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Abstract: Almost all of the research on cracks in laser cladding is based, at present, on a horizontal
substrate, which cannot be directly applied to prepare high performance coatings, especially high
hardness coatings, on tilted substrate. In this work, the influence of the substrate’s tilt angle on the
crack behavior of high hardness Ni60A coating is studied, based on the laser intensity distribution
and energy attenuation models on the tilted substrate. Results show that the cracking rate (the crack
number in the unit’s cladding length) of the coating increases with the increasing substrate tilt angle,
but the tilt angle has no significant influence on the crack mechanism. The different lap direction has
a certain influence on the crack, and the coating prepared by downward lap cladding has a larger
cracking rate due to the greater laser energy loss. Furthermore, with the increasing substrate tilt angle,
the residual stress increases due to the decreased plastic flow, and the fracture strength decreases due
to the decreased dilution rate, which results in the increase in the cracking rate of the Ni60A coating.
This work will broaden the application of laser cladding technology on repairing complex parts such
as gear and blades.

Keywords: laser cladding; substrate tilt angle; cracking rate; lap direction; fracture strength

1. Introduction

Laser cladding is a surface process utilizing a high-power laser beam to deposit a
metal layer on the substrate, which has the advantages of low dilution rate, minimal defor-
mation, good metallurgical combination with the substrate and almost unrestricted powder
material. Thus, it is used in many branches of the industry, including aerospace, automo-
bile, shipbuilding, oil and gas, transport, power engineering, et al. [1–4]. However, laser
cladding is a non-equilibrium metallurgical process, which increases the inhomogeneity of
the local temperature field and results in a great residual stress in the specimen. Especially,
the residual tensile stress significantly reduces the static load strength and fatigue strength
of the specimens, and even leads to cracking [5–7]. The residual stress and crack behavior
are always the focus of laser cladding.

The fracture surface topography is a common method to study crack behavior, which
is very effective in revealing the mechanism and process of cracking. By studying the
fracture surface morphology of tensile specimens, Buet et al. [8] obtained the mechanical
behavior of specific 2.5D SiC/SiC composites reinforced with hi-nicalon S fibers and the
influence of interphase texture and thickness of pyrocarbon coatings. Macek et al. [9]
studied the fracture morphology subject to bending–torsion fatigue loadings, discussing
the correlation between the fractal dimension and standard surface topography parameters
and loading conditions. It predicted the fracture behavior and cracking process of the
material. When high hardness coatings are prepared by laser cladding, cracks are almost
impossible to avoid, but there are relatively few methods to study the crack’s behavior
due to the high temperature process and rapid solidification. Additionally, the stress and
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microstructure evolution during laser cladding can be understood by analyzing fracture
surface morphology. Niu et al. [10] studied the fracture morphology of Al2O3 and found
that the crack fracture showed typical characteristics of transgranular and intergranular
brittle fracture, and the liquid film formed by the eutectic structure with a low melting
point was the main reason for crack initiation and propagation. Zhou et al. [11] found that
the fracture surface appears to contain small dimples when a Al–Zn–Mg–Cu alloy coating
with co-incorporation of Si and TiB2 is prepared by selective laser melting (SLM), which
indicates ductile fracture behavior and the reason for cracking elimination. Compared
with other laser cladding schemes, coaxial feeding powder laser cladding has been in
widespread use because it is prone to automation and big area cladding. A variety of
material powders are suitable for this scheme, such as Ni60A self-fusing alloy powder.
It has been widely applied in many special purpose applications due to its outstanding
wear resistance, corrosion resistance and relatively low cost. However, because of a large
number of nonuniformly distributed Cr-rich precipitates and eutectic structures, Ni60A
coating prepared by laser cladding has a high cracking susceptibility [12,13]. Yu et al. [14]
found that thermal stress was the main source of residual stress, and the low plasticity
caused by the high hard brittle phase and the excessive residual tensile stress were the
main reasons for the cracking of Ni60A coating. Based on the temperature gradient in
laser cladding, Fu et al. [6] established a thermal stress analytical model and analyzed the
factors affecting cracking, including laser power, scanning speed, laser diameter and the
properties of the material. By summarizing the existing research, Song and Lin et al. [15,16]
proposed a variety of crack control methods for Ni60A coating, such as preheating the
substrate, optimizing process parameters, adding pure nickel powder or rare earth elements,
introducing ultrasonic vibration or an electric–magnetic compound field, et al.

Most of the research on coaxial laser cladding is, at present, based on the horizontal
substrate, which is to say that the laser nozzle is always kept vertical and perpendicular to
the horizontal substrate [17,18]. Actually, most surfaces of damaged parts are not flat due
to deformation, and the area to be repaired for some inconvenient mobile parts is generally
not in a horizontal attitude; therefore, the research based on horizontal substrates has
some limitations [19]. In order to further broaden the application of coaxial laser cladding,
some research had been conducted on non-horizontal substrates. Lin et al. [20] studied the
influence of the substrate tilt angle on laser energy and powder concentration distribution in
the vertical status of the laser nozzle by using a Gaussian model, and obtained the influence
rules of the substrate tilt angle on the section morphology of cladding layers by experiments
and theoretical analyses. Zhu et al. [21] investigated the influence of a large tilt angle (more
than 90◦) of the substrate on the morphology and microstructure of the cladding layer,
in the condition that the laser head and the substrate are always perpendicular to each
other, and analyzed the internal forces of the molten pool at different tilt angles. Paul
et al. [22] established a theoretical model concerning the cladding layer’s dimension and
displacement offset relative to the center position of the molten pool, considering the
influence of gravity, and obtained the optimal process parameters of prototyping. By
numerical simulation, Yu et al. [23] obtained the temperature and residual stress field of
the two scanning modes, i.e., along the horizontal direction and the tilt direction of the
tilted substrate, respectively. Results showed that the two scanning modes had no obvious
influence on the residual stress distribution of the cladding layer, and the residual stress of
the latter was slightly larger.

Due to the change in laser cladding conditions, the crack behavior of the cladding
layer on the tilted substrate is different from that on the horizontal substrate. However,
most of the existing research has been focused on the influence of the tilted substrate on
the morphology and size of the cladding layer, and there has been little research on the
residual stress and crack behavior. In this work, based on the laser intensity distribution
and energy attenuation models on the tilted substrate, the influence of the substrate tilt
angle on the crack behavior of a Ni60A coating is studied. Furthermore, the reasons why
the cracking rate changes with the substrate tilt angle are studied from the two aspects
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of residual stress and fracture strength of the coating. This work lays a foundation to
prepare a high-performance coating, especially a high hardness coating, on a non-horizontal
reference plane.

2. Materials and Methods

All laser cladding experiments in this work are carried out on a laser direct manufac-
turing system, which includes a YAG laser generator with a 4-kW maximum output power,
a laser cladding head, a six-axis industrial robot, a negative pressure airborne powder feed-
ing system and auxiliary equipment (water cooler, air compressor, et al.). The focusing lens
of the cladding head has a focal length of 150 mm, and the spot size is 3 mm. The cladding
material and the substrate used in the experiment are Ni60A self-fusing alloy powder and
45# steel, respectively. Their chemical compositions are listed in Table 1. The size of the
spherical powder particle is 70–126 µm and the size of the substrate is 40 × 30 × 8 mm3.
Before laser cladding, the powder is dried in a drying chamber at 120 ◦C for 2 h to remove
moisture in the powder. The oxide layer of the substrate is ground mechanically and dried
after rinsing with acetone. The substrate is placed on special supports with different tilt
angles (0◦–60◦) for experiments. The special supports are made of 316L stainless steel. One
side of the support is horizontal and the other side is designed at a specific tilt angle to place
the substrate for laser cladding. The schematic diagram of the laser cladding process on a
tilted substrate is shown in Figure 1. The processing parameters are adopted as follows:
laser power—1400 W; scanning speed—3 mm/s; powder feed rate—0.133 g/s; overlap
rate—40%. The multi-tracks’ cladding test has 10 tracks, and the length of a single track is
30 mm. Pure argon with 99.99% purity is used as the carrier gas and shielding gas, with a
flow rate of 600 L/h. An infrared thermal imager with 100 Hz sampling frequency is aimed
at a fixed point in the laser scanning track to detect the thermal cycle of the molten pool.
The infrared thermal imager is fixed with a tripod and adopts a paraxial measurement
method to measure the molten pool temperature. The schematic diagram is shown in
Figure 1. The infrared thermal imager is recalibrated every time after adjusting the base
substrate tilt angle.

Table 1. Chemical compositions of Ni60A powder and 45# steel substrate (wt.%).

Materials/Elements 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 - - - 3.5~4.5 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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After laser cladding, the surface cracks of Ni60A coating are characterized by dye
penetration test. The cracking rate Rc (N/mm) is assessed via the crack number (N) in
unit cladding length (mm), i.e., the ratio of the total crack number to the total length of
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cladding tracks [24]. To reveal the microstructure of the Ni60A coating, the cross-section of
specimens is chemically etched with a mixed acid consisting of 75 vol.% HCl and 25 vol.%
HNO3, and the etched time is 15 s. The microstructure is observed and analyzed using an
optical microscope (OM) (ECLIPSE MA100, Nikon, Tokyo, Japan) and a scanning electronic
microscope (SEM) (SUPRA 55, Carl Zeiss, Oberkochen, Germany). The main software used
in this paper is MATLAB, SmartSEM Origin, Visio, ImageJ, et al.

3. Results
3.1. Laser Intensity Distribution and Energy Attenuation on Tilted Substrate

When the substrate is in a horizontal position for laser cladding, a circular laser spot
with a diameter of bc is formed on the surface of the substrate due to the divergence angle
2β. Laser energy intensity of the spot has a Gaussian distribution, which can be expressed
as [20]

I(x, y) =
2P

πR2
0

exp

[
−2x2 + y2

R2
0

]
(1)

where P is the laser power and R0 is the characteristic radius of the laser spot on horizontal
substrate. According to Equation (1), the energy intensity is the largest at the spot’s center,
and the energy intensity decreases with the increasing distance from the spot’s center.

Assume that the influence of the concentration distribution of the powder stream
on laser energy is ignored. When the substrate is tilted, the laser spot on the substrate
surface becomes elliptical, as shown in Figure 2. The characteristic radius in the X direction
(S direction) changes from R0 to R, while the characteristic radius in the Y direction remains
unchanged. In this case, laser energy intensity is still in a Gaussian distribution in the
elliptical region, and the center of laser energy intensity on the tilted substrate shifts l
compared with that on the horizontal substrate. Thus, the short axis of the elliptical spot
bc = R0, and the long axis

e f = R0

[
cos β

cos(ϕ + β)
+

cos β

cos(ϕ− β)

]
(2)

where β is one-half of the divergence angle of the laser beam and ϕ is the tilt angle of
the substrate. The characteristic radius of the laser spot in S direction R = 1

2 e f . Since the
scanning path always coincides with the short axis direction of the ellipse, this work only
focuses on the laser intensity distribution of the tilted substrate in a direction perpendicular
to the scanning path. Therefore, laser intensity distribution I(y,s) on the tilted substrate is

I(y, s) =
2P

πR0R
exp

[
−2s2

R2 +
−2y2

R2
0

]
(3)

where s is the one-dimensional vector of the coordinate axis on the tilted substrate’s surface.
Thus, the relationship between the spot area on the substrate surface and the tilt angle is

Sϕ =
πR2

0
2

[
cos β

cos(ϕ + β)
+

cos β

cos(ϕ− β)

]
(4)

It can be seen that the spot area increases with the increasing substrate tilt angle, which
is in agreement with the experimental observation. Therefore, the average laser energy
intensity, i.e., the ratio of laser energy to spot area (P/Sϕ), decreases with the increasing
tilt angle.



Coatings 2022, 12, 966 5 of 14
Coatings 2022, 12, x FOR PEER REVIEW 5 of 14 
 

 

 
 

Figure 2. Gaussian distribution model diagram of laser beam. 

It can be seen that the spot area increases with the increasing substrate tilt angle, 
which is in agreement with the experimental observation. Therefore, the average laser 
energy intensity, i.e., the ratio of laser energy to spot area (P/Sφ), decreases with the 
increasing tilt angle. 

In the laser cladding process, the laser energy will be attenuated because of the 
scattering and absorption of the laser beam by the powder stream. Since the laser 
wavelength (1.06 μm) is smaller than the size of the powder particle (70–126 μm), Mie 
scattering will occur [25]. Assume that the influence of the substrate’s tilt angle on the 
reflection of laser energy is ignored. The energy attenuation rate of the laser beam is 

ܣ = 1 − ݁ି௡ௌ೛ఓ೐௟బ  (5)

where n is the powder concentration, Sp is the projection area of the powder particle, μe is 
the extinction coefficient and l0 is the distance of the laser through the powder stream. 
According to Figure 2, the general tendency of l0 increases with the increasing tilt angle. 

In this work, the powder is fed by carrier gas synchronously. Assume that powder 
particles have the same size and uniform distribution, and the influence of gravity and 
the interaction between particles are ignored. Therefore, the powder particle 
concentration is [26] 

݊ =
3 ௙ܸ

௡ݏ௣ݒ௣ߩ௣ଷݎߨ4
 (6)

where Vf is the powder feed rate, rp is the radius of the powder particle, p  is the density 
of the powder particle, vp is the velocity of the powder particle and sn is the cross-sectional 
area of the laser nozzle. 

According to the theory of projection, the projection area Sp of powder particles per 
unit time on the substrate is 

ܵ௣ =
௣ଶݎߨ݊

cos߮
 (7)

Combined with Equations (5)–(7), the energy attenuation rate can be expressed as 

ܣ = 1 − ݁
ି

ଷఓ೐௏೑௟బ
ସ௥೛ఘ೛௩೛௦೙ୡ୭ୱఝ  (8)

It can be seen that the energy attenuation rate increases with the increasing powder 
feed rate Vf and substrate tilt angle φ. Therefore, the increased tilt angle will partly reduce 
the utilization rate of laser power. 

  

Figure 2. Gaussian distribution model diagram of laser beam.

In the laser cladding process, the laser energy will be attenuated because of the scatter-
ing and absorption of the laser beam by the powder stream. Since the laser wavelength
(1.06 µm) is smaller than the size of the powder particle (70–126 µm), Mie scattering will
occur [25]. Assume that the influence of the substrate’s tilt angle on the reflection of laser
energy is ignored. The energy attenuation rate of the laser beam is

A = 1− e−nSpµe l0 (5)

where n is the powder concentration, Sp is the projection area of the powder particle, µe
is the extinction coefficient and l0 is the distance of the laser through the powder stream.
According to Figure 2, the general tendency of l0 increases with the increasing tilt angle.

In this work, the powder is fed by carrier gas synchronously. Assume that powder
particles have the same size and uniform distribution, and the influence of gravity and the
interaction between particles are ignored. Therefore, the powder particle concentration
is [26]

n =
3Vf

4πr3
pρpvpsn

(6)

where Vf is the powder feed rate, rp is the radius of the powder particle, ρp is the density of
the powder particle, vp is the velocity of the powder particle and sn is the cross-sectional
area of the laser nozzle.

According to the theory of projection, the projection area Sp of powder particles per
unit time on the substrate is

Sp =
nπr2

p

cos ϕ
(7)

Combined with Equations (5)–(7), the energy attenuation rate can be expressed as

A = 1− e
−

3µeVf l0
4rpρpvpsn cos ϕ (8)

It can be seen that the energy attenuation rate increases with the increasing powder
feed rate Vf and substrate tilt angle ϕ. Therefore, the increased tilt angle will partly reduce
the utilization rate of laser power.

3.2. Influence of Tilt Angle on Cracking Rate

Unlike the multi-track one-way laser cladding on the horizontal substrate, there are
two lap directions on the tilted substrate, i.e., downward lap (the latter cladding track
below the previous one) and upward lap (the latter cladding track above the previous one),
as shown in Figure 3. The different lap direction has a certain influence on the coating.
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As shown in Figure 4, the cracking rate of Ni60A coating increases with the increasing
substrate tilt angle. As the tilt angle increases from 0◦ to 60◦, the cracking rate of the coating
prepared by upward lap cladding increases 3.5 times, and that of the coating prepared
by downward lap cladding increases 4 times. There are two main reasons for this result.
Firstly, the average laser energy intensity decreases with the increasing substrate tilt angle,
which reduces the gained laser energy of the unit area coating and increases the cooling rate
of the molten pool. A large cooling rate not only decreases the rise time of slag and bubble
in the molten pool but also reduces the influence of high temperature plastic flow on stress
relaxation [27,28], which can increase defects and residual stress of the coating, making the
coating more prone to cracking. Secondly, the energy attenuation rate increases with the
increasing substrate tilt angle, which reduces the dilution rate (as shown in Figure 5) due to
less energy being obtained by the substrate. A low dilution rate can hardly affect the hard
precipitates of chromium borides and chromium carbides [29], which reduces the plasticity
of the coating and increases the susceptibility to cracking. Therefore, the cracking rate
increases with the increase in the substrate tilt angle, with the same process parameters.
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When the substrate tilt angle is large (>40◦), the cracking rate increases slowly, as
shown in Figure 4. In this case, more powder particles skim over the surface of the molten
pool rather than fall into it [30]. This results in a rapid decrease in the utilization rate of
powder η, which is greater than that of the average laser energy intensity, as shown in
Figure 6. Thus, the gained energy of a unit mass powder particle injected into the molten
pool increases. In this work, the effective mass energy, i.e., the ratio of the average laser
energy intensity P/Sϕ to effective powder feed rate Vfe, is used to represent this trend,
where Vfe = ηVf. As shown in Figure 6, the effective mass energy increases significantly
when the tilt angle is large, which partly counteracts the influence of the increasing substrate
tilt angle and causes the cracking rate to increase slowly. While the effective mass energy is
small, without an obvious change when the tilt angle is small, so the cracking rate increases
rapidly at this stage.
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Some SEM fracture morphology images of different angles and different lap directions
are shown in Figure 7. Figure 7a shows the fracture morphology when the substrate tilt
angle is 0◦. For the downward lap cladding, Figure 7b,d shows the fracture morphologies
when the substrate tilt angle is 20◦ and 50◦, respectively. For the upward lap cladding,
Figure 7c shows the fracture morphology when the substrate tilt angle is 30◦. It can be
seen that there are some obvious characteristics of non-cleavage (as at the red arrows) at
all fractures. This is mainly because hard Cr-rich precipitates and eutectic and amorphous
phases are the main hard phases in Ni60A coatings, and the crack in the hard precipitate
continues to propagate to break the eutectic and amorphous phases under the residual
tensile stress, until a complete crack is formed [31]. Therefore, the substrate tilt angle
has no influence on the cracking mechanism of Ni60A coating, and the fracture mode
is quasi-dissociation.

As shown in Figure 8, the EDS patterns (a)(b)(c) of the crack fracture correspond
to labels (I)(II)(III) in Figure 7c, respectively. Combined with the chemical composition
analysis in Table 2, labels (I)(II)(III) are hard Cr-rich precipitates, γ′(Ni) and eutectic and
amorphous phases, respectively. These high hardness Cr-rich precipitates and eutectic
phases provide easy routes for crack initiation and propagation.

Table 2. Chemical compositions corresponding to Figure 8 (wt.%).

Elements Ni Cr Fe Si B C

Figure 8a 2.55 86.91 2.17 — 6.96 1.40
Figure 8b 80.61 7.69 2.50 6.04 0.14 3.03
Figure 8c 72.14 12.92 5.63 3.08 0.42 2.88
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As shown in Figure 4, the cracking rate of the coating prepared by downward lap
cladding is larger than that prepared by upward lap cladding with the same tilt angle, and
the difference between them increases with the increasing tilt angle. The main reason is that
the laser beam is blocked and reflected by part of the previous track, and the energy loss
increases with the increasing size of the previous track in the laser beam range. Compared
with the upward lap cladding, there is a larger size of the previous track in the laser beam
range in the case of downward lap cladding, as shown in Figure 9. Hence, the downward
lap cladding obviously reduces laser energy obtained by the latter track and leads to a larger
cracking rate. There is a larger substrate tilt angle, a greater difference in blocking and
reflection to laser energy, and a greater difference in the cracking rate between them. When
the tilt angle is 60◦, the cracking rate of the coating prepared by downward lap cladding
is 15% higher than that of the coating prepared by upward lap cladding. In addition, in
downward lap cladding, it is difficult to obtain enough powder and energy at the toe of the
previous track (label the blue circle in Figure 8) due to its own obstruction of the powder
stream and laser beam, which leads to defects such as holes, causing cracks [32]. This is
also one of the reasons why the coating prepared by downward lap cladding has a larger
cracking rate.
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4. Discussion

The main reasons for cracks in a Ni60A coating prepared by laser cladding are exces-
sive residual tensile stress and nonuniformly distributed Cr-rich precipitates. When the
residual tensile stress exceeds the fracture strength of the coating, cracks are formed [6].
Due to the difference in thermophysical properties between the substrate and the coating,
thermal stress is the main source of residual tensile stress. Compared with the width of the
track (about 3.5 mm), the length of the track (30 mm) is much larger. Due to the constraint
of the substrate, the stress along the cladding direction is the largest, leading to cracking of
the coating.

4.1. Residual Stress of the Coating

The generation of thermal stress in the coating is mainly because of the stage at which
the molten pool is cooled from the solidus curve to room temperature. Without considering
the plastic deformation, as the thermal expansion coefficient of the coating is greater than
that of the substrate, the thermal tensile stress along the cladding direction σx can be
expressed as [13]

σx =
EcEshs(αc − αs)∆T
(1− µ)(Eshs + Echc)

(9)

where µ is the Poisson ratio of the coating, α, E, and h are defined as the coefficient of
thermal expansion (CTE), elastic modulus and thickness, respectively, the subscripts c and
s represent the coating and the substrate, respectively, and ∆T is the difference between the
solidus curve and the room temperature.

In the cooling process, the thermal stress and yield strength increase with the de-
creasing temperature. When the stress exceeds its yield strength, plastic flow will occur,
which releases residual stress inside the coating. Since the coating is with good plastic
at elevated temperature, the increased dwell time of the coating at the high temperature
can greatly benefit the thermal plastic flow and stress relaxation of the coating. t8−5, the
dwell time in the temperature range of 800 ◦C–500 ◦C, is an important concept in welding,
largely affecting its residual stress. Since the laser cladding is similar to the welding, it is
appropriate to study the residual stress in the coating by t8−5, as well [28,33,34]. In this
work, t8−5 is applied to represent the dwell time at high temperature to assess the influence
of plastic flow on stress relaxation. This influence can be expressed as f (t8−5). As t8−5 is
positively correlated with stress relaxation, the residual stress of the coating is

σres = σx − f (t8−5) (10)

Thus, the residual stress is negatively correlated with t8−5. The value of t8−5 can be
obtained by empirical formula or experiment. The empirical formula of t8−5 is [35]

t8−5 =
µ2P

2πλVs

(
1

500− T0
− 1

800− T0

)
(11)
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where µ2 is the utilization rate of laser power, λ is the thermal conductivity and T0 is the
ambient temperature. As the energy attenuation and substrate reflection energy increase
with the increasing substrate tilt angle, the utilization rate of laser power µ2 decreases,
which results in t8−5 decrease, according to Equation (11). The experimental data of t8−5 are
obtained by analyzing the molten pool data gained by the infrared thermal imager. More-
over, the same trend can be found in the experimental data, as shown in Figure 10. Fitted
data, the relationship between t8−5 and tilt angle ϕ can be approximatively expressed as

t8−5,ϕ = t8−5,0 × cos ϕ (12)

where t8−5,ϕ is the t8−5 value when the substrate tilt angle is ϕ and t8−5,0 is the t8−5 value
when the substrate is horizontal. In this work, t8−5,0 = 0.667 s. When the substrate tilt angle
increases to 60◦, the value of t8−5 decreases 55%.
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Smaller t8−5 will weaken the influence of plastic flow on stress relaxation, which
causes the residual stress of the coating to increase with the increasing tilt angle. Therefore,
the coating tends to crack more easily when the substrate tilt angle increases.

4.2. Fracture Strength of the Coating

Laser cladding is a cycle process in which powder and substrate are heated from room
temperature to melting point and then cooled to room temperature in a very short time. The
microscopic residual stress brought on by rapid solidification can reach the yield strength
and even the tensile limit of the material, and the local stress concentration can easily cause
microscopic defects or even microcracks. These damages determine the properties of the
coating, including its fracture strength. According to thermodynamics and the energy
balance of classical mechanics, Irwin and Orowan modified the Griffith fracture strength
model in relation to material properties and damage, taking the influence of plastic work
into account [36].

σf =

√
E
(
2γ + γp

)
πCz

(13)

where E is the elastic modulus, γ is the surface energy of the material, γp is the plastic
work required for the microcrack or microdefect expansion unit length and Cz is the size
of microcrack and microdefect. The fracture surface energy γ is adE/100, and ad is the
lattice distance of the crystal. The plastic work γp is 2~3 magnitude larger than γ. In the
microstructure of Ni60A coating, the hard Cr-rich precipitates of Cr7C3, Cr23C6 and Cr5B3
are interstice compounds with complex close-packed crystal structures, and the lattice
distance varies with different crystal systems. Thus, the average lattice distance value is
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selected for calculation [37,38]. Due to high brittleness and rapid formation, hard Cr-rich
precipitates themselves can be regarded as a microscopic defect, so the maximum size of
the hard precipitate is the maximum size of the microdefect in the coating.

In addition, the fracture strength of the coating is mainly affected by the dilution
rate that determines the Fe content in Ni60A coating. XRD results showed that the Fe
element can form a ductile phase, such as Fe3Ni with Ni, and inhibit the hard precipita-
tions such as chromium borides and chromium carbides, reducing the brittleness of the
coating [29]. When the Fe content exceeds 40%, the precipitation of primary chromium
boride is completely inhibited, and the size of the chromium carbides is greatly reduced. In
this case, the hardness of the coating decreases by 40%–50%, and the main hard phase is
a eutectic structure with high Fe. As shown in Figure 5, the dilution rate decreases with
the increasing tilt angle, resulting in the decrease in Fe content to weaken the inhibition
on hard precipitates. The size of hard Cr-rich precipitates is determined by the dilution
rate of the coating, which effects the fracture strength. Any cross-section of the coating was
selected, and SEM and ImageJ were used to observe and measure the maximum size of
the hard precipitate. Since the dilution rates of the coatings prepared by two lap directions’
cladding have the same changing trend and are close in value, the observation results of
the two groups are combined in Figure 11, considering the randomness of cross-section
selection. As shown in Figure 11, the maximum size of the hard precipitate (i.e., Cz) in-
creases significantly with the increasing substrate tilt angle. When the tilt angle is 60◦, Cz
increases about 10 times. According to Equation (13), the fracture strength of the coating
is reduced to 1/3. Combined with Sections 4.1 and 4.2, it can be found that the residual
stress increases and the fracture strength of the coating decreases as the substrate tilt angle
increases, which leads to the increase in the cracking rate of the coating. Therefore, it is
helpful to obtain a crack-free coating by selecting the smallest substrate tilt angle possible
when preparing a high hardness coating on a tilted substrate.
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There are still some limitations in the present method. When studying the influence
of the substrate tilt angle on residual stress and fracture strength, there is a lack of corre-
sponding research method and sufficient quantitative research. In the study of residual
stress, only the changing rule of residual stress can be obtained, but no specific value
and distribution are obtained. Furthermore, this work does not consider the stress and
structure of different parts of the cladding layer, which results in differences between study
results and the actual cladding. These limitations and deficiencies will be improved on in
future studies.
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5. Conclusions

In this work, Ni60A coating was prepared by coaxial laser cladding on tilted 45# steel
substrates, and the influence of the substrate tilt angles on the cracking rate of Ni60A
coating was studied. Some of conclusions can be summarized as follows:

(1) Since the average laser energy intensity decreases and the energy attenuation rate
increases with the increasing substrate tilt angle, the energy obtained by the coating
decreases, resulting in the increase in cracking rate. As the tilt angle increases from 0◦

to 60◦, the cracking rate of the coating prepared by upward lap cladding increases
3.5 times, and that of the coating prepared by downward lap cladding increases
4 times. The effective mass energy increases significantly when the tilt angle is large,
which causes the cracking rate to increase slowly, while the substrate tilt angle has no
significant influence on the crack mechanism of Ni60A coating, and the fracture mode
is quasi-dissociation.

(2) As the laser beam is blocked and reflected by the larger size of the previous track, less
laser energy is obtained by the latter track in downward lap cladding, which leads to
a larger cracking rate than that in the condition of upward lap cladding. The larger
the substrate tilt angle, the greater the difference in blocking and reflection of laser
energy, and the greater the difference in the cracking rate between them. When the tilt
angle is 60◦, the cracking rate of the coating prepared by downward lap cladding is
15% higher than that of the coating prepared by upward lap cladding.

(3) When the substrate tilt angle increases to 60◦, the value of t8−5 decreases 55%, which
can reduce the influence of plastic flow on stress relaxation and increase the residual
stress of the coating. Meanwhile, the maximum size of hard precipitates increases
by approximatively 10 times due to the decreased dilution rate, which results in the
decreased fracture strength of the coating. These are the main reasons for the increase
in the cracking rate of Ni60A coating.
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Nomenclature

α (1/◦C) Coefficient of thermal expansion (CTE)
ad (nm) The lattice distance of the crystal
β (◦) One-half of the divergence angle
Cz (mm) The size of microcrack and microdefect
µ Poisson ratio of the coating
µe (L/(mol·cm)) Extinction coefficient
E (GPa) Elastic modulus
γ (J/m2) The surface energy
γp (J/m2) The plastic work required for microcrack or microdefect expansion unit length
vp (m/s) The velocity of powder particle
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h (mm) The thickness
ρp (kg/m3) The density of powder particle
l0 (mm) The distance of the laser through the powder stream
n (kg/m3) The powder concentration
P (W) Laser power
R (mm) The characteristic radius of the laser spot on horizontal substrate
R0 (mm) The characteristic radius of the laser spot in S direction
Rc (N/mm) Cracking rate
rp (mm) The radius of powder particle
∆T (◦C) The difference between the solidus curve and the room temperature
Sp (mm2) The projection area of the powder particle
Sϕ (mm2) Laser spot area
sn (mm2) The cross-sectional area of laser nozzle
t8−5 (s) The dwell time in the temperature range of 800 ◦C–500 ◦C
t8−5,ϕ (s) The t8−5 value when the substrate tilt angle is ϕ
t8−5,0 (s) The t8−5 value when the substrate is horizontal
η The utilization rate of powder
Vf (g/s) Powder feed rate
Vfe (g/s) Effective powder feed rate
ϕ (◦) The tilt angle of the substrate
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