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Abstract: Laser-Directed Energy Deposition (L-DED) is an additive manufacturing technique that
has lately been employed to deposit coatings of cemented carbides, such as WC-Co. During deposi-
tion, complex microstructural phenomena usually occur, strongly affecting the microstructural and
mechanical behavior of the coatings. Post-fabrication heat treatments (PFHTs) may be applied to
homogenize and strengthen the microstructure; nevertheless, to the best of the authors” knowledge,
just a few papers deepened the effect of these treatments on cemented carbides fabricated by additive
manufacturing. This work evaluates the influence of four PFHTs on the microstructural evolution
and hardness of L-DED WC-12Co. For each treatment, different combinations of solubilization time
and temperature (between 30 and 180 min and from 400 °C to 700 °C, respectively) were adopted.
The microstructure was investigated by optical and scanning electron microscopy equipped with
energy-dispersive spectroscopy, whereas the mechanical properties were determined by Vickers
hardness measurements. Based on the results, high microstructural heterogeneity in terms of WC
particles, n-phase structures, and Co distribution was observed in the sample in the as-built condi-
tion. Some cracking defects were also observed in the samples, irrespective of the heat treatment
conditions. Finally, a finer microstructure and a lower amount of brittle ternary n-phase, together
with an increase in hardness (1030 £ 95 HV10), were found for the highest dwelling times (180 min)
and for solubilization temperatures in the range of 500-600 °C.

Keywords: WC-12Co; additive manufacturing; L-DED; coatings; PFHT; microstructural analysis;
Vickers hardness analysis

1. Introduction

Cemented carbide materials (or cermets) are composed of a hard ceramic part, usually
WC, embedded into a metallic binder, commonly Co, where the latter is able to increase
the strength and toughness of the composite itself [1-4]. Their unique characteristics,
such as high mechanical strength, wear resistance, and the ability to withstand extreme
temperatures, promote the use of cermets in several applications, such as forming, molding,
electronic packing, and metal cutting [1-3,5,6]. In the last decades, cemented carbide
materials have been usually deposited as thick coatings only by thermal plasma, plasma
spraying techniques [7], or welding procedures [5,6]; however, the advent of additive
manufacturing (AM) [8-10] has increased the panorama of suitable processing techniques.
Among the AM categories [8,11], the Laser-Directed Energy Deposition (L-DED) [12]
technique is one of the most employed and promising for fabricating good-quality cemented
carbide coatings [13,14]. Nevertheless, to the best of the authors” knowledge, just a few
comprehensive studies [5,14] on the optimization of the process parameters for building
high-performance hardfacing WC-12Co cladding by the L-DED technique are available in
the literature. Aramian et al. [2] discussed the use of additive manufacturing techniques
for processing cermet coatings, showing that this group of technologies is promising in
overcoming the limitations related to the use of conventional manufacturing methods. It is
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well known that the microstructural behavior of these materials is highly heterogeneous
due to the complex distribution of the phases during the deposition procedure [15,16]. As
mentioned by Son et al. [17], the mechanical properties of WC-Co components that undergo
Selective Laser Melting (SLM) are strongly affected by the microstructural heterogeneity,
especially by the presence of both fine and coarse WC particles. In another study by
Hu et al. [18], the evolution of the microstructure across the different layers of WC-12Co
laser-clad depositions was investigated. The authors found that the best microstructural
features can be obtained with an optimal laser energy density (avoiding laser powers higher
than 1500 W), enhancing the hardness performance too.

During the layer-upon-layer deposition occurring in the L-DED process, the material
suffers from fast thermal cycles that directly affect the size, morphology, and distribu-
tion of the phases. In particular, WC-Co parts manufactured by L-DED or Laser-Powder
Bed Fusion (L-PBF) show a peculiar, layered microstructure characterized by alternat-
ing coarse and fine microstructural characteristics. Considering that the optimization of
process parameters can only mitigate the negative effects induced by the thermal cycles,
post-fabrication heat treatments (PFHTs) can be applied to improve homogeneity in the
microstructure and in the mechanical properties of WC-Co depositions. In the literature,
the microstructural changes induced by PFHTs for cemented carbides fabricated by L-DED
manufacturing processes have been investigated. Specific applications, including mining
and cutting tools, require using heat-treated hard metal materials to control the size and
morphology of the carbides; accordingly, in [19,20], the authors deepened the study of
the precipitation of intermetallic phases in hard metals. Some studies, such as [16,21,22],
have demonstrated that the solid solubility of W in the Co matrix can be increased through
an appropriate heat treatment process, which leads to both the strengthening of the Co
phase and the increase in toughness of carbide particles up to a temperature of about
550 °C; above this temperature, the amount of carbides decreases and they transform into
brittle structures. Chen et al. [23] studied the effects of different annealing temperatures on
the microstructural evolution and on the performance of WC-Co AM parts. The authors
found that annealing temperatures in the range of 800-900 °C are sufficient to solubilize
the n-phase and to improve the carbide distribution in the matrix. The impact of both
annealing times and temperatures on the hardness, microstructure, and wear behavior of
NiCr-WC-Co coatings fabricated by a high-velocity oxygen fuel technique was investigated
by Mazouzi et al. [24]; the authors demonstrated that when the annealing temperature is
set up at 800 °C for 2 h, optimal mechanical and tribological properties can be obtained.
Kumar et al. [25] performed an optimization of the different annealing heat treatment tem-
peratures on the Selective Laser Sintering (SLS) WC-17Co samples at fixed dwelling times.
They found the best compromise concerning the hardness, toughness, and wear resistance
of the material when carrying out annealing treatments in the range of 400-600 °C.

Although the abovementioned works focus on the effect of annealing treatments on
the microstructure, mechanical properties, and wear resistance of WC-12Co L-DED parts,
to date, the role of a faster cooling rate from the solubilization temperature has not been
clearly addressed in the literature. In this regard, this study is aimed at investigating
the evolution of the microstructure and hardness of heat-treated WC-Co cermet coatings.
Three layers of WC-12Co powder were deposited on an HSS 390 substrate via L-DED and
subjected to different post-fabrication heat treatments consisting of a solubilization stage
at different holding times and temperatures (between 30 and 180 min and from 400 °C to
700 °C, respectively) followed by air cooling. Optical and scanning electron microscopy,
together with Vickers hardness measurements, were used to assess the relationship between
heat treatment parameters and the microstructural and mechanical features.

2. Materials and Methods

In this study, a sintered WC-12Co powder was supplied by the GTV (GTV Ver-
schleifischutz GmbH, Luckenbach, Germany) commercial company. As declared by the
supplier, the powder was in the form of crushed and non-spherical, inhomogeneously
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shaped particles (feedstock powder: HVOF-Pulver WC/Co 88/12, —53 + 15 um). Their
chemical composition (wt. %), as directly provided by GTV, is reported in Table 1.

Table 1. The nominal chemical composition (wt. %) of the WC-12Co powder and HSS 390 steel plate
used in this work.

Material C Co Si Mn Cr Mo A% Fe A\

WC-12Co powder  5.49 11.94 - - - - - 0.022  Balance
HSS 390 1.64 8.0 0.60 030 4.80 2.0 480 Balance 10.40

Three layers of WC-12Co powder were deposited by L-DED on 120 mm x 40 mm X
10 mm HSS 390 substrate plates (Figure 1), whose nominal chemical composition is also
presented in Table 1. For the deposition, a 6-axis ABB IRB 4600 (ABB, Zurich, Switzerland)
robot available at the Birex Competence Center (Bologna, Italy) was employed. The robot
was equipped with a coaxial powder nozzle with 6 heads and a laser line source LDF-4500-
60 diode of 4.5 kW, which was supplied by a feeding fiber of a 600 um core diameter, a
focusing optics Laserline OTS-5, and a focal length of 300 mm. Argon was used as the
carrier and shield gas, operating at flow rates of 7.5 L/min. The cladding optic of the
robot was also equipped with a v2.0 NIT CLAMIR camera (CLAMIR, Madrid, Spain),
working as a monitoring system for the scanning strategy and melt pool size during the
process, thus allowing continuous adjustment of the laser power. The process parameters,
collected in Table 2, were selected according to a preliminary study by Liverani et al. [14],
who suggested suitable L-DED process parameters for single- and multitrack WC-Co
depositions. A scanning strategy known as “ON-OFF” (or as “bi-directional strategy” in
the literature [26,27]) was employed. This strategy consists in maintaining the laser turned
on only during the deposition while shutting it down during the passage from a single
track to the adjacent one. A total of four three-layered WC-12Co depositions were built on
two HSS 390 steel plates.

WC-12Co

HSS 390
" substrate

10 mm

Figure 1. Three-layered WC-12Co L-DED depositions on the HSS 390 substrate plate.

Table 2. Combination of process parameters settled for the L-DED depositions; net of the adjustments
due to the CLAMIR camera.

Scanning Speed Powder Feed Rate
(mm/s) (g/min)

900 1 8 11.2

Laser Power (W) Hatch Spacing (mm)
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To study the microstructure of the material in the as-built condition but also to inves-
tigate the effect of PFHTs on the metallurgical features and mechanical properties of the
coating, several specimens of 5 mm x 9 mm x 1 mm were drawn from each deposition by
Electrical Discharge Machining (EDM), perpendicularly to the direction of laser deposition,
using a FANUC ROBOCUT «-C400iB (FANUC, Oshino, Japan) machine. From each three-
layered WC-12Co deposition, one specimen in the as-built condition was then prepared
according to the ASTM E3 standard metallographic procedures, starting with grinding
by SiC papers from 120 to 2500 grit and final polishing with diamond suspensions from
6 to 1 um. Thus, the sample was etched with Murakami’s (10 g of K3Fe(CN)g and 10 g of
KOH in 100 mL of H,O) reagent for 5 s and the microstructure was observed by a Leica
DMIiS8A (Leica, Wetzlar, Germany) optical microscope (OM). The optical micrographs were
processed by Image] image analysis software (Version 1.53e, 2020, National Institutes of
Health, Bethesda, MD, USA) to quantify the mean porosity in each deposited layer. A total
of fifteen images (area of each image: 2.38 x 1.79 mm?) were analyzed for each sample.
More in-depth investigations were finally carried out by a Zeiss EVO MA15 (Carl Zeiss,
Jena, Germany) scanning electron microscope equipped with an Oxford Xmax 50 (Oxford
Instruments, Abingdon-on-Thames, UK) microprobe for energy-dispersive spectroscopy
(SEM/EDS). The SEM images were recorded in secondary electron imaging (SEI-SEM) and
back-scattered electron (BSE-SEM) mode.

The identification of phases in the as-built condition was achieved by X-ray diffrac-
tometry (XRD) using a D8 Bruker (Bruker, Billerica, MA, USA) X-ray diffractometer with
CuKa radiation and a pattern acquisition from 20° to 110° (20 mode, 0.02° step size, and
1 s/step).

The mean Vickers macrohardness of the sample in the as-built condition was deter-
mined under a 10 kgf (HV10) load and a dwelling time of 15 s with an automatic QATM
Qness 60 CHD Master + (QATM, Reitbauernweg, Austria) hardness tester according to
the UNI EN ISO 6507-1:2018 standard. The mean value was calculated as an average of
ten randomly acquired indentations. The mean Vickers macrohardness profile, resulted
from five parallel profiles, was determined starting at a distance of about 5300 um in depth
and up to about 500 pm from the surface. For each profile, the first indentation was per-
formed at the interface between the substrate and the first deposited layer, corresponding
to the dilution zone, whereas the last indentation was carried out in correspondence with
the third deposited layer. Besides that, ten random Vickers microhardness indentations
were conducted under a 0.2 kgf (HV0.2) load and a dwelling time of 15 s by the same
hardness equipment.

Four different kinds of PFHTSs, consisting of a solubilization stage at 400, 500, 600, and
700 °C, respectively, were then conducted in a tubular Lenton LTF 12 (Lenton Furnaces
& Ovens, Hope, UK) oven. For each solubilization temperature, four holding times were
selected: 30, 60, 120, and 180 min. The solubilization stage was then followed by air cooling
to room temperature. For each combination of solubilization temperature and holding time,
four specimens were heat-treated; it should be pointed out that one specimen was collected
from each three-layered WC-12Co deposition. The general scheme of the heat treatment
procedure is depicted in Figure 2, where T2 is the selected solubilization temperature,
whereas T1 is half of the selected holding temperature. After heat treatments, the specimens
were prepared according to the same abovementioned metallographic procedure. The
evolution of the phases with respect to the different applied PFHTs was then monitored
by metallurgical investigations carried out with the same optical and scanning electron
microscopes. In addition, the macrohardness changes due to the different microstructural
features and distribution of phases induced by the heat treatments were determined by the
same hardness tester and compared with the mean macrohardness of the as-built specimen
assumed as a reference.
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Figure 2. General scheme of the heat treatment procedure.

3. Results and Discussion
3.1. Macrostructural Investigation of the Sample in the As-Built Condition

Figure 3 shows a collage of optical micrographs of the cross-section (perpendicular to
the metal surface) of the sample in the as-built condition. Different zones can be detected
according to the deposition of the three layers: an “Interface” zone between the HSS 390
substrate and the first deposition layer (labeled as “Layer 1”), characterized by a dilution
process, followed by the presence of two more layers (labeled as “Layer 2” and “Layer 3”).
Several pores can be observed throughout the layers (orange triangles in the figure), as
well as some cracks (blue arrows in the figure) starting from the substrate and growing up
within the deposited layers.

Internal cracks are common defects that appear in AM components, especially in WC-
Co materials, usually due to the development of high thermal stresses during the process.
Hence, their occurrence must be controlled [13,28-32]. Some research demonstrated that
these stresses are generated during solidification [33,34]. Depending on the material prop-
erties and the process parameters, when the material is in a mushy state, with continuous
and semi-continuous liquid films at the grain boundaries, the restricted resistant area is
not able to support the stresses arising from the thermal constraints, thus inducing the
generation of cracks [33,34]. In the literature, there are several studies regarding these
mechanisms [35-37] with both the steep variation of the temperature induced by the AM
process and the material properties considered the main key factors in crack generation.
When stresses trapped inside the component are suddenly released, cracks emerge on
the surface. Once a crack has occurred, it spreads along the molten layer, affecting the
soundness of the deposited material.

Concerning porosity, it is known that it affects the hardness of the material due
to the presence of voids acting as weakening points in the microstructure [2]. Hence,
the evaluation of the material’s porosity is essential for interpreting hardness results.
Besides, the measurement of the effective area in a fabricated part is crucial to hardness
testing [38]. Effective area, defined as the area used to attain the efficient area of the
deposited coating, was calculated as suggested in [38,39]. In the investigated tracks, a mean
value of 91.83 & 2.10% of the effective area was detected. In addition, starting from Layer 1,
the mean porosity + standard deviation in each layer (reported on the right side of Figure 3)
was 4.2 £ 1.3%, 14.0 = 3.7%, and 9.0 = 2.8%, respectively. It could be seen that the porosity
is not homogeneously distributed across the three-layered multitrack depositions. In this
regard, the re-heating and partial remelting of Layer 1 during the deposition of Layer 2
probably contributed to the different amounts of porosity in the second layer. Finally, the
effect of a different cooling rate during deposition of Layer 3 could also have a significant
role in the amount of porosity of this latter track.
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Figure 3. Collage showing the OM micrographs of the cross-section of the sample in the as-built
condition. The different zones detected by optical microscopy are labeled on the left side of the
image as “Interface”, “Layer 1”7, “Layer 2”, and “Layer 3”, whereas the mean porosity + standard
deviation in each layer was reported on the right side of the collage. The red dots indicate some
residual unmelted WC powder regions, while the orange rectangles highlight porosities. Finally, the

blue arrows depict some cracks.

The study performed by Zhou et al. [40] proved that a great difference in the thermal
expansion behavior among the joining parts has a strong effect on the rising of thermal
stresses. Considering that, in the present study, a WC-12Co cermet material was deposited
on an HSS 390 steel, following the theoretical model developed in [40] the residual thermal
stresses were calculated. Figure 4 depicts the simplified geometry considered in the
model; Table 3 collects the thermophysical and mechanical properties, together with the
geometrical features assumed for the WC-12Co coating and the HSS 390 steel, which are
used to perform the calculations.
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L

Figure 4. Simplified geometrical model used for calculation of the residual thermal stresses (L = length
of the track deposition; D = width of the track; h = thickness of the coating).

Table 3. Thermophysical and mechanical properties (« = thermal expansion coefficient; u = Poisson
coefficient; E = Young modulus), together with the geometrical features (L, D, and h) assumed for the
WC-12Co coating and the HSS 390 steel, used for calculation of the residual thermal stresses.

Property WC-12Co Coating HSS 390 Steel
o (°C1 4.10 x 107° [40] 10.00 x 10~° [40]
" 0.22 [41] 0.30 [41]

E (Pa) 6.88 x 1011 [41] 2.00 x 10 [41]
L (mm) 400.00 400.00

D (mm) 1.00 1.00

h (mm) 0.80 -

According to the theoretical model proposed in [40] and considering the values re-
ported in Table 3, the residual thermal stresses for the HSS 390 steel substrate (opsg) and
for the WC-12Co coating (owc-12co) were calculated as follows:

0gs = —6.9041 x 10'0/(1-2.125 P/+/V) Pa, 1)

Owc-12C0 = 1.31187 x 10'°/(—1-0.47 V/V/P) Pa, )

where V is the scanning speed (mm/s) and P is the laser power (W) (see Table 2). Accord-
ing to Equations (1) and (2), onss is equal to 3.22 x 10° Pa, whereas owc-12¢o 1S equal to
—1.31 x 10'° Pa. The principal stresses are represented by both tensile (positive) stress
and compressive (negative) stress. Based on the results and in agreement with [40], the
HSS 390 steel and WC-12Co coating suffer from residual tensile and compressive stresses,
respectively. The residual compressive stress suffered from the WC-12Co coating, even
if calculated by a simplified model, is higher than those previously reported for cermet
coatings (e.g., —170 and —920 MPa for WC and Co phases, respectively, at room temper-
ature in [36,42]). Moreover, it should be pointed out that this stress is higher than the
compressive strength of the material; so, during the deposition process, the probability of
crack initiation in the WC-12Co coating is quite high.

Concerning the microstructure, the sample in the as-built condition showed a high
inhomogeneity in the distribution of phases. The high cooling gradients and the thermal
cycles induced by the deposition of the three layers promoted a coarse WC grain structure
inside the different layers, alternating with WC fine grains along the remelted zones
between layers (Figure 3). White rounded areas were also detected across the layers,
marked by red dots in Figure 3; these zones are commonly known as residual unmelted WC
powder regions and are mainly characterized by a fine dendritic network inside them [14].
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3.2. Microstructural Investigation of the Sample in the As-Built Condition

A deep microstructural investigation of the specimen in the as-built condition was
performed to assess the evolution of phases across the three different layers. The OM micro-
graphs of the microstructure observed on the cross-section of the sample in correspondence
with the Interface (Figure 5a) and Layer 1 (Figure 5b) show that the joining process that
involved the WC-12Co powder and the HSS 390 substrate resulted in polygonal WC grains
(white diamonds in the figures) with smooth edges as well as in a fine network of eutectic
carbides with herringbone morphology n-phase structure, indicated by white crosses in the
figures. In Layer 2 (Figure 5c), the microstructure is quite different and characterized by
WC grains (labeled once again by white diamonds) that appear to be of different sizes and
distributions. In the same layer, a mixture of fine and coarse polygonal grains embedded in
a network of new herringbone carbides and some residual unmelted WC powder regions
(yellow dots in Figure 5¢c) was also detected. It is known that the n-phase structure, which is
a ternary compound usually composed of W, Co or Fe, and C, can exist in two main types of
carbide, either as a MgC-type carbide ranging from M3W;C to CospWogC and Cop,W4C or
as a M, C-type carbide (e.g., CogWC) if a C deficiency occurs during the process (for both
types of carbides, M = (Fe, Co)) [3,43,44]. The presence of this latter type of carbide is often
regarded as undesirable since it degrades the mechanical behavior of the cermet [45-48].
Hence, it is important to maintain the M;,C-type carbide at a lower level and size [49].
In this work, the temperature suffered from the powder during the L-DED process and
exceeded the melting point of Co (1495 °C), thus resulting in the dissolution of WC into the
Co phase and leading to a C loss. This loss of C caused the transformation of WC carbides
into the n-phase, as similarly reported in [18,50].

Interface

Figure 5. OM micrographs of the cross-section of the sample in the as-built condition showing the
microstructure observed (a) at the Interface, (b) in Layer 1, (c) in Layer 2, and (d) in Layer 3. The
white diamonds in Figure 5a—d indicate the WC grains, whereas the white crosses in Figure 5a,b
highlight the eutectic carbides with herringbone morphology. Finally, the yellow dots in Figure 5¢
depict some residual unmelted WC powder regions.

Finally, Layer 3 is mainly characterized by fine WC grains, even if coarse polygonal
WC grains are also visible (white diamonds in Figure 5d).
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The Interface, Layer 1, Layer 2, and Layer 3 were then investigated in more detail
by SEM/EDS. The SEM micrographs depicted in Figure 6 show WC grains with different
sizes and morphology across the different regions. At the Interface and inside Layer 1,
rounded particles mixed with some polygonal ones can be observed (Figure 6a,b) together
with a high quantity of herringbone eutectic carbides (Figure 6¢,d). As already mentioned
in Section 3.2, the chemical composition of n-phase structures can be slightly different
according to the process conditions [5,36,37]. From the EDS data collected in Table 4, it
can be inferred that the n-phase structures at the Interface and inside Layer 1 contain high
quantities of Fe, W, Cr, and low amounts of Co (sites A and C). For increasing distances
from the substrate (i.e., in Layer 2), lower contents of Fe and higher percentages of Co were
detected (site F). In Layer 3, only W and Co were detected (sites G and H). To confirm these
experimental findings, in Figure 7, the EDS profile-line analysis (yellow segment through a
n-phase structure detected across the regions labeled in Figure 4) of Fe, W, C, and Mo at
the Interface, in Layer 2, and in Layer 3, respectively, are reported. The semi-quantitative
analysis demonstrated that the composition of the n-phase structures changes with the
increase in distance from the substrate. High quantities of Fe and Mo were identified at
the Interface between the substrate and Layer 1 due to the dilution occurring during the
deposition. In Layer 2, a lower content of Fe and no Mo were detected, whereas in Layer 3,
only W and Co were found.

The semi-quantitative analysis of random WC carbides of different sizes and morphol-
ogy was also conducted by EDS; data are collected in Table 4 (sites B, D, and E). The highest
amount of Co was identified in site D, while the highest percentage of W was detected
in site E. Concerning the unmelted WC residual powder regions, their semi-quantitative
chemical composition and their peculiar rounded shape are proved by the SEM/EDS
back-scattered electron image and maps of the elemental distribution of Figure 8.

e v

e

Figure 6. BSE-SEM images of the cross-section of the sample in the as-built condition showing WC
grains with different sizes and morphology across the regions labeled in Figure 4: (a) at the Interface
between the substrate and Layer 1, (b) in Layer 1, (c) in Layer 2, and (d) in Layer 3. In the micrographs,
the letters from A to H indicate the sites subjected to semi-quantitative EDS analysis.
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Table 4. Semi-quantitative chemical composition (wt. %) of the sites indicated by A-H in Figure 6.

Site Fe \%Y Mo Cr Co A% Mn
A 45.1 31.5 5.9 2.5 2.9 15 -
B 25.4 56.1 3.9 1.6 2.1 1.1 -
C 42.2 31.4 2.9 3.8 75 1.0 0.3
D 14.4 63.4 - - 11.1 - -
E 12.5 69.0 0.8 1.3 3.6 0.6 0.1
F 2.0 50.2 - - 36.6 - -
G - 47.6 - - 39.7 - -
H - 64.5 - - 24.5 - -

25 um - 72 e - .
[T — Wi\ 3 Layer3

Figure 7. BSE-SEM micrographs of the microstructure on cross-section of the sample in the as-built
condition and EDS profile-line analysis (yellow segment through a n-phase structure detected across
the regions labeled in Figure 4) of Fe, W, C, and Mo: (a) Interface, (b) Layer 2, and (c) Layer 3.

To deepen the knowledge of the phases in the sample in the as-built condition, X-
ray diffraction analysis was performed and the spectrum is reported in Figure 9. In the
analyzed specimen, both the WC and W;C, and the non-stoichiometric tungsten carbide
W Cy 54 peaks, were identified. Moreover, Co peaks as well as those related to the presence
of M¢C carbides with high contents of Co (i.e., Co3W3C) were recognized. As confirmed
by the literature [49,51], during deposition, the WC-Co cemented carbide undergoes WC
decomposition at high temperatures. Usually, during this decomposition, W mainly com-
bines with C to form the following carbides: WC, also known as 5-WC, WCy5 (3-W,C
together with other two polymorphs: «-W,C and y-W;,C), and y-WC;_, which are stable
at a specific temperature.

3.3. Hardness Behavior of the Sample in the As-Built Condition

Figure 10 depicts the mean Vickers macrohardness profile (HV10) determined in
the sample in the as-built condition together with the OM micrographs of representative
indentations. As specified in Section 2, each histogram in the graph is the mean value of
five indentations, while the error bars represent the standard deviation. The mean Vickers
macrohardness profile shows a first sharp increase up to 1010 &= 38 HV10 (light blue label
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in the graph), where the microstructure is constituted to a major extent by fine WC carbides
(i.e., at a distance of 1800 pm from the interface). This value is higher than 849 + 78 HV10
(green label in the graph), registered in the zone where an inhomogeneous distribution of
coarse WC particles is present (i.e., at a distance of 3000 um from the interface). Moreover,
across the three-layer depositions, the mean macrohardness does not settle on an almost
constant value but undergoes significant variations from one layer to another. In general,
the mean Vickers macrohardness values are lower than those previously reported for
these types of cermets [18]. To verify this, Vickers microhardness measurements were also
performed. Different values were detected in relation to the indented zone. As an example,
the microhardness is very low and equal to 641 HV0.2 at the regions containing n-phase
structures, while at the regions filled with fine and coarse WC particles, the microhardness
increases up to 1663 HV0.2. It is understood that the localization of indentation has a strong
influence on the local hardness value and, consequently, on the hardness mean values and
standard deviations.

I 25 um I

Figure 8. SEM/EDS back-scattered electron image and maps of elemental distribution at the interface
between a residual unmelted WC powder region and the matrix. The boundary between areas is
marked by a red dotted line.
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Figure 9. X-ray diffraction pattern recorded on the sample in the as-built condition.
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Figure 10. Mean Vickers macrohardness profile (HV10) performed in the sample in the as-built
condition together with the OM micrographs of representative indentations.

3.4. Microstructural Analysis of Samples in PFHT Conditions

In the PFHT conditions, the samples showed the presence of some cracks across the
thickness of the coating. As an example, the blue arrows in Figure 11 report a crack path
in the sample heat-treated at 400 °C for 180 min. The origin of the crack is almost always
inside the substrate, just above the interface zone. This is in agreement with the possible
generation of thermal stresses due to the difference in thermal expansion between the
cermet and the metallic substrate, especially during the air cooling from the solubilization
temperature. Then, the crack crosses at least the first deposition layer, following a path that
fractures the WC polygonal carbides. Indeed, it is known that the WC carbides are prone
to cracking due to their intrinsic hardness and brittleness [52].

The proposed PFHTs induced some microstructural changes, especially as concerns
the Co matrix and the distribution of the n-phase structures inside it. The existing WC
carbides did not undergo noteworthy dimensional changes. Nevertheless, reasonable
morphological differences were detected if compared to the as-built condition.

Figure 12 shows a comparison between the microstructure of samples heat-treated
for lower times and temperatures (e.g., at 500 °C for 30 min) and for higher times and
temperatures (e.g., at 700 °C for 180 min) at the Interface. Most of all, it is worth noting that,
while in the as-built condition the WC carbides appeared rounded with shattered edges,
after heat treatment the newly formed carbides exhibit a polygonal geometry with well-
defined boundaries, as already mentioned in [16,24]. Additionally, the presence of branched
eutectic structures within this region has significantly decreased, being replaced by dense
spongy agglomerates (highlighted in orange in Figure 12a). However, the thickness of
the dendrites of the eutectic carbides appears to increase with longer treatment times and
higher temperatures (Figure 12b).

The BSE-SEM micrographs in Figure 13 report a comparison between some represen-
tative herringbone n-phase structures characterized by different morphology, according to
the PFHT parameters employed in this study. For solubilization temperatures in the range
of 400-600 °C, the higher the dwelling time, the higher the size of the n-phase. Specifically,
when the solubilization temperature is in the range of 500-600 °C, the distribution and the
quantity of this phase are regular, without any coarsening effect for dwelling times up to
120 min (Figure 13a). When the heat treatment is performed at 700 °C, the highest quantity
of coarse n-phase is clearly visible (Figure 13b).
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Figure 11. Collage showing the OM micrographs of a crack path in the microstructure of the sample
heat-treated at 400 °C for 180 min. The blue arrows depict the crack path.

500 °C 30 min 700 °C 180 min

I 100 pm I

Figure 12. BSE-SEM micrographs of the microstructure on the cross-section of heat-treated samples at
the Interface: (a) 500 °C for 30 min and (b) 700 °C for 180 min. The orange line in Figure 12a depicts
eutectic structures in the form of a dense spongy agglomerate.



Coatings 2023, 13, 1459

14 of 20

600 °C 120 min 700 °C 180 min

i 50pm 50um
I 1 I 1

Figure 13. BSE-SEM micrographs showing a comparison between some representative n-phase

structures characterized by different morphology, according to the PFHT parameters employed in
this study: (a) 600 °C for 120 min and (b) 700 °C for 180 min.

For all heat-treated samples, only slight variations in the semi-quantitative chemical
composition of phases in Layer 1 and Layer 2 were detected, with respect to the chemical
features of phases in the same zones of the sample in the as-built condition. Figure 14
depicts the BSE-SEM images of the cross-section of the sample heat-treated at 500 °C for
30 min in correspondence with Layer 1 together with an indication of the sites subjected to
semi-quantitative EDS analysis (letters from A to D). The EDS data are collected in Table 5.
The amount of Co in the herringbone eutectic carbides of the heat-treated sample is slightly
higher than that registered in the n-phase structure of the sample in the as-built condition
(sites A-D in Table 5 in comparison with site C in Table 4). In the sample in the as-built
condition, detectable amounts of Co were also found only at the boundary between Layer 1
and Layer 2. Moreover, throughout the thickness of Layer 1, some Co-rich regions admixed
with coarse WC carbides were identified, proving the homogenization effect induced by
the solubilization treatment.

S I R A

Figure 14. (a—c) BSE-SEM images of the cross-section of the sample heat-treated at 500 °C for 30 min,
in correspondence with Layer 1. In the micrographs, the letters from A to D indicate the sites subjected
to semi-quantitative EDS analysis.
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Table 5. Semi-quantitative chemical composition (wt. %) of the sites indicated by A-D in Figure 14.

Site Fe A\ Mo Cr Co v Mn C
A 48.8 25.4 - 1.6 24.6 - - -
B 56.5 16.4 - 3.8 21.2 1.2 - -
C 38.6 39.3 - 45 16.0 1.6 - -
D 57.3 7.7 - 1.3 33.7 - - -

In some regions, especially in samples heat-treated for the longest dwelling times and
at high solubilization temperatures (500, 600, and 700 °C), the coarse WC grains seem to be
smothered and agglomerated onto each other (Figure 15), even if some irregularities can be
detected on their polished surface. More specifically, in samples heat-treated at 500 and
600 °C for the longest dwelling time, carbides with a particular morphology were observed,
whose edges appear strongly jagged (orange arrows in the figure). Conversely, in the as-
built condition, only regular and polygonal WC grains were observed, also characterized
by a more homogeneous surface.

Figure 15. BSE-SEM micrograph in Layer 1 for samples heat-treated at 500 °C for 180 min. The
orange arrows in the figure indicate some WC carbides with jagged edges.

Concerning Layer 2, irrespective of heat treatment parameters, no longer rounded,
dense, and irregular agglomerates, which instead characterized the sample in the as-built
condition, were observed. Polygonal WC grains were detected mainly in samples treated
at lower solubilization temperatures for dwelling times of 30 and 60 min (Figure 16a). The
observed microstructure is related to the interval of time during which the material was
subjected to the remelting process. This layer suffered a combination of deposition and
remelting of the powder, having a higher cooling rate, which promotes less dissolution
and growth of the WC particles, leaving a high quantity of residual WC areas. Moreover,
a change in the morphology of the herringbone eutectic carbides was observed with the
increasing solubilization temperature (Figure 16b).

Finally, in Layer 3 of the samples heat-treated at the higher temperatures and for the
highest dwelling times, the n-phase structures seemed more compact (Figure 16c).

In summary, the post-fabrication heat treatments induce only minimal changes in the
chemical composition of phases. Nevertheless, the local distribution of n-phase structures
as well as the size and morphology of WC grains is altered, as proved by our SEM/EDS
analysis. In [24], it was found that the higher the heat treatment temperature, the greater
the extent of WC particle dissolution. In addition, the WC dissolution diffuses into the
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metallic matrix and forms another carbide phase and new eutectic phases. In the present
study, it was confirmed that the samples heat-treated at the higher temperatures (between
500-600 °C) and for the higher holding times (between 120 and 180 min) are character-
ized by different n-phase structures and WC carbide distributions, thus influencing their
hardness behavior.

1 DA

Figure 16. BSE-SEM micrographs showing polygonal WC grains and the change in the morphology

of the n-phase in different layers of heat-treated samples: Layer 2 after PFHT (a) at 400 °C for 60 min
and (b) at 500 °C for 30 min; (c) Layer 3 after PFHT at 500 °C for 120 min.

3.5. Hardness Properties of Samples in PFHT Conditions

The hardness properties of the coating after the PFHTs performed at different tem-
peratures and dwelling times are collected in the bar chart of Figure 17. The mean
macrohardness values (HV10) are reported as bars, whereas the error bars represent
standard deviations.
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Figure 17. (a—d) Mean Vickers macrohardness of samples in different PFHT conditions.
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It should be pointed out that, due to the high standard deviations of the results, no
specific trends of macrohardness can be defined for the different solubilization temperatures
and dwelling times (Figure 17a—d). The homogenization of the microstructure expected
with the PFHTs was not so effective in increasing the mean macrohardness and reducing,
at the same time, the scatter of data. Only the samples heat-treated at 500 °C for a dwelling
time of 120 min upwards were able to slightly exceed the macrohardness of the material
in the as-built condition (Figure 17b), with the highest mean macrohardness values being
obtained for a solubilization treatment performed at 500 °C for a dwelling time of 180 min.
This trend could probably be due to the occurrence of two contrasting phenomena. As
reported by Yuan et al. [53], the first one is the relaxation of residual thermal stresses,
particularly of compressive stresses, which determines a decrease in hardness. The second
one is the evolution of hardening phases, which probably requires a longer time to be quite
effective [48]. In the present study, it was observed that this second phenomenon started to
be predominant only after 120 min of holding time. Solubilization temperatures higher than
500 °C (i.e., 600 °C and 700 °C) seemed to be ineffective in increasing the macrohardness of
the material. For these latter investigated temperatures, the mean macrohardness drops
drastically just after 30 min of dwelling time and continues to decrease as the holding time
increases (Figure 17¢,d). At these heat treatment temperatures, the relaxation of the residual
thermal stresses may not be balanced by an effective hardening effect.

Considering the substantial difference in the cooling speed adopted in this work with
respect to classical annealing, the mean Vickers macrohardness values of heat-treated
samples are different from those previously reported for annealing treatments carried
out in the same range of temperatures [54,55]. According to the literature, the annealing
treatments for WC-Co cermets are usually performed for 180 min and temperatures within
the range of 500-600 °C [6,56]. The same treatment performed at 700 °C showed a drop in
hardness independently of the dwelling times [24]. In the present case, the mean Vickers
macrohardness is in the range between 850 HV10 and 1000 HV10, relatively higher than
the 55-65 HRC (corresponding to 600-840 HV10) reported in [25] but lower than the
1300-1800 HVO0.3 reported in [6].

4. Conclusions

In this work, WC-12Co L-DED additively manufactured samples were subjected to
different post-fabrication heat treatments. An in-depth analysis of the microstructure and
mechanical properties of the coating was performed to evaluate the changes induced by the
different PFHT conditions. Based on the results, the following conclusions can be drawn:

e  High microstructural heterogeneity in terms of WC particles, n-phase structures, and
Co distribution was observed in the sample in the as-built condition.

e  Some cracking defects were observed in the samples, irrespective of the heat treat-
ment conditions. In this regard, it is confirmed that the difference in thermophysical
properties of the substrate and the coating has a strong influence on crack propagation.

e For all heat-treated samples, the OM and SEM/EDS analysis of the microstruc-
ture demonstrated the occurrence of some microstructural changes during the post-
fabricated heat treatment procedures. Especially, the local distribution of n-phase
structures, and the size and distribution of the WC grains, were altered by the PFHTs.

e  Considering PFHTs performed at 500 °C for dwelling times in the range of 120-180 min,
the mean Vickers macrohardness of heat-treated samples was slightly higher than that
of the as-built sample, with the highest mean macrohardness values being obtained
for a solubilization treatment performed for a dwelling time of 180 min.

e  Further optimization of the post-fabricated heat treatment parameters needs to be
performed to guarantee proper use of the WC-12Co cermet coating fabricated by the
L-DED additive manufacturing technique.
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