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ABSTRACT

Crack is one of the common problems in preparation of NiCrBSi alloy coatings
by laser cladding, especially for high hardness coatings. In this study, the crack
behavior and prevention of Ni60A coating by coaxial laser cladding are inves-
tigated. The results indicate that the nonuniform hard Cr-rich precipitates and
large residual tensile stress are the main reason for cracking of Ni60OA coating.
According to the difference of thermophysical properties and temperature
between the coating and the substrate, the thermal stress models are established,
in which the stress perpendicular to the scanning direction o, is smaller than the
stress along the scanning direction ¢x. Due to the change in the relative rela-
tionship among oy, o, and fracture strength o7, the crack distribution changes
from network to parallel, until to no crack with the increasing line energy and
the decreasing powder feed rate. And the angle 0y between the direction of
resultant stress of o, and g, and Y-axis is 52.85°, which fits with the direction of
long and short cracks in network crack distribution. In addition, the substrate
preheating can effectively reduce cracking rate of Ni60A coating and completely
prevent crack when preheated up to 500 °C. Also, the crack-free coating can be
obtained by the combination of preheating to 300 °C and placing insulated
plank under the substrate, which can reduce thermal damage of the substrate
and obtain higher microhardness.
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Introduction

Laser cladding is a surface process producing high
quality coating with a high power laser beam. Com-
pared with other conventional surface techniques
including the induction cladding, TIG welding and
thermal spraying, laser cladding has some significant
advantages such as low dilution, small heat-affected
zone (HAZ), little deformation, high depositing effi-
ciency and metallurgical bonding with substrate.
Thus, it can be utilized in reconditioning worn com-
ponents, deposition coatings with special properties,
and manufacturing special structural parts [1-3]. The
coaxial laser cladding, feeding powder coaxially to
the laser beam, is easy to realize automation and
large-area cladding. Its schematic diagram is descri-
bed in Fig. 1. However, crack occurs in the cladding
layer frequently due to the large thermal stress and
the interaction of many factors, such as complex
microstructure, large amount of defects, mismatched
thermophysical properties of cladding layer and
substrate, et al., which is the biggest problem to
promote the laser cladding technology [4-6]. Espe-
cially, it is difficult to obtain high hardness crack-free
coating on steel substrate by coaxial laser cladding
without assistive technology [7, 8].

NiCrBSi alloys have been widely used in laser
cladding owing to the outstanding wear, corrosion,
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Figure 1 Schematic diagram of coaxial laser cladding process.
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oxidation resistance and relatively low cost. Ni60A is
one of NiCrBSi alloys with high hardness up to
58-62 HRC. Due to the rapid heating and cooling
cycle in laser cladding, large amount of less-favorable
microstructures such as hard Cr-rich precipitates and
Ni-B-Si eutectic structures are produced, which
shows high hardness, wear resistance but a high
cracking susceptibility [4, 9]. Generally, crack occurs
when the residual stress exceeds the yield strength or
the local plasticity is insufficient to accommodate the
induced plastic deformation, which often happens in
laser cladding of NiCrBSi alloys [10]. According to
the simulation results of cladding Ni60 powder on
type 1045 steel plate [11], the tensile stress along
scanning direction was up to 2 cxGPa, which was
much larger than the stress vertical scanning direc-
tion. And the tensile plastic strain along scanning
direction is greatest at the peak of the track. As a
result, the transverse crack can be easily initiated at
the peak of the track, which is decided by the solid-
ification characteristics and microstructure. Huang
et al. [8, 12] researched that there was another peak
value of tensile stress in the bottom of the coating
owing to martensitic transformation in HAZ. It also
can lead to crack initiation. Then, the crack propa-
gated along the nonuniformly distributed hard pre-
cipitates and eutectic structures under residual
tensile stress [13]. Eventually, the crack ran through
entire surface of the coating, forming various crack
distributions on the coating surface. The crack is
detrimental to the mechanical properties of the coat-
ing, leading to failure of cladding.

In order to prevent cracking of Ni60A coating, the
residual stress must be reduced and the coarse hard
precipitates must be refined. Many methods have
been proposed to reduce cracking sensitivity of
Ni60A coating, such as optimizing process parame-
ters [14], preheating the substrate [8], controlling
content of alloy elements [15-17], introducing elec-
tromagnetic field [18] or ultrasonic vibration [19].
Wang et al. [20] studied the crack of Ni60A coating
online by acoustic emission technique, and the results
shown that the main form of cracks was cold crack
and its initiation and propagation mainly concen-
trated from 600 °C to 400 °C in cooling. Generally,
preheating the substrate prior to laser cladding is an
effective method to reduce cracking susceptibility by
decreasing the temperature gradient between the
coating and substrate. Jendrzejewski et al. [21, 22]
studied that the residual stress of the coating
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decreases from 1800 to 900 MPa when preheated to
500 °C, which can obtain crack-free coating. While,
the high preheating temperature will cause thermal
damage and mechanical property worsening of the
substrate, especially for the carbon steel substrate
[23].

In previous studies, little notice has been paid on
the relationship between crack distribution and the
relative change in thermal stress caused by different
process parameters, and this aspect is helpful to
research the crack behavior and prevention. In this
study, Ni60A alloy coating is prepared on 45 steel
substrate by coaxial laser cladding, and the crack
behavior of cladding layer is studied based on the
different process parameters. The thermal tress
model is established to study the influence of process
parameters on crack distribution, including the rela-
tionship between crack direction and thermal stress
direction. In addition, in order to prevent crack of
Ni60A coating with a relatively low preheating tem-
perature, an insulated plank is placed under the
substrate to reduce the cooling rate further. This
study provides a reference for preparing crack-free
Ni60A alloy coating by coaxial laser cladding.

Experiment procedures

The coaxial laser cladding system consists of five
subsystems, LDF 4000-100 4 kW YAG laser, Raycham
RC-PF-01B-2 mental powder feeder, KUKA KE30HA
six-axes robot, Precitec YC52 laser cladding head
with four coaxial nozzles, MCWL-150T-01AK154
precision chiller with recirculated water. The clad-
ding material is Ni60A alloy powder with the size of
36-150 pm and spherical shape. The substrate is 45
steel plate which is a kind of high-quality carbon
structural steel, and its size is 40 mm x 30 mm x 8
mm. The chemical composition of this cladding
material and substrate is listed in Table 1. Before laser
cladding, the powder is placed in a drying chamber
at 120 °C for 2 h to remove moisture in powder, and
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the substrate surface is ground with an angle grinder
and cleaned with acetone. Argon with 99.99% purity
is used as the carrier gas and shielding gas with flow
rate of 400 L/h. The multi-track cladding tests have
10 tracks with 40% overlapping ratio. The parameters
used in this study are shown in Table 2.

After laser cladding, the surface cracks of the
Ni60A coating are characterized by dye penetration
test. The cracking rate R is assessed via the crack
number in unit cladding length [8], i.e., the ratio of
the total crack number to the total cladding length.
The cross section of specimens is chemically etched
with a mixed acid consisting of 75 vol.% HCl and
25 vol.% HNOj;. The microstructure is analyzed
using the optical microscope (OM) and the scanning
electronic microscope (SEM). The X-ray diffractome-
ter (XRD) is utilized for phase identification. The
microhardness is measured using a Vickers Tester
with a load of 3 N and a dwelling time of 15 s. Two-
color pyrometer with 60 Hz sampling frequency is
applied to measure molten pool temperature utilizing
paraxial measurement method. Thermocouple with
100 Hz sampling frequency is welded on the sub-
strate surface to measure substrate temperature.

Analysis and results
Crack morphology

The cracking behavior can be described by the
cracking rate and crack morphology. The macro-
scopic crack distribution of Ni60A coating using dye
penetrant test is shown in Fig. 2. The random dis-
tributed annular cracks are approximately perpen-
dicular to the scanning direction in single-track
cladding. While, there is network crack distribution
in multi-track cladding that consists of some long
cracks and more short cracks.

According to the stress intensity factor theory of
crack propagation [24], the critical stress intensity
factor of crack propagation decreases with the
increasing crack length, and the next track has similar

Table 1 Chemical composition (wt%) of Ni60A alloy powder and 45 steel plate

C B Cr Si Mn Cu P, S Fe Ni
Ni60A 0.8-1.0 3.1-3.8 15.5-17.8 3.8-4.5 - - — 35 ~45 Bal
45 steel 0.42-0.5 — <0.25 0.17-0.37 0.5-0.8 <0.25 < 0.045 Bal <0.25
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Table 2 Process parameters of experiment

J Mater Sci (2021) 56:13323-13336

Parameters Laser power (W) Scanning speed (mm/s) Powder feed rate (g/s) Laser spot size (mm)
Value 8002000 1.5-9 0.087-0.272 3
(a) The XRD pattern of Ni60A coating is shown in
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Figure 2 Macroscopic crack morphology of Ni60A coating.

lattice orientation with the previous track. Due to
similar thermal stress of each track, the crack in the
preceding track unstable propagates to next lapped
track. Therefore, it is possible to study the cracking of
multi-track cladding by studying the cracking of

single-track cladding with the same process
parameters.
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Figure 3 XRD patterns of Ni60A coating.
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Fig. 3. Combined with SEM analysis [14], the matrix
phase of the coating is y-Ni, and hard precipitates
My3Cs (M=Cr, Ni, Fe), M;C;, CrB nonuniformly dis-
tribute in the coating. Also, there is a certain amount
of eutectic and amorphous phases such as FeNiz/Ni,
NizB, et al. According to the formation temperature
of each phase [25], CrB is the first phase to form, and
then Cr;C; and Cry3Cs nucleate on precipitated CrB
particles. As the temperature continues to drop, y-Ni
solid solution forms, and the eutectics and amor-
phous are the last formed phases. The presence of
hard precipitates such as Cr;C;, Cr;3Cs, CrB can
enhance the hardness of coating but leads to high
brittleness.

Due to nonequilibrium solidification process, the
hard precipitates form quickly and nonuniformly,
which induces serious crystal lattice distortion and
high level of internal stress inside the hard precipi-
tates [10]. It leads to cracking of the hard precipitates
eventually, liking the marked precipitates by the red
line in Fig. 4a. Meanwhile, the crack propagation has
obvious selectivity, which the crack deflects when
encounters gray—white y-Ni, and continues to prop-
agate when encounters gray-black blocky CrB or
dendritic Cr;Cs [14] until the end of the crack. These
large amounts and nonuniformly distributed Cr-rich
precipitates provide easy routes for crack propaga-
tion. Due to the defects in production of Ni60A par-
ticle, there are serious microcracks in the large
incomplete melting powder at the top of coating after
cladding, as shown in Fig. 4b. These microcracks in
hard precipitate and incomplete melting powder
result in crack initiation and propagation under the
residual tensile stress. Therefore, there is high
cracking susceptibility of Ni6OA coating prepared by
coaxial laser cladding.

The influence of process parameters
on cracking rate

In order to simplify the process parameters which
have the greatest influence on cracking rate, the
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Figure 5 Influence of line energy on cracking rate.

indirect process parameter, line energy, is selected.
The line energy is the ratio of power to scanning
speed. As shown in Fig. 5, the cracking rate decreases
obviously with the increasing line energy at the same
powder feed rate. When the line energy is high, the
molten pool can obtain more energy to melt powder
particles completely, and the dwell time of molten
pool increases to reduce the cooling rate and defects
in coating. The lower cooling rate benefits high-tem-
perature plastic flow and stress relaxation of the
coating [12, 26], and the few defects can improve the
fracture strength. Also, the larger dilution rate
increases plasticity of Ni60OA coating and reduces
cracking due to the more energy obtained by sub-
strate [27]. In Fig. 5, the crack-free Ni60A coating can
be obtained when the line energy is up to 800 J/mm
in the condition V¢ = 0.133 g/s. Therefore, large line
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Figure 6 Influence of powder feed rate on cracking rate.

energy is helpful to prevent crack when the line
energy suitably matches the powder feed rate.

The powder feed rate has a great influence on
cracking by control the amount of powder injected
into the molten pool. As shown in Fig. 6, the crack
firstly increases sharply and then slowly with the
increasing powder feed rate. When the powder feed
rate is large, the obtained energy of unit mass powder
is small. As a result, the small energy can increase
cooling rate, leading to high residual stress in coating.
Also, due to lack of sufficient energy, there are severe
structure inhomogeneity and large hard precipitates
in the coating, which increases defects and reduces
fracture strength. Meanwhile, the shading rate of
powder to laser increases with the increasing powder
feed rate, leading to low dilution rate and plasticity of
coating, which contributes to cracking. In Fig. 6, the
crack-free Ni60A coating can be obtained when the
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powder feed rate is down to 0.087 g/s in the condi-
tion P = 1600 W and V, = 3 mm/s. Therefore, lower
powder feed rate is selected possible to prevent crack
on the premise of performance and size requirement.

The influence of substrate preheating
on cracking rate

Although the crack can be avoided by optimizing
process parameters, the available parameter range is
too small and the dilution rate is large to reduce the
hardness of Ni60A coating drastically. While the
substrate preheating is an appropriate method to
obtain no-crack coating with high performance. In
this paper, the preheating process is air cooling after
cladding.

The preheating laser cladding (pre-LC) can reduce
temperature gradient between the coating and the
substrate effectively. The quantitative relationship
between temperature gradient and preheating tem-
perature is [6]

2102 (Tig — Tpre)”

p.P

where G is the temperature gradient between coat-
ing and substrate, Ty;q is the liquidus temperature of
Ni-based self-fluxing alloy, Ty is the preheating
temperature of the substrate, B, is laser absorptivity
of the coating, A. is thermal conductivity of the
coating. In Eq. (1), the temperature gradient decrea-
ses rapidly with the increasing preheating tempera-
ture. The thermal stress is positively correlated with
the temperature gradient [4], so the substrate

Gcs =

(1)
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Figure 7 Influence of preheating temperature on cracking rate.
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preheating plays a significant role in reducing ther-
mal stress and cracking susceptibility.

The cracking rate decreases with the increasing
preheating temperature as shown in Fig. 7, and crack
is completely prevented for most process parameters
when the preheating temperature is up to 500 °C. The
substrate preheating can reduce cooling rate partly,
which can not only prolong the dwell time of high
temperature to relax residual stress but also reduce
the defects to improve the fracture strength of coat-
ing. So, it helps to obtain crack-free Ni60A coating.
For the higher line energy and lower powder feed
rate, the need preheating temperature to prevent
crack is lower.

Discussions
Thermal stress model

Due to the great difference of thermophysical prop-
erties and temperature between Ni60A alloy coating
and 45 steel substrate, the thermal stress is the main
part of residual stress and has a crucial influence on
cracking [28]. When the powders and the substrate
surface are instantaneously melted by laser beam, the
volume expansion occurs and the stress is compres-
sive, and then the compressive stress can be quickly
relaxed to near zero due to the fluidity of liquid. The
cooling process can be divided into two stages. The
first stage is cooling from peak temperature to the
solidus curve, and the tensile stress caused by vol-
ume contraction also is relaxed to near zero due to
the fluidity of liquid. The second stage is cooling
from the solidus curve to room temperature, and the
tensile stress at this stage is the main source of
residual stress in the coating [6].

Because the coefficient of thermal expansion of
coating is larger than that of substrate, the simplified
residual stress model for LC is established based on
the elastic mechanics. The deformation of coating is
aclAT — lox /E;, and according to previous research
[29], the thermal stress in X direction o is

E.Eshg(ore — o) AT
(1 — u)(Eshs + Eche)

where p is Poisson ratio of the coating, o, E, h are
defined as coefficient of thermal expansion (CTE),
elastic modulus and thickness, respectively, and the
subscripts ¢ and s represent the coating and the

(2)

Ox =
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substrate, respectively, AT is the difference between
the actual crystallization temperature of the molten
pool and the ambient temperature, [ is the length of
the clad track at initial state.

Taking the influence of Poisson ratio u on defor-
mation, the deformation in X direction is larger to
effect the deformation in Y direction. Thus, the ther-
mal stress in Y direction of single-track oy is

_ EcEshg(oe — o) AT
o-yl - (Eshs +Echc) (3)

Due to the deformation caused by the large thermal
stress, a certain displacement relative to the substrate
occurs. Correspondingly, a shear strain 7, on the
substrate surface occurs to hinder the deformation.

Assume that the stress distributed uniformly in the
coating. For any section dx of a single track as shown
in Fig. 8, the following equation can be obtained
obeying the internal force balance principle,

(ox + dox)wh — axwh — t,,wdx =0 4)

A bending moment occurs due to the exist of 7,
which will cause a warping deformation of the track.
However, due to the stress in Z direction ¢, caused
by the constraint of the substrate, there is no warping
of the track. The bending moment caused by o, is
balanced by the bending moment caused by the
stress 7,4, that is

E/ wrzxdx:/ wo,xdx (5)
2 Jo 0

According to Egs. (4) and (5), the maximum of o,
occurs at the edge of the track at x = |,

Figure 8 Stress analysis in X

I
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Figure 9 Stress analysis in X direction of the new deposited
track.
h2
07 = 75 Ox (6)

Thus, a limited toe crack can occur at the edge of
track due to o, in the multi-layer cladding [11].

As shown in Fig. 9, for any section dx of a new
deposited track in multi-track cladding, the following
equation can be obtained obeying the internal force
balance principle,

(ox + doy)wh — o wih — 1,widx — tychdx =0 (7)

where the width of the new deposited track con-
nected with the substrate is only 60% of the first track
width due to 40% overlapping ratio, that is
wy = 0.6w.

Due to the exist of 7y, a bending moment to the
new deposited track occurs. And, due to the stress gy,
caused by the constraint of previous track, the
bending moment caused by gy, is balanced by the
bending moment caused by the stress 1y, that is

w / heydx = / ho,pxdx (8)
2 0 0

According to Egs. (7) and (8),

direction of the single track.

dx

1

- — d
o, ~— —»GX-I- UX
- —_—

-—

X 7, wdx

@ Springer



13330
2 w?
Ty =57 Ox 9)

It shows that oy, increases with the increasing
cladded width w.

Thus, the thermal stress in Y direction of the multi-
track cladding is

_ —+ = g w? 1 EcEshS(“C — O‘S)AT
Oy = Oyl + 0y2 = 52(1 — p) (Eshs + Eche)
(10)

The relationship of thermal stress and crack
distribution

The basic reason of Ni60A coating cracking is that the
tensile stress in the coating exceeds the fracture
strength o¢;. In above thermal stress models, the
height /1 and the width w are much smaller than the
length [, so the ¢, is much smaller than ¢y, and oy,
and oy, is smaller than gy, which has been proven in
some researches [11, 21]. As a result, there is gener-
ally annular cracks perpendicular to X direction on
the track, as shown in Fig. 2a.

In the multi-track cladding, the crack distribution
changes due to the change in the relative relationship
among oy, oy and fracture strength o;. As shown in
Fig. 5, there is no macrocrack on No. 1 coating due to
high line energy. In this situation, low cooling rate
reduces the residual stress significantly, and large
dilution rate improves fracture strength dramatically.
So gy <or to obtain no macrocrack coating. There are
several large long cracks perpendicular to scanning
direction on No. 2 coating due to medium line
energy. In this situation, the medium cooling rate
reduces the residual stress partly, and a certain
dilution rate improves fracture strength partly. So
oy<o;<odyx to form several almost parallel cracks
under oy only. There are network cracks on No. 3
coating due to low line energy. In this situation, high
cooling rate has almost no influence on the tensile
stress reduction, and little dilution rate has almost no
influence on fracture strength improvement. So
oy > or to form network crack distribution under the
resultant stress of g, and gy. In some cases, the net-
work crack change to parallel crack as the track
number increases. This is because o, reduces to
below ¢ caused by the heat accumulation effect on
the substrate, as shown in Fig. 2b. There are same
crack distribution in the experiment results with the

@ Springer
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increasing powder feed rate. The study of crack dis-
tribution change caused by different process param-
eter is helpful to obtain crack-free Ni6OA coatings.

As shown in Fig. 10a, the network crack distribu-
tion is composed of some long cracks incline to the
scanning direction and some short cracks connected
two adjacent long cracks. The angle 0 between the
long crack and the scanning direction is 50° ~ 54°.
And the angle between the direction of resultant
stress of Ox and oy and Y-axis
6o = arctan(oy/oy)=52.85° € (50°,54°), which fits
with the observed results. Due to the heat accumu-
lation effect on the substrate, the continuous long
cracks incline to the scanning direction. Thus, the
thermal stress models have certain credibility. Gen-
erally, the short crack is inclined to the opposite
direction of scanning (i.e., minus X direction) and
extends to the adjacent long crack crossing one or
several tracks. As shown in Fig. 10b, o1, and o5 are the
resultant stress causing long and short crack,
respectively, and they are symmetric with Y-axis due
to the symmetry of 4. As a result, the angle of short
crack and minus X direction also is 0, and the X
component of the extension direction of long and
short crack can be canceled to achieve balance. There
are stress mutation and relatively coarse structure at
the overlap joint of two tracks [14] where the short
crack intersects with the long crack.

As shown in Fig. 11, the crack distribution of the
coating changes significantly with the increasing
preheating temperature, which changes from net-
work to parallel, until to no crack. Due to the smaller
temperature gradient and lower cooling rate, the
residual stress of Ni60A coating reduces gradually
with the increasing preheating temperature. Because
oy <oy, and firstly o, reduces to below ¢; with the
crack distribution changing from network to parallel,
and then o, reduces to below o; with the crack dis-
tribution changing from parallel to no crack.

The insulation preheating laser cladding

The preheating laser cladding (pre-LC) can obtaine
crack-free Ni60A coating when the preheating tem-
perature is up to 500 °C, which is much higher than
the martensitic transformation temperature of 45 steel
substrate. It can increase deformation of the substrate
and thermal damage of the substrate performance.
While, the lower the cooling rate is benefit to reduc-
ing residual stress in the coating due to the more
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Figure 10 Network crack l

distribution of coating,

a Workpiece picture,

b Schematic diagram of crack
and stress.

Figure 11 Influence of preheating temperature on crack distribution.

adequate plastic flow [26]. Thus, the lower the cool-
ing rate combined with a lower preheating temper-
ature also can prevent crack. In order to reduce the
cooling rate further, an insulated plank is placed
under the substrate, which can prevent thermal
conduction between substrate and workbench and
lead to lower dissipation efficiency. The insulated
plank is asbestos board with the dimension of
200 mm x 200 mm x 20 mm. Using  two-color
pyrometer and thermocouple, respectively, the tem-
perature measuring experiments of molten pool and
substrate are designed to analyze the influence of the
insulated plank.

The process parameters of cladding with or with-
out insulated plank are P =1200 W, V, = 6 mm/s,
Vi =0.179 g/s. The measured temperature curve of
molten pool and substrate is shown as Fig. 12. The
results show that the insulated plank has almost no
influence on the maximum temperature of molten
pool, but it has an influence on the cooling rate of
molten pool as shown in Fig. 12a and Table 3. After
calculation, the cooling rate falls from 1292.7 °C/s to
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(a) (b)

Short crack

Long crack

1086.6 °C/s, and it helps to reduce the residual stress.
The temperature of the substrate surface with insu-
lated plank is always higher than that without insu-
lated plank, as shown in Fig. 12b. And, the
temperature differences between them increase with
the increasing track number. When the cladding
process is completed, the temperature difference is
up to 67 °C, which reduces the temperature gradient
between substrate and coating. As a result, the
insulated plank is helpful to reduce cracking sus-
ceptibility of Ni6OA coating in laser cladding, how-
ever, it cannot prevent crack completely for most of
process parameters.

Therefore, the advantages of preheating and add-
ing insulated plank are combined in laser cladding,
that is the insulation preheating laser cladding (in-
sulation pre-LC), to prevent crack at lower preheating
temperature. The influence of pre-LC and insulation
pre-LC on cracking rate is compared as shown in
Fig. 13, and the relevant experiment parameters are
listed in Table 4. The results show that the cracking
rate of insulation pre-LC is much smaller than that of

@ Springer
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Table 3 Temperature

Substrate temperature (°C)
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Figure 13 Influence of three preheating process on cracking rate.
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Figure 14 Distribution of residual stress in coating.

Table 4 Experiment

Scanning speed (mm/s)

Powder feed rate (g/s) Insulated plank

parameters of pre-LC and No Laser power (W)
insulation pre-LC I 200

1T 800

1 1200

v 1200

~N 3 D D

0.179 Without
0.179 With
0.133 Without
0.133 With

pre-LC at the same preheating temperature. The
crack can be prevented when preheated to 300 °C
with insulated plank, which is lower than the
required preheating temperature without insulated
plank. Therefore, the insulation pre-LC is a better

@ Springer

cladding method than pre-LC, which can obtain
crack-free Ni60A coating with a larger range of pro-
cess parameter and less damage of the substrate.
The insulation pre-LC can not only reduce residual
stress but also changes stress distribution in coating.
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As shown in Fig. 14, two stress peaks are located near
the top and bottom of coating prepared by LC, while
only one stress peak is located near the middle of
coating prepared by insulation pre-LC [8]. Due to the
lower dissipation efficiency of insulation pre-LC, the
solidification sequence of molten pool changes sig-
nificantly. Firstly, the top and bottom in molten pool
are solidified, and then the middle of molten pool is
solidified. As a result, the maximum tensile stress
occurs at the middle of the coating. In addition, the
lower cooling rate of substrate can reduce or even
eliminate the Martensite transformation in HAZ, so
the phase transformation stress at the bottom of the
coating is little [26]. Therefore, there is only one stress
peak located near the middle of coating, and this
distribution of residual stress helps to prevent crack
of Ni60A coating.

(a)

Middle

13333

Figure 15 shows cross-sectional OM morphologies
of the Ni60A coating prepared by LC, pre-LC with
preheating 500 °C, insulation pre-LC with preheating
300 °C, respectively. It can be seen that the
microstructure of the coatings is typical rapid solid-
ification structure [30]. These three coatings have
similar microstructure distribution of coatings. A
bonding line (zone) at the coating/substrate interface
indicates that the coating is metallurgically bonded
with the substrate. The planar growth and cellular
are found at this interface. As the distance to the
interface increases, the columnar dendrite and
equiaxed crystal are observed in the middle and top
of the coating, respectively [31]. While, the grain size
of the three coatings is different, especially the mid-
dle and top of the coatings. The coating (a) has the
smallest grain size, while the coating (b) has the lar-
gest grain size. And the microhardness increases with

(©)

Bottom

3 Dl &

__40un_|

Figure 15 Cross-sectional OM morphologies of Ni60A coating, a LC, b Pre-LC with preheating 500 °C, ¢ Insulation pre-LC with

preheating 300 °C.
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the decreasing grain size. Therefore, the microhard-
ness of the coating prepared by LC is maximum, and
the microhardness of the coating prepared by pre-LC
with preheating 500 °C is minimum. The micro-
hardness of the coating prepared by insulation pre-
LC with preheating 300 °C is in between. This result
is basically consistent with the microhardness dif-
ference of three coatings as shown in Fig. 16.

Due to large amount and nonuniformly distributed
hard Cr-rich precipitates, the coating prepared by LC
has high microhardness (642-705 HV) and large
fluctuation of microhardness, but it has obvious
cracks. Conversely, the coatings prepared by pre-LC
with preheating 500 °C and insulation pre-LC with
preheating 300 °C are not cracking, and the micro-
hardness of two coatings decline and the fluctuation
of microhardness are small. It is mainly due not only
to the adequate plastic flow caused by lower cooling
rate but also to the improved toughness caused by
higher dilution rate of coating. Among two crack-free
coatings, the latter has relatively higher microhard-
ness (510-553 HV) which is about 2.7 times that of 45
steel substrate (approximately 200 HV). It is attrib-
uted to the presence of a certain amount of hard
phase such as Cr-rich precipitates and eutectic
structures in the coating. Therefore, the insulation
pre-LC can obtain crack-free Ni60A coating with
higher microhardness and less thermal damage of the
substrate compared with the pre-LC.

700 - | —=—LcC
; | —e—Pre-LC
| 1 —h— i -
600 - ‘ | : Insulation pre-LC
> : .
L 500 !
()]
1)
2 :
S 400 ,
© : X
-C 1 |
2 300+ , .
Q ! |
= |
200 : :
Coating | HAZ ., Substrate
100 v T T T T T v T T T
0.0 0.5 1.0 15 2.0 25 3.0

Distance from surface (mm)

Figure 16 Microhardness profile of coating cladded by three
process methods.
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Conclusions

In this study, the Ni60A coating is prepared on 45
steel substrate by coaxial laser cladding, and the
crack behavior and prevention method are studied.
The conclusions are as follows:

(1) The nonuniform hard precipitates CrB, Cr;Cs,
Cry3Ce or incomplete melting powder is the
main reason for high cracking susceptibility of
Ni60A coating. By laser cladding, the cracking
rate of coating decreases with the increasing
line energy and the decreasing powder feed
rate. The crack-free Ni60A coating can be
obtained when the line energy is up to 800 J/
mm in the condition V¢ = 0.133 g/s. Also it can
be obtained when the powder feed rate is down
to 0.087 g/s in the condition P = 1600 W and
Vs =3 mm/s.

(2) According to the great difference of thermo-
physical properties and temperature between
the coating and the substrate, the thermal stress
models are established. Among them, o, is
much smaller than o, and oy, and gy is smaller
than ox. Due to the change in the relative
relationship among oy, oy and oy, the crack
distribution changes from network to parallel,
until to no crack with the increasing line energy
and the decreasing powder feed rate. Also, the
crack distribution has same change with the
increasing preheating temperature. The angle
between the direction of resultant stress of oy
and oy and Y-axis
0o = arctan(oy/oy)=52.85° € (50°,54°), which
fits with the direction of long and short cracks
in network crack distribution.

(3) The substrate preheating has a great influence
on cracking rate, and the crack can be pre-
vented when preheated up to 500 °C. In order
to reduce thermal damage of high preheating
temperature to the substrate, the insulation pre-
LC is studied to reduce cooling rate further to
decrease cracking susceptibility. Using this
method, the crack can be prevented when
preheated to 300 °C, and the obtained Ni60A
coating has finer microstructure and higher
microhardness which is about 2.7 times as
much as that of 45 steel substrate.
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