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Abstract

The Gaussian laser mode can be converted into a hollow-ring laser mode through beam conversion system, realizing the
conversion of circular and solid spot into a hollow-ring spot, which changes the energy distribution form of the laser spot.
In order to study the effects of the Gaussian and hollow-ring laser modes on temperature and stress fields in cladding layers,
the numerical simulation and experimental investigation were performed. The results showed that molten pool experienced
once temperature peak and generated sharp temperature change under the Gaussian laser, while the molten pool experi-
enced twice temperature peaks and temperature changed relatively gentle when using hollow-ring laser. Comparing with the
Gaussian laser, the maximum temperature gradient along the depth of cladding layer decreased by 72.3% from 1.79 x 10°
t0 4.95x 10° °C/m, and the maximum residual stress decreased from 272 to 251 MPa under hollow-ring laser. Meanwhile,
the simulation results were validated by experiments with the same process. Furthermore, the sample microstructure was
studied from the experiment. The microstructure was finer and more uniform using hollow-ring laser. This paper can pro-
vide guidance and advantage for laser cladding and direct metal deposition based on the hollow-ring mode and expand the
application of laser field.
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1 Introduction

Laser cladding is an advanced surface strengthening tech-
nology that uses a high-energy density laser as heat source
to rapidly melt the metal powder and form a metallurgical
combination with the substrate after solidification. Laser
cladding has many advantages, such as little deformation of
substrate, high hardness, well abrasion resistance, high cor-
rosion resistance, and oxidation resistance [1], and has broad
application prospects in fields of aerospace, automotive,
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medical, nuclear, and shipping [2]. During laser cladding
process, local heat input will inevitably lead to an uneven
temperature field and a large temperature gradient. After
cooling, it is easy to generate residual stress in cladding lay-
ers. High residual stress has an undesirable effect on the
crack sensitivity, deformation of substrate, yield strength,
ultimate strength, and fatigue strength, as well as the life
expectancy of materials, which affects the mechanical prop-
erties of formed parts in turn [3]. Therefore, how to solve the
residual stress problem has become a hot issue in the field of
laser cladding. At present, numerical simulation combining
experimental investigation is mostly used to study and pre-
dict the residual stress distribution of cladding layer under
the Gaussian laser source [4].

Sun et al. built the 3D finite element model to simulate
the temperature and stress field distribution in the pro-
cess of laser cladding nicked-base alloys, and the results
showed that a large temperature gradient was generated
near the heat source, which easily caused high residual
stress. And the cladding layer cracked along the vertical
direction [5]. Wang performed numerical simulation and
experimental research on the effects of process parameters
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on residual stress during laser deposition forming, and the
results showed that the residual stress on the top surface
of the cladding layer decreased with scanning speed and
preheating temperature increasing [6]. Heigel et al. adopted
the thermal-mechanical coupling finite element method to
study the stress evolution rule of TC4 titanium alloy during
laser deposition, and the results showed that large tempera-
ture gradient caused high residual stress and plastic defor-
mation [7]. Yan et al. explored the effect of process param-
eters on the deformation of cladding layer 316L stainless
steel powder, and the results showed that laser power and
powder feeding rate had a greater effect on the deformation
of the cladding layer, and reducing the powder feeding rate
and laser power could effectively reduce the temperature
gradient distribution, which reduced residual stress and
deformation of the cladding layer [8]. Krzyzanowski et al.
studied the transient thermal and stress distributions with
a numerical model during laser cladding, and they found
that the crack susceptibility was reduced by the preheated
base plate [9]. Wang et al. studied the influence of process
parameters on thermal behavior during laser cladding of
TI-6Al-4 V metal powder by finite element method and
concluded that the increasing laser power could increase
the cooling rate and crack tendency of cladding layer [10].
Liu et al. discussed the effects of process parameters on
thermal stress in a single-track cladding layer with wide-
spot laser beam by numerical simulation, and the results
showed that the laser power and scanning speed directly
affected the solidification rate, temperature gradient, and
cooling rate of the molten pool and stress increased with
increasing of laser power and decreased with increasing of
scanning speed [11].

Most of the above literatures focus on the Gaussian laser
spot. The high energy is concentrated in the center of the spot,
while the energy at the edge is low. Such energy distribution
is easily to cause large temperature gradient in cladding. In
addition, the adhering powder defects is often produced on
both edges of the cladding layer with Gaussian laser spot in
actual cladding process, which reduces the powder utilization
rate. In order to solve the above defects caused by Gaussian
laser spot, the research group invented a laser cladding nozzle
device based on “hollow beam and internal powder feeding”
cladding process [12]. The laser spot transformed from solid
spot to hollow-ring spot by beam conversion system, and the
energy distribution is more uniform, which can improve poor
metallurgical bonding defect and enhance powder utilization
rate [13]. Although much research on the temperature and
stress field of Gaussian laser spot has been performed, the
temperature and stress distribution with a hollow-ring laser
spot has not been studied systematically. On account of dif-
ferent energy distributions, it is valuable to explore the tem-
perature and stress fields with hollow-ring laser and expand
the application of laser field.
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2 Mechanism of hollow-ring laser cladding
2.1 Generation principle of hollow-ring laser spot

According to the coaxial nozzle device developed by our
research group, the mechanism of hollow-ring spot is
shown in Fig. 1. The powder feeding system consists of
a powder feeder and a specially designed coaxial nozzle
device, which makes the laser beam be split by a cone mir-
ror and then focused by another ring mirror. Subsequently,
the parallel beam is transferred into an internal hollow
beam. By this method, the way of external-side powder
feeding is transferred to inside-beam powder feeding, and
the laser beam is guided to the worktable through an optical
fiber and focused by an optical system with a 192 mm focal
length to focus a hollow-ring laser spot. The powder tube
is wrapped inside by the laser beam and drops vertically
into the molten pool to avoid powder shunting, realizing
the concentricity of the powder spot and the laser spot, the
coaxiality of the powder flow and the laser beam, which
greatly improves the utilization rate of metal powder.

2.2 Mathematical model of hollow-ring laser
energy

Hollow-ring laser has a “Gaussian-like” energy distribu-
tion, and the energy density satisfies [14]

2
2( X2 +y2— (zcot(p+ZjR0))

@x,y) = n-2-P exp | — 1
L0y = 7(R2 + 2Rz cot ) P R M
R, =zcot @ ()
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Fig.1 Schematic diagram of hollow-ring spot generation
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Ry =z cot ¢+ R, ?3)

where

P laser power, W

n  laser absorption efficiency

R, radius at focal position, mm.

z  laser defocusing amount, the distance between the laser
focus point and deposition point mm

The laser defocusing is defined as follows. The laser is focused when
the laser focus point and deposition point are in coincidence, which
is denoted by z=0 mm. Laser is in a negative defocusing situation
when laser focus point is below deposition point, which is denoted
by z<0 mm. Laser is in a positive defocusing situation when laser
focus point is above deposition point, which is denoted by z>0 mm.

@ the angle between the laser beam and the horizontal
direction,®

& energy peak position coefficient, EE€ [0~ 1]

R, inner radius of ring spot, mm.

Ry outer radius of ring spot, mm.

According to the formula, the energy distribution of the hollow-
ring laser is related to the laser defocusing amount and the posi-
tion of the energy peak. The energy values are obtained sepa-
rately by taking different defocusing amounts and energy peak
position coefficient. Considering the hollow-ring laser head
structure used in the experiment, the energy peak is located in
the middle of the ring region, so & is taken as 0.5 in this paper.
In addition, the energy density satisfies the Gaussian energy
distribution when z=0 according to formula 1.

Fig.2 Energy distribution and spot contour diagram

So, the laser beam appears in the Gaussian mode when laser
defocusing amount z is equal to 0, and the laser beam appears
in hollow-ring laser mode when laser defocusing amount z is
not equal to 0. Figure 2a shows the three-dimension energy
and spot contour diagram of the Gaussian laser with z=0, and
Fig. 2b shows the three-dimension energy and spot contour
diagram of the hollow-ring laser with z= —3 mm.

As shown in Fig. 2b, the energy of the hollow-ring laser
spot is concentrated in the ring region, and the central region
presents low energy, which is contrary to the Gaussian
energy distribution at Fig. 2a.

3 Finite element model theory

During laser cladding process, the melting and solidification
of the molten pool are completed in an instant. The actual
size of cladding layer is small, and the size of the molten
pool is basically stable. To simplify the model calculation,
the model is made in the following assumptions [15]:

(1) The materials are all isotropic.

(2) The ambient temperature is 25°C.

(3) Both the cladding layer and the substrate are rectangu-
lar, ignoring subtle details such as rounded corners of
the model.

(4) The flow effect inside the molten pool is ignored.

(5) Metal powder and substrate will not cause vaporization
during cladding process.

(6) The heat radiation effect is not considered separately
and is equivalent coupled to convection heat transfer.

4.0%10°
3.5%10%
3.0¢10%
2.5%10%
2.0x10°
15x10°
1.0x10%
0.5x10%
5.0x107
0.0
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3.1 Thermal analysis
3.1.1 Governing equation

Laser cladding process is a typical transient heat transfer
process. The transient heat source control equation satis-
fies the first law of thermodynamics and the Fourier heat
equation [16]:

pca_T=k<62_T+62_T+62_T>+Q )]
ot x> 0y2 02 faser

where p (kg - m™) is the material density, k (W - m~ K
and ¢ (J - kg~!"K™"), respectively, represent the thermal con-
ductivity and specific heat capacity of the material, and O,
(W-m?) represents the input laser energy.

3.1.2 Initial and boundary conditions

When the cladding process is not performed, the substrate has
a uniform room temperature, which is the initial temperature.

T(x,y,z2,t=0)=T, 3)

T, stands for room temperature, and the default value is 25 °C.

During laser cladding process, the heat conversion mainly
includes the heat absorbed by the metal powder and the heat
lost and radiated by the convective heat exchange between the
workpiece and the surrounding environment. According to the
law of conservation of energy, the boundary conditions are.

or _, -
—k—— = (T = Ty) (6)

In the formula, T and 7, represent the boundary tem-
perature and the room temperature, respectively, and &
represents the comprehensive coefficient considering the
effects of convection and radiation. The formula for cal-
culating the comprehensive coefficient is as follows [17]:

h=124.1x10"*T"0! (7

where € is the surface emissivity.
The top surface is set to.

T
_k?)_n = Qlaser - hl(T - T()) - U£(T4 - Tg) (8)

where /1, = 100 W-(m?-K)~! represents the convection
coefficient between the molten pool and the surrounding
environment; 6=>5.67x 107%W+(m?>-K*! represents the
Stefan—Boltzmann constant.

The boundary conditions at the bottom of the substrate are.

oT
—ko =y (T = Tp) ©

@ Springer

where £, represents the convection coefficient between the
substrate bottom and the worktable, i, = 30 W-(m?*K)™!
[18].

The rest of surfaces are set to the following boundary
conditions:

oT
k= = hy(T —T,) (10)

where /5 is the natural convection coefficient, i; = 18
W-(m*K)™' [19].

3.2 Mechanical analysis

A thermal-elastic—plastic model is adopted to simulate the stress
field. The total strain increment includes the following [20]:

Ae = Aef + Ae” + Ael + Ae?Y + AT an

where Ag?, AeP, Ae” and represent the elastic strain incre-
ment, plastic strain increment, and thermal strain increment
respectively, Ae®" represents volumetric strain increment,
and Ae”"P represents strain increment caused by phase
change.

In stress field analysis, the initial boundary conditions are

o(x,y,2,0) =0,£(x,y,2,0) =0 (12)

Two sides of the substrate are subject to displacement
constraints, which is in line with the fixture fixing in the
actual cladding process.

3.3 Element birth and death

The birth and death technology in ANSYS is used to achieve
the energy loading of the laser beam. The so-called “death”
means that the stiffness matrix of the element is multiplied by
an infinitesimal default value to make it infinitely close to O
when no laser energy is loaded on the corresponding element.
Before simulation, all elements built in cladding layers are
killed. Therefore, in the laser scanning process, the deacti-
vated element does not participate in the heat transfer process.
During the simulation, the elements are activated to partici-
pate in the heat conduction process when the laser energy is
loaded on the corresponding element.

3.4 Geometric modeling and meshing

Figure 3a shows the finite element model. The size of the
cladding layer is 42 mm X 42 mm X 0.6 mm, and the size of
the substrate is 60 mm X 60 mm X 6 mm. A gradient mesh
is chosen to simplify the model and improve the calcula-
tion accuracy; that is, the laser irradiation region and the
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Fig.3 a Schematic diagram of
finite element geometric model.
b Schematic diagram of path
establishment
Path 1 Z
L)X
(b)
Table 1 Chemical composition Material C Si Mn P S Ni Cr Mo
of 316L powder wt.%
316L 0.03 1.00 2.00 0.035 0.03 13.5 17 2.5
heat affected zone are more finely divided in the cladding  Table2 Thermo-physical parameters of 316L stainless steel
layer, whereas the substrate away from the cladding layer TIK) /0kg K™ W/(W-m~-K1) ol(kg'm™)
is sparsely divided [21]. The cladding layer grid size is
0.3 mmx 0.3 mmx 0.1 mm. Node B is located on the upper 293 471 13.31 7966
surface of the cladding layer, and the section P,-P, is the 373 487 14.68 7937
vertical plane of X-Y plane. On the section P,-P, path 1is 473 528 16.33 7898
along the cladding layer depth, as shown in Fig. 3b. 573 529 17.93 7857
673 550 19.47 7814
773 571 20.96 7769
3.5 Thermo-physical properties of 316L 873 592 22.38 7724
973 613 23.76 7677
The substrate material and cladding material are 316L stain- 1073 634 25.07 7630
less steel. The chemical composition is shown in Table 1. 1173 655 26.33 7583
Combing literature [22] with interpolation method, the 1273 676 27.53 7535
thermophysical parameters of the 316L stainless steel =~ 1373 698 28.67 7486
material at different temperatures are obtained, as shown 1473 719 29.76 7436
in Tables 2 and 3 (p-density, T-Celsius, c-specific heat 1693 765 31.95 7320
capacity, k-thermal conductivity, E-elastic modulus, o 1733 765 32 7320

-thermal expansion coefficient, v-Poisson’s ratio, o-yield
stress, and E-tangent modulus of the material).

4 Results and discussion

The solid70 element has 8 nodes and 8 temperature degrees of
freedom, which can achieve uniform heat flow in three direc-
tions, and it is often used in the process of three-dimensional
transient thermal analysis. While the solid45 element has 8
nodes and 24 displacement degrees of freedom with large

deformation and large strain capacity, it is used as a three-
dimensional structural field analysis. So solid70 was adopted
as the element type in the temperature field simulation process.
The thermal analysis element type solid70 was converted to the
structural element type solid45, and all boundary conditions
were deleted in the thermal analysis simulation. By loading
the temperature data, the results of transient stress, strain, and
displacement could be obtained. The numerical simulation
process parameters were shown in Table 4.
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Table 3 Mechanical properties of 316L stainless steel

THK) E/(Pa) o/(K™) v o/(Pa) E/(Pa)

293  221e10" 1524e107° 0.267 0.278 ¢ 10° 2.21 10"

473 196 10" 164310™° 0.290 0.193 e 10° 1.96 e 10"
673 1.86e 10" 17.44107% 0.322 0.15410° 1.86e 10"
873 171 10" 1821e107% 0296 0.141 ¢10° 1.71 ¢ 10"
1073 13210 18.83107° 0.262 0.130 e 10° 1.32 10"
1173 1.17 ¢ 10'"" 19.11 ¢ 107® 0.240 0.086 ¢ 10° 1.17 e 10'°
1273 1.01 e 10" 1938 e107® 0.229 0.045e 10° 1.01 e 10"

0.022 ¢ 10° 0.81 ¢ 10"
0.013 ¢ 10° 0.35 10"
0.003 ¢ 10° 0.02 e 10'°
0.003 e 10° 0.02 ¢ 10'°

19.66 ¢ 1075 0.223
19.95 ¢ 107% 0.223
20.70107% 0.223
20.70107% 0.223

1373 0.81 ¢ 10"
1473 0.35 ¢ 10"
1693 0.02 e 10"
1733 0.02 e 10"

Table 4 Laser cladding process parameters

Power, Scanning Defocus  Laser Feeding  Ambient
P(W) speed, amount, z absorp-  rate, v (g/ tempera-

V(mm/s) (mm) tivity, A min) ture, To(C)
1100 6 0/-3 0.4 8 25

Fig.4 Temperature distribu-
tion with different defocusing
amounts: a z=0 mm and b
z= -3 mm

laser spot with z= —3 mm at B positon, respectively.

According to Fig. 4a, the shape of the spot is circular
and solid. The high energy is distributed in the central
region of the spot, and temperature reaches 2386.53 °C.
While z= —3 mm, the spot shape presents “crescent,” and
the high energy is distributed in ring region that tempera-
ture is up to 1940 °C, as shown in Fig. 4b).

Figure 5 illustrates the temperature distribution of P,-P,
section when the spot center is located at B position.

It can be seen from Fig. 5a that the high temperature
region concentrates in the middle of the cladding layer,
and the temperature on both sides is relatively low. On
the contrary, high temperature region is concentrated on
both sides of the cladding layer, and the temperature in the
middle region is lower, as shown in Fig. 5b.

4.1.2 Characteristics of temperature curve

Figure 6a shows the temperature change curve of node B
with time under different defocusing amounts.

According to Fig. 6, node B experiences one tempera-
ture peak during the cladding process, and the temperature

°C 25 287.4 549.8 8122 1075.6 1336.8 1599.4 1861.8 2124.1 2386.5

(a)

Fig.5 The temperature distribu-
tion of section P;-P, with differ-
ent defocusing amounts: a z=0
and b z= -3 mm

(a)
4.1 Analysis of temperature field results

4.1.1 Temperature distribution

Figure 4 shows the temperature field distribution of the
Gaussian laser spot with z=0 mm and the hollow-ring
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changes relatively drastic when z=0 mm, which reflected
that the laser cladding is a transient process of rapid heat
and cooling. While z= —3 mm, node B experiences two
temperature peak, and the latter temperature peak is higher
than the previous one during the cladding process, which
is related to the energy distribution of the hollow laser.
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Fig.6 Temperature change curve of node B under different defocus-
ing amounts

By comparing the temperature change curves of the two
energy distributions, the temperature change is relatively
gentle when z= — 3 mm, which is conductive to reduce the
temperature gradient.

4.1.3 Characteristics of temperature gradient

The temperature gradient distributions on path 1 under dif-
ferent defocusing amounts are illustrated in Fig. 7.

As shown in Fig. 7, the temperature gradient distribu-
tion on path 1 first increases and then decreases. That is,
the temperature gradient is large in the cladding layer and
reaches the maximum at the joint surface between the clad-
ding layer and the substrate and then drops rapidly as it
goes deep into the substrate region.

The maximum temperature gradient reaches 1.78 x 10°
‘C/m when z=0 mm. While z= —3 mm, the maximum
temperature gradient is only 4.95x 10° C/m, which is
72.3% lower than that z=0 mm. Thus, the temperature
gradient of the cladding layer can be significantly reduced
when z= —3 mm, which is beneficial to reduce the internal
stress of the cladding layer.

4.2 Analysis of stress field results
4.2.1 Residual stress distribution

Figure 8 shows the residual stress distributions in X, Y, Z
directions and Von-Mises when z= —3 mm. The X direc-
tion residual stress distribution is symmetrical at both ends
of the joint surface, and maximum residual stress value
reaches 236 MPa, whereas the cladding layer presents low

p ——z=0
2.0x10° F =3
1.5x10° F
1.0x10° |

T
/

5.0x10° /«/"\ -

0.0 -

Temperature gradient/(°C/m)

Distance along pathl/mm

Fig.7 Temperature gradient distribution on path 1 under different
defocusing amounts

stress state. The residual stress in Y direction of the clad-
ding layer is tensile stress, and the high residual stress is
distributed on the upper surface of the cladding layer, and
the maximum value reaches 273 MPa; the region away
from the cladding layer is compressive stress. The overall
residual stress in Z direction is low, and the cladding layer
presents compressive stress. The equivalent stress distribu-
tion presents “dumbbell” shape, the maximum stress is dis-
tributed at the beginning of the cladding, and the maximum
value reaches 299 MPa.

The above analysis showed that the residual stress in Y
direction was the largest and the main stress. Therefore, the
residual stress in Y direction is mainly studied in this paper.

4.2.2 Stress distribution on the path

Figure 9 illustrates the Y direction residual stress distribu-
tion on cladding layer along path 1 under different defocus-
ing amounts.

According to Fig. 9, the Y direction residual stress
distribution tendency of cladding layer on path 1 is con-
sistent under different defocusing amounts. The residual
stress first increases and then decreases with the increase
of the cladding layer depth and reaches maximum value
at 1/4 position from the joint surface. The comparison
shows that the residual stress is larger when z=0 mm than
z= —3 mm. This can be interpreted as the concentration
of laser energy at the focal point, and the cladding layer
absorbs more energy when z=0 mm, resulting in large
temperature gradient.

Therefore, the residual stress of cladding layer can be
reduced when z= —3 mm, which is conductive to reduce
crack tendency, and it proves the superiority of hollow laser
cladding process and the rationality of energy distribution.
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Fig.8 Residual stress distribu-
tion in different directions: a X
direction stress, b Y direction
stress, ¢ Z direction stress, and
d equivalent stress

(©

MPa
280

—8— z=0
—e— z=-3mm

270 ¢
260 -
250 |
240 _

230

Y-Direction Residual Stress

220 |

1 1 1 1 n 1 1 |
0.0 0.1 02 03 04 05 0.6

Distance along path 1/mm

Fig.9 Y direction stress distribution on path 1 under different defo-
cusing amounts

5 Experiment procedure

Figure 10 shows the experimental setup applied for the laser
cladding process. The system includes IPG YLS-2000-TR high-
power fiber laser, GTV PF2/2 M powder feeder, 6-axis KUKA
robot, powder feeding system, tilting rotary table, and gas system.

@ Springer
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Fig. 10 Schematic diagram of the experimental setup

5.1 Experimental results and analysis
5.1.1 Laser energy distribution test

This paper adopted beam monitor laser analysis meter to
measure the energy density distribution of hollow laser spot,
and the test results are shown in Fig. 11.

According to the test data from Fig. 11a, the energy of
the hollow laser at the focal point (z=0) presents a Gaussian
distribution. But the energy shows two Gaussian-like energy
distribution on both sides of the center line, and there is no
energy distribution near the center line when z= —3 mm, as
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Fig. 11 Energy density distribution with different defocusing amount: a z=0 and b z= —3 mm

Fig. 12 a Single-track laser
cladding samples with different

defocusing amounts and b sche-
matic diagram of residual stress
test point on cladding layer

shown in Fig. 11b, which is consistent with the temperature
field analysis results.

5.1.2 Residual stress test results

In this paper, single-track laser cladding experiments
were carried out with process parameters which were con-
sistent with numerical simulation, and the samples are
shown in Fig. 12a. The X-350A stress tester was adopted
to measure the residual stress of the sample. In order to
obtain the residual stress in depth of cladding layer, the
surface of cladding layer was stripped and polished elec-
trolytically using saturated NH, Cl-solution. The meas-
urement points were five along depth direction of the
cladding layer as shown in Fig. 12b.

The residual stress test results in Y direction are shown
in Fig. 13.

According to Fig. 13, the residual stress measured in the
experiment showed a tendency which was firstly increasing
and then decreasing with the depth growth. The overall
stress presented tensile stress, and the maximum residual
stress appeared at 1/4 position away from the joint sur-
face, which was consistent with the simulation and verified
the correctness of the numerical simulation. Meanwhile,
some differences existed between numerical simulation and
experiment results. The main reasons were as follows: on
the one hand, the model assumption was simplified, and
the finite element mesh could not be meshed thinly, which
leaded to calculation deviation. On the other hand, part

(b)
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g 264

m -

S 253 -

—
=
=

G 242 |

M v

=]

g 231 v —— -
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O - 2 .

-] 20 s e —a— z=-3mm simulation result
Q, - e z=() experiment result
el y 9. Z=-3mm experiment result

209 i T 1 1 1

0.0 0.1 0.2 03 04 0.5 0.6

Distance along pathl/mm
Fig. 13 Comparison of experimental results and simulation results

of residual stress would be released during the stripping
process in the experiment, which affected the accuracy of
the measurement.

5.1.3 Microstructure analysis

The microstructure of the component determines the
mechanical properties and performance. The optical exami-
nation was carried out on samples with defocusing amount
of z=0 and z= —3 mm. The microstructure was examined
in the adjacent region of the top, middle, and bottom, respec-
tively, as shown in Fig. 14.
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As can be seen from Fig. 14, no pores and microc-
racks were observed in the cross section. It can be identi-
fied that the microstructure shows a mixture of dendrite
and cellular structures. The difference is that the finest
microstructure is shown on the top. The microstructure
at the bottom is dendrite structures, because the depos-
ited layers at the bottom are close to the substrate, and
the temperature gradient is more than the middle and
top. Therefore, it is suggested that the difference of the
microstructure resulted from the different molten pool
temperature gradients. Comparing with the Gaussian
laser, the microstructure was finer and more uniform
using hollow-ring laser.

6 Discussion

According to formula 1, the energy distribution of the hol-
low-ring laser can be changed by adjusting the laser defo-
cusing amount. The schematic diagram of different energy
distributions are shown in Fig. 15 with increase of laser
defocusing amount along scanning direction .

In the Gaussian heat source mode, the energy along the
scanning direction is more concentrated in the center zone,
and the energy of the edge zone is low, and the energy dis-
tribution is not helping to form flat cladding layer, especially
the cladding layer in the edge that is easy to appear inad-
equate melting phenomenon, reducing the surface accuracy
and forming the quality of the formed parts. In the hollow-
ring heat source mode, the solid light spot becomes a ring
spot; that is, the energy concentration zone changes from the
center to the outer edge. The laser energy distribution pre-
sents a “saddle” shape, and the energy distribution is more
uniform and reasonable, which can eliminate the inadequate
phenomenon of the cladding edge. It can improve the poor
metallurgical bonding under Gaussian light source. At the
same time, comparing with the Gaussian laser, temperature

Fig. 14 Microstructure of sam-
ples with different defocusing
amounts at different positions

100um

100pm

100y

(a) z=
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Fig. 15 Energy distribution of hollow-ring laser with increase of laser
defocusing amount along scanning direction

peaks and temperature changed relatively gentle, and the
maximum residual stress decreased when used the hollow-
ring laser.

7 Conclusion

In order to discuss the influence of the Gaussian and hollow-
ring laser modes on temperature and stress fields in clad-
ding layers, a 3D finite element method is established, and
experimental verification is performed with the same pro-
cess parameters. The conclusions are as follows.

(1) The temperature of node on the cladding changed
sharply, and the temperature gradient was large when
z=0 mm, while the temperature distribution was more
uniform, and the temperature gradient was smaller
when z= —3 mm.

(2) The residual stress in Y direction of the cladding layer
was the largest, and the residual stress was higher when
z=0 mm. Residual stress level could be effectively
reduced when z= —3 mm, which was beneficial to
reduce the cracking tendency of cladding.

109pm

(b)Middic (b)Middile

1063

(Bottom (©)Bottom

\yim
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(3) Through the microstructure analysis and comparison, the
grain size difference between the top, middle, and bot-
tom of the cladding was smaller than z=0 mm, which
proved the uniformity and rationality when z= —3 mm.
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