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Abstract

Purpose — The purpose of this study is to verify how the carbon doping of the WC-Co cemented carbide (CC) affected their structure before their
processing by hot isostatic pressing (HIP) technology.

Design/methodology/approach — The samples for this experiment were fabricated by selective laser melting technology (SLM) using a YAG fiber
laser with a power of P = 40 W and a scanning speed of 83 mm/s. The subsequent carbon doping process was performed in a chamber furnace at
900 0 C for 1, 4 and 12 h. The HIP was performed at 1,390°C and pressures of 40 MPa, 80 MPa and 120 MPa. The changes induced in the structures
were evaluated using X-ray diffraction and various microscopic methods.

Findings — X-ray diffraction analysis showed that the structure of the samples after SLM consisted of WC, W,C, Co,W,C and Co phases. As a result
of the increase in the carbon content in the structure of the samples, the transition carbide W,C and structural phase Co4W,C decayed. Their decay
was manifested by the coarsening of the minor alpha phase (WC), which occurred both during the carburizing process and during the subsequent
processing using HIP. In the samples in which the structure was carburized prior to HIP, only the structural phases WC and Co were observed in most
cases.

Originality/value — The results confirm that it is possible to increase the homogeneity of the CC structure and thus its applicability in practice by
additional carburization of the sample structure with subsequent processing by HIP technology.
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Introduction and a metallic tough binder of Co, Fe or Ni surrounding the
particles (Upadhyaya, 1998). In addition to these components,

Additive technologies, also known as 3D printing, are used in a they may contain other structural phases that affect their

wide range of applications, including the processing of
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microstructures and mechanical and physical properties. These
phases include, for example, inhibitors of WC grain growth
(VC, NbC, TaC), which prevent coarsening during the
sintering process or graphite phases or transition carbides of the
Mﬁc group (CO3.2W2.8C - C02W4C) or M12C (C06W6C)’
which are referred to as eta phases (Morton et al., 2005;
Upadhyaya, 1998). mn-phases and graphite phases can
negatively affect the mechanical properties of CC, and their
presence in the CC structure is usually considered undesirable
(Esoetal., 2007; (Sun ez al., 2011). How these phases affect the
mechanical properties of CC is also dependent on how these
phases are distributed in the CC volume, their morphology,
size and volume fraction (Sun er al., 2011; Formisano ez al.,
2016). The WC-Co phase diagram (Figure 1) shows the
carbon ratios and temperatures at which the eta phase can form
and when graphite can form in the CC structure.

In addition to the carbon deficit in Co-rich regions, the rate
at which the CC structure cools from the sintering temperature
leads to the formation of the mn-phase (Upadhyaya, 1998;
Garcia ez al., 2019). If the cooling rate is gradual, the eta phase
decays, which is associated with the coarsening of the major
phase of tungsten carbide (Vreeswijk ez al., 2021). In the case of
high carbon deficiency, the 7-phase is retained in the CC
structure during both rapid and gradual cooling from the
sintering temperature (Upadhyaya, 1998).

In the processing of CC by selective laser melting (SLM), the
formation of the 7-phase is supported by the evaporation of the
material during this process, the volume of which depends on
the energy density introduced, as shown in equation (1) (Bai
et al., 2019), and the processing strategy of the deposited
powder bed (Fortunato ez al., 2019).

o [i} (1)
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where E 4 [ﬁ] is the bulk energy density; P [W] is the laser

power; v[@] is the laser spot motion velocity; ¢ [mm] is the

height of the deposited powder layer; and h [mm] is the spacing
between laser spot motion vectors (Bai ez al., 2019).
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This resulted in the formation of carbon-deficient regions in the
CC volume, in which the precipitation of the 7-phase was
enabled by the conversion of WC grains during solidification
(Yang et al., 2020; Kublii and Velikanova, 2004). Its formation
depends on the contents of dissolved W and C in the solid
solution of Co (Yang er al., 2020; Pollock and Stadelmaier,
1970). Laser energy further influenced the formation of pores
and cracks in the CC structure. At high values, the porosity of
the material structure is reduced (Fortunato et al, 2019;
Kumar, 2009), because of the evaporation of the binder and
because the heating of the material is not uniform, large
transverse and longitudinal tensile residual stresses are generated,
which cause cracking of the CC structure after solidification
(Gusarov ez al., 2011). The microstructure of CC is composed of
fine WC grains in some locations and coarse grains in others
(Domashenkov et al, 2016), as shown in Figure 2. This
heterogeneous distribution of the tungsten carbide grain size in
the CC volume is due to the way the material is processed using
SLM. When the laser beam interacts with the powder bed, it
melts the deposited powder layers and heats their immediate
surroundings (i.e. the previously deposited layers). This then
leads to a gradual coarsening of the WC grains in these areas,
during which multi-layered growth of WC grains can be observed
(Gu and Meiners, 2010). It was observed that coarser WC grains
were located along the boundaries of the molten region and finer
ones inside it. This is due to the high cooling gradient induced by
powder bed processing (Campanelli ez al., 2019).

The occurrence of CC structural defects can be limited in
various ways. For example, the formation of cracks can be
prevented in the CC structure by increasing the binder content
(Khmyrov et al., 2016), by multiple remelting of the powder
layer (Fortunato et al, 2019) or by preheating the build
platform to high temperatures (Fries ez al., 2020). The occurrence
of pores can be influenced by the type and quality of the powder
used (Chen ez al., 2019) and its processing parameters (Uhlmann
et al., 2015). In addition, various post-processing technologies can
be used to improve the quality of printed samples. These include
mechanical surface treatment of the material (Portella ez al., 2020;
Lu and Lu, 2004) and heat treatment (HT) technologies (Nicoletto
etal., 2017; Kucerova et al., 2021). During HT, the residual stresses

Figure 1 Phase diagram of WC-Co-C for a system with 10 Wt. % Co (Bricin, 2019)
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Figure 2 Structure of WC-Co sample after SLM. The structure of WC grains was visualized by chemical etching using Murakami etchant
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Notes: The light blue-grey areas are formed by WC grains. The white areas are formed by
the binder. The dark areas are pores, cracks and n-phases

in the CC structure can be gradually released owing to the
increased temperature; thus, its wear resistance can be affected
(Stewart ez al., 1998). When applying additional pressure using hot
isostatic pressing (HIP), we can achieve a reduction in the porosity
of the product (Ku ez al., 2019). In addition, we can use active
atmospheres in HT, which can induce different phase
transformations in the product structure, thereby influencing the
emerging microstructure of the product (Budin ez al., 2017). In
this study, we considered the use of a combination of chemical HT
with HIP as a finishing technology in the processing of WC-Co
samples produced by SLM. In the experiment, some of the
samples processed via SLM were subjected to chemical HT.
During this process, the proportion of carbon in the structure and
binder increased. Subsequently, all the samples were processed by
isostatic hot pressing. The differences in the microstructure of the
samples caused by their different treatments were then evaluated
by X-ray diffraction analysis and metallographic analysis using
light, electron and confocal microscopy methods.

Materials and methods

As in a previous study (Bricin er al, 2020), a commercially
available WC-Co powder blend, designated AM WC701, was
used as the experimental material. This material was supplied by
Global Tungsten and Powders s.r.0., Bruntal (CZE). The powder
mixture consisted of a granulate with a predominantly spherical
powder particle shape (Figure 3). Different types of defects were
identified in the powder particles by scanning electron microscope
(SEM) analysis, including surface and internal cavities or the
interlocking of multiple powder particles, as shown in Figure 3.
This can negatively affect the quality of the processed powder
layer, thus increasing the porosity of the formed products (Sames
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et al., 2016). The tungsten carbide grains identified in the powder
particles had a triangular shape, which is typical of tungsten
carbide, owing to its internal crystalline structure. The initial
chemical composition of the powder particles was determined
using energy dispersive X ray analysis chemical composition
analysis. Measurements were performed using the spot method
from the surface of the powder particles. The particles consisted of
21.7 + 2.6 Wt.% of Co binder, and the remainder consisted of
tungsten carbide grains (Table 1).

The supplied material was processed using a SLM 280HL
printer (SLM Solutions Group AG, Libeck, Germany). This
printer had a Yb:YAG (IPG Photonics) filament laser with a
maximum power of 400 W. For this experiment, the blade-shaped
specimens with external dimensions of 17.6 x 14.7 x 7.6 mm
[Figure 4(a)] were fabricated on a 280 x 280 mm platform made of
S235 steel. For a reliable connection with the platform, an
additional volume of 2 mm thickness was defined on the bottom
surface of the specimen, which can be removed after fabrication by
conventional machining methods. The thickness of the powder
layer was then chosen to be 40 um. During the processing of the
powder bed, the laser vectors were tilted at an angle of 45° to the
inert atmosphere flow [Figure 4(b)] and in the following layer,
the laser scanning grid was rotated 90° with respect to the
previous processed powder layer. Laser power P = 40 W and
scanning speed 83 mm/s were used to process the powder bed.
The powder bed process was performed under a protective
atmosphere of generator nitrogen with a purity of 97%-98%.
Using the above parameters (Table 2) results in samples with a
relatively high degree of porosity. However, this increases the area
through which carbon can diffuse into the CC material. This
setting was intended to increase the efficiency of the subsequent
carburizing.
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Figure 3 (a) Surface structure of the powder particles; (b) section through the powder particle, the distribution of Co binder and WC particles can be

observed; and (c) satellite connection between two particles of the powder used
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Figure 4 (a) Model of the WC-Co wafer for carbon saturation tests; (b) representation of the laser vectors in a single layer, including the direction of
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Table 2 SLM process parameters

N, flow

9

(b)

Power [W] Speed [mm/s] Energy density [J/mm?]

Hatch distance [mm]

Layer thickness [mm] Atmosphere

40 83 120

0.1 0.04 Nitrogen

The carburizing process was carried out in a granulate backfill with
the trade name Durferrit supplied by AZ PROKAL s.r.o. (Brno,
CZE). The process was performed in a chamber furnace (LAC
s.1.0., Zidlochovice, CZE) at 900°C for 1, 4 and 12 h (Table 3).

In the carburizing process, the maximum solubility of carbon in
the binder of the processed WC-Co samples depends on the
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processing temperature. At the selected carburizing temperature of
900°C, the amount of carbon at the interface between the Co phase
and the surrounding atmosphere corresponds in the short time to a
value of approximately 0.15 Wt.% C (ASM International, 1992).
This amount will vary further from this interface depending on how
much carbon was dissolved in the binder, Co, prior to the
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Table 3 Carbon doping process parameters

Temperature [°C]

900

Heating rate [°C/s]
0.125

Holding time [hours]

1-12

carburizing process and on how much carbon is transferred into the
binder from the alpha major phase and the minor phases present. If
we consider that during the carburizing process the concentration
differences of individual elements are gradually equalized, it is
possible to conclude that the proportion of carbon in the binder
does not exceed the value of its maximum solubility in this phase. If
the maximum solubility of carbon in the solid solution of the binder
Co is exceeded, then free carbon or graphite would be excluded.
Under certain conditions, the formation of metastable structural
phases such as the Co,C or CosC phase could then also occur
(Ishida and Nishizawa, 1991). In addition to these phases, the WC
phase may be converted to metastable W,C structure or more
complex types of transition carbides (Kumar, 2018). In addition to
the above, at high cooling rates from the selected carburizing
temperature, a thin layer of free carbon at the interface between the
WC grains and the Co binder may be excluded (Ponomarev ez al.,
2015). During carburization, carbon diffusion occurs in tungsten
carbide particles mainly through a vacancy diffusion mechanism
(Lassner and Schubert, 2012). The rate of carbon diffusion in
tungsten carbide particles is thus slower compared to other
structural components. Therefore, it is likely that tungsten carbide
particles in contact with the surrounding carburizing atmosphere
will develop a layer of free carbon at their interface. At greater
distances from this interface, the tungsten carbide particles will then
tend to release carbon into the Co binder as mentioned above.
Thus, at the interface of these phases, the conditions will be suitable
for the formation of the metastable structures and complex types of
transition carbides. The formation of the above structural phases is
largely dependent on the delay and carburizing temperature and
the cooling rate from this temperature. With gradual cooling, the
distance the carbon is then able to diffuse can be calculated using
the diffusion equations 2—6 below (Ptacek, 2003).

oc 0 9o
w=a (5 @
Z
erf(z):\/i?r~/0eﬂzdt:2-(I)~(x~\/5)—l 3)
O(u) :/ﬁ \/21.777-e’22dt )

Where:

D [m?!] is diffusion coefficient; ¢ [Wt.%] is volume
concentration of the given element; 7 [s] is time during which
diffusion occurs; x [m] is position coordinate of the diffusion
flow direction; e,{2) is Gaussian error integral; and ®(u)is
normal distribution function.

For the saturation of a given environment by an element,
then the solution of the above equations of the second Fick’s
law can be obtained by equation (5). By solving it, the
concentration gradient in each region can then be
determined, see equation (6):
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ﬂzl—erj’{%] )
¢1 —¢Co 2.(D.7-)7
c=o+ 271 - erf(z)] (6)

Where:

¢ [Wt.%] is the calculated concentration value, ¢y, ¢y, Cp
[Wt.%] are concentration values.

The graph, see Figure 5, then shows the difference in the
achieved carburization depths if we consider that the carbon
passes from the carburizing atmosphere through a pure cobalt
environment.

However, in the printed WC-Co samples, the proportion of
binder is relatively small and its free length among tungsten
carbide particles corresponds to fractions of units to tens of
micrometers. For this reason, and because the structure of the
formed samples is composed of a large proportion of
interconnected pores which coming up to their surface (so-called
open porosity), it can be concluded that the actual depth of
carburization in their case was different and nonuniform in
various directions. This is also because the structure of the
samples is quite heterogeneous after SLM preparation.

The isostatic hot-pressing process was carried out in
cooperation with the University of Ostrava (Ostrava, CZE),
using a P25004 laboratory unit (Engineered Pressure Systems
International nv [EPSI], Temse, Belgium). The processing
temperature was set at 1,390°C and the pressures were set at
40 MPa, 80 MPa and 120 MPa. The temperature duration was
set to 1 h (Table 4). Subsequently, the samples were cooled by
switching the heating elements off. Argon was used as the
protective atmosphere.

In isostatic hot pressing, components are exposed to high
temperature and external pressure. As a result, their closed
porosity is suppressed, and the homogeneity of their structure is
increased (Sarin, 2014). One of the reasons why these changes
occur is the temperature of the process and the holding time at
this temperature. At low temperatures of the sintering process,
there is not enough liquid phase to wet the tungsten carbide
grains, and so the capillary forces that squeeze these grains
together are weak, unable to significantly affect their position,
and so there is no significant increase in the density of the
products. The magnitude of the capillary forces applied is also
affected by the applied pressure. At higher values, similarly to
higher sintering temperatures, the density of the products
increases significantly (Sarin, 2014). Another factor affecting
the final structure of the products is the holding time at
sintering temperature and the rate of cooling from this
temperature. During the sintering temperature retention, the
small carbides gradually dissolve into the molten Co binder and
reprecipitate on the coarse grains, resulting in coarsening of the
large carbide grains. The dissolution of small WC grains occurs
primarily at sites with higher activation energy values, i.e. sites
under compression (Sarin, 2014). At high sintering
temperatures or a long time at this temperature, significant
coarsening of WC grains and in some cases, porosity is formed
due to evaporation of structural components of the binder Co.
On cooling from the sintering temperature, the solubility of
tungsten and carbon in the binder then decreases, leading to
the re-precipitation of carbides. Depending on the proportion
of components in the Co binder and the rate of cooling, the
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Figure 5 Comparison of the carbon concentration gradient in the Co binder at different carburization times and temperature 900°C
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Table 4 HIP process parameters

Temperature Heating rate Holding time Pressure
[°C] [°Cls] [hours] [MPa]
1,390 0.154 1 40-120

formation of the eta phase or other types of carbides may then
occur (Upadhyaya, 1998).

All samples were subsequently analyzed for changes in the
phase composition, crystallite size of the minor WC phase and
size of micro deformations using a Panalytical X’Pert PRO
automatic X-ray diffractometer (Malvern Panalytical,
Eindhoven, The Netherlands). Because of the elements present
in the samples, a copper cathode X-ray source with a
wavelength of AKal = 0.15405980 nm was used. A standard
Bragg-Brentano setup with a symmetric geometry was used for
the measurements. The samples were measured over angles
ranging from 30° to 100° [2¢]. A PIXcellD ultrafast
semiconductor detector was used to collect diffracted radiation.
All data were evaluated in the same manner to allow full
comparison of all samples and to obtain relevant data. The
measured data were first processed using the High Score
software and subsequently evaluated using the Peak Fit
software. Comparison and graphical processing of the
measurement results were performed using Origin software.

The surface topography of the samples was evaluated using
an Olympus Lext OLS5100 confocal microscope (Olympus
Czech Group, s.r.0., Prague, CZE) in a 10x objective
configuration with a field of view of 1,281 um x 1,279 um. The
Olympus Data Acquisition software was used for data acquisition.
The Olympus Data Analysis software was used for data analysis.
The samples were also subjected to metallographic analysis. The
aim was to compare the changes in porosity, distribution, shape
and size of the major phases of the WC and Co binder in the bulk
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samples after different treatments. Scanning electron microscopy
(SEM, Philips XI.30ESEM, FEI Company, Hillsboro, Oregon,
USA) and Tescan Mira3 (TESCAN ORSAY HOLDING, a.s.,
Brno, CZE) were used for the structural analysis of the samples.
The analysis of these microscopes was performed in secondary
electron (SE) and Back Scattered Electron (BSE) modes in
combination with local analysis of the change in the chemical
composition of the samples by energy-dispersive X-ray
spectroscopy (EDS). The acquired metallographic images were
then analyzed using NIS elements software (Laboratory Imaging
s.r.0., Prague, CZE). Murakami etching was used to develop
microstructures of the samples. The etching procedure for
identifying the structural phases was based on ASTM B657
(ASTM, 2000).

Experimental results and discussion

Metallographic analysis

The first step of the metallographic analysis was a study aimed
at evaluating changes in the surface morphology of samples that
had been processed using the above methods.

The measurements were made to determine the surface
requirements of the samples for their machining for additional
shape modifications, e.g. chip formers by laser manufacturing;
see ref (Stankevi¢, 2018). The surface finish demand of the
samples is determined by the proportion of protrusions and
depressions that form the surface structure of the samples after
the SLM process, which in the case of surface evaluation is
significantly related to the so-called material support fraction or
Abbott curve parameters. It was measured in two perpendicular
planes. The first plane was the print plane, the XY plane, the
second measurement was made in the XZ plane see Figure 6(a).

To fully evaluate and extract as much information as possible
from this test, the measurements were made using both profile
and Abbot curve surface roughness assessments. The Abbot
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Figure 6 (a) Samples produced in the experiment; (b) elevation profile of the surface structure XZ plane; and (c) elevation profile of the surface

structure XY plane (top layer)

curve was chosen based on the study conducted and described in
ref (Kubatova and Melichar, 2019). In the second step, the
measurement was performed for the surface roughness (mainly
to obtain a visual representation of the surface texture) which can
be seen in Figure 6(b)-6(c) to complement the information from
the profile measurement. However, for the evaluation of the
experiment described above, the main supporting element is
precisely the parameters of the Abbott curve summarized below:

+ Rv-the greatest depth of the profile depression;

+ Rp —the greatest height of the profile protrusion;

+  Rvk-reduced groove length; and

+  Rpk-reduced height of the tip.

Initially, the parameters Rvk and Rpk were evaluated. The
graphs in Figure 7, show the averaged values from five
measurements of these parameters, which tell about the change
in the size of depressions and protrusions on the surface of
the analyzed samples.

From a first comparison of the data in Figure 7, a slight decrease
in surface roughness values was observed during HIP processing
for all processing methods evaluated. This was already due to
imperfections from the production and preparation of the
samples where there was a large porosity of the tested parts
mainly in the XY direction for which the results are shown in
Figure 7. To confirm or refute this claim, only the local maxima
and minima were evaluated using the parameters Rv and Rp for
both XZ and XY directions; see Figure 8.

From the data presented in Figure 8, it can be seen that for
the samples after the HIP process, evaluated at local maxima,
there was a clear reduction in the value of both the linear
roughness profile Rp and the linear roughness profile Rv. A
more pronounced change in their value is then evident in the
direction of the print construction, i.e. in the XZ direction
evaluated, where, due to the porosity of the initial sample, the
surface may have been fused and unified. For the samples that
have undergone carburizing before the HIP process, a similar

Figure 7 Comparison of the observed change in the linear roughness profile parameters Rpk and Rvk for samples before and after HIP treatment
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Figure 8 Comparison of the observed change in linear profile roughness parameters Rp and Rv for samples before and after HIP treatment
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trend can be seen, i.e. the HIP process has caused a decrease in
the linear roughness profiles Rp and Rv, see Figure 9. The most
significant change was observed for the samples that were
carburized for 12h before the HIP process. The last significant
change was then observed for samples that were carburized for 1 h.
This is confirmed using both area and local parameters.
Considering the composition of the tested material WC-Co
and its thermal properties and the properties of the printed
material in the form of inserts. Probably the surface structure
was changed due to the action of the near-melting temperature
of Co. And due to this there was a merging of protrusions and
depressions just evaluated Rvk, Rpk, Rv and Rp parameters.
Due to the use of a low power laser and a powder with a lower
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binder content, which has a significantly lower melting
temperature than tungsten carbide particles, a small volume of
melt was formed when the laser contacted the powder bed. The
capillary forces between the unmelted powder particles were
thus not as pronounced, there was no significant shrinkage of
the samples, and their surface was thus largely formed by the
pores and partly-melted particles of the powder used. The
higher surface quality of the samples in the construction
direction (XZ direction) is because there is multiple remelting
and heating of the applied layers by the subsequent layers. This
then leads to a reduction in the porosity of the structure of these
surfaces. In terms of improving the surface quality of the formed
samples, it would then be necessary to modify the parameters that

Figure 9 Comparison of the recorded change in linear profile roughness parameters Rp and Rv for the samples carbon dopped before HIP treatment at
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were used to process the samples, for example, to increase the
energy input or to use multiple remelting of the powder bed, thus
reducing the influence of the balling effect (Zhou ez al., 2015a).
The microstructures of the samples were analyzed using EDS also.
The measurements were aimed at analyzing the chemical
composition of the binder Co. In this analysis, the distribution of
the dissolved tungsten content was evaluated by EDS using point
analysis at the interface between the WC grains and then at the
greatest distance from the WC grain boundaries in the Co binder.
The approximate measurement areas are shown in Figure 10. The
results of EDS analysis are summarized in Table 5. The observed
differences in the microstructures of the samples are summarized
in Figures 11-12.

The structures of the samples after SLM are heterogeneous.
As described above, the structure of the CC contained areas
with a higher proportion of binder and coarse tungsten carbide
particles and areas with a very fine fraction of tungsten carbides
and a low proportion of binder. Sub microscopic tungsten
carbide particles are visible in the binder volume, as shown in
Figure 11(a). During the subsequent carburizing process, the
proportion of these particles in the binder gradually decreased,
as shown in Figure 11(b)-11(d). The long-term carburizing
process for 12h resulted in an increase in the porosity of the
binder structure [Figure 11(d)]. This was because of its
interaction with oxygen in the surrounding environment used
to carburize the structure of the samples. The subsequent HIP
process resulted in a complete reduction of these fine
particles, and the final structure of the samples was
composed of coarse tungsten carbide particles and a Co
binder, as shown in Figure 12. Table 5 shows the gradual
reduction in the proportion of tungsten in the binder. As the
proportion of carbon in the binder volume increases, the
proportion of tungsten in the binder volume gradually
decreases. Therefore, the samples carburized for the longest
period had the lowest tungsten content in the Co binder
region. The measurement at the WC grain edge was partly
influenced by the resolution of the method used to
determine the chemical compositions of the samples.

Subsequent sample processing using HIP almost equalizes
the tungsten content on the WC/Co interface and in the middle

Figure 10 Identification of the areas where EDS spot analysis was
performed
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View field: 15.6 pm
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SEM HV: 15.0 kV
Det: BSE
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of the Co binder. The proportion of dissolved tungsten in a
binder affects its phase composition, mechanical properties,
corrosion resistance and thermal stability (Marshall and
Giraudel, 2015). Therefore, its volume in the binder and
further use of CC are very important. The proportions of
tungsten, carbon and binder at the WC grain interface also
play a crucial role in the formation of the eta phase, which can
precipitate in these areas. Owing to changes in the tungsten
content in the binder, carbon doping of the CC
microstructure and dissolution of sub microscopic grains, a
gradual increase in the size of coarse WC grains occurred
during carburizing and HIP. The final size of the WC grains
depends on their initial size, temperature and processing time
(Sun ez al., 2007). One of the main mechanisms of WC grain
growth is usually referred to as the Ostwald mechanism (Sun
et al., 2007). This involves the dissolution of small grains and
their reprecipitation on coarse grains, resulting in the gradual
growth and coarsening of large WC grains. This is a
spontaneous process driven by the system’s attempt to reduce
the total energy at the interface between the binder and WC
grains. Another mechanism involved is the coalescence of
appropriately oriented grains, which results in a reduction in
the number of grain boundaries and thus a reduction in
energy along the boundaries of the WC grains (Wang ez al.,
2008). The literature further suggests that higher carbon
enrichment of the binder increases the growth rate of the
carbide grains (Chabretou er al., 2003), which leads to
the assumption that a more pronounced coarsening of the
carbide grains occurs during long-term carburization.

X-ray diffraction analysis

In the first phase of this part of the experiment, X-ray
diffraction analysis of the phase composition was focused on a
group of samples treated by SLM and samples that were then
carburized for 1, 4 and 12h, as shown in Figure 13. In the
cutout of image, Figure 13(a), the portion between 38 and
54° [24] is highlighted, which illustrates the improvement in
the readability of the cobalt phase in the samples after
carburizing their microstructure. Figure 13(b) shows the
diffraction record of the sample under the initial SLM
condition. Here, the leading phases are the W,C phase,
which is predominant, and WC phases. The difference
between the two phases lies in the lattice parameters and
spatial group. Both phases have the same crystal hexagonal
lattice, but the W,C phase has lattice parameters of 2.9970/
2.9970/4.7279 [nm] and a space group of 164. In contrast,
the WC phase has a space group of 187 and lattice parameters
of 2.9060/2.9060/2.8370 [nm]. As shown in Figure 13(c),
there was a marked difference between the sample in the
initial SLM condition and the samples after carburizing. All
sharp diffraction maxima of the cemented samples belong to
the WC phase. The Co,W,C intermetallic phase is
completely absent or below the detection limit of the method
used. Subsequently, the changes in crystallite size (coherently
diffracting regions) and microstrain within the lattice were
analyzed. The use of diffraction planes was chosen for the
evaluation to increase the clarity of the images compared to
the use of diffraction angles. Figure 14(a) shows the
crystallite size distribution for each diffraction plane. From
the plot, the crystallite size equalization was visible. The
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Figure 11 (a) Structure of the sample processed by SLM; (b) structure of the sample carburized for 1 h; (c) structure of the sample carburized for 4 h;

and (d) structure of the sample carburized for 12 h
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opposite effect is visible in Figure 14(b), in which the
waveform of the microstrain size in the lattice is shown. For
the Figs, splitting into two plots is used because the samples
in the original SLM state represent the state with the W,C
majority phase, compared to the other samples where the WC
majority phase is. After the evaluation of the first phase of the
experiment, additional samples were measured and divided
into three groups. The groups differed in the magnitude of
the pressures used in the HIP process, with pressures of 40,
80 and 120 MPa used. Each group of samples consisted of a
sample that underwent only the HIP process after the SLM
process and samples that underwent carburizing of their
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microstructure for 1, 4 and 12h in the intermediate step.
Figure 15 shows a comparison of the diffraction records of a
series of samples processed by the HIP technology at a
pressure of 40 MPa. A graded background comparison was
used for analysis. There was an observable difference
between the samples that were subjected to complete
processing, that is, prior carburizing and HIP processing, and
the HIP samples processed only after SLM processing. As in
the previous comparison, all sharp diffraction maxima belong
to the same phase, namely, the tungsten carbide phase.
Figure 15(a) shows the difference between the samples
carburized prior to hipping and the hipped-only sample. In
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Figure 12 (a) Structure of the sample treated with HIP at 120 MPa; (b) structure of the sample treated with carburizing for 1 h before HIP at 120 MPa;
(c) structure of a sample subjected to carburizing treatment for 4 h, before HIP at 120 MPa; and (d) structure of a sample subjected to carburizing

treatment for 12 h, before HIP at 120 Mpa
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this sample, a minority Cos;W3C phase was present in the
structure, which broke down during carburizing HT and was
no longer present in the diffraction patterns of the carburized
samples. Only in the sample after 1h of carburizing, a
different intermetallic phase, CosWsC, appeared in the
structure, which was not observed in samples with a longer
carburizing time. Figure 15(b) shows the crystallite sizes of
the samples processed at 40 MPa. Again, the effects of longer
processing time and thermal influence on the sample
structure can be observed. The sample that was carburized
for 12h showed equalization of the crystallite size and a
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smoother progression than the other samples. There is a clear
difference in the HIP processed sample only, where the
difference in crystallite size was the greatest. Figure 15(c)
shows the microstrain along the individual diffraction planes.
Micro deformations express the degree of stress within the
crystallographic lattice. They reflect the magnitude of
inhomogeneities and imperfections within the elementary
lattice that cause stresses between individual atoms and
lattice deflections. The influence of carburizing and
subsequent HT and the effect of applied pressure are evident
on the micro deformation behavior of the studied samples.
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Figure 13 (a) Comparison of diffraction recordings of SLM samples and subsequent cementation after 1, 4 and 12 h of cementation; (b) diffractogram
of sample in SLM condition with identified phases marked; and (c) diffractogram of sample after 4 h of cementation with identified phases
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Simultaneously, the distribution of micro deformations
depending on the occupation of atoms in the individual
planes is evident. The more densely the plane is occupied, or
the more interstitial positions are occupied in its vicinity, the
higher the micro deformations. With higher temperature and
pressure, lattice healing, interstitial rearrangement and
reduction of lattice pressure occur. This condition is

illustrated by the decreasing value of micro deformations in
all the planes studied. When the next two groups of samples
were processed, that is, using higher pressures in the HIP
process of 80 and 120 MPa, a similar trend was found for the
previous series of samples processed at 40 MPa. Invariably,
the sample that was only HIP-treated contained diffraction
maxima in the structure of the Coz;W3C phase, which
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Figure 14 (a) Comparison of crystallite size in SLM samples and subsequent cementation after 1, 4 and 12 h of cementation; and (b) comparison of
micro deformation values in SLM samples and subsequent cementation after 1, 4 and 12 h of cementation
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decayed because of the previous processing [see Figures 16
(a) and 17(a)]. For both the analyzed series of samples, the
sharp diffraction maxima again belong to the major phase
WC and the others to Co. Figures 16(b) and 17(b) show the
crystallite size distribution for samples processed at 80 MPa
and 120 MPa, respectively. The results show that at a
pressure of 120 MPa, the alignment in crystallite size was not
the same as in the previous cases. The microstrain size
distribution in the lattice is shown in Figures 16(c) and 17(c)
for the 80 MPa and 120 MPa series samples, respectively.
Table 6 summarizes the calculated volume fractions of each
structural phase for all batches of samples processed using
HIP.

The above results show that additional carbon doping of the
CC structure and isostatic hot pressing can increase the
homogeneity of their microstructure. In a study (Wei et al.,
2012) that deals with the carbon doping of WC-Co powder
structure, it is reported that during the sintering process with
the coexistence of the liquid phase, a reaction between free
carbon and n-phase may occur. This then gradually leads to the
formation of the WC and Co phases, so that the final CC
structure is made up of only these structural components. At
low temperatures, around 900°C, as reported in the study
(Shen ez al., 2013), the diffusion of carbon is slow, this may lead
to insufficient carburization of the CC structure and the
conversion of the n-phase to the WC-Co structure does not
occur. However, as our experimental results show, at longer
carburization times, the gradual decay of this phase occurs.
Further reduction of the n-phase may occur because of the
applied pressure during isostatic hot pressing. In a study (Lee
and Kang, 2000) dealing with the sintering of WC-Co nano
powder, it is reported that this phase is reduced when the
applied pressure is increased. This is confirmed by the results of
our experiment, however, an increase in pressure in the range of
200-400 MPa induces abnormal growth of WC grains. The
growth in WC grain size also occurs due to the increase in
carbon concentration in the Co binder. In a study (Konyashin
et al., 2009), which studies the coarsening of the WC phase in
WC-Co sintered carbides with different carbon contents, the
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results show that the coarsening of WC grains can be reduced by
decreasing the carbon concentration and increasing the tungsten
concentration in the Co binder. This leads to the conclusion that
the opposite phenomenon was occurring in our experiment i.e.
the coarsening of the WC grains. Due to the growth of WC
grains, the porosity of the CC structure then decreases. As shown
in the study of (Mashhadikarimi ez al., 2016) and (Zhou er al.,
2015b), the relative density of CC structure increases
with increasing sintering temperature. At higher sintering
temperatures, a higher volume of the liquid phase is formed,
which wets and penetrates among the WC grains, thus reducing
the porosity of the CC structure. At excessively high sintering
temperatures, the WC grains are significantly coarsened, which
leads to a deterioration in the mechanical properties of the CC. In
addition to the temperature, the applied pressure also affects the
compaction of the CC structure. At higher values and constant
sintering temperature, the sintering pressure can lead to more
pronounced compaction of the WC-Co structure (Petersson and
Agren, 2004) and an increase in its density. Thus, it can be stated
that in our experiment, due to increasing pressure, there was a
more pronounced coarsening of WC grains and closing of pores
in the CC microstructure. This then led to an increase in their
density.

Conclusion

The aim of this case study was to assess the effect of carburizing

followed by HIP processing on the structure and properties of

WC-Co prints made using SLM technology. The results of the

experiments show us that the structure of samples is more

homogeneous after their processing by the used methods. The
main results of our experiment are summarized as follows:

+  The measured roughness profiles Rp and Rv varied
according to the position of the measured surface relative
to the direction of specimen construction. In the XZ
direction, the roughness profiles in most cases were lower
than those in the XY direction.

« Because of the HIP process, the measured linear
roughness profiles Rp and Rv were reduced in both the
carburized and non-carburized samples.
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Figure 15 (a) Comparison of diffraction recordings for post-HIP (40H1) and pre-HIP samples carburized for 1 h (1CH6), 4 h (4CH6) and 12 h (12CH6);
(b) comparison of crystallite size for post-HIP (40H1) and pre-HIP samples carburized for 1 h (1CH6), 4 h (4CH6) and 12 h (12CH6); and (c) comparison of
micro deformation values for post-HIP (40H1) and pre-HIP samples carburized for 1 h (1CH6), 4 h (4CH6) and 12 h (12CH6)

80,000 - ——
1 . poy —— 40 MPa_1_4CH6
o — 40 MPa_2_1CH8
70,000 - 2 C° we — 40 MPa_3_40H1
{, - Co,W, — 40 MPa_4_12CH6
60,000 4 heSa e
— 50,000 -~ 1 1
S 1 1 1
5, 1
@ 40,000 - 1 1 " '|
= L 2 2 ]1 il o]
2 WY W SR, WO LSRRy Lt D +20000
S 30,000- ‘i 1, I 4
= | {4 4 "24| 2 2 4 L_L 2
JLM.JL; e JJ__._AJ +30000
20,000 - 3 32
30/ 34 3 ] )
'..,L.\,., ' N_»,.,Lx_.wl JLJLM——-«U +10000
10,000 4 JJ
2 2
MLWWM r
0 T T T 1 L 1 ' 1 T 1 ! 1 L] 1
30 40 50 60 70 80 90 100
28 [°]
(@)
70 —— O\es_{_icHe o000 | —=—40MPa_1_4CH6
—o— SONPa_2 1CH AN —a— 40MPa_2_1CH6
- e P o s
0.0018 4
§ .
: i’- 0.0014 4
§ 400 + ‘2 000124
= o
‘; 200 - g 0.0010
@ / 0.0008 -
200 « p 4
."/ 0.0008 -
10 (001) |1o'o', (1(;'.) :1;0) (062'; {1;1) (3!0) (1(12) (261) (112)

T T T T T T T
(001) (100) (101) (110) (002) (111) (200) (102) 1) (112

Diffraction planes

(b)

Increasing the carburizing time caused a decrease in
the proportion of sub microscopic particles in the
binder structure and the gradual oxidation of the
binder, which led to the formation of pores in its
structure.

)
Diffraction planes

(©
« Increasing the carburizing time led to a gradual decrease
in the proportion of tungsten dissolved in the binder Co.
Subsequent sample processing using HIP almost

equalizes the tungsten content on the WC/Co interface
and in the middle of the Co binder
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Figure 16 (a) Comparison of diffraction recordings for post-HIP (80H1) and pre-HIP samples carburized for 1 h (1CH3), 4 h (4CH3) and 12 h (12CH3);
(b) comparison of crystallite size for post-HIP (80H1) and pre-HIP samples carburized for 1 h (1CH3), 4 h (4CH3) and 12 h (12CH3); and (c) comparison of
micro deformation values for post-HIP (80H1) and pre-HIP samples carburized for 1 h (1CH3), 4 h (4CH3) and 12 h (12CH3)
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Coarsening of the WC phase by various mechanisms was the structural phases W,C, Co,W,C, Cos;WsC and
observed during the carburizing and subsequent HIP CogWC gradually decayed.
processes. «  The processing method of the samples further influenced the
X-ray diffraction analysis of the phase composition crystallite size distribution of the major WC phase and
showed that during the carburizing and HIP processes, microstrain. For samples processed by HIP treatment at a
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Figure 17 (a) Comparison of diffraction recordings for post-HIP (120H1) and pre-HIP samples carburized for 1 h (1CH1), 4 h (4CH1) and 12 h (12CH1);
(b) comparison of crystallite size for post-HIP (120H1) and pre-HIP samples carburized for 1 h (1CH1), 4 h (4CH1) and 12 h (12CH1); and (c) comparison
of micro deformation values for post-HIP (120H1) and pre-HIP samples carburized for 1 h (1CH1), 4h (4CH1) and 12 h (12CH1)
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pressure of 80 MPa or 120 MPa, there was a gradual Acknowledgements

equilibration in the size of the major WC phase crystallites.
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