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Abstract: In the present study, the microstructure evolution of WC-10Co-4Cr powder deposited on
AISI-SAE 1020 steel substrate by laser cladding was evaluated, considering the effect of average
energy per unit area. Single tracks were obtained by employing a Yb: YAG laser system with
selected processing parameters. All samples were sectioned in the transverse direction for further
characterization of the cladding. Results showed that dilution lay within 15% and 25%, whereas
porosity was measured below 12%. According to microstructural analyses, considerable grain
growth is developed within the central area of the cladding (namely, the inner region); additionally,
the development of a triangular and/or polygonal morphology for WC particles along with a clear
reduction in hardness was observed when employing a high average energy. It is worth noting
that, in spite of the rapid thermal cycles developed during laser cladding of WC-10Co-4Cr, grain
growth is attributed to a coalescence mechanism due to complete merging of WC into larger particles.
Finally, the presence of small round or ellipsoidal particles within the inner region of the cladding
suggested that non-merged particles occurred due to both an inhomogeneous dispersion and the lack
of faced-shaped WC particles.
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1. Introduction

WC-10Co-4Cr composite or alloy is widely used for coating applications in aeronautics, mining,
construction, and heavy machinery industries [1,2]. In general, WC-Co-Cr based coatings are
characterized by having high hardness and high wear, erosion, and corrosion resistance [3,4].

Laser cladding (LC) is an industrial manufacturing process that produces dense, crack-free,
and low-porosity coatings with excellent bonding properties [5,6]. It has been established that the key
processing parameters in LC are the laser power, the scanning speed, and the powder feeding rate,
which strongly influence the geometrical characteristics of LC tracks, including aspects such as dilution,
width, and wetting angle [7–9]. With the purpose of establishing a relationship among three different
processing parameters, that is, laser power, scanning speed and laser spot diameter, the concept of

Metals 2019, 9, 1245; doi:10.3390/met9121245 www.mdpi.com/journal/metals

http://www.mdpi.com/journal/metals
http://www.mdpi.com
https://orcid.org/0000-0002-2799-8486
https://orcid.org/0000-0001-8629-9936
http://dx.doi.org/10.3390/met9121245
http://www.mdpi.com/journal/metals
https://www.mdpi.com/2075-4701/9/12/1245?type=check_update&version=2


Metals 2019, 9, 1245 2 of 12

average energy (Ea) [10], also called average energy per unit area [8,10,11], specific energy [12–16],
effective energy [13,17,18] and/or energy density [10,19–22], is frequently used in the literature; thereby,
Ea is basically set by adjusting the corresponding parameters.

WC-Co alloys have been commonly deposited utilizing laser cladding [7,8,10,11,23–25].
For example, it has been observed that laser power has a predominant effect on the LC WC-12Co
alloy coating characteristics. Hence, the clad height, width, and the penetration depth are strongly
correlated to laser power; conversely, laser power is not directly related to the wetting angle [8,24].

WC-8Co alloy has been deposited by employing two different protective gases (i.e., Ar and N2);
dilution results had almost no effect, whereas porosity and cracks were minimized when using Ar
gas shielding [7]. Multilayered LC of WC-12Co alloy was deposited using a pulsed Nd: YAG laser
source; it was inferred that a minimum Ea value is required to avoid discontinuous clads and minimize
dilution [9,10]. However, so far, nobody has investigated the influence of the Ea on the geometrical
characteristics and porosity particularly for WC-10Co-4Cr alloy deposited on low carbon steel substrate
by LC.

It is important to mention that the growth of WC particles during LC of WC-Co alloys has been
hardly reported in the literature [7,11]. For instance, WC feedstock ranging in size between 1–2 µm
was reported to grow by twenty times [11]. In addition, it was stated that growth of WC particles is
related to the agglomeration of the original phases [7]. On the other hand, WC-10Co-4Cr alloy has been
deposited using a CO2 LC system onto stainless steel substrates; although the macrostructure of the
transverse cross-section, porosity content and hardness were reported, the growth of WC particles was
not mentioned [23]. It is worth noting that the growth mechanism of the WC particles in WC-Co-Cr
coatings during LC deposition, that is, short heating and cooling time, has not been reported so far.

The aim of this work is to evaluate the influence of the average energy per unit area (Ea) on the
geometrical characteristics, porosity, microstructure and hardness evolution in Yb: YAG laser cladding
of WC-10Co-4Cr alloy deposited on AISI 1020 steel. In particular, this work focused on investigating
the effect of Ea on the growth mechanism of the WC particles during rapid thermal cycles.

2. Materials and Methods

A commercial WC-10Co-4Cr powder with a particle size of −45 to +11 µm (Eutectic Castolin,
Edo. Mexico, Mexico) was used as feedstock material. A low cost, commercially available, and widely
used AISI-SAE 1020 (AHMSA, Monclova, Coahuila, Mexico) steel properly utilized when toughness
and hard wearing surface are main requirements, was employed as a substrate having the form of
a plate with dimensions of 76 × 25 × 6 mm. A 4kW Yb: YAG laser system Trumpf TruDisk 6002™
(TRUMPF, Queretaro, Mexico) equipped with a powder-feeder and laser workstation was used for
single track deposition as shown in Figure 1. A defocused laser beam of 3.8 mm with a pulse duration
of 0.014 s and a frequency of 50 Hz were used. Argon was employed as the carrier and shielding gas.
Preliminary experiments were carried out in order to determine the final process parameters; these are
shown in Table 1.

Table 1. Yb: YAG Laser operational parameters and calculated average energy per unit area.

Sample ID
Laser

Energy Per
Pulse (J)

Scan Speed
(mm/s)

Powder
Feed Rate

(g/s)

Shielding
Gas Flow
(L/min)

Carrier Gas
Flow

(L/min)

Ea
(J/mm2)

Ea24 18 10 0.42 20 18 24
Ea32 24 10 0.42 20 18 32
Ea39 30 10 0.42 20 18 39
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spectrometer (EDS) XFlash Detector 6|60 Bruker™ (Bruker, Saltillo, Coahuila, Mexico). Tracks were 
analyzed with a D8Advance Bruker™ (Bruker, Zacatecas, Zacatecas, Mexico) by X-ray diffraction 
(XRD) using diffractometer with Cu-Kα radiation. Microhardness measurements were recorded 
along the transversal cross-section of the cladded samples using a HVM Shimadzu™ (Shimadzu, 
Zacatecas, Zacatecas, Mexico) hardness tester with an applied load of 300 g and dwell time of 15 s. 

Figure 1. Experimental setup for the laser cladding process.

It is important to recall that the concept of average energy (Ea) involves important processing
parameters in the LC technique [10] as indicated below:

Ea =
E f
vD

(1)

where E is the laser energy per pulse [J], f is the laser pulse frequency [Hz], v is the scan speed [mm/s],
D is the laser spot size [mm], whereby Ef denotes the laser power. It is worth mentioning that Ea

engages the effective area irradiated by the laser beam (i.e., laser spot size) and can be set accordingly.
Hence, the calculated Ea for the different samples has been primarily focused on the variation of the
laser power, as indicated in Table 1.

Single clad tracks were sectioned in the transverse direction and prepared by metallographic
techniques. The geometrical features (i.e., penetration depth, height, width, wetting angle), porosity
percentage, and particle size (i.e., using Feret diameter technique) were measured in three different
samples by image analysis using the software Image-Pro Plus™ (Version 3.0, Media Cybernetic, Saltillo,
Coahuila, Mexico). It is worth mentioning that dilution was calculated according to [13]

D% =
b

h + b
(2)

where b is the penetration depth (mm) and h is the height (mm).
The microstructure was characterized using a Mira3 Tescan™ (TESCAN, Saltillo, Coahuila,

Mexico) field emission scanning electron microscope equipped with an energy-dispersive X-ray
spectrometer (EDS) XFlash Detector 6|60 Bruker™ (Bruker, Saltillo, Coahuila, Mexico). Tracks were
analyzed with a D8Advance Bruker™ (Bruker, Zacatecas, Zacatecas, Mexico) by X-ray diffraction
(XRD) using diffractometer with Cu-Kα radiation. Microhardness measurements were recorded along
the transversal cross-section of the cladded samples using a HVM Shimadzu™ (Shimadzu, Zacatecas,
Zacatecas, Mexico) hardness tester with an applied load of 300 g and dwell time of 15 s.

3. Results and Discussion

3.1. Microstructure and Phases

The influence of average energy per unit area (Ea) on both porosity content and dilution are shown
in Figure 2. Results reveal an overall porosity content below 12% where the sample porosity is reduced
when increasing Ea (Figure 2a); accordingly, the sample with Ea39 showed the lowest porosity content
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of about 3.8%. It is worth mentioning that the predominant parameter which reduces the generation of
pores is the laser power (i.e., logically by increasing Ea), owing to the lower amount of gas trapped
within the molten metal and due to a longer solidification time [26,27].

On the contrary, dilution increases with increasing Ea (Figure 2b); for example, it was 15%, 23%
and 25% for Ea24, Ea32 and Ea39, respectively. It has been established that an acceptable range for
dilution in WC-Co is within 10–45% for a single clad track [8,26]; accordingly, acceptable values for
dilution are obtained in this work.
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Figure 3 shows the transverse cross-section micrographs of the single clad track samples for (a)
Ea24, (b) Ea32, and (c) Ea39. Results show that the single clad width with dimensions ranging from 2.0 to
2.3 mm is consistently observed in all samples.Metals 2019, 9, 1245 5 of 14 
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According to the abovementioned results, the cladding characteristics encountered here (i.e.,
porosity, dilution, and width) are an indication of a highly dense and well-bonded clad tracks [28]
without any presence of cracks.

The transverse cross-section of a single clad has been analyzed in three different regions, namely,
interface (next to the substrate/clad line), outer region, and inner region, as schematically illustrated in
Figure 3d. Detailed analysis of the resultant microstructure for each of the abovementioned regions is
discussed in the following paragraphs.

A representative microstructure of the interface (taken as indicated by the position of the
rectangular inset labeled as “a” in Figure 3d) for all conditions is shown in Figure 4a. The interface
microstructure is composed of a planar grain growth, which is extended from the substrate/clad line
up to approximately 1 to 2 µm into the clad (labeled as A); a eutectic carbides zone (labeled as B),
presumably formed by M6C carbide type [26]. It was reported earlier that formation of eutectic carbides
is related to dilution effect with the substrate; the higher the dilution, the higher the formation of
phases containing iron thus decreasing the formation of carbides [11,29]. In addition, a mixture of
relatively fine columnar dendrites is also observed (labeled as C). Furthermore, the corresponding
Co–Cr bonding phase (D) and WC particles (E) are clearly distinguished as we move away from
the interface, being this distance a function of the processing parameters. For example, the bonding
phase in Ea24 sample was located at approximately 13 µm, whereas Ea32 and Ea39 samples were about
21 µm and 34 µm, respectively. It is worth mentioning that the extent of the interface described earlier
increased with dilution; hence, the Ea39 sample that resulted in higher dilution was also observed with
the largest extension of the interface region.
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Figure 4. (a) Representative microstructure of the interface region; EDS mapping concentration for
(b) Fe, (c) Co, (d) Cr and (e) W, for sample Ea39.

An EDS-mapping analysis conducted on the interface is shown in Figure 4b–e. The Fe-map
distribution (Figure 4b) within the interface logically resulted owing to a proper mixing with the
substrate chemistry. Indeed, the concentration of Fe is higher next to the substrate and this is reduced
if moving towards the coating interior. On the other hand, Co and Cr (Figure 4c,d) are properly mixed
along with the interface. By comparing Figure 4b or Figure 4e; there exists a rich region containing a
large amount of W areas which corresponds to the bright particles (labeled as E) observed in Figure 4a;
hence, it is inferred that those bright particles correspond to WC.

Figure 5a shows the outer region microstructure (taken as indicated by the position of the square
inset labeled as “b” in Figure 3d) composed of a continuous binder matrix of Co and Cr (dark region)
along with WC particles (light areas) retaining the original feedstock particle size and morphology
(1.0 µm in average). The EDS-mapping analysis of this region is shown in Figure 5b–d. Results
confirmed the WC particles’ distribution, as well as the Co and Cr binder concentration.
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Figure 5. Outer region (a) representative microstructure. EDS mapping concentration for (b) W, (c) Co
and (d) Cr.

X-ray diffraction patterns at the WC-10Co-4Cr clad-track surface corresponding to the samples
Ea39, Ea32, and Ea24 are shown in Figure 6. The corresponding X-ray pattern of the feedstock powder is
also included as a reference. The results show that WC is the main phase present for all LC processing
conditions; XRD patterns also show the corresponding Co–Cr binder phase peaks, metallic Cr, and
W2Co4C phases. Traces of W2C are only detected in samples deposited using an average energy per
unit area of 32 and 39 J/mm2; this could occur due to the higher values of Ea during deposition and the
longer times needed for heat dissipation.
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different average energy.

3.2. Hardness

Figure 7 shows the Vickers hardness profile measured along the cross-section of the cladding
zone as schematically illustrated in the inset. The substrate/clad line corresponds to zero distance at
the abscissa. Higher average hardness values were obtained for the sample deposited at Ea24. On the
contrary, lower average hardness values are observed at the Ea32 and Ea39 processing conditions. At the
inner region of the clad track (Figure 3d), the average hardness values for Ea24 sample reach up to
1114 HV, while for the other samples the hardness reached a maximum value of 1015 HV. The measured
hardness at the outer region tend to be similar in all conditions thus reaching about 1193 HV.
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3.3. Effect of the Averange Energy

The interface and the outer regions were similar in terms of their microstructural characteristics
for all evaluated samples. On the other hand, this section presents the effect that Ea has on the
WC-10Co-4Cr deposits in the inner region.

Figure 8a–c summarized the metallographic analysis of the inner region of the clad at different
values of Ea. The average WC-grain size and the distribution frequency plots are shown in Figure 8d–f.
The resultant clad microstructure is composed of WC particles (light gray phase) and Co-Cr alloy
binder phase (dark gray phase). As noticed, WC-grain morphology and size varied significantly
with Ea; for example, at relatively low Ea (24 J/mm2), the microstructure consists of a predominant
uniform distribution of fine WC grains with an average size of about 1.3 µm, which are homogeneously
surrounded by the Co-Cr binder phase (Figure 8a). For an Ea = 32 J/mm2 increase, a heterogeneous
microstructure is obtained; a considerable large fraction of WC grain growth having an angular
morphology and average grain size of 3.0 µm is developed, as shown in Figure 8b,e. Similarly,
an increase of Ea = 39 J/mm2 resulted in larger WC grains with an average grain size up to 3.5 µm
having a predominant triangular and/or polygonal morphology (Figure 8c). It is important to
mention that the average grain size of WC particles in the original feedstock powder is about 1.0 µm;
consequently, the Ea24 exhibited almost barely WC grain growth having a relative homogenous particle
size as compared to the original feedstock powder. However, when Ea reaches 32 J/mm2, a considerable
grain growth of almost three times is achieved. Moreover, for Ea32 and Ea39 conditions, the increase in
WC grain size covered an inner region area of approximately 34% and 51%, respectively. These results
are in agreement with the hardness values shown in Figure 7, where the higher hardness values were
obtained for the Ea24 condition which corresponds to the smaller grain size (Figure 8), whereas the
samples that resulted with the higher WC grain size (Ea32 and Ea39) showed reduced hardness values.

Coalescence is a process where small neighboring particles (or grains) merge to form larger
particles; this process occurs if high enough contiguous areas are in contact between two or more
existing WC grains, leading to the elimination of contiguous grain boundaries if sufficient activation
energy is provided [30–32]. This contiguity may be favored due to different conditions, including
incomplete wetting of WC particles in the liquid phase, low binder phase content, inhomogeneous
dispersion of WC particles in the liquid phase, similar preferred orientation between WC grains,
faced shaped WC particles, and even grain rotation [26,32–36].
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(short thermal cycle), the WC-grain growth is associated with the thermal accumulation at the inner 
zone of the WC-10Co-4Cr clad-tracks, as shown in Figure 8b,c. Figure 9a shows the inner zone at the 
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Figure 8. Microstructure at the inner region for Ea conditions (a) Ea24, (b) Ea32 and (c) Ea39. Distribution
frequency WC particle size (d) Ea24, (e) Ea32 and (f) Ea39.

Despite the fact that LC is a short thermal cycle process with rapid heating and cooling rates (short
thermal cycle), the WC-grain growth is associated with the thermal accumulation at the inner zone of
the WC-10Co-4Cr clad-tracks, as shown in Figure 8b,c. Figure 9a shows the inner zone at the highest
Ea where contacting grains have coalesced via grain boundary elimination where the remnant pores
between grains suggested that coalescence occurred at the grain boundaries. A higher magnification
image is provided in Figure 9b, as taken from the marked rectangle from Figure 9a. Larger WC grain
size is observed for the Ea39 condition as shown in Figure 8c; this further confirms that the higher
Ea employed, the greater the time required to release the thermal accumulation and the higher the
possibility for coalescence to occur; hence, under both Ea32 and Ea39 conditions, coalescence is clearly
developed, whereas in the case of the Ea24 condition, coalescence is almost non-existent.
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It has been documented that during sintering processing, WC solid grains fully develop a truncated
rectangular, triangular, polygonal shape or near-hexagonal prisms due to longer times of exposition
and being held at a high temperature, which leads to complete coalescence [32,37,38].

In this work, the morphology change of WC grains into triangular and/or polygonal shapes
was incomplete; additionally, many other grains exhibited rounded or ellipsoidal morphology, thus
suggesting that the equilibrium or usual morphology of solid grains found in sintering processing,
was not reached here during LC deposition due to the heating and cooling rates were too short
to complete this process [39,40]. The presence of rounded or ellipsoidal grains suggests that WC
particles did not reach conditions for further coalescence as a result of different reasons, including
an inhomogeneous dispersion of particles, a lack of faced shaped particles, perhaps to a restricted
grain rotation of WC particles, and possibly to non-preferred orientation. Furthermore, rounded or
ellipsoidal particles are quite similar in terms of size and morphology as compared to the original
particles before LC (feedstock powder); this confirms that some WC particles did not merge due to the
rapid thermal cycles.

The schematic provided in Figure 10 represents the sequence of WC grain growth as the average
energy increases. The morphology and size of the WC particles in the powder is illustrated in
Figure 10a. When low average energy is used, WC particles remain almost unaltered and acceptable
cladding is obtained (see schematic in Figure 10b); as the average energy increases (Figure 10c,d),
WC particle growth is evident and the morphology develops a triangular and/or polygonal shape
owing to coalescence. As previously discussed, coalescence is the mechanism responsible for grain
growth of WC during LC of WC-10Co-4Cr. Again, the remaining rounded and ellipsoidal particles did
not merge to each other; however, the presence of these particles is due to partial solubility of W/C
within the Co-Cr binder phase; it is believed that the Co-Cr binder phase melts completely while the
WC grains may not totally melt but experience partial surface dissolution in the molten pool.Metals 2019, 9, 1245 11 of 14 
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4. Conclusions

This research work aims on evaluating the influence of the average energy on the geometrical
characteristics, microstructure and hardness of WC-10Co-4Cr alloy deposited on AISI 1020 steel by Yb:
YAG laser cladding. With the purpose of addressing a detailed analysis of the results, the clad zone has
been conveniently divided into the interface, outer region, and inner region. Therefore, the following
conclusions are obtained:

1. Results indicated that upon an average energy value of Ea = 24 J/mm2; the porosity was about
11%, whereas the dilution value remained at 15%, thus being acceptable values for both porosity
and dilution.

2. The microstructure development at the interface was consistent for all conditions; it was composed
of a planar grain growth, with presence of eutectic carbides and a mixture of fine columnar
dendrites; however, the higher the average energy, the larger the extension of the interface.
Whereas the microstructure of the outer region revealed the presence of the Co-Cr binder along
with WC particles retaining the original feedstock particle size and morphology.

3. Considerable grain growth occurred at the inner region of the clad, particularly when employing
high average energy (i.e., above 32 J/mm2); WC grain growth increased by three times compared
to the original powder particle size. Additionally, the morphology of the growth WC particles
developed a triangular and/or polygonal shape.

4. A complete merge of small neighboring grains into larger particles and presence of residual pores
between partially delimited WC particle boundaries is observed at the inner region; hence, the
grain growth is attributable to a coalescence mechanism. Further, the presence of rounded and
ellipsoidal WC particles suggested partial solubility of W and C within the Co-Cr binder phase;
hence, those particles did not merge (lack of coalescence) due to inhomogeneous dispersion and
the lack of faced shaped particles.

5. Hardness at the inner region resulted in higher values upon the low average energy condition
(i.e., 24 J/mm2), indeed, being the sample with barely observable grain growth; on the contrary,
evident grain growth and considerable lower hardness was observed upon higher average energy
condition (i.e., above 32 J/mm2).
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