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In-situ NbC reinforced Fe-based coating was fabricated on the middle carbon steel surface by laser cladding with
the mixture of niobium and boron carbide powder, aiming at revealing the mechanism of in-situ synthesis and
improving the hardness and wear performance. The possibility and mechanism of in-situ synthesis were explored
for the first time by combining simulation with experiment. The phase composition, microstructure character-
istics and evolution mechanisms of the coatings were investigated by X-ray diffraction and scanning electron
microscopy. The strengthening mechanism of hard phases on hardness and wear performance of coating were
analyzed in detail. The results show that Marangoni convection promoted the melting of particles and improved
the uniformity of solute atoms. The composite coating is mainly comprised of reinforced phases (NbC, FesB, B4C)
and the matrix ([Fe—Cr] solid solution). The dispersive NbC particles (average diameter ~ 1.03 pm) in-situ
formed at the grain boundary achieved the dispersion and fine-grained strengthening effect. The hardness of
the composite coating is 866.36 HV( 5, which is 3.95 times and 4.16 times that of the substrate and Fe-based
coatings. The volume loss of composite coating reduced more than five times as compared to the substrate
and Fe-based coating, and the wear mechanism changed from abrasive wear to adhesive wear due to the addition

of Nb and B4C powders.

1. Introduction

Laser-clad metal matrix composite (MMC) coating has been widely
used in surface modification or remanufacturing of turbine blades, rolls,
gears, shafts and guide rails due to its high bonding strength and hard-
ness, small heat-affected zone, good wear resistance, corrosion resis-
tance and wide material applicability [1-3]. It usually consists of matrix
phases including Fe, Ni, Co, Ti and so on and the strengthen phases
including ceramics, intermetallic compounds and so on [4,5]. Since
ceramics exhibit good chemical stability, high hardness and wear
resistance, they are widely used as candidates to improve the surface
properties of materials [6,7]. Up to now, the reinforced ceramic phases
in laser cladding composite coating are mainly produced by direct
addition or in-situ synthesis.

In recent years, the reinforced ceramics particles such as WC [8],
NbC [9], SiC [10], and TiC [11] have been directly added to the coating
material, and the hardness and wear resistance of the coating are indeed
improved. However, the researchers also have found that the toughness
and crack resistance of the coating would be reduced due to the great

differences of elastic modulus, expansion coefficient and lattice prop-
erties between ceramics and matrix. Moreover, since laser cladding
process has the characteristics of rapid melting and non-equilibrium
solidification, the shape and chemical composition of the directly
added ceramics particles are difficult to ensure chemical stability.

To overcome the above limitations, the in-situ ceramic particles
reinforced composite coating prepared by laser cladding have received
more attention. Gui et al. [12] prepared in-situ TiC reinforced Ni-based
coating on grey cast iron by laser cladding. The Rockwell hardness and
wear loss of the coating prepared with 20 wt% Ti—C precursors are 1.88
and 0.22 times of that of the substrate, respectively. Zeng et al. [13] had
preset uniformly mixture with pure titanium (50 wt%), boron nitride
(33.8 wt%) and graphite (16.2 wt%) powder on the surface of Ti-6Al-4V
alloy, followed by laser melting. The reinforcements in the layer were
mainly composed of Ti(C, N) phases with dendritic size and fine-
structure TiB phases. The hardness of Ti-6Al-4V was increased 180
HYV, and the wear volume loss of the composite layer was half that of the
substrate after 8 h wear time. In order to improve the low hardness and
poor wear-resistance of 316L stainless steel, AlMangour et al. [14]
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Fig. 1. The principle of in-situ ceramic particles by laser cladding.

explored the effect of laser volume energy on the densification, micro-
structure, hardness and wear properties of the in-situ TiC reinforced
coating. Results show that TiC phase could be completely formed only
when energy densities was higher than 67 J/mm?, the volumetric energy
densities of 300 J/mm® and 100 J/mm® corresponded to optimum
densification of 98.88% and lowest wear rate of 1.31 x 10~ *mm®/N - m,
respectively. Tijo et al. [15] successfully prepared in-situ TiC-TiBy
coating on titanium alloy surface by tungsten inert gas cladding process,
and analyzed the effect of process parameters on the microstructure
evolution in detail. The analysis showed that the relative percentage of
ceramic phases decreased with the increase of scanning speed, but
increased with the increase of current. Since the reinforcements which
in-situ synthesized are steady in chemically and thermally, fine and
uniform in size, and good bonding with matrix in the works of literature
review, this behavior ensures that the composite coating has sufficient
strength to carry large loads [16,17]. However, the numerous works in
the experiments and theoretical analysis also show that the re-
quirements of the temperature evolution for the in-situ reaction is very
harsh [18,19]. Moreover, laser cladding is a non-equilibrium metallur-
gical process, and the melting and cooling rate are more than 10° K/s
[20,21]. The mechanism of in-situ synthesis is an important and prac-
tical problem in the laser cladding process of rapid melting and solidi-
fication. To date, it is not mature to study the growth mechanism of
reinforcement phases in the coating by the experimental method, which
increases the difficulty of in-situ ceramic particles reinforced coating by
laser cladding. Therefore, a simulation model of laser cladding for pre-
paring MMC coating s is of great significance for analyzing the mecha-
nism of in-situ reaction, the growth process of the ceramic particles, the
phase composition, and the optimization of the process.

According to literature studies [7,9,22], the NbC ceramics have high
hardness and melting point, low friction coefficient, and ideal wetta-
bility with Fe-based alloys. Therefore, the boron nitride (B4C) and
niobium (Nb) powders were added to the Fe-based powder, and it was
desired to in-situ NbC particles in the composite coating by laser clad-
ding in this study. The possibility and mechanism of in-situ reaction
were explored for the first time by combining simulation with experi-
ment during laser cladding process. The effect of heat and mass transfer
on migration and melting behavior of particles was explored in detail.
Moreover, phases and microstructure were investigated systematically
according to thermodynamic calculation and simulated thermal pa-
rameters. Finally, the mechanism of in-situ NbC particles on improving
the hardness and wear performance was emphatically revealed. This
study focuses on providing a theoretical reference for laser-clad in-situ
ceramic composite coating, which will be beneficial for improving the
properties of laser-clad MMC coating.

2. Numerical modeling

Fig. 1 shows the principle of in-situ NbC ceramic particles by laser
cladding. The following assumptions and simplifications are proposed
for the model:

1. The liquid in the molten pool is a laminar, viscous, and incom-
pressible Newtonian fluid.

2. The materials of the composite powder and the substrate are
isotropic, and the internal components are evenly distributed.

3. Only the powder entering the molten pool contributes to the growth
of the deposition track.

4. Material evaporation is not considered in the model.

2.1. Governing equation
The multiple liquid phases (MLPs) in the molten pool could be

considered an incompressible fluid governed by the Navier-Stokes and
continuity equation as follows,

F L
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in which p is the density, u is the velocity, t is time, u and p are dynamic
viscosity and pressure, respectively of the fluid, and g is the vector of
gravitational acceleration. The third term on the right side of Eq. (1)
represents the Buoyancy force, in which § is the thermal expansion co-
efficient, T and Ty are the temperatures and initial temperature of the
material. The last term on the right side of Eq. (1) represents momentum
dissipation in the mushy zone, in which Kj is a constant that depends on
the morphology of the porous media (2 x 107 in this study), B is a small
constant (10 3in this study), f; is liquid mass fraction defined as follow.

0

T_T T<T,
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1

where S(x) is a step function, T; and T; are the liquidus and solidus of the
substrate, respectively.
The heat transfer equation in the model is defined by Eq. (4).
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in which, k is the thermal conductivity, H is the latent enthalpy

content of fusion, which is given as AH = L - f;. L is the latent heat of the

phase change of the material from solid to liquid.

0%

2.2. Boundary conditions

The distribution of laser heat flux (Ip) on the free surface was set as
Gaussian, which can be defined as follow,

2P —2((x = Vs:t)* +y*
Iy = ”;pr< (( ) )
Ty

rlz‘ > —]’l((T—T())—O';,E(T“—Tg) (5)
where P and ry, are laser power and laser beam radius, respectively, x and
y are the distances to the laser beam on the free surface, Vs is scanning
speed, h., o, and ¢ are the heat transfer coefficient, Stefan-Boltzmann
constant and the emissivity, respectively. n; is the absorption effi-
ciency of laser energy to the composite powder and can be calculated as,

nm= Z QA; (6)

where ¢; is the volume fraction of the ith phase and A; is the laser ab-
sorption of the ith phase, which is computed via Hagen-Rubens rela-
tionship, and can be defined by [23].

A = 0.1457\/p, /2 + 0.09exp( —05y/(2—¢/N)/p, ) @

where p; is the resistivity, N is the number of extranuclear electron layers
of material atoms, 1 is the laser wavelength, and c is a constant (2.1 x
10°°).

The momentum boundary at the free surface interface incorporating
the capillary force and thermocapillary force is defined as,

do R—
F:(anrﬁ[fn(nVST)] (€]

where ¢ is surface tension, k and n are the normal and curvature of the
free surface, respectively.

The free surface moving speed (V) is mainly related to the mass
addition and the liquid flow in the molten pool, and can be defined as,

Vi = V,n+un ()]
where u is the velocity of the liquid metal on the free surface, V,, is the

moving velocity of the free surface due to mass addition. The calculation
of V, is given by,

— —_ . 2 2 —
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where Vyis powder feed rate, 7, is powder catchment efficiency, py, is
the density of composite powder, 1, is the powder flow radius, which
was obtained by calibrating the image collected by the high-speed
camera. The last term of Eq. (8) shows that only composite powders
that exceed their solidus can contribute to the growth of the coating.

2.3. Numerical solution

The heat and mass transfer of the 3D finite element established in this
paper are shown in Fig. 2. The solution domain size of the model is 8 x 6
x 4 mm®. The boundary layer theory was used to refine the grids of the
key fluid region. The number of grids in this region is 0.168 mm and the
minimum size is 0.9 mm. A time-dependent solver with a maximum step
size of 0.05 s was employed.

The thermal and physical properties of the Fe-based powder, sub-
strate, B4C and Nb are listed in Table 1. Since the substrate and the
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Fig. 2. Schematic diagram of numerical domains.

Table 1
Physical properties of the substrate, Fe-based powder, B4,C and Nb particles.
Property Substrate Fe-based B4C Nb
powder
Solidus temperature (K) 1680 1495 - -
Liquidus temperature (K) 1757 1708 2623 2741
Gasification temperature (K) 3000 3090 3773 5015
Solid density (kg m’3) 7077 7850 2.52 26.4
Liquid density (kg m~3) 5880 6130 2.52 26.4
Specific heat capacity (J/(kg-K)) 830 755 24.61 260
Thermal conductivity (W/(m-K)) 33.85 46.33 - 53.7
Latent heat of fusion (kJ kg~ K1)  247.18 270 - 26.4
Coefficient of thermal expansion 1.05 1.3 - -
(1075/K)
Surface tension coefficient (N/m) 1.77 1.76 - -
Change rate of surface tension —4.18 x —4.002 x - -
coefficient with temperature (N/ 1074 1074
(m-K))
Dynamic viscosity (Pa-s) 1.92 x 2.25 x - -
1073 1073

composite powder were fully mixed in the molten pool, the material
properties of the solution (such as thermal conductivity, specific heat
capacity, and dynamic viscosity) were assumed to be linearly dependent
on the material properties of the substrate and the composite powder.
The initial thermal physical parameter (M) in the molten pool is based
on the initial plane Zy, which could be defined by

20 +A4z—2 z—20 — Az
My=S|——— | M, +S| ——— |-M, 11

where M, and M are the material properties of the metal powder and the
substrate, respectively, Z is the initial plane, S(x) is a step function, Az
(8 - 10™%m) is a sufficiently small constant associated with the coating
height. The process parameters for calculations and experiment are
shown in Table 2. The powder catchment efficiency was measured by
the mass change of the substrate before and after cladding.

Table 2
The processing parameters for calculations and experiments.

Parameter Value & units
Power P 350 W

Beam diameter (r;) 1.0 mm

Scan speed (V) 5.5 mm/s
Powder feed rate (Vy) 7.72 g/min
Powder catchment efficiency (17,,,) 0.26

Laser absorption ratio (i) 0.3

Convective heat transfer coefficient (h.) 100 Wm 2K !
Emissivity (eg) 0.36
Boltzmann constant (o) 1.38 x 1072 J/K
Ambient temperature (T,) 300 K
Shielding gas Ar
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Table 3

Chemical compositions of the Fe-based powder and substrate (wt%).
Element C Cr Si Ni B Mn Cu P Fe
Fe-based powder 0.1-0.2 14-18 1.0-1.5 2.0-2.5 1.0-2.0 0.2-0.5 - - Bal.
Substrate 0.42-0.50 <0.2 0.17-0.37 <0.30 - 0.50-0.80 <0.25 <0.035 Bal.

3. Materials and experimental procedures

The experimental equipment used in this study is a coaxial laser
cladding system [24]. The substrate material (size 100 x 100 x 10 mm?)
is middle carbon steel. Table 3 presents the chemical compositions of the
Fe-based powder and substrate. The deposition material of the coating
alloy was prepared from Fe-based powder (80 wt%, average particle size
~103.76 pm), B4C powder (purity >99.5%, 10 wt%, average particle
size ~80.30 pm) and Nb powder (purity >99.5%, 10 wt%, average
particle size ~80.88 pm). The scanning electron microscopy (SEM)
images and size statistics of the Fe-based, B4C, and Nb powders are
shown in Fig. 3. The optimized mass ratio of Nb and B4C powder not
only does not reduce the fluidity of the composite powder but also can
ensure the volume fraction of in-situ NbC phases in the composite
coating and further improve the properties. Besides, the atomic ratio of
C to Nb is about 3:2, which ensures that enough C atom can react with
Nb atom to form NbC when the oxidation of B4C is considered. The
composite powder was mixed for 3 h using a planet-type ball mill with a
rotation speed of 400 rpm. The milling media (stainless steel balls) to
powder ratio was fixed at 2:1. The powder was dried at 100 °C for 2 h in
a constant temperature drying oven. Before experiments, the upper
surface of the substrate was polished with 600-grit SiC abrasive papers
and cleaned with alcohol to remove the dirt.

After the experiment, the test samples of 20 mm x 10 mm x 10 mm
were cut from the substrate along perpendicular the scanning direction
by a wire cutting machine. For microstructural observations, the cross-
section of the sample was grounded from 240 to 2000 grit SiC abra-
sive papers, mechanically polished to a mirror finish, and then corroded
for 15 s by the aqua regia (hydrofluoric acid: nitric acid = 3:1, vol%).
The cross-sectional morphology, microstructure, and phases of the
coatings were investigated by SEM (Zeiss, Germany) equipped with

EHT = 15.00 kv
WD =142mm

‘Signal A = SE2
Mag= 200X

Date 110 Jul 2020
Time :14:17:39

energy dispersive spectroscopy (EDS). The phases in the powders and
coatings were investigated by an X-ray diffractometer (XRD, X Pertpro,
Netherlands). A scanning range from 10 to 90 degrees was employed at
the scanning rate of 8 degrees/min with measurement accuracy, +0.01°.
The hardness of the cross-section of coatings was evaluated on polished
and corroded planes by Vickers hardness indenter (HV-1000, Shanghai
Hengyi Precision Instrument Co., Ltd., Shanghai, China), with a load of
500gf and a load-dwell time of 15 s along the growth direction. Three
hardness tests were carried out for each hardness sample to avoid the
error. The dry sliding test was performed on the multifunctional mate-
rial surface property tester (MFT-4000, Lanzhou Institute of physical
chemistry, Chinese Academy of Sciences, Lanzhou, China) to analyze the
tribological properties of the coatings with normal loading:10 N,
reciprocating distance: 5 mm, sliding speed: 220 mm/min, sliding time:
40 min, temperature: 25 + 1 °C. The material of the friction pair was
zirconia (hardness: HRC > 90) with a diameter of 5 mm. The friction
coefficient of samples was recorded by a computer during the sliding
test. Prior to the sliding tests, the surface of samples was mechanically
polished and then ultrasonically cleaned for 5 min in acetone to remove
the surface dirt. The error factors caused by porosity, cracks, and in-
homogeneity of microstructure had been avoided as far as possible
before the sliding test. The 2D (two dimensional) and 3D morphology of
worn surfaces were observed by the laser confocal microscope
(OLS4000, Japan). Fig. 4 shows the 2D profile schematic diagram of the
wear track. The wear volume (Vi) could be calculated by Eq. (12),

Viess = L [(Xz _Xlx)'yl - / S(x)dx:| 12)

X1

where L is the reciprocating distance, S is a 2D profile of wear track,
which was measured by the laser confocal microscope. Since the wear
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Fig. 3. SEM image and size statistics of (a) Fe-based powder, (b) B4,C powder, and (c) Nb powder.
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Fig. 4. The 2D profile schematic diagram of wear track.

volume is far less than the weight of the test sample, the error of wear
volume could be greatly reduced due to its powerful data processing
ability and high measurement accuracy (horizontal resolution: 0.12 pm,
vertical resolution: 0.01 pm).

4. Results and discussion
4.1. Heat and mass transfer

Fig. 5 shows the temperature evolution of the molten pool. The very
smooth coating surface indicates that the computed accuracy of the
model is high. In the initial laser cladding, the temperature of the molten
pool raised rapidly due to the high laser energy density. At the time of
100 ms, the maximum temperature exceeded the liquidus of the molten
pool, so the composite coating began to grow, as shown in Fig. 5(a).
After about 300 ms later, the maximum temperature of the molten pool
exceeded 2800 K, so the B4C and Nb particles began to melt. By
comparing Fig. 5(c) and (d), it can be found that the temperature, ve-
locity magnitude, and shape of the molten pool tend to stabilize after
about 500 ms. Since the maximum temperature in the quasi-steady
molten pool exceeds the liquidus of all powders, this provides the
basic criterion for the in-situ synthesized NbC particles in the solidified
coating.

Since the Marangoni convection in the molten pool is so strong
(maximum velocity over 100 mm/s), the metal liquid will be recycled
many times before solidification [25,26]. This phenomenon signifi-
cantly causes the redistribution of elements and promotes the dissolu-
tion of high-melting particles, and further affects the solidified

(a)

Ly
x V293 T 0 A 262x10° K

0.5 1 1.5 2 2.5

x vienao T TR0 A 30810 K

15 2 25 3

(b)

(d
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microstructure which is governed by thermal parameters and solute
concentration during solidification [27]. Fig. 5d also that the zone
beyond the B4C and Nb liquidus is very small. This phenomenon results
in a large number of B4C and Nb powders cannot melt fully when
entering the molten pool. Therefore, it is meaningful to evaluate the
convection recycling times of liquid metal and its effect on solute
concentration.

To evaluate the conversion recycling times, the computed flow ve-
locity, molten pool size, and liquid lifetime were extracted. Fig. 6 shows
the superimposed temperature and velocity fields of the quasi-steady
molten pool. As shown in Fig. 6(a), the metal flow is counterclockwise
at the end of the molten pool. This behavior causes the high-temperature
liquid at the center of the molten pool to flow to the end and improves
the uniformity of temperature distribution (Fig. 6b). Fig. 6(b) also shows
that the velocity magnitude on the surface of the molten pool is posi-
tively correlated with G. The maximum velocity on the surface of the
molten pool is more than 120 mm/s, and the average velocity is 71.04
mm/s. As shown in Fig. 6(c), the size of the quasi-steady molten pool is
approximately an ellipse with 1.950 mm in the length of the long axis
(Ly) and 1.210 mm in the length of the short axis (Ls). The perimeter (C)
of the molten pool can be approximately through C = z - (L + Lg)/2.
Fig. 6d shows the temperature profile and cooling rate versus time at the
top of the quasi-steady molten pool where X = 3.875 mm. The tem-
perature rise rate of metal liquid is higher than that of cooling rate,
which is consistent with the phenomenon that the G at the front end of
the molten pool is greater than that at the end. The liquid lifetime is 339
ms. Therefore, the effective movement distance and recycling times of
metal liquid within the molten pool are 24.08 mm and 6.67 times
respectively. This phenomenon led to the sufficient diffusion of solute
atoms such as Fe, Cr, Ni, B, Nb within the molten pool.

4.2. Phases analysis

The phase of the material is an important indicator that determines
its microstructure and mechanical properties [28,29]. As seen in Fig. 7,
the X-ray diffraction(XRD) results show that the composite powder
contains [Fe-Cr] solid solution, pure Nb, and B4C powders. After the
composite powders were irradiated by laser and solidified rapidly, four
peaks in the diffraction spectra at 34.95°, 41.68°, 58.38°, 69.63°can be
assigned to NbC with different lattice in the composite coating. Besides,
the composite coating also contains [Fe-Cr] solid solution, Fe,B, FeC,
B4C, and extremely few pure Nb. This indicates that the NbC in the

z
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0.5 1 1.5 2 2.5
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Fig. 5. The temperature evolution of composite coating; (a) 100 ms, (b) 300 ms, (c) 500 ms, (d) 750 ms.
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Fig. 6. The superimposed temperature and velocity fields of the quasi-steady molten pool. (a) Side view, (b) velocity, temperature and temperature gradient dis-
tribution on surface of molten pool, (c) top view, (d) the temperature profile and cooling rate at the top of molten pool where X = 3.875 mm.
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Fig. 7. XRD results from the composite powder and the composite coating.

composite coating is in-situ synthesized. To better reveal the mechanism
of the in-situ reaction, the temperature-dependent Gibbs free energy
(AG}) of potential reactions were obtained, as shown in Fig. 8. According
to the laws of thermodynamics, the direction and order of the chemical
reaction can be judged by AG% [30]. It can be seen from the AG§ — T
curves when the temperature (T) >0, AG%[reations2#and 8#] < 0. This
indicates that NbC can be in-situ synthesized by reaction reactions 2%
and 87 when T > 0. Note that the lager |AG§r[reaction2#and 8#]| in-
dicates their better thermodynamic stability. The occurrence of reaction
2% promoted the precipitation of element B. The B can combine Cr and
rich Fe to form CrB, Fe;B and FeB, and the reaction order is as follows:
5% > 4% > 3% without considering the concentration of elements. Fig. 8
shows that the highest diffraction peak in the composite coating corre-
sponds to Fe,B, and no CrB and FeB are found in composite coating. The
low concentration of Cr and relatively small |AG-‘%[reaction3#]| might
limit the reactions 5% and 3”. Similar results also were observed in

previous studies [31,32]. The dissolution of B4C increased the content of
graphite in the molten pool when the T > 2605 K according to
AG§[reaction1¥]. The C can spontaneously react with Cr, Fe, and Nb
elements to form Cr3Cy, FesC, and NbC due to AG$ [reaction6” — 8]% <
0. Moreover, the expected |AG§[reaction8¥]] is the biggest, which in-
dicates that the C can preferentially react with the Nb to form the NbC
instead of Cr3Cs and FesC.

To identify the different phases distinctly in the composite coating,
the EDS was carried out. The results are shown in Fig. 9 and Table 4.
From Fig. 9, the phase composition of the composite coating consisted of
large petaloid and small round white particles (S1-S3), striped precipi-
tated phases (S4), and the matrix (S5). From Table 4, the white particles
(S1 and S2) are mainly composed of Nb and C elements, and the atomic
ratio of Nb to C is close to 1 without considering the measurement error
of the light elements (such as B and C) content by the SEM. The shape
and color of the particles (S1 and S2) are similar to previous studies on
NbC [33,34]. Combined with XRD results in Fig. 7, the white particles
can be identified as in suit formed NbC particles. It is worth noting that
the content of the C element in the center of small round particles (S3) is
significantly higher than that of large polygonal particles (S1 and S2).
Since the B4C particles can react with rich Fe in the composite coating to
form the borides, this phenomenon increases the content of graphite in
the coating. Since the AG$[reaction8”] is lowest in Fig. 8, the graphite
preferably reacts with the surrounding Nb atoms to form NbC particles.
However, the C has no enough time to diffuse and react with metal
atoms completely due to small size of the formed NbC particles, which
leads to a large number of C atoms remaining in the center of small NbC
particles. Since carbides, borides, [Fe, Cr] solid solution have been
confirmed in XRD analysis of composite coating, the striped precipitated
phases (S4) primarily contain Fe, B, Cr, and C elements, which might
correspond FeyB, FesC and [Fe, Cr] solid solution. When striped
precipitated phases (carbides and borides) completely precipitated from
the liquid phases, the rich metallic liquid in Fe and Ni elements solidified
to form the matrix (S5), which could be used to support the strength-
ening phases.
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Fig. 8. The temperature-dependent Gibbs free energy for potential reactions.

4.3. Solidification characteristics

Fig. 10 shows experimental and computed cross-section morphol-
ogies of the composite coating. The cladding angle (0) is the most
commonly used factor to evaluate whether the coating alloy can form a
strong metallurgical bond with the substrate, and can be expressed by 6
= (01 + 62)/2 [35]. Table 5 shows that the experiment and computed
results are well-matched, and the relative error is less than 12.0%. This
verifies the 3D Multiphysics model in simulating the laser cladding
process. Fig. 10 also shows that the composite coating has no cracks in
the inner or surface, a low dilution ratio, and a large cladding angle,
which are helpful for the preparation of multi-track coatings for indus-
trial applications. It should be noted that there are some pores on the
upper surface. The porosity was mainly caused by gases (such as CO; or
CO generated between B4C and O-) that don’t have time to escape from
the molten pool during the solidification process [36]. The porosity can
be reduced by increasing the shielding gas rate or in a vacuum during
laser cladding [16,37].

Temperature gradient (G) and solidification rate (R) of the solidifi-
cation front are the two main parameters that affect the solidified
microstructure [25,38]. The G and R ahead of the solidification front are
described as Egs. (13) and (14) [39].

oT\ > oT\ oT\ >
G_ﬂg) () - (D) a3

R = V,-cos (14

where Vj is scanning speed, 6 is the angle between R and Vs, as shown in
Fig. 11. The coordinates of the solidification front (liquidus isotherm) in
the X-Z plane was firstly extracted, and then the angle 6 could be ob-
tained by differentiating the coordinates of the solidification front. Since
the microstructure highly depends on the thermal parameters at the
solidification front, the thermal parameters extracted in this study can
better reveal the solidification process than those within molten pool in
previous studies [20,40,41]. Fig. 11 shows that R of the solidification
front gradually decreases along the X-axis, while the G increases rapidly
due to the good heat dissipation at the bottom of the molten pool [42].

Gaumann et al. [40] proposed a widely accepted thermodynamics
and kinetics model for the columnar to equiaxed transformation (CET),
as formulated in Eq. (15)

G —47N, "
F‘a{ <3ln(1 f¢)>'n+1} (15)

where n and a are the alloy constants, which are assumed in this paper
are 1.25 x 10° and 3.4 [40,42,43], the ¢ is the volume fraction of
equiaxed or stray grains, Ny is the nucleation density that mainly de-
pends on the solute concentration and undercooling, and can be defined
by [43].

AT AN -1, —AG,
Ny 7/0 v exp( R.T )dAT (16)

where AN is the difference of heterogeneous nucleation sites and already
nucleated, Iy is constant, AG, is free energy, Ry is gas constant, AT is the
tip undercooling. In this paper, the widely accepted criterion of the
equiaxed grain volume fraction (¢) was used to calculate the curve of
columnar to equiaxed transition (CET) [44]. When the ¢ is bigger than
49.0%, the solidified microstructure effectively corresponds to fully
equiaxed grains, while , the ¢ below 0.66% corresponds to fully
columnar grains.

As seen in Fig. 12, the spatiotemporal solidification of the composite
coating can be regarded as a process in which the thermal parameters of
the solidification front act on the cross-section A. At the beginning of
solidification (t = 500 ms), the temperature gradient is high (about 1.8
x 10° K/m) and the solidification rate is lowest (near 0 mm/s).
Extremely high G promoted the growth of grains perpendicular to the
isotherm, while the lowest R increased the growth time. Therefore, the
microstructure at the bottom of the composite coating is mainly
columnar grains. With the shrinkage of metal liquid and the advance of
solidification front, the temperature gradient decreases and the solidi-
fication rate increases rapidly. This evolution of G and R is in good
agreement with previous studies on laser cladding [20,27,39]. From
Fig. 12, it is evident that the microstructure is mainly columnar grains at
the beginning of solidification, and columnar grains gradually decrease
during the solidification process and results in a mixed region at the end
of solidification.

Fig. 13 shows the different magnification SEM images at the center of
solidified coatings, respectively. EDS point tests in partially enlarged
view are shown in Table 6. Since the S6 and S7 are rich in Fe and Cr in
Fig. 13(b), the equiaxed grains could be identified as y-[Fe—Cr] solid
solution combining with XRD results. EDS results also show the white
particles, striped phases, and matrix are identified to be the in-situ
formed NbC, borides and [Fe-Cr] solid solution, respectively. The
microstructure of Fe-based coating is a typical equiaxed crystal, which is
typical laser-clad structure [45]. When Nb and B4C powders were added,
the microstructure of the composite coating is the fine columnar grains
and a network-like eutectic substance, and the grain size is significantly
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Fig. 9. EDS elemental maps of the composite coating.

Table 4

Chemical compositions of different regions marked in Fig. 9 (at. %).
Marked locations Fe Cr Ni B Nb C
S1 5.33 2.37 0.98 11.5 37.28 42.54
S2 0.67 1.29 1.53 19.46 35.93 41.12
S3 1.57 1.41 1.53 11.05 13.45 70.99
S4 49.94 8.05 1.78 28.73 0.92 2.58
S5 67.03 9.65 11.09 6.24 4.55 1.44

reduced. The experimental result can be consistent with the simulation
tendency, as shown in Fig. 12. Moreover, the number of grains in the
composite coating was larger than that in the Fe-based coating, which
indicates that the addition of Nb and B4C particles increased the

nucleation rate. The phenomenon of reducing the grain size is called as
fine-grained strengthening, which can improve the mechanical proper-
ties (such as toughness and hardness) of the coating. From Fig. 13(c), the
large petaloid and small round white ceramics particles are evenly
distributed, and its average diameter (1.03 pm) is smaller than that
(5.58 pm) of the equiaxed grains in the Fe-based coating. In-suit formed
ceramics particles can increase the resistance of deformation, and the
difficulty of grain sliding, thus can improve the strength and hardness of
the coating. Therefore, in-situ formed fine NbC particles at the grain
boundary can achieve dispersion strengthening effect on the coating.
Based on the simulation results, microstructure, and phases analysis,
the phases evolution and the strengthening mechanism in two kinds of
coatings can be explained as follow. Fig. 14. presents the evolution of



L. Chen et al.

Experimental

Fig. 10. Experimental and computed cross-sections of the composite coating.

Table 5
Experimental and computed results of the composite coating.
Experimental ~ Simulated  Absolute Relative
error error
Width (h) 1152 pm 1210 pm 58 pm 5.03%
High (W) 368 pm 340 pm 28 pm 7.61%
Cladding angle 124.6° 139.0° 14.4° 11.56%
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microstructure and phases. As shown in Fig. 14a, at the beginning of
solidification of Fe-based coating, solute atoms Fe and Cr were separated
from the alloy liquid, and some local nucleation points were formed. The
uniform diffusion of solute atoms and the stable derivation of interfacial
crystallization latent heat promoted the stable growth of grains. Finally,
the equiaxed grains were formed, as shown in Fig. 13a. As can be seen in
Fig. 14c, the solute atoms were evenly distributed due to Marangoni
convection. At the beginning of solidification of composite coating, since
the melting point of NbC (3500 K) is greater than that of the Fe;B, FesC,
and Cr3Cy [22], NbC precipitated out from the alloy liquid firstly owning
to its lowest Gibbs free energy (Fig. 8). The crystal lattice of NbC is a
typical face-centered cubic structure, corresponding preferential growth
surface is (111) lattice orientation [46]. Therefore, the NbC ceramics
were prone to form large octahedron structures, as seen in Fig. 13(c).
The small round NbC particles in the composite coating may be due to
insufficient growth. With the growth of NbC ceramics, the solute atoms
such as Fe, Cr, Ni, and B in the alloy liquid were squeezed to the interface
between NbC and alloy liquid. With the further solidification of alloy
liquid, the enrichment of Fe and B atoms increased the nucleation sites
for Fe,B. Therefore, the nucleation rate was increased finally, which can
be verified by comparing the number of grains in Fig. 13(a) and (c).
Then, the growth of FeyB is inhibited by formed the uniformity NbC
particles, which leads to the formation of long striped and irregular
oriented FeyB. These grain structures are completely different from that
of typical laser-clad coating [45]. The behavior of the precipitated NbC
ceramics to refine the microstructure and grains can be called pinning
effect. With the temperature decreasing continuously, the remaining
solute atoms such as Fe, Cr, and Ni, are further precipitated to form the
matrix ([Fe-Cr-Ni] solid solution), and the phases of solidified composite
coating completely are shown in Fig. 14(d).

4.4. Mechanical properties

4.4.1. Hardness test

Fig. 15 shows the hardness and hardness indentation morphology of
the coating. The average hardness of the substrate, heat-affected zone
(HAZ) and the composite coating are 219.43, 628.13 and 866.36 HV 5,
respectively. The hardness of the Fe-based coating without adding Nb
and B4C particles is 225.00 HV 5. The hardness of the composite coating
is 3.95 times and 4.16 times that of the substrate and Fe-based coatings,
respectively. This indicates the hardness of the Fe-based coating is
greatly improved due to the addition of Nb and B4C particles. Fig. 15(a)
shows that the size of the indentation on the composite coating is
significantly reduced compared with that on the substrate. As seen in
Fig. 15(b), the fine in-suit NbC (hardness 24.1 GPa) and FeyB in the
composite coating are uniformly distributed near the hardness inden-
tation, which is beneficial to increase the deformation resistance of the
composite coating. This is mainly due to the contribution of two aspects.
On the one hand, the in-suit formed hard phases is indeed sufficient to
increase the hardness according to many kinds of literature [47,48]. On
the other hand, the fine-grained strengthening on coating also can
improve the deformability by refining the microstructure (see Fig. 13). It
is worth noting that the hardness of the composite coating is much
higher than that of previous studies on NbC-reinforced coatings
[9,49,50]. This may be due to the rich and high-hardness Fe;B (19.0
GPa) phases generated by the addition of B4C particles. One also can be
found that the hardness of the HAZ is 2.86 times that of the substrate.
Since the substrate is a Fe-based material with a carbon content of
0.45%, the high-speed cooling rate of the material in the HAZ will cause
the transformation from a — Fe to martensite [51,52], which can
significantly increase the hardness in the HAZ.

4.4.2. Wear performance

Since wear is an important factor leading to the failure of mechanical
parts under severe conditions, it is of great significance to study the
mechanism of reinforced phases to improve the wear resistance. Fig. 16
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Fig. 13. Different magnification SEM images of the (a) & (b): Fe-based coating and (c) & (d): composite coating.
Table 6
EDS tests results in Fig. 13 (at. %).
Marked locations Fe Cr Si Ni B Mn Nb C
S6 73.71 14.23 1.05 8.34 - 1.45 - 0.29
S7 68.22 16.49 1.80 9.49 - 1.97 - 0.33
S8 5.33 2.37 - 0.98 0.59 - 48.18 42.54
S9 56.12 7.08 1.16 4.26 27.07 0.91 1.27 2.13
S10 80.99 4.96 1.30 8.43 - 1.04 1.54 1.73

shows the friction coefficient vs the sliding time. The friction coefficient
is unstable at the beginning of the sliding, but it tends to a stable value
after 25 minters. The average friction coefficient of the composite
coating is 0.405, which is 0.775 times of the Fe-based coating and 0.879
times of the substrate. Moreover, the wear curve of composite coatings is
more stable than that of the Fe-based coating and substrate. Fig. 17
shows the typical 3D morphology and 2D cross-section profile of wear
track. It shows that the weak track of Fe-based coating is the widest,
while that of composite coating is the narrowest. This can indirectly
reflect the good wear resistance of the composite coating. To observe the
wear morphology in detail and calculate the wear volume, the 2D cross-
section profiles of the wear track on sections S1, S2 and S3 were
extracted, as shown in Fig. 17(d). The wear volume was calculated based
on Eq. (10). The volume loss for the composite coating (6.28 x 1073
mm?) was 0.167 times that for substrate (37.54 x 10> mm®) and 0.175
times that for Fe-based coating (35.97 1073 x mrna). The wear tracks on
the substrate and Fe-based coating show its lager deformation and
deeper grooves, which corresponds to larger wear removal. The volume
bulge at the edge of the wear track for substrate and Fe-based coating
can also be observed, which may be caused by the plastic deformation of
the material during wear process. After adding Nb and B4C powders, the
2D cross-section profiles for composite coating is the smoothest among
the three wear tracks. The large grooves on the worn surface are elim-
inated. This phenomenon improves the smoothness of the friction curve.

To reveal the wear mechanism of the coating in detail, the 2D and 3D

10

worn surface morphologies of each coating was observed, as shown in
Fig. 18. As illustrated in Fig. 18(a), there is a deep groove along the
sliding direction on the worn surface of substrate, indicating the
occurrence of abrasive wear. In the process of the high-hardness friction
pair (HRC > 90) sliding against the low hardness substrate (@ — Fe,
about 200 HVj ), the large plastic deformation of the substrate led to
the rapid removal of the material, and form abrasive particles. As the
slide continues, the abrasive particles micro-cut the substrate, and
finally a large groove is formed on the worn surface. Due to the rapid
cooling during laser cladding, there would be thermal effects and re-
sidual stresses in the coating [53,54]. The high and concentrated stress
would promote the propagation of micro-cracks, so the flakes or scaly
flakes are precipitated from the worn surface, as shown in Fig. 18(b).
This phenomenon leads to significantly more spalling on the Fe-based
coatings than on the substrate. Therefore, it can be found that the
wear properties of the substrate and Fe-based coating is poor. The
microstructure (Fig. 13c) and worn surface (Fig. 18c) of the composite
coating show that in-situ NbC and Fe,B, and unmelted B4C particles are
evenly distributed. It is worth noting that fine structure with long striped
and irregular oriented size (Fig. 13c) can not only improve the wear
resistance [55] but also increase the toughness of the matrix, thus
improving the holding force of hard particles. Therefore, the hard phases
used to bear heavy load are difficult to peel off from the matrix. Since the
hard phases bear the main load during the wear process, the material on
the surface of the matrix ([Fe—Cr] solid solution, about 250.0 HV 5) is
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not easily removed by the friction pair during the sliding process. This
can reduce the wear rate of the composite coating. In the process of
repeated friction, some abrasive debris peeled off due to fatigue wear are
pressed on the friction pair and play a lubrication role to some extent.
The worn form gradually changes to adhesive wear after repeated
sliding, so the worn surface is smoother as shown in Fig. 18(c).

5. Conclusions

In this study, in-situ formed NbC and FeyB reinforced Fe-based
composite coating was applied to the surface modification of medium
carbon steel. The temperature conditions and mechanism of in-situ re-
action were revealed in detail by thermodynamic calculation and the
Multi-physical field model, which can provide theoretical guidance for

improving the mechanical properties of MMC coating. The main results
of this study can be summarized as follows:

1. The simulated temperature field shows that the maximum temper-
ature within the molten pool is more than 3000 K. Combined with
thermodynamic calculation, in-situ formation of NbC can be carried
out by the reaction between B4C and Nb. The simulated velocity field
shows that the effective movement distance and recycling times of

alloy liquid are 24

.08 mm and 6.67 times due to Marangoni con-

vection. This mass transfer behavior not only promoted the melting
of particles with high-melting point but also improved the uniformity

of solute atoms.

2. The main phases in Fe-based coating were [Fe—Cr] solid solution.
With Nb and B4C addition, the formation of [Fe-Cr] solid solution

12
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Fig. 18. Worn surface of the substrate, Fe-based coating, and composite coating.

was suppressed, and uniformly distributed NbC and FeyB were in-situ
synthesized. The formation of NbC phase was attributed to its lowest
AG%, while the formation of Fe,B was attributed to the rich iron and
boron atoms.

3. The microstructure in original Fe-based coating was typical laser-
clad equiaxed grains, while the microstructure in composite
coating was columnar grains with long striped and irregular oriented
shape, which was consistent with the simulation tendency (CET
model). The in-situ NbC (average diameter ~ 1.03 pm) achieved the
fine-grained strengthening of the coating by its pinning effect.

4. The hardness of the composite coating is 866.36 HV 5, which is 3.95
times and 4.16 times that of the substrate and Fe-based coatings,
respectively. The in-situ formed NbC, grain refinement, and rich
formed FeyB are helpful to improve the hardness of the coating.

5. The average friction coefficient of the composite coating is 0.405,
which is 0.775 times of the Fe-based coating and 0.879 times of the
substrate. The wear mechanism of the coating changed from abrasive
wear to adhesive wear due to the addition of Nb and B4C powders.
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