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• During compression, stiffness of WC-Co
micropillars is a convolution of elastic
response and microplasticity events.

• Deformation of WC-Co micropillars de-
pends on the microstructural assem-
blage and the distribution of both
phases.

• Hybrid coating/substrate pillar shows
enhanced micromechanical response,
combining coating strength and sub-
strate toughness.

• TiN interlayer provides excellent inter-
facial strength between the hardmetal
substrate and the Zr(C,N) coating.
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Deformation behavior of an industrial coated cemented carbide (WC-Co substrate coatedwith CVDmultilayer of
TiN/Zr(C,N)/Ti(C,N,O)/Al2O3) was investigated by means of micropillar compression method. In addition to the
WC-Co substrate pillars, new composite pillar combination consisting of substrate, TiN interlayer and
carbonitride hard coating were tested. The study targeted to document and analyze interactions between differ-
ent phases and components (substrate, interlayer and coating) while subjected to compressive stress. It is found
that deformation of the substrate depends mainly on the assemblage and the distribution of WC and Co phases
within the pillar. The phase assemblage is subjected to changes after deformation which has an impact on the
stiffness. Detailed analysis of plastic deformation within WC coarse grains pointed out that strain energy can
be extensively dissipated in this phase by means of single and multiple slip. The composite/hybrid pillar formed
by association of the substrate and the coating enhanced the ultimate strength in comparison to their respective
individual components, highlighting the effective load-bearing response of coating and substrate acting as a
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coated system. This assessment was further supported by the excellent interfacial strength attested by the
established TiN interlayer between the substrate and the coating.

© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. Cross section of the coated cemented carbide cutting insert showing the different
components.
1. Introduction

Developing new materials combining enhanced hardness and
toughness is one of the most challenging issues for material scientists
and engineers. In this regard, despite the fact that they were first intro-
duced about one century ago [1], nowadays WC-Co cemented carbide
(also referred as hardmetals in practice) remains the most successful
composite material combining these two properties. Main reason be-
hind is the optimal interface properties exhibited by theWC and cobalt
couple, i.e. very low interfacial energy, nearly perfect wetting and very
good adhesion in the solid state [2]. Surprisingly, it has been reported
that carbide-carbide interfaces are indeed strengthened by Co segrega-
tion at the grain boundaries [3]. Furthermore, mechanical properties of
these materials are widely tunable by selecting the appropriate chemi-
cal and microstructural parameters, i.e. WC grain size, metallic binder
volume fraction, alloying, gradients, etc. [4]. As a result, WC-Co
cemented carbides have consolidated as leading materials for
manufacturing tools and components used in highly demanding appli-
cations like metal cutting or forming, mining drill bits and wear parts.
From the late 60s, since the implementation of thin coatings onto
cemented carbides as external layers, performance and service life of
cemented carbide tools and parts were taken to a higher level and
have been increasingly enhanced due to the protection offered by coat-
ings against severe wear and significant thermo-mechanical loads [5,6].
Within this context, microstructural design optimization of substrate
and coatings, as well as corresponding interlayers between them, have
resulted in an ever-increasing functional performance of coated
hardmetals. Extensive research has been carried out to study mechani-
cal properties of coated systems in terms of hardness, scratch resistance,
friction, wear, etc. [7]. However, only a few investigations have ad-
dressed the small-scale response of these materials regarding the local
mechanical properties of their individual system components, i.e. sub-
strate, coating and interlayer. Although nanoindentation is established
as a standard and popular method to characterize mechanical proper-
ties of composite materials at the micrometer scale, multi-axial stresses
and strains generated during contact loading are complex [8,9]. Accord-
ingly, studying and analyzing the involved deformation mechanics be-
comes very difficult. Micro-compression emerges as a more adapted
method for suchmicromechanical characterization, considering the rel-
ative uniform stress distribution [8] and the ease of processing
micropillars.Moreover, successive annularmilling of the pillars with fo-
cused ion beam (FIB) allows gradual relaxation of residual stresses
[10,11]. Micropillar compression could eventually be deployed for eval-
uating mechanical properties such as elastic modulus and yield stress.
However, special care has to be given to the experimental shortcomings
which can corrupt the resulting data [12]. Still, this method has been
used mainly to study single crystals and single-phased materials.
Micromechanical testing of WC-Co composites is limited to few studies
involving either micropillar compression [13–15], microbeam bending
[16,17], micro/nano-scratch testing [18,19], or in-situ tensile testing
[20,21]. Regarding micropillar compression, Csanádi et al. studied the
deformation dependence upon crystal orientation forWC single crystals
[13]. Similar testing approach was extended to WC-Co composites by
Tarragó et al. [14] and Sandoval et al. [15], aiming to highlight yielding
mechanisms within the constitutive phases and microstructural scale
effects, respectively. Within the present study, the same approach was
used to examine deformation behavior of a lower cobalt content WC-
Co coated substrate. The post-mortem deformation was investigated
using high-resolution electron microscopy and EBSD to depict micro-
structural changes of the different phases (WC grains and Co binder).
Afterwards, micropillars milled within carbonitride coating and com-
bined substrate/TiN-interlayer/carbonitride coating were similarly
tested, and all resultswere compared together. In other words, complex
interactions between phases (WC and Co) and different components
(substrate, interlayer and coating) that likely take place under compres-
sion in real application are attempted to be replicated at the small-scale
by micropillar compression. To the best knowledge of the authors, sim-
ilar approach is implemented for different components of a cutting in-
sert for the first time in this investigation. Zr(C,N) hard coating was
chosen instead of the widely established Ti(C,N) due to its promising
micromechanical properties [22,23], and its structural integrity when
deposited on cemented carbides [24]. Besides, considering that me-
chanical integrity of the TiN interlayer (existing between substrate
and coating) is crucial, special attention was paid to provide some in-
sight into the interfacial strength of the system studied. Hence, the pres-
ent study is divided into two main sections: investigation of
deformation mechanisms of the substrate and then of the combination
substrate/interlayer/coating which is here referred as a hybrid
structure.
2. Materials and methods

2.1. Coated cemented carbide specimen

The investigated coated cemented carbide specimen is an industrial milling insert. It
consisted of afinegradeWC-7.6wt%Co substrate (mean carbide size of 0.8 μm) and amul-
tilayer coating with the following upward sequence: TiN (0.3 μm), Zr(C,N) (4.5 μm), Ti(C,
N,O) (0.6 μm) andα-Al2O3 (3 μm) as an outer layer (Fig. 1). These coatingswere deposited
through moderate temperature CVD process (MT-CVD) in an industrial hot wall reactor
using metal chlorides precursors and temperatures ranging between 930 °C and 1000
°C. This multilayer architecture (coatings' sequence and thicknesses) is a standard se-
quence engineered for cemented carbides used in commercial milling inserts. The exclu-
sive difference is the use of the recently developed Zr(C,N) wear resistant layer, instead
of the widely used Ti(C,N). TiN starting interlayer is deposited on the hardmetal surface
for three reasons: to promote nucleation of the carbonitride film, to act as a diffusion bar-
rier layer and to improve adhesion to the substrate. Zr(C,N) is a hard layer intended to pro-
vide excellent combination of hardness and toughness, together with oxidation and wear
resistance. Ti(C,N,O) guarantees a very good adhesion and anchoring between Zr(C,N) and
alumina layer. Finally, top α-Al2O3 layer is a thermal barrier which mitigates both high
heat flux generated during cutting and adhesive wear.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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2.2. Pillar preparation

Pillars were milled in an embedded cross section of the coated cemented carbide.
Cross section was prepared by grinding and polishing with diamond suspension from 9
to 1 μm. Final polishing with colloidal silica or fine alumina suspension was avoided as it
has been found to produce preferential material removal in the layers, and more notice-
ably in the cobalt phase, which is more pronounced for fine-grained substrate grades
[25]. Then, pillars were carved on the different components of the coated insert using a
FEI Helios Nanolab DualBeam 600 SEM/FIB (Scanning electron microscope/Focused ion
beam) operating with gallium ion (Ga+) beam. Three annular milling steps were con-
ducted (with a decreasing current intensity from 21 nA, 0.92 nA and finally 0.28 nA) to
achieve the final shape of the pillar with an approximate top diameter of 2 μm and an as-
pect ratio (diameter/height) of 1/3. Three pillars weremilled from the substrate, two from
Zr(C,N) and one hybrid pillar combining substrate, TiN and Zr(C,N) coating (Table 1). Di-
ameter and taper angle of the pillars ranged between 2.1 and 2.3 μmand 4.4–5.5°, respec-
tively. Besides, three additional hybrid pillars with an inclined interface were prepared in
order to assess the interfacial strength of TiN interlayer (further details are given in section
3.2.2). Through the manuscript, “phases” refers to individual constituents within the sub-
strate (WC, Co), and “components” refers to substrate, interlayer and coating.

Regarding pillar preparation, cross section orientation was adopted instead of the
usual plain one for the following reasons:

- On a plain surface orientation, the hybrid pillar concept will be a top coating part
based on a soft substrate, which will induce more deformation in the substrate. Besides,
shear stress at the interface will be negligible.

- On the contrary, along the cross section, the substrate, the coating and their interfa-
cial strength are tested, as the different stiffness exhibited by both components induces
relevant shearing at interfaces. Moreover, with this orientation, different components
can be investigated separately from the same prepared sample and within the same
test. This is a clear advantage for reproducibility of the tests and comparison of the results.

2.3. Micro-compression tests

Micro-compression tests were carried out with the aid of a Hysitron Tribo-Indenter TI
900, equippedwith a Performech controller and a 5 μmdiameter diamond flat punch. Be-
fore compression, in-situ scanning probe microscopy (SPM) of the pillar with very low
force and scan rate is conducted using the flat punch as a probe. The reasons behind are
to precisely locate and center the flat punch relatively to the pillar and to check misalign-
ment. The loading function is displacement controlledwith a constant rate of 5 nm/s.Max-
imum load of the transducer that can be applied is around 35mN. Engineering stress (ratio
of applied force to top area of the pillar) and displacement were chosen as parameters for
graphical representation of mechanical response, as precise determination of the actual
height was highly uncertain due to irregularities around the pillar and to the uneven na-
ture of thepillar's base surface. Therefore, by presenting displacement instead of engineer-
ing strain such source of uncertainty and error is ruled out. Moreover, due to the tapering
angle, pillars do not have perfect cylindrical shape. Hence, strain is not uniform along the
pillar but rather concentrated in the upper part. Dimensions of the pillars are comparable
as the same milling sequence was used. Still, small variations of heights may exist, which
can influence gradually the slope of stress-displacement curves. Along themanuscript, the
term “stress” refers to the “engineering stress”.

2.4. Residual stresses

In coated cemented carbides, two types of residual stresses may be invoked. On one
hand, CVD coatings are well-known to exhibit tensile residual stresses that are balanced
by the “bulk-like” substrate. However, as small specimen micropillars are machined,
these residual stresses are continuously relaxed with successive annular FIB milling to a
significant extent [10,11]. On the other hand, regarding cemented carbides, there exist in-
trinsic residualmicro-stresses between co-existingphases, i.e.WC and cobalt binder.Here,
it is also known that residual stresses are compressive in the ceramic phase and tensile in
the metallic one. These residual stresses do not vanish completely by FIB-milling of
micropillars. However, as the study is focused on cemented carbide substrate as a “single
component”, suchmicro-residual stresses are not considered within the data analysis and
beyond the scope of this investigation.

2.5. Electron backscattered diffraction (EBSD) analysis

Post-mortem EBSD analysis of a compressed pillar was conducted by extracting a
thick lamella (∼ 500 nm)with the FIB lift-out technique. Preparation protocol has been al-
ready detailed in a previous work by the authors [22]. In order to minimize possible
Table 1
Tested pillars - nomenclature used and corresponding description.

Pillar notation Material - description

S1, S2, S3 WC-Co Substrate
C1, C2 Zr(C,N) Coatings
Hybrid (Hyb) WC-Co/TiN/Zr(C,N) - vertical interface
Hybrid-i (Hyb-i) WC-Co/TiN/Zr(C,N) - inclined interface
damage induced by the Ga+ ions employed, low current and acceleration voltage
(11 pA and between 5 and 2 kV, respectively) were used during the final polishing of
the lamella. Kikuchi patterns were obtained in reflection mode with an EDAX Hikari sys-
tem at 20 kV acceleration voltage, 11 nA current and a 20 nm step size. Subsequently,
raw data was processed and analyzed with OIM Analysis™ V7 software. It was imple-
mented by defining a grain as an island of at least two adjacent points with a maximum
misorientation of 5°. The confidence index (CI)was standardized across each grain to filter
noise and poor data with a cut-off of CI = 0.09.

3. Results and discussion

3.1. Deformation of the substrate

3.1.1. Stress and displacement curves
Fig. 2 shows stress vs. displacement curves of the three WC-Co pillars studied. An in-

crease in stiffness for the first 10–20 nm of displacement is noticed. This could be attrib-
uted to tiny particles trapped between the flat punch and the pillar top face or to slight
misalignment induced by height difference at the top pillar surface of a couple of nanome-
ters. Then, during loading, the stress-displacement slope varies considerably, especially
when comparing pillar S1 to pillar S3. This could be explained by considering that compos-
ite assemblage ofWCgrains in the Comatrix is different, regarding carbide contiguity, spa-
tial distribution of both phases, effective grain size within the pillar and crystal orientation
of carbides, in each case. As a result, each WC-Co pillar may respond to applied strain dif-
ferently [14]. However, discrepancies in stress vs. displacement response during
unloading, related to the elastic recovery, are not discerned. Linear data points fitting of
initial unloading segment gives the following slope values of SS1 = 122 MPa/nm, SS2 =
124 MPa/nm and SS3 = 128 MPa/nm for pillars S1, S2 and S3, respectively.

Due to the taper angle of the pillars, strain is not uniform, but rather concentrated in
the top part. Pillar S1 shows extensive and multiple yielding phenomena at the top part,
given in terms of binder extrusion, relative sliding between carbide grains and slip traces
of single WC grains, as shown in Fig. 3. These yielding events are translated in the stress-
displacement curve, where the post-initial loading segment is non-linear and is rather a
mix of this complex yielding events. Hence, the term “pseudo-stiffness” will be used in-
stead of stiffness as the response is a mixture of elasticity andmicro-plasticity events. Pro-
pensity of WC to slide, rotate or plastically deform is related to the grain size and
contiguity. In general, as it is also evidenced in Fig. 3, smaller carbides tend to slide and ro-
tate, while coarser ones are prone to deform plastically through dislocation activity [26],
which is obvious due to formation of slip traces. Regarding extrusion of the metallic
binder, direct linking of this deformation mechanism to features within the stress-
displacement curves is very difficult, as the response is a mixture of both phases where
Co is restricted to smaller regions.

For pillar S3, a significant sliding at the top is evidenced (Fig. 4 (a)). Moreover, from
the rotated image in Fig. 4 (b), another line crossing the main sliding is observed, which
could be an indication of multiple slip inside this grain. These events can be correlated
to clear and discrete displacement bursts observed in the curves shown in Fig. 2, at stress
levels of 6–7 GPa. This would be in agreement with previous results reported by Csanádi
et al., regarding yield values of slip activation in monocrystalline WC pillars with compa-
rable diameter to those studied here, during micro-compression testing [13]. The higher
pseudo-stiffness and strength values, significant displacement bursts and the presumable
slip activity discerned for pillar S3, triggered the interest for deeper investigations. A FIB
lift-out is made for this pillar, then successive FIB cross-sectioning (according to the
dashed line in Fig. 4 (b)) is carried out followed by high resolution SEM imaging. Fig. 5
Fig. 2. Stress vs. displacement curves for substrate pillars S1, S2 and S3. Stress-
displacement slope varies considerably from one pillar to another.



Fig. 3. Different views of yielding events in pillar S1 after compression. Dashed black
arrows: WC sliding, black arrows: Cobalt extrusion and white arrows: Slip bands in WC.
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(a) shows that the coarseWC grain in the pillar apex is supported by otherWC grains, re-
vealing then quite a high local contiguity underneath, until the base of the pillar. Hence,
local assemblage could be described as a rigid continuous WC skeleton where the cobalt
occupies just empty spaces between carbides. Consequently, a relatively higher pseudo-
stiffness value should be expected. Aiming to gather further information, EBSD mapping
was performed on multiple cross sections.

3.1.2. WC slip activity
To verify if the presumable slip in pillar S3 is actually related to dislocation activity or

sliding at a grain boundary of two grains that would have perfect contiguity (Fig. 5 (b)),
EBSDmappingwas performed on several cross sections of the same lift-out. Several inter-
esting observations can be stated. First, random and various orientations of different WC
grains within the pillar are discerned in the inverse pole figure map (IPF) shown in
Fig. 6 (a). From the same figure, it becomes clear that sliding at the pillar3s top part oc-
curred inside a single coarse grain, i.e. both sides neighboring slip trace exhibit same ori-
entation (with a grain orientation spread of 0.35° which is close to baseline orientation
noise). Second, the grain under consideration has a prismatic orientation to the plane of
sectioning. In other words, the top surface of the pillar was near to parallel with the
10�10 type prismatic planewhich is the favorable orientation for inducing slip during com-
pression of WC single crystals [13]. In this regard, calculating the angle between the top
face of the pillar and the slip trace, an approximate value of 130.5° is obtained. This
value is close to the angle separating two intersecting prismatic planes (120°), considering
that the disorientation of the grain toward a vertical ½10�10� pole is 11° (Fig. 6 (c)). This
means that the slip occurred likely along a prismatic plane. Confirmation to this statement
is obtained by extracting exact orientation of the lattice and overlaying it to the image
quality map in Fig. 6 (b), where the slip trace is parallel to the prismatic segment. Third,
concerning the other crossing slip referred in Fig. 4 (b), its trace is not visible in the IQ
map and calculation of the intersecting angle from the tilted view in Fig. 4 (b) is very dif-
ficult. Nevertheless, from its visible trace orientation, it seems that it probably arises from
another prismatic plane of type 0�110.

In the literature, it is agreed that the predominant slip system of WC is along a pris-
matic plane from the family f10�10g11�23 [27–30]. Other authors have also reported f10�1
0g0001[26,31,32] andf10�10g11�20system [26,32]which could dissociate into11�23partial
Fig. 4. (a) Front viewof the pillar S3 after compression; (b) corresponding rotated view showing
which is perpendicular to the observed sliding.
dislocations [32]. Calculation of the slip direction based on the geometrical measurement
of the sliding from SEM pictures is not reliable, due to the difficulty of determining the lat-
eral displacement and to the higher measurement uncertainty. Alternatively, Schmid fac-
tor maps for the f10�10g slip planes were calculated (Fig. 7) for the three directions with
compressive loading along the vertical axis. It appears that both 11�20 and 11�23 are very
plausible directions with Schmid factor values of 0.48 and 0.38, respectively. This could
lead to the conclusion that the slip took place along 11�20 direction. However, critical re-
solved shear stress should be taken into account to assess which of the two directions is
prone to activate first. Fig. 4 (a) shows that there is a lateral displacement during grain
slip which would not take place if the slip direction was 11�20. This directly points out 11
�23 as the active slip direction in the case analyzed here.

3.1.3. Deformation of metallic binder, the cobalt phase
A larger EBSD scan (including the substrate below the pillar) was carried out in order

to investigate the Cophase. In Fig. 8 (a), within the pillar, fcc-Co coexistsmainlywith small
hcp-Co islands that are located near the interfaces ofWC. Underneath the pillar,where the
Co volume content and islands are larger, higher hcp fraction is noticed with direct conti-
guity to the carbides. Thismay suggest that phase transformation of Co begins at the inter-
faces with the carbides. Generally in cemented carbides, the dissolved W and C in the
cobalt phase stabilize the fcc phase which is normally stable at higher temperatures
[33,34]. It results in a predominance of the cubic phase [33], especially for fine-grained
cemented carbides [35], which is the grade in this study. Presence of hcp-Co phase in all
the mapped cross sections (e.g. Figs. 8 and 6) could lead to the impression that phase
transformation occurred duringmicro-compression as it is well established that Co binder
endures phase transformation from fcc to hcp under strain [33,34,36,37]. Nevertheless,
post treatment processes like grinding [38], substrate heating during CVD deposition
and cooling down, top blasting and even lamella preparation using Ga + ion beam may
also cause this phase transformation [39]. The latter factor could be discarded as precau-
tions were adopted by using low acceleration voltage (between 5 and 2 kV) and low
beam current at the final thinning step. However, the other factors could contribute to
this phase transformation. Another lift-out was made at the substrate nearby pillar S3 to
inspect the non-deformed state. As a result, both phases exist prior to micro-
compression testing meaning that presence of hcp-Co is not strictly related to the defor-
mation of the pillar. High resolution SEM images reveal intersecting platelet structures in-
side the Co island, which are reported to be related to deformation twinning and fcc-hcp
martensitic phase transformation resulting in thin hcp lamellae in a fcc cobalt matrix
[33,36,40]. An example is given in Fig. 5 (b) and (c) where most of the Co underneath
the coarse grain is in the form of these platelet structures. Still, these structures cannot
be resolved by EBSD, and the corresponding phase map in Fig. 6 (d) reveals only the fcc
matrix for this particular Co island. Higher resolution technique - like transmission elec-
tron microscope (TEM) or automated crystal orientation mapping with TEM (ACOM-
TEM) - could be capable of resolving these structures. At least, with pole figures shown
in Fig. 8 (b), an orientation relationship between fcc and hcp phases is highlighted,
where 0001ð Þhcp // f111gfcc and 11�20hcp // 110fcc. This relationship has been also reported
in references [33,40].

As can be seen, investigation of cobalt deformation mechanisms remains a challenge
especially for low Co content and fine-grained cemented carbides due to the restricted
and small Co islands. The initial allotropic phases (fcc/hcp)must be predeterminedor con-
trolled in order to assess precisely the impact of deformation on the phase transformation
of Co. Various causes can induce this phase transformation and not only the applied stress
during micro-compression. Nevertheless, we are assuming that phase transformation is
initiated at the phase boundaries with WC grains.

3.1.4. Deformation mechanisms
For cemented carbide pillars, depending on the assemblage and the distribution of

both WC grains and the metallic binder, distinct cases during loading stage, illustrated
by pillar S1 and S3, have been demonstrated. Stress and strain concentrate at the top
part as a result of the tapering angle [8]. For pillar S1 in addition to the Co flow, the
upper part is composed of different WC grain sizes where the smaller ones tend to slide
a crossing slip inWCphase. The dashed linemarks the orientation of the extracted lamella



Fig. 5. (a) Post-mortem cross section at the middle of the pillar S3 showing a continuousWC skeleton from the top to the bottom of the pillar. (b) Another cross section showing smooth
interface of the presumable slip plane in the top grain (white arrows). (c) Magnification of platelet structure inside the Co island showed in (b).
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or rotate to each other considering that the interfaces (WC/WC andWC/Co) are preferen-
tial spots for plastic deformation [14,15]. Meanwhile, coarser grains tend to deform plasti-
cally by developing shear bands. The propensity to deform plastically with increasing
grain size has been recently reported for WC-Co during indentation by Liu et al. [26] and
it is generally related to the microstructural constraint or intrinsic size effect [41,42].
Meanwhile, the typical rigid WC skeleton of the carbides within pillar S3 resulted not
only in higher pseudo-stiffness and strength, but also provided solid base for the top
coarse grain that showcased extensive sliding. The latter is a result ofmultiple slips in pris-
matic planes followed by extensive shearing along the f10�10g11�23 11�23 slip system
which is the predominant slip system forWC [27–30]. This could be described as if a single
prismatic grain was compressed on the top of the supporting WC-Co pillar structure.
Fig. 6. (a) IPF map of the WC phase according to the vertical axis. (b) Corresponding image q
(c) Sketch of the disorientation angle between prismatic plane and the vertical axis. (d) WC an
However, during the unloading phase, all three pillars showed similar and higher slope
than their respective loading segment. The unloading segment is related to the elastic re-
covery and its slope is expected to bewithin values of single phases [14,15] where theWC
is stiffer than Co. This distinct behavior of unloading stiffness increase can be also per-
ceived in the work of Tarragò et al. [14]. In the present case, this tendency of higher and
similar unloading slopes values could be explained by the attenuation or partial annihila-
tion of the Co phase contribution, in the overall mechanical behavior, during compression.
In other words, during loading, the cobalt is significantly deformed as it is the softest
phase, and for instance, Co extrusion in pillar S1 was evidenced (Fig. 3 (a)). Moreover,
Co phase is dispersed and restricted to small areas between bigger and harderWC grains.
These aremoving and sliding alongwith irreversible Codeformation until the formation of
uality (IQ) map revealing that the slip trace in top grain is parallel to a prismatic plane.
d Co phase map.



Fig. 7. Schmid factor maps of the WC phase considering the f10�10g slip plane according to the following directions (a) 11�20, (b) 11�23 and (c) 0001.
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a rigid skeleton where the WC have enough contiguity to start carrying the load and de-
form. As a result, the phase assemblage and contiguity have changed after the compres-
sion and the elastic recovery during unloading arises mainly from WC phase.

Regarding deformation of WC and Co phases within a pillar structure (or micro-
compression tests of WC-Co), in contrast to the previous study by Tarragó et al. where
most of the described deformationmechanisms occurred in the Co phase and at the inter-
faces [14], the WC hard phase is in this study strongly concerned. This could be directly
correlated to the lower cobalt content in the present study (7.6 wt% versus 15 wt%). As
a result, the investigated pillars reached a higher yield strength. In Table 2, it can be ob-
served that as the Co fraction increases the yield strength decreases and vice-versa. This
would be in full accordance with what has been reported by Sandoval et al., stating that
the yield strength increasedwith higherWCvolume fraction as a result of pillar size reduc-
tion [15].

3.2. Deformation of coating and hybrid pillar

3.2.1. Stress and displacement curves
Aiming to investigate deformation mechanisms of both coating and combined coat-

ing/substrate system, three additional pillars were produced and tested. Two of them
weremilled at the Zr(C,N) coating,whereas the other onewas carved at the TiN interlayer
between the coating and the substrate in order to get a hybrid specimen containing about
the same volume fraction of both coating and cemented carbide (Fig. 9).

Stress vs. displacement curves of these pillars are shown in Fig. 10. Opposite to the
mechanical response determined for substrate pillars, mechanical response of the coating
is quite reproducible. The loading segments of the two coating curves are quite similar and
unloading slopes are equal (Sc1=Sc2=79 MPa/nm). Furthermore, a higher yield stress
around 8 GPa was reached, before the first displacement burst occurred, which
corresponded to crack initiation in the top face. Continuing the compression will lead to
propagation of the crack along the pillar and catastrophic failure. The ultimate strength,
as compared to the other components, reached the highest value in the case of the hybrid
pillar. Here, stress even exceeded 9 GPa without exhibiting a displacement burst, then a
plateau was reached corresponding to the maximum load that could be applied by the
transducer during the micro-compression test (∼ 35 mN). Post-mortem SEM images
from the coating side did not reveal a visible defect or a crack formation in the coating
part. Conversely, plastic deformation phenomena, such as sliding of contiguousWC grains
and slip lines within individual carbides, were discerned on the substrate side as it can be
seen in Fig. 11.

Given this noticeable yielding in the substrate region in contrast to the coating in ad-
dition to the dissimilar loading behavior of these two components, significant shearing is
expected at both interface sides of the TiN interlayer (substrate/TiN, TiN/coating) which
would lead to interfacial failure. Yet, no decohesion or interfacial crack was evidenced in
our experiments which highlights the excellent bonding properties of the TiN interlayer.
Instead, the whole hybrid pillar deformed as one integral structure, and both phases de-
formed with more leaning of the substrate part. This can be observed in Fig. 12 where
SEM micrographs before and after compression were imaged with the same parameters.
Accordingly, an inclination of the pillar at the substrate part is noticed. Buckling of the pil-
lar can be caused by stability issues related to micropillar compression. Nevertheless, pre-
cautions were adopted by having an aspect ratio between 2 and 3 in addition to the
absence of excessive misalignment [43]. Moreover, as this buckling concerns only this hy-
brid pillar, it is obvious that the heterogeneity of the structure, where the substrate side is
softer than the coating, is responsible for the observed bending.

In order to compare unloading stiffnesses between the components in Fig. 13, a rough
estimate of the heights is evaluated by averaging minimum and maximum values exclu-
sively for this purpose. It is found that the unloading stiffness of the hybrid pillar is within
the values of those determined for both substrate and coating components.

To further explore the shearing resistance at the TiN interfaces, a supplementary test
described below was conducted.

3.2.2. Interfacial strength at the TiN interlayer
Attempting to get further insights about interfacial strength of TiN interlayer, addi-

tional three pillars were milled at a cross section near the edge of the milling insert in
order to have an inclined TiN interface trapped in sandwich between the Zr(C,N) and
the substrate. The idea behind is to increase the shear stresses acting at the interfaces of
the TiN during compression test. Optimal casewould be to have a 45° inclination interface
to maximize the shear stress. However, due to the complicated shape of the cutting insert,
it is difficult to set the sample such to get the referred angle. The latterwas ∼ 70±2° in the
present study. A larger diameter (∼ 3 μm) and higher aspect ratio was chosen in order to
ensure that all three components will be contained (and visible) in the pillar. Similar ex-
perimental protocols have been proposed and validated to calculate critical stress for
shear failure of varied interfaces, e.g. betweenCrN coating and Si substrate [44] or between
the matrix and the fiber of ceramic matrix composites [45]. Nevertheless, in the present
study, the loading was a displacement-controlled function with a multi-cycle progressive
loading, i.e. four loading-unloading cycles are applied with incremental higher displace-
ment at each cycle. The target was to investigate occurrence of plastic deformation.

Unfortunately, before achieving pillar yielding, maximum transducer load was
reached again, and the aimed critical shear stress could not be determined. Nevertheless,
several important facts may be highlighted from these tests. First, failure events were not
discerned at the interface. Second, as it can be seen in Fig. 14 (b), plastic deformation is
taking place in the pillar after each cycle, as the loading and unloading segment are not
similar. Third, “Pseudo-stiffness” is increasing after each loading cycle (Fig. 14), which is
very similar to substrate pillars behavior in terms of unloading slope increase (Fig. 2). Ac-
cordingly, this result endorses the explanation about phase assemblage and contiguity
changes of WC-Co after deformation (section 3.1.4). An approximation of the maximum
shear stresswhichwas exerted at the interfacewas calculated using the following formula
[44,45]:

τ ¼ Pñsin θñcos θ=A

whereτ: shear stress, P:maximum reached load,θ: interface angle and A: area of the pillar



Fig. 8. (a) Phase map of pillar S3 and the substrate underneath. (b) Pole figures of Co fcc-
hcp islands. An orientation relationship between fcc and hcp phases of cobalt is
highlighted.

Fig. 9. Hybrid pillar carved at the interface with similar volume fraction of coating and
substrate components. Inset: scheme of the components of the hybrid pillar showing
(from left to right) Zr(C,N) coating, TiN interlayer and WC-Co substrate.
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cross section. Estimated shear stress at the interface reachedan approximate value close to
1.3 GPa, this could be taken as a lower bound estimation for its strength.

A TEM lamellawas prepared in order to have awider cross section at the TiN interface.
STEM images showed absence of micro-pores or voids at TiN interfaces (Fig. 15). Further-
more, TiN presented a nanocrystalline structure with a clear contrast at the grain bound-
aries. This dark contrast is attributed to the segregation of diffusing substrate elements (W,
Co) at the grain boundaries [23,46], which are believed to enhance the adhesion of the
coating [46]. As a result of the TiN nanocrystalline microstructure, no slip transmission
from the WC grains to the interface is expected.
Table 2
Comparison of reported WC-Co micro-compression studies. Yield strength increases in-
versely with Co content.

Sample dWC

(μm)
Pillar diameter
(μm)

Yield strength
(GPa)

Reference

WC-15 wt%Co Coarse 2.5–3 0.6–3.1 [14]
WC-11 wt%Co 1.1 1–4 2.3–7 [15]
WC-7.6 wt%Co 0.8 2.1–2.3 4–7 Present study
WC (single crystal) - 2 6–7 [13]
3.2.3. Strength of hybrid assemblage
The combination of coating and substrate outperformed their corresponding sin-

gle component. It was seen that deformation of substrate pillars is ductile, contrary to
coating one which is brittle. The hybrid pillar reached stresses as high as 9.4 GPa
without showing a displacement burst and could probably advance to a superior
strength if the transducer had a higher maximum load limit. The three components
have deformed together, WC grains in the substrate deformed plastically, whereas
the TiN and the Zr(C,N) hard coating bended with the substrate without developing
a visible crack. Attention must be drawn to the fact that hybrid pillars behavior also
depends on the assemblage of the substrate part. In the present case, like substrate
pillar S3, coarse-grained assemblage and higher contiguity of WC grains were in
favor for this superior behavior. From the coating perspective, this outstanding result
could be attributed to the better cohesive strength (at grain boundaries) and ductility
of Zr(C,N) in comparison with the widely used Ti(C,N) coating [22,23]. Indeed, it has
to be taken into account that finer microstructure of Zr(C,N) along with TiN (within
the hybrid pillar) increased volume fraction of grain boundaries in which substrate
elements are segregating, and this feature may contribute to the increased strength
[48]. Regarding the interfaces, no crack was evidenced at the interfaces of both com-
ponents with TiN, which is a proof of the excellent interfacial strength that the TiN is
guaranteeing between the cemented carbide and the hard coating. In fact, it has been
reported that the addition of TiN interlayer has enhanced the adhesion strength be-
tween Ti(C,N) coating and WC-Co coating during cutting tests [46].
Fig. 10. Stress and displacement curves of substrate pillars (S1, S2, S3) (Yield strength
∼ 4–7 GPa), Zr(C,N) coating pillars (Yield strength ∼ 8 GPa), and hybrid pillar (Ultimate
strength ~ 9 GPa). The plateau noticed for the hybrid pillar (green curve) is a result of
reaching the maximum load of the transducer. Hybrid pillar exhibits highest strength
among tested specimens. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)



Fig. 11. Yielding events at the substrate region of the hybrid pillar, white arrows indicate
slip bands in WC while black dashed ones show sliding between WC grains.

Fig. 12. (a) Side image of the hybrid pillar before compression. (b) Related post-
compression image. Black arrow in (b) indicates yielding at the substrate side and
leaning of the pillar to the right. This can be noticed also by taking the background
surrounding the top part as a reference.
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Fig. 13. Unloading stiffnesses of tested pillars, C: Coating – S: Substrate – Hyb: Hybrid.
Unloading stiffness of the hybrid pillar is within the values of the corresponding
components.
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4. Summary

Throughout various experiments and characterization techniques
the deformation mechanisms of different components of an industrial
cutting insert have been investigated, the following conclusions were
drawn regarding our experiments:

- Deformation of WC-Co micropillars prepared from the same sub-
strate is strongly influenced by phase assemblage and distribution,
grain size and orientation, nature of interfaces, etc., as we obtained
distinct behavior during the loading of each pillar. The loading seg-
ment (or pseudo-stiffness) is a convolution of elastic response and
microplasticity events. Moreover, loading and unloading behavior
were dissimilar which could be explained by the local changes in
phase assemblage at the end of loading segment resulting in a stiff-
ness increase.

- In addition to the Co metallic phase, coarse WC grains can absorb
considerable strain energy by deforming plastically as it has been
showcased - in one example - by the extensive and multiple slip ac-
cording to the established f10�10g11�23 system and initiation of sev-
eral slip traces in different WC grains for the other examples.

- Investigation of cobalt phase deformation is challenging especially
for low Co content and fine-grained cemented carbides. At least,
we are assuming that phase transformation from fcc to hcp is initi-
ated at the phase boundaries with WC grains.

- The hybrid pillar presented the highest strength among the tested
pillars, the coating contributed with its strength while the substrate
provided the necessary toughness, which enhanced its properties
and outscored their individual phases in terms of ultimate strength.

- Despite high shear stresses expected at interfaces of TiN interlayer
during compression, the latter provided excellent interfacial
strength between the substrate and the coating, which strengthen
and bind both components together.



Fig. 14. a. Hybrid pillar with inclined interface (Hyb-i) after compression. Inset: scheme of the hybrid pillar with an inclined interface. b. Corresponding multi-cycle stress-displacement
curve highlighting plastic deformation after each cycle. Fitting of the loading's linear part is added for each cycle. Corresponding slopes are: 1st cycle = 22.4 MPa/nm; 2nd cycle =
29.3 MPa/nm; 3rd cycle = 30.9 MPa/nm; 4th cycle = 32 MPa/nm.
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Fig. 15. Bright field STEM-in-SEM image at the TiN interface of the as-deposited state. TiN
(left) and Zr(C,N) (right). Dark contrast around TiN grain boundaries denotes segregation
of diffused substrate elements. Initial stages of the CVD deposition produce normally a
fine-grained microstructure, and grain size will increase as the thickness increases [47].
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