
ADVANCED MATERIALS FOR ADDITIVE MANUFACTURING

Effect of Variable Specific Energy Laser Remelting
on the Morphology, Microstructure, and Mechanical Properties
of Ta/Ni-Based Composite Coatings

JIANGTONG YU,1,2 WENLEI SUN,1,3 GUAN ZHANG,1

QUANWEI CUI,1 and HUACHAO JIAO1

1.—School of Mechanical Engineering, Xinjiang University, Urumqi 830017, China.
2.—e-mail: yujtong@163.com. 3.—e-mail: sunwenxj@163.com

In this study, laser remelting was used to prepare Ta/Ni-based composite
coatings using a combination of Ta-doping in a Ni-based powder. The effects of
laser remelting specific energy and Ta-doping content on the surface mor-
phology, phase composition, microstructure, bonding interface, microhard-
ness, and wear resistance of the cladding layers were investigated. The
unmelted powder particles on the coating surface disappeared after laser
remelting. Laser remelting significantly decreased the grain size of the Ta/Ni-
based composite coating, and the bright white microstructure of the doped Ta
hindered crystal growth. With increase in the specific energy of the remelts,
the internal porosity of the coating significantly decreased, overall grain size
of the upper part of the composite coating gradually increased, central
columnar crystal content gradually increased, overall crystal size of the lower
part first decreased and then increased, and Ta and Ni diffused more fully at
the bonding interface between the matrix and the coating, which decreased
the difference in the chemical composition of the two sides of the bonding
interface. The Ta/Ni-based composite remelted layers had significantly im-
proved microhardness and wear resistance compared to before remelting, and
both these parameters tended to increase and then decrease with increasing
remelting specific energy.

INTRODUCTION

Laser cladding is a type of additive manufactur-
ing technology.1 It is advantageous because it forms
a metallurgical bond between the substrate and the
cladding layer2–4 and enables control of cladding
layer composition,5,6 substrate dilution rate,7–9 and
easy automation.10 It is widely used in fields such as
aerospace, machinery,2 petroleum,11 and chem-

istry.12–14 Ni-Based alloy coatings are popular
because of their good high-temperature resis-
tance15,16 and corrosion resistance;17 however, the
susceptibility to defects,18,19 stress,20 and deforma-
tion problems21,22 during the preparation of high-
performance Ni-based coatings by laser cladding is a

bottleneck that limits their development. Ta is a
refractory metal23 that readily reacts with carbon at
suitable temperatures to produce high-hardness
carbides.24 Numerous researchers have worked on
improving the performance of Ni-based cladding
layers by adding other powders to the Ni-based
powder;17,25–28 however, once the proportion of
other powders reaches the optimal content for
performance, the purpose of improving the compre-
hensive performance of the cladding layer without
losing its original characteristics may not be
achieved. To address the shortcomings of additive
manufacturing, hybrid additive manufacturing uses
a combination of additive manufacturing along with
the advantages of other manufacturing technolo-
gies.29–34 Laser remelting is a surface modification
technique that uses a high-energy laser beam of a
certain specific energy to rapidly melt and solidify
the surface of a workpiece.35 Laser remelting can
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address the defects,36 such as cracks37,38 and
pores,37,39–41 that are easily produced during the
additive manufacturing of specific metal materials,
to some extent, and it can improve the mechanical
properties of the cladding layer.42,43 Thus, more
researchers should investigate how hybrid additive
manufacturing can be used to prepare defect-free,
high-performance metal-based composite coatings
with high surface flatness by using disposable
clamping for substrates and in-line regulation.

In this study, laser remelting of a composite
coating was carried out using various laser specific
energy values on a composite Ta/Ni-based coating
via laser cladding. The surface morphology, phase
composition, microstructure, elemental distribu-
tion, microhardness, and wear resistance of the
composite coatings were analyzed for different laser
specific energy values. The hardness and wear
resistance of the composite coatings before and after
laser remelting were compared. The findings of this
study provide insights for using hybrid additive
manufacturing with a combination of laser cladding
and laser remelting to fabricate Ni-based composite
coatings.

EXPERIMENTAL PROCEDURE

Experimental Sample Preparation

During sample preparation, a 45 steel specimen
(dimensions: 110 mm 9 60 mm 9 6 mm) was used
as the substrate, and a total of five specimens were
used. Before experiments, the surface of each sub-
strate was polished to obtain a flat surface, and it
was cleaned with alcohol and dried. Ni-based pow-
der was provided by Jiano Metal Material Com-
pany, Nangong, China. The Ni-based self-fusing
alloy powder had spherical particles with sizes in
the range of 45–106 lm. The chemical composition
of the Ni-based powder is presented in Table I. The
mass fraction of the high-purity Ta powder was ‡
99.95%, and the particle size was< 38 lm. A

planetary ball mill type KQM-Z/B was used to mix
the powder at a set rotational speed of 300 rpm,
with the direction of rotation changing every
15 min, for a total of 2 h. The Ni-based and Ta
powders were mixed, and the composition of the
cladding powder for samples 1–5 is shown in
Table II. The Ni-based and mixed powders were
dried using an electric blast drying oven at 120 �C
for 2 h. The results of mixing tantalum powder and
nickel-based powder are shown in Fig. 1.

For the laser cladding experiment, a KUKA six-
degree-of-freedom robot loaded with a YLS-2000

fiber laser system was used. The powder was fed in
a synchronous coaxial manner, and argon was used
as a protective gas. Multi-lap cladding process
experiments were carried out on samples 1–5 using
laser power (P) of 1400 W, scanning speed (V) of 4
mm/s, powder feed rate of 8.39 g/min, and overlap
rate of 50%. To comprehensively study the effects of
P, V, and spot diameter (D) of laser remelting on the
microstructure and mechanical properties of com-
posite coatings prepared from mixed powders, the
specific energy (Eq. 1) was used to calculate the
approximate magnitude of remelting energy per
unit area:44,45

E ¼ P

DV
ð1Þ

where E is the specific energy of the laser (J/mm2).
Three-laser cladding samples prepared from mixed
powders were remelted using various values of laser
remelting specific energy (remelting without any
metal powder added). The laser remelting parame-
ters are shown in Table II.

Experimental Analysis Methods

The microstructure and property test samples
were prepared by cutting the cladding layer using
an electric discharge machining wire-cut machine.
The cladding samples were ground with metallo-
graphic sandpapers with different mesh numbers,
polished with a polishing machine, and then etched
with aqua regia. Microstructures of the cladding
samples were observed using field emission scan-
ning electron microscopy (SEM, Quanta FEG 250),
and chemical compositions and elemental distribu-
tion were analyzed using energy-dispersive spec-
trometry (EDS). X-ray diffraction (XRD) was used to
analyze the phase compositions of the cladding
layers. Surface morphology of the laser cladding
and remelted layers was analyzed using a VHX-
6000 super-depth field microscope. To study the
effect of various remelting specific energies on the
mechanical properties of the cladding layer, the
microhardness (HXD-1000TB microhardness tester)
and wear resistance (M-2000 wear tester) of the
cladding layer of each sample were tested. Micro-
hardness was tested with a loading force of 0.2 kgf
and a loading time of 15 s, vertically from the top of
the cladding to the substrate, at 0.2 mm intervals.
To conduct dry wear tests, the cladding layer was
loaded with a load of 130 N, and the speed was set to
180 rpm. The wear time was 60 min. An electronic
digital balance was used to weigh each sample
before and after loading for wear resistance
analysis.

RESULTS AND DISCUSSION

Surface Morphology of the Cladding Layer

During laser cladding manufacturing, the param-
eters of the cladding process and the overlap rate

Table I. Chemical composition of the Ni-based
powder (wt.%)

C Cr Si B Fe Ni

0.5–1.0 14–19 3.5–5.0 3.0–4.5 < 8.0 Bal
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were determined before the coating was prepared;
this layer had a high surface roughness and was
subsequently machined to remove excess coating
parts to obtain the required surface morphology. It
is crucial to decrease the surface roughness of the
coating and the machining allowance as well as to
improve the performance of the coating. The surface
morphology of the cladding layer and the three-
dimensional morphology of the coating before and
after remelting with different specific energies are
shown in Fig. 2. Surface morphologies of the
remelted coatings varied considerably with different
laser specific energies. Figure 2a shows the surface
morphology of the cladding layer without remelting.
Although there were no obvious defects on the
surface, there were several powder particles on the
surface of the coating that were not completely
melted, and this increased the surface roughness.

Figure 2b and c shows the 3D morphology of the
cladding layer without laser remelting. There were
many incompletely melted particles on the surface
of the cladding layer, and the lap area between the
cladding channels was obviously concave; moreover,
the distance from the lowest to the highest part of
the surface in Fig. 2b is smaller than that in Fig. 2c.
The incompletely melted powder particles on the
surface of the cladding layer may be attributed to
several reasons: (1) the energy at the edge of the
circular spot used for cladding may have been lower
than that at the center, and because of the interac-
tion between the laser and the alloy powder at the
edge of the spot, some of the alloy powder may have
not melted or melted incompletely, resulting in
incompletely melted powder particles on the surface
after the formation of the cladding layer; (2) as the

laser beam moved, the metal powder fell into the
molten pool before the pool was completely solidi-
fied, and as the solidification proceeded, the incom-
pletely melted particles appeared on the surface of
the cladding layer.46 The lap area of the cladding
layer was concave because the energy at the edge of
the circular laser spot was low and there was a
small amount of molten alloy powder, which
resulted in a single coating with a thin edge. A
layer overlapped at � 50% of the width direction of
the previous coating, which decreased the concave
degree of the lap area; however, there was still some
concave phenomenon. The distance from the lowest
to the highest point of the surface in Fig. 2b was less
than that in Fig. 2c because the cladding powder
used in Fig. 2c was a mixture of Ni-based spherical
powder and irregularly shaped Ta powder. During
laser cladding, the irregularly shaped Ta powder
influenced the fluidity and uniformity of powder
feeding; as a result, the maximum height difference
of the surface in Fig. 2c was greater than that in
Fig. 2b.

To decrease the surface roughness and improve
the performance of the composite coating with Ta
powder, the coating surface was remelted with
different specific energies. The remelting results
are shown in Fig. 2d, e and f. The incompletely
melted powder particles on the surface of the whole
cladding layer disappeared after remelting, which
decreased the surface roughness of each cladding
layer. This was mainly because the surface of the
cladding layer was scanned again using a laser
beam with a different specific energy, which again
melted some thickness of the cladding layer and the
alloy powder particles on the surface. Moreover, no
new powder was added between the melting of the
coating and solidification of the melt pool. Conse-
quently, the surface of the single coating was
smoother after the formation of the cladding layer.

Analyzing Fig. 2d, e and f showed that the
maximum height differences of the remelted coating
surface were 148.594, 178.499, and 291.564 lm,
respectively, and were smaller than 368.355 lm in
Fig. 2c (the un-remelted composite coating). The
maximum height difference of the remelted coating
surface increased with the increase of the laser
remelting specific energy. This was because as the
specific energy of the laser increased, the thermal
impact of the laser was enhanced. Moreover, the
higher intensity of the thermal impact on the
cladding layer increased the maximum height dif-
ference on its surface. During laser remelting, a

Table II. Cladding powder composition and laser remelting parameters of samples 1–5

Powder and remelting process Sample 1 Sample 2 Sample 3 Sample 4 Sample 5

Ni-Based powder (g) 100 94 94 94 94
Ta powder (g) 0 6 6 6 6
Remelting specific energy E/(J/mm2) – – 20.83 38.89 75.00

Fig. 1. Results of mixing Ta powder and Ni-based powder.
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suitable laser specific energy should be selected to
remelt the composite coating to eliminate incom-
pletely melted alloy powder particles on the surface
and effectively decrease the surface roughness. A
very high remelting laser specific energy cannot
achieve adequate surface roughness reduction of the
composite coating, while a very small remelting
laser specific energy cannot melt the incompletely
melted particles. Therefore, a suitable remelting
laser specific energy is essential for ensuring high-
quality remelting. Thus, based on above findings,
the surface quality of the cladding layer was
considerably improved when the surface remelting
specific energy of the Ni-based composite cladding
layer was 20.83 J/mm2. Improved surface quality
decreased the subsequent machining allowance,
which can promote resource-saving and environ-
mentally friendly manufacturing.

Phase Composition

During the remelting of a composite coating by a
high-energy laser beam, complex chemical reactions
occur in the melt pool.47 The magnitude of the
remelting specific energy influences the chemical
reactions that occur on the surface, and it directly
influences the phases generated in the coating. To
study the phase composition of remelted composite
coatings at different laser specific energies, physical
phase analysis was carried out on remelted samples.
Figure 3 shows the XRD analysis results of

composite cladding layers. As the specific energy of
laser remelting increased, there was no significant
change in the phase type of each remelted sample;
however, the intensity of the diffraction peak was
increased and then decreased. The intensity of the
diffraction peak of sample 4 was the highest. It
showed that the crystals of sample 4 were well
developed and the content of formed phases were
more. In the samples before and after laser remelt-
ing, the main phases were Ni, FeNi3, Cr1.12Ni2.88,
and Cr23C6. Therefore, the main species of the
phases did not change after laser remelting.

Microstructure and EDS Analysis

The cladding layer was remelted with various
specific energies, and the EDS line scanning results
from the substrate to the top of the cladding layer on
the section perpendicular to the cladding scanning
direction are shown in Fig. 4. The elemental com-
positions in different positions of the cladding layer
of each sample were different, but they all com-
prised Ni, Fe, Ta, C, and Si, among other elements.
In samples 3–5, the elemental composition fluctu-
ated at the interface between the matrix and the
cladding layer, which was mainly attributed to the
different types and contents of elements in the
matrix and the cladding layer. In each remelted
sample, after the concentration of Ta increased to a
certain height through the interface, there was a
large fluctuation in the cladding layer. After the

Fig. 2. Surface morphology of the cladding layer and 3D morphology of each cladding layer: (a) surface morphology of the cladding layer; (b)–(f)
samples 1–5, respectively.
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concentration of Ni increased to a large extent
through the interface, there was a small fluctuation
around a certain concentration in the cladding
layer. This was because the cladding layer con-
tained more Ta and Ni, while the matrix material
contained only a small amount of Ni and no Ta. As
the specific energy of laser remelting increased, the
Ta and Ni elemental curves transitioned more
gently at the interface between the substrate and
the cladding layer. This indicated that the cladding
layer was remelted by a larger specific energy laser.
The Ta and Ni at the bottom of the melt pool were
more fully diffused by gravity and convection at the
bonding interface between the substrate and the
cladding layer, which effectively decreased the
difference in chemical composition between the
two sides of the bonding interface and facilitated
the formation of a metallurgical bond between the
coating and the substrate.48

Analysis of the variation curves of Fe in Fig. 4a2–
c2 showed that the matrix contained high concen-
trations of Fe, which fluctuated slightly. Moreover,
at the junction of the matrix and the cladding layer,
an overall rapid decreasing trend of Fe concentra-
tion was observed. The Fe content in Fig. 4b2
showed a very small rebound during the rapid
decline before continuing to decease rapidly and
then stabilized at a relatively low level on the
cladding layer. This was because the matrix mate-
rial mainly contained Fe and the cladding layer
contained relatively less Fe. This non-uniformity in
Fe content caused the curve to fluctuate. Argon was
used as a protective gas in the laser cladding
process; as a result, O content in the matrix and
the cladding layer did not change considerably.
Analysis of the internal morphology of the cladding
layer (Fig. 4) showed that as the laser remelting
specific energy increased, there were considerably
fewer pores in the cladding layer, with almost no
obvious pores (Fig. 4c1). This was because a large
laser remelting specific energy enabled sufficient
melting in the cladding layer, decreased the viscos-
ity of the melt pool, and retained the melt pool for a
longer period of time, which allowed sufficient time
for the pores in the melt pool to rise up and escape.49

The cross-sectional morphology of the cladding
layer in Fig. 4 shows that there were some areas
where white substances gathered in the cladding
layer. The distribution of elements in the white
substance aggregation zone was observed using
EDS line scan analysis on the cladding layer of
sample 3 (Fig. 5). EDS line scanning passed through
the area without white aggregates, the area with
dense white aggregates, and the area with sparse
white aggregates, in that order. The Ta and Si
content showed a similar trend during the line
scanning process and varied with the density of
white aggregates and with higher Ta and Si content
in the dense white aggregates. The Ta and Si
content in the white aggregate was higher, and the
Ta mixed in the cladding material was one of the
main elements to form the white aggregate. This
was mainly attributed to the preferential solidifica-
tion of Ta—with a high melting point—in the
molten pool, which promoted the formation of white
aggregates. The elemental content of Ni and Fe also
followed a similar trend, with the exception that Ni
and Fe contents were higher in the absence of white
aggregates and lower in the dense white aggregates
than in the sparse ones. This indicated that the
white aggregates contained relatively small
amounts of Ni and Fe. Cr content was higher in
the region without white aggregates, and it was
lower and evenly distributed in the region with
dense white aggregates. Furthermore, B, C, and O
with low content were evenly distributed on the
whole straight line scanned by EDS. Table III
shows the results of the EDS point analyses for
the dense and sparse white aggregates (Fig. 5). Ta
content was highest in the two regions with differ-
ent densities of white aggregates. With the thinning
of white aggregates, Ta content decreased and Ni
content increased. This trend was consistent with
the results of EDS line scanning. The variation in
the content of the other elements with sparse white
aggregates was in general agreement with the
results of the EDS line scan analyses, which further
validated the results of the EDS line scan analysis.

Changes in specific energy laser remelting influ-
enced the internal microstructure of the cladding

Fig. 3. XRD analysis results of samples: (a) sample 2; (b) samples 3–5.
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layer by influencing the temperature and solidifica-
tion rate in the melt pool. The cross-sectional
microstructure of the cladding layer before and
after the specific energy remelting is illustrated in
Fig. 6. Analysis of the microstructure diagrams of
the upper, middle, and lower parts of the composite

coating before and after laser remelting with differ-
ent specific energies showed that the crystal struc-
ture was dominated by fine dendrites and equiaxed
crystals in the upper part of the cladding layer. The
overall microstructure size of the upper part of the
cladding layer was smaller than that of the middle

Fig. 4. EDS line scanning results from substrate to cladding layer after variable specific energy remelting and SEM analysis: (a1) and (a2)
sample 3; (b1) and (b2) sample 4; (c1) and (c2) sample 5.
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and lower part. This was mainly because when the
melt pool cooled, the upper part of the cladding
layer dissipated heat through air medium via
radiation and convection and matrix conduction,
with small temperature gradients and fast solidifi-

cation rates.50–52 Furthermore, a larger component
subcooled to promote nucleation, and as a result, the
upper part of the cladding layer had a finer grain
microstructure. Figure 6b1–d1 shows that the over-
all grain size of the upper part of the cladding layer
increased with increasing remelting specific energy.
However, after remelting, in samples 3 and 4, the
overall crystal size of the upper part of the cladding
layer (Fig. 6b1 and c1) decreased to a significantly
smaller value than that of the upper part of the un-
remelted cladding layer (Fig. 6a1). This was mainly
because a larger laser remelting specific energy
facilitated adequate crystal growth. The overall
crystal size of the upper part of the cladding layer
of samples 3 and 4 may also be because the
remelting specific energies were much smaller than

the laser cladding specific energies. The remelting
specific energy of sample 5 was closer to the
cladding specific energy, and as a result, the overall
grain size in the upper part of the cladding layer
was larger at a laser remelting specific energy of
75 J/mm2. As the distance from the upper part of
the cladding layer increased, the temperature gra-
dient at the front of the solid–liquid interface inside
the cladding layer increased and the solidification
rate decreased. In the middle of the cladding layer,
the crystal growth rate was slower and a coarser
crystal microstructure was formed than in the
upper part.

Figure 6b2–d2 shows that the content of colum-
nar crystals in the middle of the cladding layer
gradually increased with increasing specific energy
of laser remelting. The content of white structures
in the middle of the cladding layer varied after
remelting with different specific energies. The white
structure content in Fig. 6b2 was significantly less
than that in Fig. 6a2, indicating that a

Fig. 5. EDS line scan results of the white matter aggregation area: (a) EDS line scan analysis; (b) EDS line scan analysis and spot analysis
locations.

Table III. EDS point analysis results

Position Element (wt.%) Element (at.%)

C O Si Cr Fe Ni Ta C O Si Cr Fe Ni Ta

1 6.43 1.45 4.14 1.86 2.94 8.37 74.80 – – – – – – –
2 9.60 0.97 6.27 2.72 3.08 20.07 57.29 – – – – – – –
A 11.18 1.56 – 6.65 3.11 1.81 75.70 56.04 5.86 – 7.70 3.36 1.85 25.19
B 12.51 3.13 1.16 14.50 7.41 4.14 57.16 50.15 9.43 1.99 13.43 6.39 3.40 15.21
C 13.30 1.66 – 11.07 2.66 2.38 68.94 58.50 5.47 – 11.25 2.52 2.14 20.13
D 10.27 1.17 – 9.65 2.62 2.53 73.76 53.05 4.54 – 11.52 2.91 2.68 25.30
E 6.34 – 0.22 47.05 35.65 10.73 – 23.34 – 0.35 40.01 28.22 8.08 –
F 0.41 0.57 2.69 6.63 20.83 68.86 – 1.87 1.95 5.20 6.93 20.27 63.77 –
G 10.04 2.47 4.36 6.53 18.49 58.12 – 32.25 5.96 5.99 4.84 12.77 38.20 –
H 11.62 3.09 1.05 13.69 5.39 3.34 61.81 49.44 9.88 1.92 13.46 4.93 2.91 17.46
I 10.19 0.79 – 7.02 2.35 2.86 76.79 54.83 3.18 – 8.72 2.72 3.15 27.41
J 5.87 – 0.15 48.05 35.04 10.89 – 21.91 – 0.24 41.42 28.12 8.32 –
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suitable remelting specific energy was conducive to
the adequate dispersion of the white structures.
Figure 6a3–d3 shows the microstructure of the
lower part of the cladding layer, with the largest
temperature gradient and the smallest solidification
rate. A narrow and long banded structure was
formed at the fusion interface between the substrate
and the cladding layer. A well-formed banded
structure in the fusion zone resulted in a better
metallurgical bond between the matrix and the
cladding layer. The banded structure existed in the

form of plane crystal. Analysis showed that the
banded structure in Fig. 6c3 was the best formed
after laser remelting of the cladding layer, while the
banded structure in the lower part of the cladding
layer prepared by other processes had different
degrees of defects, especially the fracture of the
banded structure in Fig. 6a3 and d3. Thus, the
remelting specific energy considerably influenced
the bonding between the substrate and the cladding
layer. In the lower part of the molten pool, most of
the heat was transmitted and dissipated through

Fig. 6. Cross-sectional microstructure of the cladding layer before and after variable specific energy remelting: (a1)–(d1) upper part of the
cladding layer of samples 2–5; (a2)–(d2) middle part of the cladding layer of samples 2–5; (a3)–(d3) lower part of the cladding layer of samples 2–
5.
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the matrix, and very coarse columnar and dendritic
crystals were formed that grew at an angle to the
fusion line toward the top of the cladding layer.
Furthermore, Fig. 6b3–d3 shows that with increase
in laser remelting specific energy, the coarse den-
drite near the fusion zone at the lower part of the
cladding layer had an obvious thinning trend, but
the overall crystal size first decreased and then
increased, and the white bright color structure
decreased. This was because after the cladding
layer was remelted by the larger laser specific
energy, the internal white bright color structure
was decomposed, coupled with the convection and
stirring effect of the molten pool,53,54 resulting in a
white bright color structure that was more evenly
distributed in the lower part of the cladding layer,
and it promoted nucleation and grain refinement.43

However, due to the different remelting specific
energies on the thermal effect and cooling heat
dissipation of the cladding layer, this led to the
formation of partially coarse crystalline structures
in the lower part of the cladding layer.

Figure 7 shows the EDS mapping results of B, C,
Si, Cr, Fe, Ni, and Ta in the internal microstructure
of the cladding layer after laser remelting. The
white bright color was similar to the circular
microstructure, which was rich in Si, Ta, and C.
The corolliform microstructure and irregular
microstructure were rich in Si, Cr, and other
elements. The irregularly shaped dendrites in
Fig. 7a had rounded white shiny microstructures
at the initial end, but not on the corolliform
microstructure. In some of the irregularly shaped
dendrites, some directional growth was influenced
by the circular white shiny microstructures. Thus,
the circular white shiny microstructures hindered
the direction of growth of some of the dendrites, and
the mixing of Ta facilitated the strengthening of the
fine crystals. This was because during the solidifi-
cation of the melt pool, the high-melting-point
phases of Ta or Ta carbides reached the solidifica-
tion point first when the surrounding lower melting
point material had not solidified. The first solidified
phase promoted the formation of nuclei and

Fig. 7. EDS mapping results of the internal microstructure of the cladding layer: (a) scanning area; (b) EDS mapping elements; (c) B; (d) C; (e) Si;
(f) Cr; (g) Fe; (h) Ni; (i) Ta.
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hindered the growth of crystals. In addition, laser
remelting reheated the cladding layer, which was
conducive to more uniform dispersion of high-melt-
ing-point substances.

To study the elemental composition of different
types of microstructures, EDS point analysis was
carried out on the internal microstructure of the
cladding layer (Fig. 8). The analysis results are
shown in Table III. There were varying degrees of
differences in the content of elements in different
shapes of microstructures. The white bright block
microstructure contained higher Ta content, while
the long strip-like microstructure and the F region
of the gray-black microstructure did not contain Ta.
Ni was mainly enriched in the F region of the gray-
black microstructure, while the relative content of
Fe and Cr was significantly higher in the E and J
regions of the crystal structure than in the other
regions. This was mainly related to the elemental
segregation formed by the rapid cooling of the melt
pool under the influence of laser remelting. The G
region mainly contained Fe, Ni, and C, while the F
region mainly contained Fe, Ni, and Cr. Further-
more, the atomic ratio of Fe to Ni in both regions
was approximately 1:3, and combined with the XRD
analysis results, it was determined that FeNi3 was
formed in these two regions. The atomic ratio of Cr
to C in the F region was close to 23:6, and in
combination with XRD analysis results, it was
determined that Cr23C6 was formed in this region.
Ta and Cr are strong and medium-strong carbide-
forming elements.55 Because of the difference of
electron saturation outside the nuclei of Ta and Cr
atoms, the binding ability between Ta and C was
stronger than that of Cr and C in the liquid molten
pool. Thus, Ta formed carbides more easily than Cr.
Thus, after variable specific energy laser remelting,
the coating contained Cr carbides. Combined with
contemporary literature findings,55 it was deter-
mined that the remelting coating contained carbides
of Ta. The atomic percentages of C in the Ta-
containing microstructure determined by EDS were
all two times higher than those of Ta. The higher

atomic percentages of C provided favorable condi-
tions for the formation of Cr carbides.

Microhardness Characteristics

To study the microhardness distribution charac-
teristics of variable specific energy laser remelting
coatings, the microhardness variation from the
surface of the cladding layer to the substrate was
tested. The average of the hardness of the first 18
test points was taken as the average microhardness
of the cladding layer. The results of microhardness
test of each sample are shown in Fig. 9a. The
microhardness of the cladding layer was much
higher than that of the substrate for all five
samples, and at different locations on the cladding
layer, the microhardness fluctuated to some extent.
The microhardness of the remelted Ni-based com-
posite cladding layer was higher than that of the un-
remelted one within a certain distance from the
surface of the cladding layer, and the microhardness
of the un-remelted Ni-based composite coating was
higher than that of the Ni-based coating. In the
bonding area between the substrate and the clad-
ding layer, due to convection in this area in the
molten pool, the elements in the cladding layer and
substrate were exchanged and diffused. Coupled
with the cooling effect of the bonding area, there
was a relatively gentle downward trend in hardness
from the cladding layer to the substrate. In the Ni-
based composite coating with 6 wt.% Ta powder, the
average microhardness increased by approximately
83.66 HV0.2 compared to the coating without the Ta
powder. The average microhardness of the Ni-based
composite coatings again increased to varying
degrees after remelting at variable specific energies,
with the average microhardness of the composite
coatings increasing and then decreasing with
increasing remelting specific energy. Among the
three remelted samples, remelted sample 4 had the
highest average microhardness of approximately
650.17 HV0.2, which was 2.07 times that of the
substrate. There were two main reasons for the
increase in microhardness of the Ni-based compos-
ite coating after laser remelting. One, selecting the
appropriate laser specific energy for remelting Ni-
based composite coatings, through rapid cooling to
promote nucleation, significantly decreased the size
of metal grains, increased the proportion of grain
boundaries, and refined the role of grain strength-
ening composite coatings. Two, laser remelting
using a suitable specific energy heated the compos-
ite coating again, and as a result, the metal carbide
reinforcing phase in the composite coating was more
uniformly distributed. Moreover, the more uniform
distribution of the reinforcing phase also helped
hinder the growth of the crystals. In addition, the
increase in average microhardness was also closely
related to the number of reinforcing phases (such as
metal carbides) formed.

Fig. 8. EDS point analysis location.
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Wear Resistance Analysis

To study the effect of various specific energy
remelting values on the wear resistance of the
composite coating, wear resistance tests were car-
ried out on the cladding samples (Fig. 9b). Wear
loss, wear rate (W), and relative wear resistance
were used to characterize the wear resistance of the
composite cladding layer. W represents the weight
of wear loss per unit length, as shown in Eq. 2:56

W ¼ m

p � d � n ð2Þ

where d is the diameter of the wear pair, and n is
the number of revolutions. Higher value of wear loss
and wear rate implied poorer wear resistance and
thereby better wear resistance. Compared to the un-
remelted samples, the wear resistance of the
remelted samples improved to varying degrees. This
was mainly due to the reduction of pores in the
remelted layer and the more homogeneous disper-
sion of the reinforcing phase as well as the overall
grain refinement. As the specific energy of the laser
remelting increased, the wear loss and wear rate of
the composite coating decreased and then increased.
Sample 4 had the lowest wear loss and wear rate
values. Thus, the wear resistance of the composite
coating improved using the appropriate laser
remelting specific energy. The relative wear resis-
tance F was calculated using Eq. 3:47,57

F ¼ m0

m
ð3Þ

where m0 denotes the average wear weight of
sample 1, and m denotes the average weight loss
of each sample. Among the five samples, the relative
wear resistance value increased and then decreased
in ascending order of sample number. Sample 4 had
the highest relative abrasion resistance, indicating
that the relative abrasion resistance of sample 4
was better than that of the other samples.58 In
combination with the average microhardness char-
acteristics of the cladding layer, it was determined
that as the specific energy of laser remelting

increased, the relative wear resistance value of the
cladding layer and the average microhardness
showed a positive correlation.

CONCLUSION

To improve the surface quality and performance
of laser cladded Ni-based coatings, in this study, we
conducted an investigation on the cladding material
as well as the remelting process. Remelting of Ta/
Ni-based composite laser cladding layers was car-
ried out using different laser specific energies. The
effects of different laser remelting specific energies
on the surface morphology, phase composition,
microstructure, element distribution, and mechan-
ical properties of the cladding layers were investi-
gated, and the changes in the mechanical properties
of Ni-based cladding layers before and after the
addition of Ta elements were compared. The main
conclusions of the study are as follows.

(1) After remelting with three values of laser
specific energies, the unmelted powder parti-
cles on the surface of the cladding layer
disappeared, effectively reducing the surface
roughness of each cladding layer. The maxi-
mum height difference on the surface of the
remelted layer increased with increase in laser
specific energy. However, it was smaller than
the maximum height difference on the surface
of the un-remelted composite coating. More-
over, the surface quality of the remelted layer
with a laser specific energy of 20.83 J/mm2

was relatively good.
(2) With increase in the remelting specific energy,

there were fewer internal pores in the clad-
ding layer. A relatively large remelting speci-
fic energy facilitated the diffusion of Ta and Ni
at the bonding interface between the substrate
and the cladding layer, decreasing the differ-
ence in chemical composition between the two
sides of the bonding interface. Sample 4 had
better bonding between the cladding layer and
the substrate, and the bonding interface

Fig. 9. Microhardness and wear resistance analysis: (a) microhardness of each sample; (b) analysis of the wear resistance of each sample.
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existed in the form of a plane crystal.
(3) A suitable value of remelting laser specific

energy significantly decreased the grain size of
the Ta/Ni-based composite coating. As the
remelting specific energy increased, the over-
all grain size of the upper part of the composite
coating gradually increased, the content of the
central columnar crystal gradually increased,
and the overall crystal size of the lower part
first decreased and then increased. The bright
white microstructure with a higher concentra-
tion of Ta hindered crystal growth.

(4) The average microhardness of the Ta/Ni-based
composite remelted layer was higher than that
before remelting, reaching approximately
650.17 HV0.2, which was 2.07 times higher
than that of the matrix. The wear resistance of
the composite remelted layer also improved,
first increasing and then decreasing with
increase in remelting specific energy; there
was a positive correlation between the average
microhardness and the wear resistance.
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