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Composed of hard tungsten carbide (WC) particles and a soft cobalt (Co) matrix, WC-Co cemented carbides
exhibit significant differences in the material removal rates of these phases during metallographic preparation.
This disparity, combined with the susceptibility of the soft Co phase to deformation-induced martensitic phase
transformation from its face-centered cubic (Copcc) to hexagonal close-packed (Coycp) structure, poses sub-
stantial challenges for microstructural characterisation. The resulting ambiguity complicates the identification of
the pristine Co phase and raises concerns about the presence of preparation-induced artefacts. In this study, we
present a detailed comparative analysis aimed at minimizing ambiguities in the characterisation of the pristine
Co phases in a series of WC-Co cemented carbides. We quantitatively report on the controllability of various
preparation parameters under multiple conditions, for plane-polished cross-sections used in (e.g.) EBSD analysis
and for thin-sections such as used in (e.g.) TEM analysis. We report on the interplay between material removal
and the deformation-induced martensitic Copcc—Concp phase transformation during metallographic preparation,
identifying “GO” and “NO GO” regimes for the unequivocal identification of the pristine Co phase in WC-Co
cemented carbides. The optimal metallographic preparation method for the “GO” regime involves an Ar" ion
polishing energy density of ~10 MJ/m? and a duration of ~80 min. This work establishes a robust workflow for
accurately determining the pristine Co phase, providing a pivotal aspect for the characterisation of micro-
structure-property relationships in WC-Co cemented carbides.

1. Introduction

As suitable materials for high-performance cutting tools, tungsten
carbide—cobalt (WC-Co) cemented carbides possess an outstanding
combination of hardness and fracture toughness due to the hard WC
particles and a soft Co matrix [1-3]. Such mechanical properties rely on
multiple microstructural features, such as the WC particle size and dis-
tribution [4], the frequency and types of the WC/WC grain boundaries
and WC/Co phase boundaries [5,6], as well as the Co face-centred cubic
(Copcc)/Co hexagonal close-packed (Coycp) ratio [7,8].

So far, achieving accurate characterisation of the Copcc/Coycp ratio
in WC-Co cemented carbides has been challenging [9-12]. One

bottleneck is that the soft Co phase is prone to excessive removal
compared to the WC phase, leading to the inferior indexability of the Co
phase using electron backscatter diffraction (EBSD) [13,14]. Electro-
polishing is highly suitable for mapping the Co phase using EBSD.
However, the WC hard phase and Co soft phase exhibit contrasting
electrochemical behaviours: Co tends to remain stable and passive in
alkaline environments, while WC demonstrates greater nobility in acidic
solutions [15]. Furthermore, the significant disparity in the galvanic
interaction between the Co and WC phases in WC-Co cemented carbides
leads to a considerable challenge for electro-polishing as a method of
metallographic preparation for EBSD analysis [16-18].

The other bottleneck is the ambiguity arising from the possibility of

* Corresponding author at: School of Aerospace, Mechanical and Mechatronic Engineering, The University of Sydney, Sydney, NSW 2006, Australia.

E-mail address: simon.ringer@sydney.edu.au (S.P. Ringer).

https://doi.org/10.1016/j.matchar.2025.114915

Received 4 October 2024; Received in revised form 22 February 2025; Accepted 7 March 2025

Available online 9 March 2025

1044-5803/© 2025 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:simon.ringer@sydney.edu.au
www.sciencedirect.com/science/journal/10445803
https://www.elsevier.com/locate/matchar
https://doi.org/10.1016/j.matchar.2025.114915
https://doi.org/10.1016/j.matchar.2025.114915
http://crossmark.crossref.org/dialog/?doi=10.1016/j.matchar.2025.114915&domain=pdf
http://creativecommons.org/licenses/by/4.0/

H. Zhou et al.

introducing a Co phase transformation during metallographic prepara-
tion. Copcc can undergo a displacive deformation-induced phase trans-
formation to its Coycp allotrope during metallographic processes at
ambient temperatures [19-23]. This situation can introduce ambiguity
as to whether the observed Coycp phase is pristine (i.e., the original
phase) or an artefact arising from the metallographic preparation
[24,25].

Mechanical polishing has been found to easily trigger the martensitic
Copcc—Copycp phase transformation. Yang et al. revealed that mechanical
polishing methods trigger the martensitic Copcc—Coycp phase trans-
formation between 0 and 5 pm below the surface in the WC-13Co
cemented carbide with a mean WC grain size of 0.7 ym [24]. Mingard
et al. [25] also found that mechanical polishing methods led to the
martensitic Copcc—Coycp phase transformation in more fine-grained
WC-Co microstructures as opposed to the coarser WC grain sizes
(larger than ~3 pm).

To tackle such issues, ion polishing has emerged as an important
metallographic preparation method for advanced materials characteri-
sation [5,13,26-29]. Broad argon ion (Ar") polishing has been reported
to maintain the pristine Co phase in the coarse-grained WC-11Co
cemented carbides with WC grain size larger than 5 pm [30]. The
application of Xenon ion (Xe™) plasma focused ion beam (pFIB) at 30 kV
and 59 nA has been demonstrated to suppress the martensitic
Corpcc—Copycp phase transformation in the WC-11Co cemented carbides
with 1-15 pm WC grain sizes [31]. However, there is still a knowledge
gap regarding the suppression of the martensitic Copcc—Copcp phase
transformation during metallographic preparation when the WC grain is
smaller than 1 pm [32].

In this study, we propose a comprehensive metallographic method
aimed at an accurate identification of the Co phase in both coarse and
fine-grained WC-Co cemented carbides. We systematically compare and
critique the efficacy of various metallographic preparation workflows,
encompassing both for plane-polished cross-sections used for EBSD
analysis, as well as for thin-sections such as used for TEM analysis. Our
results illuminate the complex challenges inherent in accurately
discerning the pristine Co phase, a determination vital for the subse-
quent analysis of microstructure and properties in WC-Co cemented
carbides.

2. Experimental

We investigated two cemented carbides WC-10Co and
WC-10Co-1.5Ru-0.6Cr3C; (all compositions in the following are in wt
%) from CERATIZIT Luxembourg S. a r.l., and a 99.99 % Co button. The
nominal WC grain sizes of the WC-10Co and WC-10Co-1.5Ru-0.6Cr3C,
were 1.3-2.5 pm (coarse-grained) and 0.5-0.8 pm (fine-grained),
respectively. Initial sample sectioning was conducted with a diamond
saw, followed by a graded grind process using SiC abrasive papers at 30,
15, and 8 pm granulations. Subsequent polishing employed diamond
particles at 6, 3, and 1 pm, and colloidal silica at 0.04 pm, using an Allied
Hightech MultiPrep tool. The samples subjected to this preparation
process are henceforth designated as “mechanical polishing”. These
“mechanically polished” samples were further polished by the PELCO®
Tripod Polisher™ 59 using 15, 9, 3, 1, and 0.2 pm diamond films and
these are designated as “mechanical polishing plus tripod polishing”. A
comprehensive description of the mechanical and tripod polishing
protocols is presented in Table 1.

As a non-destructive technique, the X-ray diffraction (XRD) tech-
nique was conducted to accurately identify the crystalline structure of
the Co phase in the “only mechanically polished”, and “mechanically
polished plus tripod polished” samples using a PANalytical X"Pert
Powder flat plate system in the -26 configuration with Cu-Ka radiation.
The crystalline structures of the Co phase identified by XRD are
considered the baseline, i.e., the pristine structure of the Co phase, for
the WC-10Co and WC-10Co-1.5Ru-0.6Cr3C, cemented carbides, and
the Co button, respectively.
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Table 1
Detailed procedures and polishing parameters for the mechanical polishing and
tripod polishing.

Mechanical polishing at ambient temperature (27 °C)  Tripod polishing at ambient

temperature (27 °C)

Grinding

Particle size (pm) Loading stress (MPa)  Diamond polishing particle
size (pm)

Step 1 30 Step 1 15

Step 2 15 ~0.1 Step 2 9

Step 3 8 Step 3 3

Diamond polishing

Particle size (pm) Loading stress (MPa) Step 4 1

Step 4 6 Step 5 0.2

Step5 3 ~0.1 Step 6  0.04 OPS solution

Step 6 1
Step7  0.04 OPS solution

To achieve a high-quality surface and to suppress the martensitic
Copcc—Coycp  phase  transformation  in the fine-grained
WC-10Co-1.5Ru-0.6Cr3Cy cemented carbides, a comparative assess-
ment of various metallographic preparation workflows was conducted.
These workflows encompass solely mechanical polishing (c.f. Table 1) as
well as combined technique of the mechanical polishing followed by
broad Ar" ion polishing. The samples prepared using the combined
approach are designated as “mechanically polished plus broad Ar" ion
polished” for plane-polished cross-sections used in (e.g.) EBSD analysis.
The precise configurations for the broad Ar™" ion polishing, such as beam
energy, beam current, and glancing angle, are detailed in Table 2.
Detailed configurations of broad Ar™ ion polishing as an additional
sample preparation method used for plane-polished cross-sections used
in (e.g.) EBSD analysis.

To suppress charging effects during analytical procedures, which can
distort and degrade imaging quality, conductive silver paint was
applied. Microstructural analyses of these samples were performed using
EBSD techniques on a Zeiss Ultra Plus field-emission gun scanning
electron microscope (SEM) operating at 20 kV and with an aperture size
of 120 mm.

To prepare thin films for transmission electron microscopy (TEM) or
transmission  Kikuchi diffraction = (TKD), the fine-grained
WC-10Co-1.5Ru-0.6Cr3Cy cemented carbides were initially sectioned
using a diamond saw. To effectively suppress the martensitic
Copcc—Copycp phase transformation during the subsequent preparation
stages, diverse workflows were implemented for thin-sections such as
used in (e.g.) TEM analysis. Following sample sectioning, thin-sections
were subjected to either tripod polishing coupled with precision Ar"
ion polishing (designated as “mechanically polished plus tripod polished

Table 2
Detailed configurations of broad Ar" ion polishing as an additional sample
preparation method used for plane-polished cross-sections used in (e.g.) EBSD
analysis.

Broad Ar" ion polishing configuration 1 (~10 MJ/m? and 80 min) at ambient
temperature (27 °C)

Beam energy (keV) Ton current (pHA) Time (min) Polish angle (°)
Stepl 8 80 60 +5
Step 2 2 15 10 +5
Step 3 0.5 10 10 +5

Broad Ar* ion polishing configuration 2 (~21.65 MJ/m? and 420 min) at ambient
temperature (27 °C)

Beam energy (keV) ITon current (pA) Time (min) Polish angle (°)
Stepl 6 65 60 +5
Step2 4.5 35 60 +5
Step3 3.5 20 60 +5
Step4 2.5 10 60 +5
Step5 1.5 10 60 +5
Step6 1 10 60 +5
Step7 0.5 10 60 +5
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plus precision Ar' ion polished™), Xet pFIB using ambient temperature
thinning configuration (designated as “ambient Xe™ pFIB prepared”), or
Xe" pFIB configuring the thinning temperature at approximately
—195 °C (designated as “Cryogenic Xe" pFIB prepared™). Further details
of these workflows are provided in.

This study aims to identify metallographic preparation workflows
that effectively ensure the surface quality and suppress the martensitic
Copcc—Concp phase  transformation in the fine-grained
WC-10Co-1.5Ru-0.6Cr3Cy cemented carbides for the plane-polished
cross-sections used in (e.g.) EBSD analysis.

Table 3. These preparation variations aimed to optimise results and
minimise the occurrence of the martensitic Copcc—Cogcp phase trans-
formation in the final TEM analysis.

The thin-sections’ microstructures, prepared using different work-
flows, were characterised using TKD. TKD mapping was performed on
the same platform and configurations as EBSD-SEM, with step sizes of
10 nm and 5 nm respectively, and an Oxford Nordlys Nano EBSD de-
tector. Results were processed using the Oxford Instruments AZtec 2.0
EBSD software and the data was post-processed using HKL Channel-5
software package. The Co phase identification within the thin-sections
was further verified using a two-dimensional fast Fourier transform
(2D-FFT) method under high resolution TEM (HRTEM). Both 2D-FFT
and bright-field TEM images were acquired with a ThermoFisher
Spectra TEM operated at an acceleration voltage of 300 kV.

This study aims to identify metallographic preparation workflows
that effectively ensure the surface quality and suppresses the martensitic
Copcc—Concp phase  transformation in the fine-grained
WC-10Co-1.5Ru-0.6Cr3Cy cemented carbides for the plane-polished
cross-sections used in (e.g.) EBSD analysis.

3. Results

3.1. Precise identification of the pristine Co structure using XRD
technology

Our XRD outcomes, depicted in Fig. 1(a), shows that only Copcp
phase is present in the “mechanical polishing only”
WC-10Co-1.5Ru-0.6Cr3Cy sample, whilst both the Copcc phase and
Coycp phase in the “mechanically polished plus tripod polished”
WC-10Co-1.5Ru-0.6Cr3Cy sample are present. This discrepancy might
be attributed to two possibilities. The first one is that tripod polishing
inducing Coycp—Corcc phase transformation, indicating a HCP pristine
structure for the Co phase. The other possibility is that tripod polishing
effectively removes the Coycp phase in the deformed region near the
surface induced by “mechanical polishing only”, suggesting an FCC
pristine structure for the Co phase.

To scrutinise the aforementioned explanations, a comparative anal-
ysis was conducted between the 99.99 % Co button and the WC-10Co
cemented carbide. As illustrated in Fig. 1(b-c), no Copcc phase was
detected in both the “only mechanically polished” and the “mechani-
cally polished plus tripod polished” Co and WC-10Co samples. This
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observation strongly suggests that the occurrence of the martensitic
Copcc—Coycp phase transformation during tripod polishing is highly
improbable. Moreover, considering that Copcp is stable at ambient
temperature and unlikely to transform to the Copcc phase [32], it is
inferred that the tripod polishing effectively removes the Coycp phase
from the deformed regions near the top surface induced by the
sectioning and mechanical polishing. Hence, it can be concluded that the
pristine structure of the Co phase in the WC-10Co-1.5Ru-0.6Cr3Cs
cemented carbides is FCC. Simultaneously, it was deduced that me-
chanical polishing initiates the martensitic Copcc—Coycp phase trans-
formation in the WC-10Co-1.5Ru-0.6Cr3C, cemented carbides.

3.2. Validation of the metallographic preparation workflow on the pristine
Co structure for plane-polished cross-sections used in (e.g.) EBSD analysis

To prepare for plane-polished cross-sections used in (e.g.) EBSD
analysis, grinding and mechanical polishing was used to maintain a
mirror-like surface firstly. Detailed procedures and parameters are
outlined in Table. 1. Acknowledging that mechanical polishing may
induce the martensitic Copcc—Coycp phase transformation, it became
evident that the Co  structure in the fine-grained
WC-10Co-1.5Ru-0.6Cr3Cy cemented carbide, prepared through this
method, does not faithfully represent the pristine Co structure for
microstructural analysis. To mitigate this issue, additional preparation
methods, such as broad Ar' ion polishing, are deemed necessary to
eliminate the artefactual Coycp phase generated during the mechanical
polishing. Subsequently, a comprehensive series of EBSD analyses were
conducted on the “mechanically polished plus broad Ar" ion polished”
surface and compared to the results obtained from the “only mechani-
cally polished” surface, as depicted in Fig. 2.

The band contrast map, overlapped with the Co phase mapping for
the “only mechanically polished” surface depicted in Fig. 2(a;) and the
“mechanically polished plus broad Ar™ ion polished” surface shown in
Fig. 2(b;), demonstrate a notable discrepancy in the statistical phase
fractions of the Co structures. Specifically, 43.05 % and 56.95 % of the
Co phase were identified as Copcc and Copycp, respectively, in the
WC-10Co-1.5Ru-0.6Cr3C, sample prepared by mechanical polishing
only. In contrast, for the sample prepared with broad Ar" ion polishing,
a substantial majority of the Co phase (96.11 %) was identified as Cogcc
phase. Given the XRD results affirming the pristine Co phase in the
WC-10Co-1.5Ru-0.6Cr3C, cemented carbide, it is inferred that broad
Ar' ion polishing effectively eliminates the artefactual Coycp phase
introduced by mechanical polishing. Therefore, a combined approach of
“mechanical polishing and broad Ar" ion polishing” emerges as an
optimal metallographic workflow to accurately preserve the pristine Co
structure in WC-10Co-1.5Ru-0.6Cr3C, cemented carbide.

To elucidate the insights of this martensitic Copcc—Coycp phase
transformation process, inverse pole figure-Z (IPF-Z) colouring maps, as
displayed in Fig. 2(as-a4) and Fig. 2(bs-by), were characterised. These
maps reveal that the area identified as the parent Copcc phase possesses
a single crystallographic orientation. Conversely, the newly formed

Workflow 2 Workflow 3

Mechanical polishing (c.f. Table 1) at ambient temperature (27 °C)

Broad Ar" ion polishing (c.f. Table 2. Detailed configurations of broad Ar* ion polishing

Table 3
Detailed specifies of the preparation workflows used for thin-sections such as used in (e.g.) TEM analysis.
Workflow 1
Step Tripod polishing (c.f. Table 1) at ambient temperature (27 °C) Step
1 1
Step Precision Ar" ion polishing at ambient temperature (27 °C) Step
2 2

Beam energy Ton current Time Polish angle Step
(KeV) (nA) (min)  (°) 3

8 110 75 +8

3 30 15 +4

0.3 25 15 +4

Xe" lift out + thinning under ambient

as an additional sample preparation method used for plane-polished cross-sections

used in (e.g.) EBSD analysis.
) at ambient temperature (27 °C)
Ambient Xe" pFIB (27 °C) Cryogenic Xe™ pFIB (—196 °C)

Xe* lift out + thinning under cryogenic

temperature temperature
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Fig. 1. Identification of the pristine Co phase in (a) WC-10Co-1.5Ru-0.6Cr3Cy, (b) 99.99 % Co, and (c) WC-10Co samples, respectively, using XRD. “Only me-
chanically polished”, and “mechanically polished plus tripod polished” surfaces are compared.

Coycp phase presents crystallographic misorientations with highly
refined grain sizes, aligning with findings reported in the existing
literature [24]. Further insights are provided by the pole figures in Fig. 2
(as) and (bs), which detail the crystallographic directions of the Co
phases, thereby illustrating the martensitic Copcc—Coycp phase trans-
formation mechanism. These findings demonstrate that both the arte-
factual Coycp structure and the pristine Cogcc structure follow the Shoji-
Nishiyama orientation relationship, i.e., {111} (110) Cogcc // {0001}
<1120 > Coycp, indicating that the detected Coycp regions with mul-
tiple variants arise from a single crystallographic Copcc parent grain
[331].

3.3. Validation of the metallographic preparation workflow on the pristine
Co structure for thin-sections such as used in (e.g.) TEM analysis

Electro-polishing, ion polishing, and tripod polishing are widely
recognised as prevalent techniques for the preparation of TEM lamellae
[34]. However, the distinct electrochemical corrosion behaviours of the
hard WC phase and the soft Co binders, being diametrically opposite
[16,17], render electro-polishing unsuitable for the TEM sample prep-
aration of the WC-Co cemented carbides. Consequently, such samples
necessitate preparation via alternative methods, including tripod polish
followed by the precision ion polishing method, or conventional me-
chanical polishing followed by the advancements of multiple ion pol-
ishing techniques, such as FIB. It is worthwhile mentioning that FIB can
introduce artefacts that potentially modify or damage the sample

structures, contingent upon the ion energy and the incident angles
[31,35,36]. Therefore, a critical assessment is essential to appropriate-
ness of these techniques’ workflows for the fine-grained WC-Co
cemented carbides, specifically regarding the preservation of the pris-
tine Co structure.

In this work, the first metallographic workflow proposed for TEM
analysis encompasses “mechanical polishing plus tripod polishing plus
precision Ar™ ion polishing”, with details presented in.

This study aims to identify metallographic preparation workflows
that effectively ensure the surface quality and suppresses the martensitic
Copcc—Concp phase transformation in the fine-grained
WC-10Co-1.5Ru-0.6Cr3Cy cemented carbides for the plane-polished
cross-sections used in (e.g.) EBSD analysis.

Table 3 under “Method 1”. Based on our XRD findings, the applica-
tion of the tripod mechanical polishing has been confirmed to facilitate
the preservation of the pristine Co structure in the
WC-10Co-1.5Ru-0.6Cr3C, cemented carbide. The subsequent impact of
precision Ar" ion polishing on the metallographic artefacts in the
WC-10Co-1.5Ru-0.6Cr3Cy samples was further explored. As shown in
Error! Reference source not found., TKD results derived from surfaces
processed via “mechanical polishing plus tripod polishing plus precision
Ar' ion polishing” showcase high-quality imaging with high indexing
rates. Phase mapping presented in Fig. 3(a;) reveals an 88.30 % pres-
ence of the Copcc phase, with a minimal fraction of the Coycp phase. This
thereby suggests that precision Ar" ion polishing method effectively
preserved the pristine Copcc structure. These results align with those
obtained from XRD, evidencing a concordance between the two
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Fig. 2. Examination of the broad Ar™ ion polishing on the suppression of the martensitic Copcc—Concp phase transformation. EBSD analysis on the (a) “only me-
chanically polished”, and (b) “mechanically polished plus broad Ar™ ion polished” WC-10Co-1.5Ru-0.6Cr3C, samples. (a;) and (b;) are the phase maps overlapped
with the band contrast. Coycp and Cogcc are indexed in red and yellow, respectively. IPF-Z maps of (a2) and (by) WC grains, (as) and (bs) Cogpcc, and (a4) and (bs)
Copycp- (as) and (bs) are the pole figures of the Corcc and Coycp phases. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

analytical methods. HRTEM observations presented in Fig. 3(b),
including the interfacial structures of WC/Co, alongside 2D-Fast Fourier
Transform (2D-FFT) patterns, elucidate the orientation relationship
between WCqcp and Copcc, i.e., (0110)[2110] WCxep //(111)[011]
Corcc. These observations further confirm the crystallographic structure
information of the Co phase within the sample, i.e., Cogcc structure.

The examination of the artefactual Co phase alterations within the
fine-grained WC-Co cemented carbides was conducted using advanced
plasma FIB-based TEM preparation techniques, specifically “ambient
Xe" pFIB” and “cryogenic Xe' pFIB”, respectively. The detailed pro-
cedures are documented in.

This study aims to identify metallographic preparation workflows
that effectively ensure the surface quality and suppresses the martensitic
Copcc—Concp phase transformation in the fine-grained
WC-10Co-1.5Ru-0.6Cr3Cy cemented carbides for the plane-polished
cross-sections used in (e.g.) EBSD analysis.

Table 3 as “Workflow 2” and “Workflow 3”. To preserve the pristine
Copcc structure, samples earmarked for pFIB analysis were initially
subjected to the “mechanical polishing plus broad Ar" ion polishing”
methods. This preparation approach was previously confirmed as
effective in preserving the pristine Co phase, as discussed in the

preceding sections.

The TKD analyses of the samples prepared using ambient Xe' pFIB
and cryogenic Xe™ pFIB are showcased in Fig. 4(a) and (b), respectively.
The corresponding phase maps, Fig. 4(a;) and Fig. 4(bz), highlight the
Cogpcc structure in red and Coycp structure in yellow. Notably, 29.91 %
of the Co phase was identified as Copcc in Fig. 4(a;), whereas Fig. 4(b7)
displayed almost no Cogcc. This statistical phase fraction analysis
demonstrates that both “ambient Xe" pFIB” and “cryogenic Xe' pFIB”
facilitated the martensitic Copcc—Concp phase transformation.

Contrary to the beneficial effects observed with cryogenic FIB in
other contexts, particularly in the field of biological sciences [36,37],
the application of “cryogenic Xe' pFIB” in this study led to an unfav-
ourable outcome by promoting the martensitic Copcc—Copcp phase
transformation. The IPF-Z colouring maps, depicted in Fig. 4(az-a4) and
Fig. 4(bg-bg), show that the parent Copcc phase maintains a single
crystallographic orientation, whereas the newly formed Coycp phase
exhibits multiple crystallographic orientations. This variability suggests
that the Copcc grains transform into several different Coycp variants as
there are 12 shear orientations of the Cogpgc structure available to this
transformation.



H. Zhou et al.

(b)

@) v - [@)
. ,
A @ " ¥
LY ig BTN
NN o T g
COFcc1 1 W<Chcr and Corce _
1 1070
oot 101 0001 2170

Materials Characterization 223 (2025) 114915

Fig. 3. Examination of the precision Ar™ ion polishing on the suppression of the martensitic Copcc—Copcp phase transformation. (a) TKD and (b) HRTEM analyses of
the “mechanically polished plus tripod polished plus precision Ar* ion polished” WC-10Co-1.5Ru-0.6Cr3C, TEM samples. (a;) phase map overlapped with band
contrast where Coycp and Copcc are indexed in red and yellow, respectively. IPF-Z maps of the WC grains, Copcc, and Coycp are shown in (ay_4), respectively. (b)
HRTEM image of both WCxcp and Cogcc regions with corresponding 2D-FFT patterns. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 4. Temperature effect during Xe™ pFIB polishing on the suppression of the martensitic Copcc—Copcp phase transformation. (a) Ambient and (b) cryogenic
condition. The preparation protocol for both cases is the same, which is “mechanically polished plus broad Ar* ion polished sample from Fig. 3(b).

3.4. Effect of mechanical polishing cloths on EBSD indexability

Mechanical polishing with diamond abrasives is regarded a pivotal
step in metallographic preparation, essential for removing scratches and
plastic deformation incurred during prior grinding stages. The choice of
the mechanical polishing cloths significantly influences the abrasive
particles” movement in the vertical direction, thereby affecting the
effectiveness of the polishing process. To assess the effect of the me-
chanical polishing cloth types on the indexability of the backscattered
diffraction signal and surface quality of the fine-grained WC-Co sam-
ples, a comparative analysis was conducted between the surfaces pol-
ished using a soft polishing cloth, i.e., MD-Mol, and a hard polishing
cloth, i.e., MD-Dac, respectively.

Observations from Fig. 5(aj-az) indicate a substantial presence of

non-indexable Co phase and lower surface quality if polished using MD-
Mol. Conversely, the surface polished with MD-Dac, as shown in Fig. 5
(b;-bs), achieves superior backscattered diffraction signal indexing of
both the WC and Co phases. Specifically, unindexed points are reduced
from approximately 23.24 % (using soft MD-Mol cloth) to about 13.33 %
(using hard MD-Dac cloth) in terms of area fractions. Notably, the
indexed Co signals obtained with the hard cloth were approximately 4.8
times higher than those achieved using the soft cloth. This methodo-
logical refinement enables more accurate and representative measure-
ments of the phase fractions in the WC-Co cemented carbide samples.
Low EBSD indexability often results from excessively deformed surfaces
or a high density of surface defects [38]. Using a soft polishing cloth
leads to an increased movement in the vertical direction and therefore
more pronounced surface deformation. This process tends to completely
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' non-indexable Co

Fig. 5. Effect of mechanical polishing cloth types on the EBSD indexability and suppression of the martensitic Copcc—Concp phase transformation. EBSD analysis of
the “only mechanically polished” WC-10Co-1.5Ru-0.6Cr3C, samples using a (a) soft polishing cloth and a (b) hard polishing cloth. (a;) and (b,) are the phase maps
overlapped with the band contrast. Coycp and Copcc are indexed in red and yellow, respectively. (az), (bs) and (bs) are the detected electron backscattered Kikuchi
patterns of Co regions with simulated indexing. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

remove the softer Co phase from the surface layer while deforming the
harder WC phase.

Remarkably, both Copcc and Coycp phases were identified in the
electron backscattered patterns (EBSPs) of the fine-grained
WC-10Co-1.5Ru-0.6Cr3Cy samples in Fig. 5(bz-bg). This indicates the
occurrence of preparation artefacts in the Co phase due to mechanical
polishing. Thus, despite optimising EBSD indexability with a hard pol-
ishing cloth, artefactual Coycp was still observed. This highlights the
necessity of integrating broad Ar' ion polishing to eliminate the
deformed areas and preserve the pristine Co structures effectively.

3.5. Effect of broad Ar" ion polishing configurations on modifications of
the pristine Cogcc structure

As mentioned above, mechanical polishing tends to trigger the
deformation-induced martensitic Copcc—Cogycp phase transformation.
Additional broad Ar* ion polishing was used to mitigate this effect.
However, various configurations of the broad Ar™ ion polishing may also
trigger the deformation-induced martensitic phase transformation
rather than mitigate these artefacts. It is therefore highly significant to
quantitatively evaluate the effect of various ion polishing parameters
that can be controlled such as beam current, beam power and duration
on the preservation of the pristine Copcc structure.

Here, two distinct configurations with controllable beam parameters
were assessed:”Ar" jon polishing configuration 1 (~10 MJ/m? and 80
min)”, using 8 keV for 1 h followed by 2 keV and 0.5 keV for 10 min
each; and a “Ar™ ion polishing configuration 2 (~21.65 MJ/m? and 420
minutes)”, which involves a gradually reducing beam power from 6 keV
to 0.5 keV over a total duration of 7 h).

The statistical evaluation of the indexing rates and the phase fraction
from the surfaces prepared with the aforementioned ion polishing con-
figurations, i.e., “Ar" ion polishing configuration 1 (~10 MJ/m? and 80
minutes)”, is detailed in Fig. 6. The analysis reveals that both configu-
rations reduce non-indexed signals than those achieved through me-
chanical polishing alone. This thus suggests that broad Ar" ion polishing

is effectively further improving the EBSD indexability of the sample
prepared by the mechanical polishing. Furthermore, “Ar" ion polishing
configuration 1 (~10 MJ/m? and 80 min)” was found to mitigate arte-
facts and eliminate the martensitic Copcc—Copycp phase transformation.
Quantitatively, 96.11 % of the Co phase was identified as Cogcc in the
WC-10Co-1.5Ru-0.6Cr3Cy sample subjected to the “Ar" ion polishing
configuration 1 (~10 MJ/m? and 80 min)”. Conversely, the surface
prepared using the “Ar" ion polishing configuration 2 (~21.65 MJ/m?
and 420 minutes)” exhibits a significant presence of the Coycp artefacts,
as illustrated in Fig. 6(b).

The comparative analysis of the phase fraction for the two broad Ar*
ion polishing configurations highlights that using a higher beam power
and higher current coupled with a shorter polishing duration is more
effective in eradicating deformed WC and Co layers without triggering
the martensitic Copcc—Coycp phase transformation. On the other hand, a
gentler beam power and beam current with prolonged polishing dura-
tion resulted in additional artefacts and surface damage. While the “Ar™
ion polishing configuration 2 (~21.65 MJ/m? and 420 minutes)” can be
advantageous for many other materials in terms of surface quality for
microscopy, it proves unsuitable for our fine-grained WC-Co cemented
carbides, especially in the presence of a metastable Copcc structure.

3.6. Effect of Xe™ plasma milling temperature on modifications of the
pristine Cogcc structure

FIB offers significant advantages, including the precise, site-specific
removal of material from small regions with high spatial resolution
[39]. In this study, sample preparation with Xe' pFIB, thinning at
ambient or cryogenic temperatures, has been observed to induce the
martensitic Copcc—Copcp phase transformation. Notably, a portion of the
Co regions managed to preserve the Copcc structure following prepa-
ration with ambient Xe" pFIB. The question about the integrity of these
Cogcc regions as “unmodified” pristine structure and their suitability for
microstructural characterisations raises.

Pole figures of both Cogcc and Copcp phases from Xe™ pFIB-prepared
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(a) Mechanically polished plus
Ar* ion polished with configuration 1 (~10MJ/m? and 80 minutes)
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Fig. 6. Effect of the broad Ar' ion polishing configurations on the modifica-
tions of the pristine Copcc structure. EBSD measurements on the fractions of the
non-indexable signals, WC, Coycp and Cogcc structures of the (a) “mechanically
polished plus Ar* ion polished with configuration 1 (~10 MJ/m? and 80 mi-
nutes) ” and (b) “mechanically polished plus Ar" ion polished with configura-
tion 2 (~21.65 MJ/m? and 420 minutes) ” WC-1 0Co-1.5Ru-0.6Cr3C, samples.
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Fig. 7. Examination on the “ambient Xe™ pFIB prepared” on suppression of the
martensitic Corcc—Concp phase transformation. Pole figures of the both Cogpcc
and Coycp phases in the “mechanically polished plus broad Ar" ion polished
configuration 1 (~10 MJ/m? and 80 minutes) plus ambient Xe™ pFIB prepared”
WC-10Co-1.5Ru-0.6Cr3C, cemented carbides. The corresponding phase maps
overlapped with the band contrast and IPF — Z maps are presented in Fig. 4
(aj-ay).
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samples, as shown in Fig. 7, reveal that the Copcc grains transform into
several distinct Coycp variants, adhering to the Shoji-Nishiyama orien-
tation relationship, i.e., {111}pcc//{0001 }ycp, and (110)pcc//<1120 >
ucp- Specifically, Fig. 7 illustrates that four crystallographically equiv-
alent variants, characterised by four {0001 }ycp basal planes stem from
four {111}pcc habit planes [40], aligning with the findings in Fig. 2(bs)
from the samples prepared with “mechanical polishing plus broad Ar™
ion polishing”. This alignment verifies that the remaining Cogpcc repre-
sents the parent phase without modification.

Therefore, ambient Xe" pFIB emerges as a viable technique for
microstructural characterisation, yet it necessitates cautious interpre-
tation when quantifying the extent of pristine Cogcc regions, to account
for potential modifications induced by the preparation process.

3.7. Summary of the validated metallographic preparation workflow for
the pristine Co phase identification

To provide a comprehensive understanding of the examinations
conducted in this study, we present an overview of the metallographic
preparation workflows, as detailed in Fig. 8. This figure highlights how
various preparation methods contribute to achieving the desired surface
quality for EBSD/TKD indexing and the suppression of the martensitic
Corcc—Concp phase transformation in fine-grained
WC-10Co-1.5Ru-0.6Cr3Cy cemented carbides. Specifically, these
metallographic preparation techniques are classified into three cate-
gories based on their effectiveness and appropriateness for our specific
material: “Go”, “No Go”, and “Go with caution”. “Go” signifies work-
flows that are safe and advocated for use, “No Go” represents workflows
that should be avoided, and “Go with caution” indicates workflows that
could be considered, provided that particular precautions are observed,
following the detailed discussions and recommendations outlined in the
study. This categorisation facilitates a clear understanding of the suit-
able preparation workflows for the fine-grained
WC-10Co-1.5Ru-0.6Cr3Cy cemented carbides, ensuring reliable and
accurate microstructural characterisation.

3.8. Effect of Ar' ion beam energy density and polishing duration on the
suppression of the pristine Copcc structure

As mentioned above, controlling the beam parameters can effectively
suppress the pristine Copcc structure and maintain good surface quality
for EBSD analysis. To systematic study the effect of Ar" ion beam energy
density and polishing duration on the suppression of the pristine Copcc
structure, Fig. 9 displays a plot correlating ion polishing energy density
with duration across four distinct broad Ar™ ion polishing workflows.
Each workflow involves multiple steps of applying ion beam energy
density and polishing duration. The effectiveness of each polishing step
was evaluated, categorising them as “Go” for satisfactory suppression of
the martensitic transformation and superior surface quality, or “No Go”
for inadequate outcomes, manifesting either through poor surface
quality or the introduction of preparation artefacts. Energy density of
the ion polishing can be determined from the beam power and beam
current and the “Ar" ion polishing configuration 1” has an Ar" ion
polishing energy density of ~10 MJ/m? and a duration of ~80 min. It is
noted that polishing with such “Ar™ ion polishing configuration 1 (~10
MJ/m? and 80 minutes)” or near these energy density and duration
values are marked as “GO” step for EBSD analysis. Consequently, the
“Ar" ion polishing configuration 1 (~10 MJ/m? and 80 min)” has been
selected for our WC-Co cemented carbides to optimally preserve the
pristine Co structure, as corroborated by the findings depicted in Fig. 3.
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Fig. 8. Overview of the metallographic preparation workflows validated in this work with the following comments of each method: “Go”, “NO GO” and “GO
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Fig. 9. Effect of the Ar* ion polishing energy density versus ion polishing
duration on the preservation of the pristine Co phase in the
WC-10Co-1.5Ru-0.6Cr,C3 cemented carbides. The total ion polishing energy
density versus its duration after each step from four different broad Ar" ion
polish workflows marked as “Ar" ion polishing - workflow 1” to “Ar" ion
polishing - workflow 4”in green, blue, red and purple colours, respectively. “/
“ and “x“ represent “Go” and “No Go” ion polishing configurations, respec-
tively. “GO” is regarded as safe configuration step, effectively suppressing the
martensitic Copcc to Coucp phase transformation. “NO GO” is regarded as un-
safe configuration step, providing insights into unexpected experimental con-
sequences. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

4. Discussion

4.1. Mechanism for minimizing the martensitic Copcc—Copncp phase
transformation

Exploring the balance between ion polishing energy density and
duration is crucial for optimising the preparation of WC-Co cemented
carbides, especially in the context of suppressing the martensitic
Copcc—Copycp phase transformation and achieving high EBSD indexing
rates. In our study, various configurations of the broad Ar" ion polish-
ing, including both “Ar" ion polishing configuration 1 (~10 MJ/m? and
80 minutes)” and “Ar”" ion polishing configuration 2 (~21.65 MJ/m?>
and 420 minutes)”, as well as combined approaches, were assessed to
understand their influence on the phase transformation and the EBSD
indexability.

The “No Go” outcomes were notably prevalent at lower ion polishing
power densities (energy density per unit duration), irrespective of the
duration applied, suggesting that inadequate polishing power density
fails to effectively mitigate the transformation. Conversely, unexpect-
edly, higher power densities also resulted in “No Go” categorisations,
revealing that optimal “Go” configurations exist within a specific range
of both energy density and duration parameters. Intriguingly, the
occurrence of unexpected Co phases, encompassing both ion and me-
chanical polishing, underscores a cumulative impact of the entire
preparation process on the martensitic transformation. Thus, the total
Copycp artefacts observed post-preparation is a collective result of the
transformations induced by both mechanical and ion polishing stages, as
illustrated in Fig. 10(a).

Moreover, Fig. 10(b) provides schematic depictions of the WC-Co
surface anomalies resulting from “No Go” ion polishing steps, offering
insights into the challenges and considerations necessary for preserving
the pristine Co structure during metallographic preparation.

Relative to WC particles, the Co binder exhibits much faster removal
rates and higher plasticity. The “large-ion polishing energy with short-
duration” configuration effectively strips the top Co layer, whereas the
“large-ion polishing energy with long-duration” also deforms the un-
derlying Co, risking the martensitic Copcc-Coycp phase transformation.
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Fig. 10. Overview of Ion Polishing Energy Density Versus Duration on Pristine Co Phase Preservation. (a) Demonstration of the effectiveness of “Go” configurations
in removing artefactual Coycp structures and strategies for preserving the pristine Co phase in fine-grained WC-10Co-1.5Ru-0.6Cr3C, samples. (b) Exploration on the
impact of various ion polishing energies and durations on suppressing the martensitic transformation of the pristine Co phase during metallographic preparation.
“Go” region indicates configurations that effectively suppress the martensitic Copcc—Copncp phase transformation, while “No Go” regions highlight configurations
leading to undesirable experimental outcomes, providing critical insights into optimal preparation techniques.

Conversely, “low-ion polishing energy with short-duration” may fail to
adequately clear the “mechanically polished” surface, and “low-ion
polishing energy with long-duration” gradually deforms the Co,
enhancing the risk of martensitic Copcc-Coycp phase transformation.

In our study, the optimal “Go” ion polishing configuration falls
within an energy density range of ~10.4 to 13.5 MJ/m? and a duration
of ~80 min, balancing effective removal of deformations and preser-
vation of the pristine Co structure.

5. Conclusions

In this study, we present a detailed comparative analysis aimed at
precisely identifying and characterising the pristine Co phase in a series
of WC-Co cemented carbides. Advanced multi-scale microscopy and
microanalysis, such as XRD, EBSD, TEM, and TKD have been used. By
systematically exploring both conventional and advanced techniques,
including mechanical polishing and ion polishing, we identified optimal
methods that enhance surface quality and enable artefact-free micro-
structural characterisation. The findings underscore the importance of
selecting appropriate preparation workflows, enabling to offer a valu-
able reference for future studies in structural and property analyses. For

10

plane-polished cross-sections used in (e.g.) EBSD analysis, we find that:

e Mechanical polishing with a hard cloth compared to a soft cloth
dramatically reduces the unindexed backscattered diffraction signal
from ~23.24 % (soft) to ~13.33 % (hard) (area fraction), enabling a
more representative measurement of the phase fractions in WC-Co
cemented carbide samples.

Unfortunately, the hard cloth unequivocally induces the martensitic
Copcc—Coycp phase transformation under certain circumstances.
Therefore, whilst the use of the hard cloth is important to disam-
biguate the EBSD indexing as described above, it does not suffice as a
final polish.

After the hard cloth polishing, a subsequent Ar" ion polishing with
~10 MJ/m? for 80 min was found to mitigate artefacts, and elimi-
nate the martensitic Copcc—Coycp phase transformation region. We
describe the relationship between the ion polishing energy density
and duration in terms of suppression of the martensitic Copcc—Concp
phase transformation for plane-polished cross-sections.

For thin-sections such as used in (e.g.) TEM analysis, we find that:
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e Tripod polishing followed by precision ion polishing with Ar™ ions
effectively reveal the pristine Co structure, without artefacts, and
was classified as the preferred method for preparing TEM/TKD
samples.

The application of a Xe™ focused ion beam was shown to facilitate the
martensitic Copcc—Coycp phase transformation under both ambient
and cryogenic milling conditions, necessitating cautious use of this
technology in sample preparation workflows.
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