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Grain boundaries (GBs) generally exhibit complex structural and compositional features that significantly affect
material hardness. Here, we establish a methodology to correlate the local hardness contributions of the GBs with
their frequency distribution and their structural and compositional characteristics, using a submicron WC-Co
cemented carbide as a model. An exceptional local hardness of (14.68 + 0.12) GPa is observed from a 90°
WCy0001;/WC(1070; GB, unlike the low contributions from other WC/WC GBs. This is linked to pronounced Cr

and Co segregation at this GB, due to Cr affinity at the WC(ogo13/Co and WC1070;/Co phase boundaries and Co
infiltration during liquid-phase sintering. Density functional theory results indicate that a large lattice mismatch,
strong W-C covalent bonding, and Cr and Co accumulation increase the elastic strain field, resulting in strong
atomic distortion near the interface and contributing to exceptional strengthening. Our findings highlight the
critical influence of GB complexities on material hardness.

A grain boundary (GB) serves as the interface between adjacent
grains that possess different crystallographic orientations in poly-
crystalline materials [1,2]. As one of the most prevalent defects, GBs
play a pivotal role in determining several properties, such as mechanical
strength and hardness [3,4], fracture toughness [5], corrosion resistance
[6], electrical conductivity [7], and magnetic coercivity [8]. Notably,
research on GBs often emphasizes the average grain size as a pivotal
factor. For example, the classical Hall-Petch relationship describes how
yield stress in materials is enhanced by decreasing the average grain
size, which increases the density of the GBs for obstructing dislocation
motion [9,10]. However, GBs, characterised by their six macroscopic
degrees of freedom (5 crystallographic and 1 chemistry), often exhibit
complexity in their atomic structure and composition [11]. Such in-
tricacies are equally, if not more, influential in determining
GB-associated properties than just the average grain size.

WC-Co cemented carbides are a crucial class of hard metals used in
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various industrial processes, such as metal cutting, drilling, and mining,
owing to their high hardness and wear resistance [12]. These materials
consist of tungsten carbide (WC) grains embedded in Co binder grains,
with WC grain sizes ranging from a few micrometres to several hundred
nanometres [12]. The performance of these materials is significantly
influenced by their microstructure, particularly the size and distribution
of WC grains and the characteristics of the WC/WC grain boundaries. Ru
is believed to increase the hardness of WC-Co cemented carbides [13,
14]. The incorporation of grain growth inhibitors (GGIs), such as Cr3Cy,
is also believed to increase the hardness of WC-Co cemented carbides by
increasing the density of the WC/WC GBs [15-17].

Co segregation at WC/WC GBs and its potential strengthening effect
has been well reported. Experimental results have shown Co segregation
levels between 3.1 and 6.1 at.% at some WC/WC GBs [18], although no
clear relationship between the misorientation angle of these WC/WC
GBs and the level of Co segregation was found [19]. Several ab initio
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calculations have further predicted the strengthening effect from Co
segregation at specific GBs, such as the X2 WC/WC GB [20,21]. The most
significant strengthening effect was reported when Co substitutes for
carbon in carbon-terminated boundaries [20].

Studies have also investigated Cr segregation at WC/WC GBs and the
resulting strengthening effects. Experimentally, Cr segregation levels of
1.1 and 2.6 at.% have been observed at some WC/WC GBs, and ab initio
calculations have demonstrated that Cr segregation induces significant
strengthening [18,20]. However, the crystallographic nature of these
WC/WC GBs, such as misorientation angle, remains unknown. Conse-
quently, there is limited experimental knowledge on the relationship
between the crystallographic nature of WC/WC GBs and potential Cr
segregation.

Recent advancements in microscopy techniques, such as aberration-
corrected (scanning) transmission electron microscopy (S/TEM), energy
dispersive X-ray spectroscopy (EDXS), transmission Kikuchi diffraction
(TKD), and atom probe tomography (APT), have empowered researchers
to probe the structural and compositional characteristics of GBs at the
atomic level [22,23]. While these techniques yield detailed insights into
the structure and chemistry of specific individual GBs, conventional
methods for measuring the material hardness, such as the Vickers
hardness test, only assess the entire polycrystalline sample and therefore
encompass diverse GB types. Such an approach obscures the direct 1:1
correlation between local hardness imparted by individual GBs and their
unique structural and compositional characteristics. Fortunately,
nanoindentation offers a great possibility for assessing the local hard-
ness contributed by individual GBs [24].

In this context, we introduce a methodology that integrates nano-
indentation, scanning electron microscopy (SEM), electron backscatter
diffraction (EBSD), correlative TKD and STEM-EDXS, and APT tech-
niques. This synergistic combination is designed to elucidate a precise
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1:1 correlation between local hardness imparted by individual GBs, their
frequency distribution, and their unique structural and compositional
characteristics, as exemplified in a tungsten carbide-cobalt (WC-Co)
cemented carbide.

The submicron WC-10Co-1.5 ruthenium (Ru)-0.6 chromium car-
bide (Cr3Cz) by weight percentage (wt.%) cemented carbide was sup-
plied by CERATIZIT Austria GmbH and used in this study. The detailed
experimental procedure can be found in Supplementary Information.
The first-principles calculations were performed based on density
functional theory (DFT) using the projector augmented wave method
[25] and the generalised gradient approximation [26], as implemented
in the Vienna Ab initio Simulation Package (VASP) [27].

Fig. 1 presents a schematic illustration of this experimental meth-
odology which integrates nanoindentation, SEM, EBSD, TKD,
STEM-EDXS, and APT. We first conducted nanoindentation measure-
ments across a 20 x 20 array to measure the local hardness within the
area of ~50 x 50 um?, maintaining a consistent load force of 5 mN
(Fig. S1). Subsequently, SEM and EBSD analyses were performed to
determine if the indent was placed on an intragranular WC grain, at an
individual WC/WC GB, or at multiple WC/WC GBs and triple junctions
among several WC grains.

We were particularly interested in the indents placed on an indi-
vidual WC/WC GB between two WC grains (Fig. 1A). The hardness
contribution by the individual WC/WC GB (Hwc1,wc2 ga) was estimated
using the rule of mixture: Hwci/wc2 6B = Hexperiment - Hwc1Vwel -
Hyc2Vwca. Here, Hexperiment corresponds to the measured local hardness
of the indent placed on the individual WC1/WC2 GB. Hyc; and Hyca
represent the hardness values of the two adjacent WC grains (Table S1).
Vwci and Ve denote their respective volume fractions (Fig. S2 and
Supplementary Text). The values for Hyc; and Hwyce were obtained
either directly using the intragranular hardness values closest to the
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Fig. 1. Integrated methodology combining nanoindentation with high-end correlative microscopy techniques. (A) Nanoindentation hardness measurements
across a 20 x 20 array. Subsequent use of SEM and EBSD techniques to estimate the hardness contribution by a single WC/WC GB relative to its misorientation angle.
(B) EBSD analysis to chart the occurrence frequency of the WC/WC GBs in correlation to their misorientation angles. (C) Correlative TKD and STEM-EDXS, and APT
measurements to uncover the level of elemental segregation at individual WC/WC GBs as a function of their misorientation angles.
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orientation of the adjacent WC grains when the difference between the
two nearest measured intragranular WC grain hardness values is within
3 GPa, or applying a linear fit to the hardness values between the two
nearest intragranular hardness data points when the difference exceeds
3 GPa (Tables S2-S3, Fig. S3, and Supplementary Text). By integrating
the insights from nanoindentation, SEM, and EBSD techniques, we could
swiftly pinpoint the local hardness values contributed by the individual
WC/WC GBs in relation to their misorientation angles.

Following the verification of the WC/WC GB-related local hardness,
we performed additional EBSD analyses within an SEM to chart the
occurrence of the WC/WC GBs as a function of their misorientation
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angles (Fig. 1B). We further conducted correlative TKD and
STEM-EDXS, and APT experiments to reveal the difference in the level
of elemental segregation at the individual WC/WC GBs as a function of
their misorientation angles (Fig. 1C). In detail, a thin lamella, containing
plenty of the WC grains and the WC/WC GBs, was ‘lifted-out’ using a
manipulator in a dual-beam plasma focussed ion beam (pFIB) system.
This lamella was then placed in a 30 kV SEM to perform the TKD
mapping, allowing us to select a few individual WC/WC GBs and mea-
sure their misorientation angles. Subsequently, this identical lamella
was transferred to a 300 kV (S)TEM for STEM-EDXS mapping (Table S4
and Supplementary Text), aimed at investigating the elemental
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Fig. 2. Misorientation angle-dependent GB local hardness, distribution, and segregation levels in the submicron WC-10Co-1.5Ru-0.6Cr3C, cemented
carbide. (A) The local hardness contributed by individual WC/WC GBs, plotted as a function of their misorientation angles. (B) Distribution of the WC/WC GBs
charted relative to their misorientation angles. The combined frequency of the 90° WC/WC GBs is particularly highlighted. (C) Segregation levels of Co, Cr, and Ru at
individual WC/WC GBs, examined in relation to their misorientation angles. Segregation level is defined by the concentration ratio (at.%) of these elements, as
detected by STEM-EDXS, between the WC/WC GB and the adjacent WC grains. A total of nine WC/WC GBs were analysed.
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segregation across the same WC/WC GBs initially identified by TKD. We
also prepared a tip containing an individual WC/WC GB for APT anal-
ysis, which helped calibrate the concentration levels measured by
STEM-EDXS. It is important to note that while STEM-EDXS does not
provide a precise compositional analysis, it does facilitate reliable
comparative assessments of the concentration ratios between various
regions of interest and across different samples. In contrast, APT pro-
vides accurate compositional data, though obtaining crystallographic
information can sometimes be complex.

Fig. 2 presents the GB misorientation angle-dependent local hard-
ness, frequency distribution, and segregation levels. Fig. 2A and
Table S5 illustrate the hardness contributed by individual WC/WC GBs
in relation to their misorientation angles. Among 400 datapoints, 11 are
showcased here. Figs. S4-S6 present forescatter electron (FSE) and in-
verse pole figure-Z (IPF-Z) images, as well as corresponding
load—displacement curves of the indents placed on the individual WC/
WC GBs with misorientation angles ranging from 7° to 90°. Specifically,
the average hardness contributed by the WC/WC GBs with misorienta-
tion angles ranging from 7 to 90° (except the non-coherent 90°) is
calculated to be 0.19 + 2.97 GPa. This suggests that the strengthening
effect of these WC/WC GBs is moderate.

The coherent coincident site lattice (CSL) X2 90°<1100> WC/WC
GB is observed to possess a significantly high hardness value of 4.92 +
0.14 GPa (Fig. 2A and Fig. S6). This aligns with expectations, as coherent
90°<1010> WC/WC GB are known to exhibit enhanced strength
compared to other high-angle WC/WC GBs, primarily due to their
increased resistance to dislocation propagation [28,29].

Unexpectedly, the 90°<2201> WC/WC GB is observed to contribute
to an exceptionally high local hardness contribution of 14.68 + 0.12
GPa (Fig. 2A and Fig. S5), markedly surpassing that of other GBs.
Similarly, another 90°<1540> WC/WC GB in another submicron
WC-Co cemented carbide also exhibits an extremely high local hardness
contribution of 8.06 + 1.09 GPa, as indicated by the blue star in Fig. 2A
and Fig. S6. It is also noticed that the indents placed on multiple WC/WC
GBs and triple junctions including these 90° GBs also exhibited rela-
tively high hardness values (Fig. S7 and Table S6).

Fig. 2B presents the frequency distribution of the WC/WC GBs as a
function of their misorientation angles. The frequency exhibits a gradual
increase with the WC/WC GB misorientation angle until it reaches 88°.
Among the WC/WC GBs examined, 17.78 % display a misorientation
angle of 90°, considering a tolerance of +2° (Fig. S8). This percentage
comprises both the coherent and the non-coherent types: 8.44 % are
coherent 90°<1010> WC/WC GBs, while the remaining 9.34 % are non-
coherent 90° WC/WC GBs (Table S7).

Fig. 2C illustrates the segregation levels of Co, Cr, and Ru at the WC/
WC GBs in relation to their misorientation angles. Nine individual WC/
WC GBs with misorientation angles ranging from 7 to 90° were inves-
tigated using the correlative TKD and STEM-EDXS techniques (Fig. S9
and Fig. S10). With the GB misorientation angle increasing from 7° to
82°, the levels of Cr, Co, and Ru segregation are found to remain rela-
tively constant, with the concentration ratios of 1.5-3.8, 1.9-2.9, and
1.3-2.1, respectively (Fig. 2C and Table S8). The coherent 90°<1010>
WC/WC GB exhibits virtually no segregation of Co (1.8), Cr (1.4), and
Ru (1.1), aligning with expectations. By contrast, pronounced segrega-
tion of Cr and Co is observed at two non-coherent 90° WC/WC GBs. The
exact compositional data obtained using APT also presents strong
segregation of Cr (9.7 at.%) and Co (13.1 at.%) at a randomly selected
WC/WC GB (Fig. S11, Fig. S12, and Table S8).

To investigate the orientation relationship between neighbouring
WC grains across these 90° WC/WC GBs, high-resolution TEM (HRTEM)
was performed. It is noteworthy that the WCopo1; and WCy1070; planes
are considered to play significant roles in Co and Cr segregation at these
90° WC/WC GBs. Fig. 3A presents the HRTEM image of a 90° WC/WC
GB with a rotation axis of <2110>. The {0001} plane of the upper WC
grain and the {1010} plane of the bottom WC grain are aligned parallel
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to the GB. Fig. 3B reveals a pronounced segregation of Cr and Co at this
GB. The levels of Cr and Co segregation are quantified as the concen-
tration ratio of 4.2 and 3.7, respectively (Fig. 2C and Table S8). Fig. 3C
depicts the HRTEM image of another 90° WC/WC GB with a rotation
axis of <5140>. Here, the {1010} plane of the right WC grain aligns
with the GB, while the {0001} plane of the left WC grain shows a minor
deviation. At this GB, the segregation levels for Cr and Co are notably
higher (Fig. 3D), at 6.3 and 7.1 (referenced in Fig. 2C).

Ru segregation is considered moderate compared to Cr and Co
segregation at WC/WC GBs, therefore its effect on interfacial strength is
less emphasized. To rationalise the observed spatial distribution of Cr
and Co and the mechanism behind the exceptional hardness of the 90°
WC0001y /WCy1070y GB, we performed first-principles simulations based
on DFT [30]. To simulate this interface, we constructed a 112-atom
2xv/3 WC10701/2 X 2 WCqgpo1; model. The in-plane lattice constants

of the {1010} grain are a = 0.5836 nm, b = 0.5054 nm, and those of the
{0001} grain are a = 0.5836 nm, b = 0.5691 nm. Consequently, the
in-plane lattice mismatch values are 0 % in the a-direction, and 11.2 %
in the b-direction. Under the assumption of pseudomorphic growth, the
lattice constants of the interface were taken as a = 0.5836 nm, b =
0.5372 nm, implying compressive strain in the WCqio70) grain and
tensile strain in the WCggo1} grain. The atomic structure of the relaxed
WC{lOTO}/WC{OOOH GB is shown in Fig. 3E.

DFT simulations indicate that Cr and Co atoms preferentially sub-
stitute W (Table S9) and reside in the WCio70; grain, close to the
interface, as depicted in the calculated layer-resolved formation energy
map, shown in Fig. 3F. This is different to the asymmetric segregation of
Co and Ti at the same type of WC/WC GB [31]. Interestingly, Cr atoms
prefer to align in the a-direction, parallel to the interface. The atomic
mismatch between Cr and W leads to further atomic distortion, specif-
ically an additional compressive strain of ~1.5 % in the a-direction.

To examine the chemical bonding effects at the interface with and
without Cr and Co addition, we calculated the work of separation,
shown in Table S10. Our results suggest that Cr and Co addition do not
directly enhance the work of separation at this interface. This is expected
since W-C bonds are generally stronger than Cr-C or Co-C bonds.
Instead, the observed unexpected large hardening effect could be
attributed to the fact that, despite the large lattice mismatch in the b-
direction, the atomic arrangement in the vicinity of the boundary re-
mains well-aligned due to the exceptionally strong W-C covalent bonds
(as confirmed by TEM shown in Fig. 3A). This alignment induces sig-
nificant local elastic strain field, manifesting in strong atomic distortion
near the interface, as shown by the angle variation shown in Fig. 3E. Cr
and Co segregation at the boundary further intensifies this effect due to
the atomic size mismatch between W and Cr/Co.

Given that the WC{goo1) and WC1070; planes play a crucial role in
the formation of the 90° WC/WC GBs, Figs. 4A and B provide the
microstructural details at the WCqgpo1)/Co and WCq10703/Co phase
boundaries, featuring a HAADF-STEM image and corresponding EDXS
maps for Co, Cr, and Ru. At both the WC(ogo1y/Co and WCy10703/Co
phase boundaries, (W,Cr)C, structures are identified. These structures
resemble the ‘complexion’ formations noted in prior studies [32,33],
and both show Cr enrichment.

Fig. 4C illustrates the atom distribution maps for the W, C, Co, Ru,
and Cr species at a WC(10703/Co phase boundary acquired through APT.
A sectional analysis of this phase boundary is shown in Fig. 4D, where a
5-nm thick slice was sampled. This section reveals two distinct APT
poles: one corresponding to the WC phase with a d-spacing of 0.25 nm,
and another associated with the Co phase exhibiting a d-spacing of 0.20
nm. These observations validate that the extracted region from the WC
phase pole, as depicted in Fig. 4D, is indeed the WCq1070; plane. Given
that the WC/Co interface intersects with the identified plane at ~60°, it
is reasonable to believe that the WCy1070; plane is also parallel to this
WC/Co interface. The 0.20-nm d-spacing in the Co phase is consistent
with either Copccqi11} 0r Concp{ooo2; plane (Fig. 4E). Fig. 4F presents a
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Fig. 3. High-resolution TEM (HRTEM), STEM-EDXS, and DFT simulation results of the 90° WC/WC GBs, as shown in Fig. 2. (A) HRTEM image of a
90°<2110> WC/WC GB. FFT patterns for the neighbouring WC grains are highlighted in orange and blue squares. (B) HAADF-STEM image and elemental dis-
tribution maps for Co, Ru and Cr at the 90°<2110> WC/WC GB. x; and y; highlight the position of this GB. (C) HRTEM image of a 90°<5140> WC/WC GB. FFT
patterns for the neighbouring WC grains are highlighted in red and purple squares. (D) HAADF-STEM image and elemental distribution maps for Co, Ru and Cr at the
90°<5140> WC/WC GB. x, and y, highlight the position of this GB. (E) DFT simulated the atomic structure of the relaxed WCy1070y/WCio001) GB. It comprises one
GB plane (dashed red line), WCq1070; in green and WCogo1; grain in orange, and two corresponding surface slabs. The shaded ranges indicate the range of studied
sites for Cr segregation. (F) DFT calculated the layer-resolved formation of energy of Cr and Co substituting W with respect to the interface.
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Fig. 4. STEM-EDXS and APT characterisation of analysis of the WC013/Co0 and WC0lpy/Co phase boundaries in the submicron
WC-10Co-1.5Ru-0.6Cr3C, cemented carbide. (A) HAADF-STEM image, and corresponding EDXS maps for Co, Cr, and Ru at a WCggo1;/Co phase boundary. (B)
HAADF-STEM image, and corresponding EDXS maps for Co, Cr, and Ru at the WCy1070/Co phase boundary. (C) Atom distribution maps of W, C, Co, Ru, and Cr at a
WC{1070y/Co phase boundary revealed by APT. A 60 at.% Co isoconcentration surface is used to delineate the WC¢;1070;/Co phase boundary. (D) Cross-sectional view
of the APT data from (C), with green and orange boxes indicating the regions associated with the poles in the WC and Co phase, respectively. (E) Enlarged view of the
APT dataset within the regions designated by the green and orange boxes, displaying the WCqj070; plane and Cogcci11y Or Comcpioooz2y Plane, respectively. (F)
Proximity histogram derived from the 60 at.% Co isoconcentration surface shown in (C).

proximity histogram derived from 60 at.% Co isoconcentration surfaces
shown in Fig. 4C. The histogram illustrates a distinct Cr enrichment of
~8 at.% in the WC, phase at the WC(ip70}/Co phase boundary,
corroborating the segregation pattern presented in Fig. 4B.

Fig. 5 illustrates a phenomenological two-WC-particle model for the
development of the 90° WC/WC GBs during liquid-phase sintering,
delineating three distinct states: heating, soaking, and cooling. Upon
heating above the W—Co-C system’s liquidus temperature (1300-1360
°C depending on the C level), a Co-rich liquid phase is formed [34]. At
the WC/Co liquid interface, Cr atoms preferentially segregate, particu-
larly along the WCogo1; and WCqy 070y planes as depicted in parts Al and
A2 of Fig. 5A [35].

During the soaking state (Fig. 5B), the Co-rich liquid phase wets the

WC particles and facilitates mass transport via solution reprecipitation,
essential for the WC grain growth. The nucleation of the WC grains
predominately occurs at the WCopo1) and WCyio70y planes, leading to
the formation of small islands (B1 and B2 of Fig. 5B). This grain growth
progresses through a layer-by-layer growth mechanism, as controlled by
solution reprecipitation [36,37]. Consequently, a step-like structure is
observed on the WCqqoo1y and WCq1o70; planes (refer to Fig. S13).

90° WC/WC GBs are formed when the WC(goo1; and WC¢10703 planes
from two adjacent WC grains come into contact. The Cr atoms, previ-
ously attracted along the WCoo1y and WCio70; planes, become
incorporated at the interface of the newly established 90° WC/WC GB.
These WC grains are geometrically characterised as flat triangular
prisms with truncated edges. A given complexion is likely stable at high
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temperatures. However, if the cooling rate is sufficiently fast, the high-
temperature complexion may be kinetically hindered to transform to the
lower-temperature state. A pronounced infiltration of Co is the primary
contributor to the elevated Co concentration at these 90° WC/WC GBs
observed during the cooling phase (Fig. 5C). Subsequently, Cr and Co
atoms are substantially incorporated into these 90° WC/WC GBs (C1 of
Fig. 5C).

In conclusion, we establish a methodology that harnesses nano-
indentation and high-end correlative microscopy techniques to delin-
eate a correlation between local hardness, frequency distribution, and
level of elemental segregation at individual GBs in relation to their
misorientation angles in a submicron WC-Co cemented carbide. We
observe an exceptional hardness attributed to a 90° WC{o001}/WCq1070}
GB. This GB exhibited more pronounced segregations of Cr and Co than
other WC/WC GBs. The preferred segregation of Cr and Co is linked to
the strong attraction of Cr at the WCopo1;/Co and WCy1070;/Co phase
boundaries coupled with Co infiltration during liquid-phase sintering.
Density functional theory results indicate that a large lattice mismatch,
strong W-C covalent bonding, and Cr and Co accumulation generate a
robust elastic strain field, resulting in strong atomic distortion near the
interface and contributing to exceptional strengthening. These insights
provide a foundation for future investigations into grain/phase bound-
ary engineering towards enhancing material hardness.
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