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Abstract

The present work is focused on WC-Co dry-electropolished. A systematic nanomechanical study of a 3D printed WC-Co grade is investigated.
In doing so, nanoindentation technique is implemented and the main deformation/damage mechanisms induced at the submicrometric length
scale are investigated at different temperatures, from room up to 600 °C. In general, three different approaches are followed to accomplish this
research: (1) assessment of intrinsic hardness values as a function of crystallographic orientation from a room temperature up to 600 °C and (2)
the determination of effective hardness and flow stress through the Tabor’s equation of the metal cobalt binder. Finally, the elastic strain to
break was also determined for the main crystallographic orientations for the WC particles as a function of the temperature. The preliminary
results highlight that the strength reduction with increasing temperature is attributed to metallic binder softening. On the other hand, the WC
particles presents an isotropic behavior when the testing temperature is over 500 °C because, to inside these particles, the dislocations and the

stacking faults are the main deformation mechanisms induced at intermediate/high testing temperature.
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1. Introduction

Additive manufacturing (AM) technology is increasingly
considered as a key manufacturing technology of tomorrow’s
society. AM technologies make possible the production of
complex near-set shaped parts which are not feasible with
conventional (subtractive) technologies. With this bottom-up
approach, material is added layer by layer where necessary
and it is not removed as it is with conventional top-down
approaches. This technology offers many key advantages:
greater design freedom compared to conventional routes, the
possibility of creating close channels to optimize the cooling
process under service-like working conditions, the possibility
of saving on raw material consumption, production time
reduction (complex parts can be produced layer by layer in
just a few hours in additive machines) and no need of using
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customized tools. Thanks to these advantages, the use of the
AM technology is being developed in many industries, like
biomedical and electronics ones, as well as within scientific
fields, such as mechanical devices, periodic microstructures
and ceramics among others. Within the aforementioned
information, the growth of activities in this field are
enormous, especially with ceramic/metal printing and in
particular to the WC-Co field, producing fully dense WC-Co
by using the direct selective laser sintering (SLS)/selective
laser melting (SLM) as reported in Refs. [1-4]. Both
production techniques do not allow the normal liquid phase
sintering steps, which may be associated with the very fast and
local cycle of heating and subsequently solidification process.
This effect may induce decarburization of WC grains,
formation of carbides like W>C and/or Co metallic binder
evaporation, which affects the mechanical integrity of the 3D
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printed specimen. In order to avoid these problems, the binder
jetting technology of WC-Co has been recently implemented
[5,6]. It produces green parts at room temperature with no
need of protective atmosphere. Afterwards, the green printed
parts need further consolidation by debinding and sintering
steps.

These materials under service-like working conditions can
be subjected to temperatures higher than 500 °C [7]. Due to
the exceptional combination of different microstructural and
mechanical properties of each constitutive phase, these
materials are widely employed as cutting. At these
temperatures, the mechanical properties of WC-Co drop
considerably, leading to a reduction of their strength and creep
resistance. This effect may be associated to microstructural
(i.e., chemical composition of the metallic Co binder, mean
free path, etc.), mechanical (i.e., the applied load and also the
deformation rate) and thermal properties (i.e., temperature and
environment) [8]. These properties produce an early
deformation of the hard metal due to a softening effect of the
metallic Co binder [9,10]. However, scarce information on the
local mechanical properties for each constitutive phase at the
micro- and submicrometric length scale is available in the
literature. Within this context, the main goal behind this
research is to evaluate and correlate the surface integrity in
terms of mechanical properties (hardness and elastic modulus)
under service-like working conditions, from room up to 600
°C for 3D printed WC-Co specimens produced by means of
the binder jetting technology and subsequently polished by
using the DryLyte® Technology. Furthermore, the flow stress
for the constrained Co binder will be estimated by combining
the intrinsic hardness assessed for the metallic Co binder and
subsequently treated by using the Tabor’s equation.

Nomenclature

E. Reduce elastic modulus

Ewc.co Elastic modulus for the WC-Co material

Ecen (T) Elastic modulus for the ¢cBN indenter tip as a
function of the temperature

H Hardness

He Hardness for the WC-Co composite

Hy Hardness for the metallic Co binder

Hs Hardness for the WC particles

k Constant related to the film thickness
SF Stacking Fault

B Relative indentation depth

vwc-co  Poisson’s ratio for the WC-Co material

VBN Poisson’s ratio for the cBN indenter tip
Oy Flow stress

oy600c Flow stress determined at 600 °C

2. Experimental procedure

The investigated WC-Co (12 wt. % Co) drill bit head was
supplied by HILTI AG (Schaan, Liechtenstein) and processed
through the additive manufacturing technologies (see Fig. 1)

and in particular by using the AM route based on ink-jet
printhead. More information about the 3D printing process
can be found in Refs. [11-13].
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Fig. 1. 3D-printed WC-Co drill bit head.

Prior to microstructural and mechanical characterization at
the submicrometric length scale, the surface of the specimen
was prepared by using the dry electropolishing process,
DryLyte® Technology. More information related to this
polishing process is suitable in Ref. [14].

Microstructural ~characterization of the 3D printed
specimen before being polished was performed with a
confocal laser scanning microscope (CLSM, InfiniteFocusG5
plus from Bruker Alicona) and more in detail with a field
emission scanning electron microscopy (FESEM, Zeiss Neon
40).

Nanoindentation tests were performed using a three-
instrumented Nanotest platform (Micromaterials, Wrexham
UK) equipped with a c¢cBN Berkovich indenter
(Micromaterials, Wrexham, UK) of 75 nm of the tip radius.
Furthermore, along the indentation test, the cBN Berkovich
indenter was carefully calibrated by indenting into a reference
fused silica sample, and the obtained data were analyzed
using the Oliver and Pharr method [15,16]. The indentation
chamber was filled with argon gas until reaching a final O,
level of around 1 ppm. The WC-Co composite sample was
mounted on a hot stage by using Omegabond 600 (high-
temperature cement) in order to carry out the experiments at
room and high temperature (500 and 600 °C). Two sets of
experiments were conducted at the micro- and submicrometric
length scale in the region labelled as * in Fig. 1. The overall
mechanical response of the composite WC-Co grade was
assessed as the average behavior of at least 20 indents per
temperature conducted under loading control mode, at 25 mN
of maximum applied load (with a maximum penetration depth
of around 200 nm). On the other hand, the intrinsic hardness
and elastic modulus as a function of the main crystallographic
orientations {0001}, {1010} and {2110} as well as for the
metallic Co binder. The different tests were performed at the
center of each WC grain and also Co pool under load control
mode at 4 mN of maximum applied load (which corresponds
to a displacement into a surface of around 70 nm). In order to
accurately determine the elastic properties for each constituent
(WC and/or Co metallic binder) at the different investigated
temperatures, it is necessary to take into account the elastic
deformation of the indenter tip as a function of the tested
temperature since the elastic modulus of the ¢cBN indenter tip
changes with temperature [17]. The indentation tests for both
sets of experiments were conducted at a constant applied load
rate of around 5 mN-s™!. The Poisson’s ratio for the indenter
was considered to be constant and equal to 0.12 over the
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range of temperatures evaluated here (from room to 600 °C)
as reported in Ref. [18]. Finally, the corrected elastic modulus
was determined by using the following expression:

1_1_1‘71ch 1_vCZBN

Er - EWC—Co

Ecen(r 1

3. Results and discussion
3.1. Microstructural characterization

The topographic view obtained through the LSCM
technique for the investigated 3D printed WC-Co is shown in
the upper side of Fig. 2, showing a difference in height of
around 2 mm. Furthermore, the different layers deposited
though the binder jetting technique are clearly evident. Doing
a cross section profile of around 50 measurements (see the
bottom part of Fig. 2) on the region bounded by a white dash
line in the topographic LSCM image is possible to determine
the layer heigh which is of around 74 pm.

Fig. 3a exhibits the FESEM micrograph of the
heterogeneous WC-Co microstructure at the top surface of the
3D printed specimen, labelled as as-received specimen. Two
different phases are evident, the ceramic (light grey), and the
metallic Co binder (dark grey), being this phase the
minoritarian phase of the 3D printed specimen. Prior to the
mechanical characterization conducted at the submicrometric
length scale, the specimen was polished using the DryLyte®
Technology for 1 h and the resulting microstructure observed
by FESEM (Fig. 3b), reaching a final roughness of around 9
nm. This implies a reduction of around the 33.3% the initial
roughness.

Height (mm)
-
%

5
Length (mm)

Fig. 2. Topographic LSCM image (upper) and a cross section profile
(bottom).

Fig. 3. FESEM icrographs of the 3D printed specimen () As received; and
(b) after being dry-electropolished for 1 h.

3.2. Intrinsic hardness characterization for the WC particles

The evolution of the intrinsic hardness and elastic modulus
as a function of the three main crystallographic orientations as
a function of the testing temperature is represented in Fig 4.
Ten imprints per crystallographic orientation and temperature
were performed in order to get statistical signification. In this
representation, it can be appreciated that both mechanical
properties for the different {0001}, {1010} and {2110}
orientations are temperature dependent.

The hardness for the {0001} plane measured at room
temperature (see Fig. 4a) is harder than that of the other two
investigated crystallographic orientations and in agreement
with the data reported in the literature [19-28]. Furthermore,
this representation highlights that the intrinsic hardness is a
temperature dependence parameter. As it is evident, two
different regions are clearly visible in the hardness vs.
temperature representation, the threshold being around 500
°C. On one hand, in region 1, the hardness for each
constitutive phases presents an anisotropic behavior, being the
{0001} plane harder than the other planes investigated here,
{1010} and {2110}. On the other hand, in region 2 (at testing
temperatures higher than 500 °C), the hardness for the three
main crystallographic orientations presents an isotropic
behavior with a hardness value of around 12.5 + 0.8 GPa. The
hardness behavior observed in Fig. 3a and specially in region
2 (T =500 °C) may be related to the facility of activating the
dislocation motion inside the three main WC crystallographic
orientations in agreement with the data reported by Milman et
al. [29].

Fig. 4b exhibits the elastic modulus evolution as a function
of the testing temperature for the main crystallographic
orientations; {0001}, {1010} and {2110}. As it is shown, it
linearly decreases as a function of the tested temperature. The
trend obtained at room temperature is in concordance with the
once obtained by using high speed massive nanoindentation
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and the statistical analysis [27]. In addition, this elastic
modulus reduction may be associated to heterogeneities in
terms of chemical composition due to the not homogeneous
distribution of W and C atoms inside the different WC
particles.
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Fig. 4. Surface integrity at the submicrometric length scale for the WC

particles for the three main crystallographic orientations investigated here (a)
hardness; and (b) elastic modulus.

3.3. Metallic Co binder at different temperatures

The intrinsic hardness for the constrained metallic Co
binder has also been investigated as a function of the tested
temperatures. Table 1 summarizes the intrinsic Co hardness as
a function of the temperature. As it is depicted in this table,
the hardness value for the metallic Co binder is temperature
dependent, leading to a reduction of this parameter as the
temperature increases. This behavior may be related to two
different factors: (1) a leisure of the compressive residual
stresses produced due to the containment effect as the testing
temperature increases and (2) the ease to activate the main
plastic deformation process, being these dislocations, stacking
faults (SFs) and twinning as reported in [30]. In this regard,
the hardness at 600 °C is around three times lower than that
determined at room temperature. As previously reported by
Roa et al. [25,26,28], the intrinsic hardness determined for the
metallic Co binder is strongly modified by the interaction of
the plastic flow induced during the indentation process with
the surrounding CW. In order to deconvolute this effect and to
be able to obtain a real intrinsic hardness value for the
metallic Co binder, it is necessary to implement well
established thin film models. In this study, the model of
Korsunsky et al. [31] was employed by considering the WC-
Co composite as the effective substrate of a metallic Co thin
film as follows:

He = Hy + 2 M
€ T 1+ kp2 )
Values around 24% lower than those directly obtained
from the indentation process on the metallic Co binder, were
obtained after deconvoluting the effect of the surrounding WC

particles by using the Korsunsky method as summarized in
Table 1.

Table 1. Summary of the hardness as a function of the testing temperature for
the metallic Co binder.

Testing temperature (°C) Hardness, H (GPa) Hardness, Hs (GPa)

Room temperature 9.0-6.8 6.8—-5.1
500 45-3.4 34-26
600 32-24 25-1.8

The flow stress (o;) for the metallic Co binder was
determined from the ratio between the intrinsic hardness data
after, and a constraint factor, reported to range from 3 up to 4
for WC-Co materials [32], and considering a Vickers indenter
geometry. It is necessary to take into consideration that when
the hardness is determined using a Berkovich tip indenter, an
additional geometrical factor of 0.9 must be included in the o;
equation as reported Casals ef al. [33]. The o; evolution as a
function of the temperatures investigated here (from room
temperature to 600 °C) is represented in Fig. 5. As it can be
observed, o, and T display a clear linear relationship as
represented in equation (3). As higher is the 7, lower is the o
presented on the metallic Co binder due to a higher
temperature the mobility of the main plastic deformation
mechanisms is higher (i.e., mainly dislocations and SFs).

oy =2.31-2.49-103T 3)

Furthermore, the o; obtained at room temperature are in
agreement with the data recently reported by Roa et al.
[28,29] and Sigl and Fischmeister [34], which ranged from
1.8 to 2.4 GPa and from 2.2 to 2.6 GPa, respectively.

At the highest investigated temperature (7 = 600 °C), the
o, obtained ranges between 0.68 up to 0.91 GPa, which is
higher than the value reported for the unconstrained hard
metal binder-like cobalt model alloy (0.48 GPa) [35]. On the
other hand, the o;,00°c is in agreement with those reported in
[36,37].
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Fig. 5. Flow stress vs. indented temperature for the constrained metallic Co
binder determined by using the Tabor’s equation.
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3.4. Plasticity parameters for the different constitutive phases

The ratio between the hardness and elastic modulus also
known as a plasticity index, provides information related to
the elastic strain to failure as reported in Refs. [38-41]. This
parameter can be considered in indentation as an indirect
measurement of toughness, especially for coated ceramic
materials [44]. In this sense, the material with higher ratio can
more easily relieve the strain by plastic deformation rather
than brittle fracture. At the same time, this parameter can also
be used as a prediction of the tribological performance of
ceramic materials [45].

Table 2 summarizes the plasticity index of the main
crystallographic orientations for the WC particles as a
function of the tested temperature. The H/E ratio determined
at room temperature ranges between 4.16-102 and 6.43-102
for the {0001} and {2110}, respectively. From these results it
can be appreciated that the {2110} plane should present a
slightly greater wear resistance to plastic deformation than the
{0001} plane. However, the difference between the main
different WC planes investigated here is not high enough to
be significant. As it is evident in Table 2, if the temperature
increases, the elastic strain to failure reduces following the
same trend for the different crystallographic planes
investigated here. This phenomenon may be the result of the
increase of the dislocation mobility for the different WC
crystallographic phases which leads to grow the plastic
deformation at the same applied stress. A similar trend was
observed for a WC-Co hard metal when the testing
temperature increases [46].

Table 2. Plasticity parameters for the WC particles for the main
crystallographic orientation investigated.
Crystallographic orientation Testing temperature (°C) H/E-10~

{0001} Room temperature 4.16-4.30
500 2.90-3.12

600 2.58-2.84

{1010} Room temperature 4.90-5.70
500 3.85-3.86

600 3.33-3.36

T Room temperature 5.88-6.43
12110} 500 4.50-4.86
600 3.89-4.47

4. Conclusions

In this work, a systematic study has been carefully
implemented to dry-electropolished 3D printed WC-Co
specimens with complex geometry by using the DryLyte®
Technology, and subsequently evaluate the mechanical
integrity for each constitutive phase (either with different
nature “WC and/or Co phases” and/or crystallography
“{0001}, {1010} and {2110}”) at different temperatures
(from room temperature up to 600°C) at the submicrometric
length scale. Finally, for the constrained metallic Co binder,
the flow stress has been determined by using the intrinsic
hardness values and the Tabor’s equation. The main
conclusions extracted from this work are as follows:

(1) The mechanical properties in terms of hardness and
elastic modulus determined at the submicrometric
length scale are temperature dependent.

(2) The WC particles present an anisotropic behavior in
terms of hardness for temperatures below 500 °C.
However, at higher temperatures the main
crystallographic orientation for the WC particles
presents an isotropic behavior.

(3) The elastic modulus for the different crystallographic
orientations presents an anisotropic behavior being the
{0001} plane the stiffest one out of all the different
temperatures investigated here.

(4) The containment effect of the WC particles produces
an increase of the intrinsic hardness for the metallic
Co binder of around 24%.

(5) Combining the intrinsic hardness of the metallic Co
binder after treating the data by using the thin film
models and also the Tabor’s equation allows to
determine the flow stress as a function of the tested
temperature.

(6) At room temperature the elastic strain to break, also
known as a plasticity index, for the WC particles
investigated here determined is slightly wear resistant
for the {2110} plane than for the others. Furthermore,
this parameter slightly decreases when the testing
temperature increases due to the required energy to
activate the main plastic deformation mechanism
(being these mainly the dislocations and the SFs).
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