an obstacle to material optimization. This study serves to quantify the pres-
ence of nanoscale V-W-C over a wide range of V/Co ratios by small-angle neutron scattering (SANS).
The experiments help to delineate how additions of V affect the nanostructure during sintering and result
in smaller WC grains. In contrast to the common view that grain coarsening inhibition originates from the
presence of stable nanoscale (V,W)Cx complexions formed at the WC/Co interfaces, we show that V seg-
regates at theWC/Co interfaces already upon a minor addition of V and brings significant coarsening inhi-
bition. Increasing additions of V result in the formation of (V,W)Cx complexions; and above 0.76 wt% V
addition, where the coverage on WC grains is complete, no further reduction in average grain size is
observed. Mechanistic modelling of grain coarsening reveals that grain coarsening inhibition is governed
by the reduction of interface mobilities and total driving force for coarsening.

� 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Hard metals, also known as cemented carbides, are composite
materials traditionally consisting of hard tungsten carbide (WC)
particles bound together by a metallic, often Co-rich, ductile phase.
The excellent combination of high hardness, resistance to wear,
and toughness has made hard metals the premier choice of mate-
rial for metal cutting and rock excavation. Efficient machining of
complex components, e.g. printed circuit boards and aerospace
parts, requires fine-grained hard metal tools with sharp cutting
edges [1–3]. For a constant binder phase fraction, the hardness of
a hard metal follows the Hall-Petch relation [4] and increases with
decreasing WC grain size [5,6]. Furthermore, since abnormally
large grains [7,8] are detrimental to the performance of a hard
metal by promoting crack initiation [9], a uniform distribution of
WC grains is desired in the as-sintered material. Therefore, the
control of WC grain coarsening is important and this is achieved
using grain coarsening inhibitors such as Cr, Ti, and V [10–13]. V
has been suggested to be the most effective addition, inhibiting
both the continuous and discontinuous (abnormal) grain coarsen-
ing of WC [11,12,14].

Significant efforts have been made to reveal the mechanism(s)
behind the effective grain coarsening inhibition of V. The discus-
sions centre around the presence of substoichiometric (V,W)Cx

nano-layers, i.e. complexions [15,16], at the WC/Co interface
[13,17–26]. These complexions have been suggested to inhibit
coarsening by different mechanisms, including retarded diffusion
through the WC/Co interface and hindered dissolution and re-
precipitation of WC grains [22–24,26]. It has been shown that
interfacial (V,W)Cx nano-layers reduce the WC/Co interfacial
energy, which makes the formation of such interfacial layers ener-
getically favourable, i.e. stable, at a certain temperature range
below the solubility limit of V in the Co-rich binder [25]. Even
though atom probe tomography (APT) [20] and transmission elec-
tron microscopy (TEM) studies [13,21–24,26] for different V/Co
ratios have shown similar WC/Co interface structures, the reported
WC grain size values in the literature vary significantly with the V/
Co ratio [18,27,28]; and the reason behind such divergence is yet to
be understood. One reason behind the inconclusive understanding
of the effect of V on grain coarsening is the lack of volume-
averaged experimental quantification of the nanostructure forma-
tion. Previous work has been limited to TEM and APT, where the
limited probed volumes have prevented a complete quantitative
view of the nanostructure formation.

Here, we thus utilize nuclear and magnetic small-angle neutron
scattering (SANS) to quantify the formation of nanoscale (V,W)Cx

features over a wide range of V/Co ratios and report on thermody-
namic calculations and mean-field modelling to rationalize the
mechanisms of WC grain coarsening inhibition. Whilst TEM-
related techniques complement the SANS data by providing infor-
mation on the WC/Co interface structure in relation to the crystal-
lographic orientation and the morphology of WC grains, electron
backscatter diffraction (EBSD) and very-SANS (VSANS) measure-
ments are used to study the microstructural refinement in terms
of WC grain size and Co-rich binder pocket size, respectively.
2. Materials and methods

2.1. Synthesis, mechanical property tests and chemical analysis

Five V-doped (0.02, 0.14, 0.22, 0.39, and 0.76 wt%) WC-10.07 wt
% Co-V materials and one WC-11.45 wt% Co reference material
were produced. The powder mixtures were prepared by milling
in WC-Co lined rotating 0.25 L mill in ethanol and 2 wt% polyethy-
lene glycol using 800 g of WC-Co milling bodies for 8 h using WC,
2

VC, and Co powders with average diameters [29] of 0.9 mm, 1.6 mm
and 0.9 mm, respectively. The powder mixtures were later on pan-
dried and pressed, then debound using H2 atmosphere at 450 �C;
followed by ramping in vacuum to 1410 �C with 8 �C/min heating
rate and liquid-phase sintering in controlled vacuum at 1410 �C for
1 h. Finally, the sintered hard metals were cooled to 1250 �C with a
cooling rate of 5 �C/min before self-cooled in the furnace to room
temperature. The hardness and fracture toughness of the materials
were determined by indentations applying 30 kg load as described
in Ref. [30]. The chemical composition of the as-sintered samples
(Table 1) was determined by: (i) X-ray fluorescence spectrometry
using Axios mAX-Advanced PW4400 (Malvern Panalytical) spec-
trometer for V and Co analysis; (ii) infrared absorption spectrome-
try using Leco CS-844 determinator for C analysis; and, (iii)
inductively coupled plasma - optical emission spectrometry (ICP-
OES) using Spectro Arcos SOP 130 for trace analysis of V in 0%
and 0.02% V samples. The similar carbon contents and the use of
the same initial powders, powder processing, and sintering condi-
tions ensure that the level of V addition is the only parameter
affecting the structure evolution.
2.2. Electron microscopy

A probe Cs corrected FEI Titan Themis TEM equipped with
energy dispersive x-ray spectroscopy Super-X EDX, operated at
200 kV was used for microstructural, chemical and diffraction
investigations. TEM thin foil samples from WC-Co-V bulk samples
were prepared by in-situ lift out with a dual-beam FIB-SEM (FEI
Nova600 workstation) with a Ga liquid–metal ion source.
Scanning-TEM (STEM) bright field (BF) was utilized for imaging.
Selected area electron diffraction (SAED) was used to identify the
orientation and tilt the sample such that the WC crystals have
the interface of interest oriented parallel to the beam direction.
TEM imaging and analysis (TIA) software interface was utilized
to acquire images and EDX point analysis data, while Bruker Esprit
1.9 user interface was used to acquire and analyse the EDX spectral
maps. In EDX quantitative calculations, C signal from the spectrum
was not considered, since there is high ambiguity due to contami-
nation in the TEM chamber and sample.

EBSD measurements were carried out using 50 nm step size in a
Tescan GAIA3 FIB-SEM operated at 20 kV acceleration voltage
equipped with an Oxford Instruments NordlysNano camera. The
mechanically polished sintered samples were finally polished by
Ar+ for two hours in a Gatan Precision Ion Polishing System Model
691 prior to EBSDmeasurements. Grains were defined as regions>3
pixels and a misorientation threshold angle of > 3� was used.
Whilst AZtecHKL and Tango software packages (Oxford Instru-
ments, UK) were used for the post-processing and analyses,
coloured EBSD maps of WC grains were created in the software
package MTEX [31].
2.3. SANS and V-SANS

SANS experiments were performed on the SANS-1 beamline at
the Heinz Maier-Leibnitz Zentrum (MLZ), Garching, Germany [32]
using a neutron wavelength of 4.5 Å (Dk/k = 10%) at two sample-
to-detector distances: 2 m and 8 m, and at 8 m and 12 m collima-
tion lengths, respectively. This experimental setup spanned a scat-
tering vector (Q) range of 0.0076–0.38 Å�1 (Q ¼ ð4p=kÞ sin h, where
h is half of the scattering angle). To reduce the probability of mul-
tiple scattering, the specimen thickness was limited to 0.2 mm at
which ~ 90% transmission was observed. Square specimens with
a dimension of 12 mm � 12 mm were used, resulting in about
13 mm3 probed volume. A magnetic field of 2 T was applied at
the sample position perpendicular to the neutron beam, allowing



Table 1
Chemical composition of the as-sintered samples in wt%.

Sample* V C Co W

0% V <0.002 5.43 11.30 Bal.
0.02% 0.021 5.48 9.99 Bal.
0.14% 0.12 5.50 10.00 Bal.
0.22% 0.19 5.51 9.97 Bal.
0.39% 0.32 5.52 10.00 Bal.
0.76% 0.64 5.55 10.10 Bal.

*Sample names represent the powder mixture composition prior the sintering.
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the separation of nuclear and magnetic scattering signals. The
reduction and correction of the raw SANS data were performed
using the BerSANS software [33]. The measured SANS intensities
were corrected for the electronic background using B4C, normal-
ized by the transmission, scaled to the absolute units dR/dX
[cm�1] using H2O standard and the probe volume, and finally
nuclear and magnetic scattering contributions were deconvoluted.

The nuclear scattering length density (SLD) of (V,W)Cx

(3.78 � 10�6 Å�2) lies between that of pure Co (2.26 � 10�6 Å�2)
and WC (5.48 � 10�6 Å�2) [28]. Therefore, at the same size range
with (V,W)Cx precipitates, the scattering originates mainly from
the Co-rich binder pockets due to (i) the higher scattering length
density difference Dq betweenWC and pure Co; and, (ii) the higher
volume fraction of Co-rich binder compared to that of (V,W)Cx.
This makes the separation of scattering contribution of (V,W)Cx

precipitates infeasible by using nuclear SANS data alone. At that
point, magnetic SANS data, which solely provides information on
the scattering of ferromagnetic Co-rich binder pockets, becomes
a useful tool. Thus, to separate the scattering caused by binder
pockets, the term I Qð ÞCo;MAG describing the magnetic scattering of
Co-rich binder pockets was determined by extracting the power
law scattering from the experimental magnetic scattering cross-
section (dR/dX)MAG in Irena tool suite [34]. The magnetic Dq
between pure Co (4.29 � 10�6 Å�2) and vacuum is different than
the nuclear Dq between pure Co and WC (3.22 � 10�6 Å�2). Since
the scattering contribution evolves with the square of Dq, the
residual scattering contribution I Qð ÞCo;MAG was normalized, i.e.
I Qð ÞCo;MAG ¼ 1:77� I Qð ÞCo;NUC , and used as background BKG contri-
bution in the nuclear scattering pattern. BKG includes two addi-
tional nuclear scattering contributions: (i) the power law
scattering, BQ�P; originating from the larger scatterers, e.g. WC in
the current study; B is the scaling factor and P is the slope of the
power law; and (ii) the flat background due to the incoherent scat-
tering.After defining the BKG, the difference between (dR/dX)NUC
and BKG, i.e. I Qð Þ V ;Wð ÞCx

, is the remaining scattering contribution
attributed to the presence of nanoscale (V,W)Cx.

To calculate the volume fraction of nanoscale (V,W)Cx f v , the
scattering invariant Qn [35], a model-independent quantity

describing here the area beneath I Qð Þ V ;Wð ÞCx

� �
Q

2
vs. Q, was used:

Qn ¼
Z 1

0
I Qð Þ V ;Wð ÞCx

Q2dQ ¼ 2p2 Dqð Þ2f vð1� f vÞ ð1Þ

where Dq, 1.61 � 10�6 Å�2, is the average of scattering contrast
originated from the nuclear scattering length density difference
between (V,W)Cx morphologies and matrix, i.e. Co and WC phases.
Qn values and the volume fraction of nanoscale (V,W)Cx were calcu-
lated using SasView software package [36].

VSANS experiments were performed on the double-crystal
diffractometer MAUD at LVR15 Reactor, Prague, Czech Republic
by using thermal neutrons with wavelength of 2.09 Å at three dif-
ferent instrumental resolutions, resulting in a Q-range of 0.00036–
3

0.01 Å�1. The VSANS patterns were model-fitted in SASproFit soft-
ware package [37] to determine the average size of Co-rich binder
pockets. The details of the VSANS experiments, data treatment, and
interpretation can be found in Ref. [28].

2.4. Mean-field simulations

The mean-field simulations were run for the experimentally
investigated materials with compositions given in Table 1. The
applied model, which is originally developed for plain WC-Co sys-
tem [38], considers prismatic WC grains with three types of facets
(the basal WCð0001Þ/Co and two types of prismatic WCð10 1

�
0Þ/Co

interfaces) and with the characteristic dimensions, corresponding
to its height and the distances from the center of the hexagonal
basal plane to the two types of prismatic facets (see Supplemen-
tary information for details).

The model applied in the present work to simulate the effect of
V on the grain size distribution as a function of time is based on the
Langer-Swartz-Kampmann-Wagner numerical implementation
[38,39]. The initial grain size distribution was the same for all
the simulations (see Supplementary Table S1) to be able to
rationalize the impact on mobility of the interfaces and changing
interfacial energies, both related to V segregation. The equilibrium
compositions were determined prior to the simulations using
Thermo-Calc Software [40] and TCFE9 Steels/Fe alloys database
[41]. No distinction was made between the two types of prismatic
WCð101

�
0Þ/Co interfaces. That means prismatic grains were assumed

to have a regular hexagonal base. This choice was made to keep a
reasonable number of parameters.

During each time step, the system of coarsening rate equations
(see Equation (1) in Supplementary information) was solved for
every size in the distribution. The volume fraction of the phases
and the binder composition were then updated for computing
the new chemical driving force and driving force for coarsening
using the thermodynamic database [41]. Since three mechanisms,
i.e. diffusion, interface friction, and 2D nucleation, are imple-
mented to govern the coarsening of the grains, it was possible to
investigate which mechanism is the limiting one depending on
the grain size and the material chemistry.
3. Results

3.1. Nanostructure and elemental distributions at the WC/Co interface

Fig. 1 and Fig. 2 represent STEM images of microstructure and
EDX analysis at the WC/Co interfaces in the investigated V doped
hard metals. Since the equilibrium shape of WC grains is a trun-
cated triangular prism, rectangular-shaped WC grain cross-
sections consisting of prismatic WCð101

�
0Þ and basal WCð0001Þ habit

planes are chosen to study the WC/Co interface chemistry. All
rectangular-shaped WC grain cross-sections are viewed along the
basal < 0001 > zone axis, confirmed by the selected-area diffraction
patterns (SADP) given as an inset in STEM BF images (Fig. 1a and
Fig. 2a-d). In Fig. 1b, the WCð0001Þ/Co interface in 0.02% sample is
investigated by EDX line profile composition analysis. Interest-
ingly, we find a clear V enrichment within an about 0.4 nm thick
interface region shown in Fig. 1c.

In both 0.14% and 0.22% V samples (Fig. 2a and b), the EDX spec-
tral maps reveal more pronounced V enrichment, i.e. (V,W)Cx

nano-layers [13,22–24,26], at the WCð0001Þ/Co compared to the
WCð101

�
0Þ/Co interface in accordance with [23,25]. The WCð10 1

�
0Þ/Co

interface in the 0.22% V sample is further investigated at higher
magnification. The STEM BF image in Fig. 2b3 and the correspond-
ing spectral map indicates the presence of V enrichment at the



Fig. 1. STEM investigation of nanostructure and EDX analysis of the WC/Co interface in 0.02% V sample. (a) STEM BF image of microstructure, specifying a darker, rectangular-
shaped WC grain viewed parallel to the < 0001 > zone axis and its SADP as an inset. Scale bar in SADP corresponds to 5 nm�1. (b) STEM BF image of a WCð0001Þ/Co interface in
(a); (c) EDX line profile composition analysis, i.e. V/(V + Co + W) in at%, for points 1 to 7 in (b), revealing a clear V enrichment at the WCð0001Þ/Co interface.
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WCð10 1
�
0Þ/Co interface. When increasing the V addition to 0.39%

(Fig. 2c), a few numbers of WC grains with steps at the WC/Co
interface are observed. Further increment of V addition (0.76%)
results in WC grains with solely stepped WC/Co interface
(Fig. 2d). As seen in the STEM BF images of stepped WC/Co inter-
faces and corresponding spectral maps (Fig. 2c1,2 and Fig. 2d1,2),
increasing V addition doesn’t seem to cause an enhanced V enrich-
ment at the WCð101

�
0Þ/Co interface. However, it should here be

noted that when the electron beam is perpendicular to the

(21
�
1
�
0) plane of WC grain and parallel to the < 0001 > zone axis,

the prismatic plane could end up inclined through the thickness

of the thin foil, i.e. not an edge-on condition for the ð101
�
0Þ planar

interface. Thus, the WC with ð101
�
0Þ orientation has a variation of

thickness at this interface, resulting in diffuse measurements for V
atoms. The STEM BF image in Fig. 2d3 represents the

near < 0001 > zone axis condition, but having the ð101
�
0Þ interface

edge-on. The corresponding spectral map now reveals a compara-
ble V enrichment at the prismatic and basal planes of WC grains. To
further quantify the segregation of V and/or formation of nanoscale
(V,W)Cx at the WC/Co interfaces, we applied SANS measurements.

3.2. Quantification of nanoscale (V,W)Cx

Fig. 3a reveals the evolution of nuclear SANS differential scatter-
ing cross-section (dR/dX)NUC for a probe volume in the mm3 range,
at different amounts of V addition. The reference WC-Co sample,
i.e. 0% V, shows the lowest scattering intensity. A deviation from
the scattering data of the reference sample is observed upon a
small amount (0.022%) of V-doping. Including the high-Q values,
~0.25 Å�1, scattering intensities increased with increasing V addi-
tion and reached a maximum in the sample containing 0.766% V.
This observation suggests that increasing V content results in a
more pronounced scattering contribution from nanoscale features.

Fig. 3b and c depict the scattering contributions of different
components in magnetic and nuclear SANS data, respectively, for
the sample with 0.76% V. The magnetic SANS patterns and the scat-
tering data from the other samples are given in Supplementary
Fig. S1. At the same size range as (V,W)Cx precipitates, the scatter-
ing originates mainly from the Co-rich binder. We thus initially use
magnetic SANS data to determine the scattering contribution of
Co-rich binder pockets I Qð ÞCo;MAG and later use it in the nuclear
scattering pattern to separate scattering contribution of nanoscale
(V,W)Cx (see Materials and methods section for details). Finally,
after defining the background scattering BKG, the difference
between (dR/dX)NUC and BKG, i.e. I Qð Þ V ;Wð ÞCx

, in Fig. 3c is the
remaining scattering contribution attributed to the presence of
4

nanoscale (V,W)Cx. As can be seen, the scattering contribution of
I Qð Þ V ;Wð ÞCx

is visible at the scattering vector Q range > 0.07 Å�1,
which corresponds to about < 9 nm in real space, i.e. limited
low-Q range and subtraction of BKG ensure that the influence of
bulk-scale (V,W)Cx precipitates on analysis is insignificant.

Fig. 3d shows the volume fraction evolution of nanoscale (V,W)
Cx as a function of V-addition. As can be seen, the formation of
nanoscale (V,W)Cx is clear with an addition of 0.14 wt% V. A slight
reduction in the volume fraction is observed in 0.22 wt% V doped
sample, but further increments of V addition results in enhanced
nanoscale (V,W)Cx formation. The fractions of nanoscale (V,W)Cx

reach 0.07 vol% and 0.14 vol% in 0.39 wt% and 0.76 wt% V samples,
respectively.
3.3. Evolution of nanoscale (V,W)Cx interfacial layers at solid- and
liquid-phase sintering temperatures

The addition of V above the solubility limit of Co can make bulk
(V,W)Cx phase thermodynamically stable. Fig. 4 shows the
WCð0001Þ/Co interfacial phase diagram, representing the formation
of bulk (V,W)Cx phase and nanoscale (V,W)Cx interfacial layers in
V doped samples as a function of temperature T and DlVC . In the
case of WC-Co-V system, DlVC is the total increment of the chem-
ical potential of V and C needed to surpass the Gibbs energy of VC
phase and initiate the formation of bulk (V,W)Cx precipitates
[17,19]:

DlVC ¼ GVC � ðlV þ lCÞ ð2Þ

where GVC is the Gibbs energy per formula unit of stoichiometric
cubic VC; and lV and lC are the chemical potential per atom of V
and C, respectively. We calculated the Gibbs energies and the chem-
ical potentials for the as-sintered sample compositions (Table 1)
using Thermo-Calc Software [40] and employing the TCFE9 Steels/
Fe alloys database [41]. The WCð0001Þ/Co interfacial phase diagram
comprises three regions: (i) the left region shows the stability range
of bulk (V,W)Cx phase with interfacial layers, separated from the
middle region by lines representing bulk (V,W)Cx stability for each
sample composition; (ii) the middle region represents the high-
segregation state, i.e. presence of ‘‘stable” (V,W)Cx nano-layers, at
the WCð0001Þ/Co interface; and, (iii) the right region represents the
low segregation state at the WCð0001Þ/Co interface, separated from
the high segregation state by a dashed interface transition line cal-
culated by Johansson et al. [19] using density functional theory
(DFT) calculations and Monte Carlo simulations. Within the region
representing high-segregation state, V content of (V,W)Cx nano-
layers decreases towards the interface transition line, i.e. increasing
DlVC . In addition to the ferro- to paramagnetic phase transition,



Fig. 2. STEM investigation of nanostructure and EDX analysis of the WC/Co interfaces in 0.14%, 0.22%, 0.39%, and 0.76% V samples. (a-d) STEM BF images of microstructures
respectively in 0.14% (a), 0.22% (b), 0.39% (c), and 0.76% V (d) samples. Each image specifies a darker, rectangular-shaped WC grain viewed parallel to the < 0001 > zone axis
and its SADP as an inset. Scale bar in SADPs corresponds to 5 nm�1. (a-d1) STEM BF images of a darker, rectangular-shaped WC grains respectively in (a-d), showing the
WCð0001Þ/Co and WCð101

�
0Þ/Co interfaces; (a-d2) EDX spectral maps of V respectively for (a-d1). The WCð101

�
0Þ/Co interface in 0.22% V sample is further investigated. (b3) STEM

BF image of the WCð10 1
�
0Þ/Co interface in (b1); (b4) EDX spectral map V for (b3), showing a V segregation also at the WCð10 1

�
0Þ/Co interface; (d3) STEM BF image of a darker,

rectangular-shaped WC grain in (d) acquired in near < 0001 > zone axis condition; (d4) EDX spectral map of V for (d3), revealing now a pronounced V segregation at the WC/
Co interfaces.
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Fig. 3. Quantification of nanoscale (V,W)Cx using SANS. (a) Nuclear SANS patterns of V doped samples, scaled to the same flat background level for a better comparison.
Except for 0 wt% V sample, error bars are omitted for clarity as they obscure the data. The error bars on the other data sets are of similar magnitude, as can be asserted from
the low scatter of the data points. (b) Magnetic SANS pattern of 0.76 wt% V sample, given together with three scattering contributions. (c) Nuclear SANS pattern of 0.76 wt% V
sample. I Qð ÞCo;NUC is determined from the magnetic SANS pattern. The difference between experimental scattering pattern and BKG gives I Qð Þ V ;Wð ÞCx

, implying the nanoscale (V,
W)Cx morphologies. (d) The volume fraction evolution of nanoscale (V,W)Cx morphologies. The volume fraction uncertainties determined from a fit to the nuclear SANS data
are smaller than the symbols.

Fig. 4. WCð0001Þ/Co interfacial phase diagram. The dashed blue line is the extension
of the bulk (V,W)Cx stability line and valid for V additions above 0.76 wt% with
similar C chemical potential. The dashed black line represents the interface
transition and is adapted from Ref [19]. In the case of WC-Co-V system, DlVC is the
total of V and C chemical potential increment needed to initiate the formation of
bulk (V,W)Cx precipitates.
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solidus and liquidus points of the Co-rich binder, the formation bulk
(V,W)Cx phase brings discontinuities to the T vs DlVC curves.

Fig. 4 corroborates the presence of (V,W)Cx nano-layers at the
WCð0001Þ/Co interface at the solid- and liquid-phase sintering tem-
peratures (with isothermal hold at 1410 �C) for 0.22%, 0.39%, and
0.76% V doped samples. The predictions also suggest that (V,W)
Cx nano-layers are present at the WCð0001Þ/Co interfaces in the
0.14% V sample below 1370 �C. The formed layers should grow
6

during the cooling stage. The formed layers should grow during
the cooling stage. This takes place together with the formation of
bulk (V,W)Cx precipitates (in 0.22% V sample) and their growth
(in samples with � 0.22% V) (see Supplementary Fig. S2, where
the additional STEM BF microstructure images and corresponding
EDX spectral maps show the evolution of bulk (V,W)Cx precipi-
tates). Upon adding 0.76% V, (V,W)Cx nano-layers and bulk precip-
itates coexist during the isothermal hold at 1410 �C. In 0.02% V
sample, on the other hand, we predict only a limited V segregation
at the WCð0001Þ/Co interface at a wide range of sintering tempera-
tures, i.e. it is in the low segregation state above 1000 �C. Under
equilibrium conditions, the (V,W)Cx nano-layers might form at
temperatures below 1000 �C for this composition. However, the
applied self-cooling in the furnace leads to a limited diffusion time;
thus, we only observed minor V segregations with a thickness of
the WCð0001Þ/Co interface of about 0.4 nm as shown in Fig. 1.
3.4. Size evolution of WC grains and Co-rich binder pockets; and
mechanical properties

We show in Fig. 5a-f the EBSD maps of WC grains in the hard
metals, coloured in accordance with the size of individual WC
grains. The microstructures of 0% and 0.02% V samples contain
abnormally coarsened WC grains with size reaching in some cases
above 5 mm. Even after adding 0.02 wt% V, the hard metals experi-
ence an apparent grain coarsening inhibition. Increasing V addi-
tions bring even smaller WC grains and this refinement in WC
grain size takes place together with hindered abnormal grain
coarsening. This finding is supported by the grain area-weighted



Fig. 5. Coloured EBSD maps of WC grains. (a-f) The colour scheme represents the
grain size after sintering in 0%, 0.02%, 0.14%, 0.22%, 0.39%, and 0.76 wt% V samples,
respectively. The scale bars represent 2.5 mm. The EBSD data on 0%, 0.02%, 0.22%,
and 0.76% V samples were previously presented in Ref. [28].
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size distributions of WC grains given in Supplementary Fig. S3,
which clearly shows that smaller grains with narrower size distri-
bution are observed with increasing V additions.

In Fig. 6, the impact of V addition on the hardness and the size
evolution of WC grains and binder pockets is summarized. The
refinement in both WC grains and binder pockets has a linear
dependence with respect to V [28]. After a sharp reduction with
0.02% V addition, the average size of WC grains and binder pockets
continuously decrease to 301.0 nm and 169.3 nm, respectively, in
Fig. 6. Evolution of microstructural and mechanical properties as a function of V
addition. In the upper section, the WC grain size and Co-rich binder pocket size
were determined using EBSD and VSANS, respectively. The uncertainties in the
average WC grain size and Co-rich binder pockets values represent the 95%
confidence interval calculated according to Ref. [56] and standard deviations from
the model fitting, and are typically smaller than the symbols. The EBSD and VSANS
data on 0%, 0.02%, 0.22%, and 0.76% V samples were previously presented in Ref.
[28]. In the lower section, uncertainties in the hardness and fracture toughness
values represent the 95% confidence interval. Information on interface structure, i.e.
presence of V segregation or (V,W)Cx nano-layers, and the presence of bulk (V,W)Cx

precipitates represent the as-sintered hard materials.
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the 0.76% V sample. The hardness of the hard metals increases with
the reducing WC grain size [5,6], which takes place at the expense
of fracture toughness [42,43]. As shown in Supplementary Fig. S2,
upon adding � 0.22% V, the formed bulk (V,W)Cx precipitates
appear to have no additional impact on the observed continuous
grain coarsening inhibition, but causes brittleness in the WC-Co
composite structure. Therefore, the microstructure with optimum
hardness and toughness is achieved in the 0.14% V sample, in
which both the formation of abnormally large WC grains and bulk
(V,W)Cx precipitates are prevented.
4. Discussion

We have shown that V segregation at the WC/Co interfaces
starts upon a minor V addition of 0.02 wt% (Fig. 1), resulting in
an apparent grain coarsening inhibition with increased hardness
and reduced fracture toughness as a consequence, see Fig. 6.
Despite the focus on complexions in the literature [13,19,22–
24,26], the inhibition effect starting with 0.02% V addition reveals
that the grain coarsening inhibition mechanism is not restricted to
the presence of ‘‘stable” (V,W)Cx layers at the WC/Co interfaces.
Upon adding 0.14% V, we detect continuous (V,W)Cx nano-layers
most notably – but not exclusively – at the WCð0001Þ/Co interfaces
(Fig. 2). Whilst EDX spectral maps show a similar level of V segre-
gation at the WC/Co interfaces, the coarsening inhibition becomes
more effective with the increasing amounts of V addition. This
trend is explained by the SANS results which reveal that the vol-
ume fraction of nanoscale (V,W)Cx increases with increasing V
addition, suggesting enhanced coverage of nano-layers on WC
grains and explaining why similar WC/Co interface structures
observed by TEM result in various WC grain size. An exception to
this behaviour is the 0.22% V sample, in which the volume fraction
of nanoscale (V,W)Cx (0.046%) is similar to that of 0.14% V sample
(0.05%). We attribute this similarity to the initiation of bulk (V,W)
Cx precipitation that forms during the cooling stage of sintering
and competes with the growth of nanoscale (V,W)Cx at the WC/
Co interface (see Supplementary Fig. S2). Finally, in 0.76% sample,
(V,W)Cx nano-layers present together with bulk precipitates dur-
ing the isothermal hold at 1410 �C, i.e. the amount of V addition
is sufficient enough to saturate the Co-rich binder, resulting in
complete coverage on WC grains. Investigations of the WC grain
size in 0.88% and 1.12% V samples supports this argument. As seen
in Supplementary Fig. S4, increments in V addition above 0.76%
bring no notable change in average WC grain size. We can now
interrogate the nanostructure evolution and the mechanism of
WC grain coarsening inhibition at the solid- and liquid-phase sin-
tering temperatures.

For alloy systems, thermodynamic and kinetic approaches have
been pointed out for controlling the grain growth [44–46]. The
addition of solute atoms can hinder the growth of grains by reduc-
ing: (i) the driving force for grain growth, i.e. thermodynamic sta-
bilization; and, (ii) the grain boundary mobility via impurity drag
[47–49] or Zener drag [50–52], i.e. kinetic stabilization. First, the
observed presence of V reduces the total interfacial energy of both
WCð0001Þ/Co and WCð101

�
0Þ/Co interfaces [25]. Thus, the driving force

for Ostwald ripening, i.e. the total driving force for coarsening, is
lowered due to its dependence on interfacial energy (see Equation
(2) in Supplementary information). This mechanism is valid for all
samples, especially those with � 0.22% V additions, having contin-
uous (V,W)Cx layers at the WC/Co interfaces at solid- and liquid-
phase sintering temperatures. Second, the presence of V at the
WC/Co interfaces in the form of atomic segregation can hinder
the motion of WC grain boundaries by the impurity atom drag.
Such a drag behaviour has been experimentally validated in Al
bicrystals: the activation enthalpy of grain boundary motion
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increases with the increasing impurity atom segregation, resulting
in a reduced grain boundary mobility [49,53]. A similar drag effect,
driven by the atomic segregation of V, contributes to the inhibition
of WC grain and binder pocket coarsening in 0.02% and 0.14% V
samples. Upon addition of� 0.22% V, we expect the formed ‘‘stable”
(V,W)Cx layers to exert a pinning force, i.e. Zener force, on the mov-
ing boundaries. The amount of pinning force increases with the
volume fraction of particles attached to the interface [52,53].
Therefore, with an assumption of WC grains covered by similar-
sized (V,W)Cx particles, the rise in the volume fraction of nanoscale
(V,W)Cx formed at the WC/Co boundary (Fig. 3d) results in increas-
ing pinning forces and reduced interface mobilities, i.e. enhanced
kinetic stabilization. Fig. 7 shows schematically the mechanisms
of WC grain coarsening inhibition as a function of V addition
together with nano- and microstructural evolution, including
atomic segregation of V, presence of (V,W)Cx interfacial layers,
inhibition of abnormal coarsening of WC grains, formation of
stepped WC-Co interface, and formation of (V,W)Cx bulk
precipitates.

By running mean-field simulations at the isothermal hold tem-
perature of sintering (1410 �C), in Fig. 8, we show how the men-
tioned variations in interfacial energy and interface mobility
affect the average WC grain size and the total driving force for
coarsening. The applied model [38] assumes the same initial WC
grain size distribution at the beginning of isothermal hold (see
Materials and methods section for details) and uses the adjusted
interfacial energies and mobilities of WCð0001Þ/Co and WCð101

�
0Þ/Co

interfaces (Table 2) informed by the experimental data and interfa-
cial phase diagram. In 0.02% V sample, in which V atom segregation
is observed at WCð0001Þ/Co, only the interfacial energy and interface
mobility of WCð0001Þ/Co are lowered. In samples with 0.14% and
Fig. 7. Schematic illustration. The mechanisms of WC grain coarsening

Fig. 8. Mean-field simulations. (a) Modelled and experimentally observed relative avera
after 1 h isothermal hold at 1410 �C. Continuous reduction of the WC/Co interface e
simulations, confirming the thermodynamic and kinetic stabilization. (b) Percentages
mechanisms in 0% and 0.76% V samples at the 15th minute of the isothermal hold at 14
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0.22% V additions, the interface mobility of WCð0001Þ/Co is gradually
reduced with increasing V addition and additional reductions are
made in the interface mobility of WCð101

�
0Þ/Co and the interfacial

energy of WCð0001Þ/Co. On the other hand, in 0.39% and 0.76% V
samples, in which steps at the WC/Co interface and bulk (V,W)Cx

precipitates are found, the interfacial energy and interface mobility
of WCð101

�
0Þ/Co are reduced. Fig. 8a shows the simulated and the

experimentally observed relative average WC grain size values
after 1 h of sintering at 1410 �C. For better comparison, both sim-
ulated and experimental values are normalized to the average WC
grain size in 0% V sample. As can be seen, the mean-field simula-
tions have been able to capture the change in the mean grain size
by continuously decreasing the WC/Co interface energies and
mobilities, indicating that the interface properties are the govern-
ing parameters leading to the grain coarsening inhibition of WC.

In Fig. 8b, we further show for 0% and 0.76% V doped samples as
a function of WC grain size the fractions of the total driving force
used by the three governing mechanisms that can limit the coars-
ening of WC grains [7,38]: (i) the diffusion of W and C atoms in the
Co-rich binder; (ii) the mobility of WCð0001Þ/Co and WCð10 1

�
0Þ/Co

interfaces; and, (iii) the nucleation of 2D islands of W and C atoms
on theWC grain facets. The values represent the 15th minute of the
isothermal hold at which a significant difference in WC grain size
values is already observed (see inset). In both samples, the diffu-
sion of W and C almost does not consume any driving force; thus,
cannot be the limiting mechanism of WC coarsening, it is readily
understood since the diffusion in the liquid Co-rich binder at sin-
tering temperatures is very fast. In 0% V sample, the nucleation is
the limiting mechanism of grain coarsening, i.e. the mechanism
requiring the highest driving force, for smaller WC grains. In
inhibition and structural evolution in V-doped WC-Co hard metals.

ge WC grain size values (normalized to the average WC grain size in 0% V sample)
nergies and mobilities with increasing V addition gives smaller WC grain size in
of the driving force used by the diffusion, interface mobility, and 2D nucleation
10 �C. The inset shows the WC grain size evolution during the first 15 min.



Table 2
Interface mobilities M and interfacial energies c of basal b and prismatic p facets used in the mean-field simulations.

wt% V Mb(m4�J�1�s�1) Mp(m4�J�1�s�1) cb(J.m�2) cp(J.m�2)

0 Mb
0 ¼ 3� 10�15 Mp

0 ¼ 5� 10�15 cb0 ¼ 1:58 cp0 ¼ 1:81

0.02 0:4�Mb
0 Mp

0 0:85� cb0 cp0
0.14 0:2�Mb

0 0:7�Mp
0 0:85� cb0 cp0

0.22 0:1�Mb
0 0:6�Mp

0 0:8� cb0 cp0
0.39 0:1�Mb

0 0:21�Mp
0 0:8� cb0 0:9� cp0

0.76 0:1�Mb
0 0:12�Mp

0 0:8� cb0 0:9� cp0

The initial values of Mb
0, M

p
0, c

b
0, and cp representing the un-doped WC-Co system are from Ref. [38].
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0.76% V sample, on the other hand, since the WC/Co interface
mobility is reduced by the formation of (V,W)Cx interfacial layers,
a higher ratio of the driving force is consumed to move the inter-
face, i.e. the interface mobility is the limiting mechanism of the
coarsening for a substantially higher proportion of the WC grains.
Such a change in the limiting mechanism of coarsening has also
an impact on the WC grain morphology. Whilst the perfect flatness
of the WC grain facets observed in samples with up to 0.22% V
addition is usually associated with the limitation of coarsening
by 2D nucleation [54,55], the limiting interface mobility mecha-
nism leads to step formation at the WC/Co interfaces in the mate-
rials with additions of 0.39% and 0.76% V (Fig. 2). Once a new
nucleus is formed, which is relatively easy compared to the inter-
face movement, it takes a certain time for the new layer to grow
laterally as it requires the consumption of a higher part of the driv-
ing force. This leads to the simultaneous nucleation of one or a few
new layers normal to the grain facet, i.e. step formation.
5. Conclusions

Our present observations provided a comprehensive under-
standing of WC grain coarsening inhibition in WC-Co hard metals
at different V-doping levels. We showed that the atomic segrega-
tion of V at the WC/Co interfaces starts upon 0.02 wt% V addition
and increasing amounts result in (i) a formation of (V,W)Cx nano-
layers at WC/Co interfaces with enhanced coverage on WC grains;
and, (ii) the subsequent bulk precipitation of (V,W)Cx. The presence
of V in terms of atomic segregation and (V,W)Cx nano-layers at the
WC/Co interfaces during the sintering (900–1410 �C) brings ther-
modynamic and kinetic stabilization even above the liquidus tem-
perature of the binder phase. As a consequence, an increasing grain
coarsening inhibition effect was observed between 0.02% and
0.76% V additions at which the coverage on WC grains is complete.
Thus, further increment in V addition doesn’t bring an additional
reduction in average WC grain size. By hindering the formation
of abnormally large WC grains and brittle bulk (V,W)Cx precipi-
tates, the microstructure with optimum hardness of 15 GPa and
fracture toughness of 10.5 MPa·m�1/2 was achieved in the 0.14%
V sample. The mean-field simulations of WC grain coarsening
quantified the proposed coarsening inhibition mechanisms and
showed how the small reductions in interface energies and mobil-
ities result in smaller WC grains with stepped WC/Co interface.
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