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Abstract In this study, ANSYS finite element software is
used to simulate the temperature and stress field in the laser
powder deposition process. The model is used to determine
the effect of the deposition pattern on the final stress dis-
tribution. Four deposition patterns are defined to cover the
same area: long bead, short bead, spiral in, and spiral out.
The results show that the deposition pattern significantly
affects the temperature history of the process, and conse-
quently, the stress distribution. Among the four deposition
patterns, the spiral-in pattern shows the highest and the
short-bead pattern shows the lowest maximum residual
stress. The modeling results are verified with experiments.

Keywords Finite element method - Laser powder deposition -
Residual stress - Deposition pattern

1 Introduction

Laser cladding is shown to be a cost-effective alternative to
the conventional surface-modification processes and repair
such as plasma spray and mechanical processing. In this
process, the laser beam is used to melt metal powder and a
thin layer of the substrate to form a metallurgical bond be-
tween the deposited layer and the substrate. The laser
deposition head can be positioned by a robot arm or a com-
puter numerical controlled (CNC) machine in order to build
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a 3D component in a layer-wise manner following the path
planning instructions from a computer-aided design model
[1]. In order to reach the desired geometry of the buildup, a
closed-loop control system can be used in which the shape
of the molten pool or the height of the deposited bead is
monitored during the process [2, 3]. More details regarding
the laser cladding process can be found in Refs. [4, 5].
Because of the local high intensity power of the laser
beam during the laser cladding process, thermal distortion,
and residual stress are usually inevitable. The dominant
load that induces residual stress in the material is the
thermal load. The thermal expansion of the material locally
increases the material volume under the heat source, and
because of the high temperature gradient, the neighboring
regions cannot deform with the same rate. Therefore, a high
stress region is formed around the molten pool that may
induce a plastic deformation in the material. In addition, the
mismatch of the thermal expansion coefficients between the
deposited material and the substrate or within different
elements of a composite powder may influence the residual
stress as well. It is well-known that the presence of residual
stress affects the performance of the structure by causing
fatigue, brittle fracture, or stress corrosion cracking [6].
Many efforts have been made to model the laser
cladding process including the thermal and structural
analysis from the 1D model by Kahlen and Kan [7] to the
2D model by Deus and Mazumder [8] and Vasinonta et al.
[9, 10], and the 3D model by Labudovic et al. [11], Dai and
Shaw [12], and Costa et al. [13, 14]. The effect of different
parameters is studied such as preheating the substrate
[15], post-heating the deposited material [11, 16, 17], and
the deposition pattern [18]. Nonetheless, most of the
published papers in this area, such as Refs. [19, 20],
investigate the feasibility of using numerical simulation in
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predicting the residual stress in the deposited part in a
particular situation.

Modeling a complex process like the stress formation in
the laser powder deposition (LPD) process requires some
simplifying assumptions in order to reduce its computa-
tional cost. The level of accuracy of the assumptions is
defined by experimental validations. Nickel et al. [18] ignore
the additive nature of the process, and in fact, the laser
treatment of the substrate is studied. The deflection results
are compared by the numerical model, showing acceptable
agreement. Kahlen and Kar [7] use a simple 1D model based
on Hook’s law to predict the residual stress. The residual
stress is not measured directly in their study; however, the
measured and nominal yield strength shows a good agree-
ment. The majority of researchers use similar assumptions
for the material model and the process simulation: an un-
coupled thermo-mechanical model is defined in which the
temperature history is considered as the load for the
mechanical analysis. However, Gosh and Choi [21-23]
propose a metallo-thermo-mechanical model in which the
thermal microscopic residual stresses that result from micro-
structure transformations are considered beside the well-
known thermal macroscopic residual stresses. In these
studies, the volume dilatation and transformation plasticity
strain rates are considered in addition to elastic, plastic, and
thermal strain rates. The results of the simulations show a
noticeable difference between the models considering the
microstructure transformations and the ones not considering
this effect. The experimental results in Ref. [22] show that
by considering the volume strain and transformation plastic-
ity, a better result is obtained. A similar approach in Ref.
[21], however, shows that without considering these effects,
the experimental and modeled results have a better agree-
ment. This is explained by the fact that the volume strain and
the transformation plasticity are considered separately in
spite of their dependency in real situations. Nonetheless,
considering the complex metallo-thermo-mechanical model
seems to be more important for high strength, ferritic or
martensitic stainless steels, and less important for low alloy
and mild steels [24, 25].

One of the important process parameters of the LPD
process is the deposition pattern. It affects the temperature
history, and consequently, affects the microstructural and
mechanical properties of the deposited material [26]. In the
present study, the effect of the deposition pattern on the
residual stress formation of the LPD process is investigated.
A thermo-mechanical model is used to analyze the tem-
perature and stress field during the deposition process of the
material AISI 4140 on a substrate of the same material.
ANSYS finite element software is used to simulate the
deposition process in order to define the temperature
history and the induced stresses due to temperature. The
results are validated by experimental study.
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2 Model description

The laser powder deposition process consists of the
continuous movement of laser beam over the substrate
and simultaneously, melting powder particles and the
substrate to form a deposition bead. In order to model the
process, the continuous movement of the laser beam is
divided into small increments, called time steps, and the
governing equations are solved as a stationary model for
each time step. The results of each time step are used as
initial conditions for the next one. The additive nature of
the process is introduced by the element birth/death option
in ANSYS. In this method, the cladding layer elements are
defined at the beginning of the process. However, they are
deactivated by multiplying their stiffness by a severe
reduction factor [27]. The elements of the cladding layer
under laser beam boundary conditions are activated by
removing the multiplier at the corresponding time step;
then, the thermal or structural analysis is performed and the
results are used as the boundary conditions for the next time
step. This process continues according to the deposition
pattern defined by ANSYS parametric design language
(APDL) until the last time step.

Figure 1 shows the image taken during the deposition
process. A high-speed camera is assisted by a green laser to
capture the image of the molten pool. The glare of the
molten pool is eliminated with the aid of proper optical
filters. More information about the imaging technique can
be found in Ref. [28]. As can be seen in Fig. 1, the laser
beam melts partially the substrate and the powder particles
(particles cannot be seen in this image) to form the
deposition bead. The schematic of this process is shown
in Fig. 2. The molten pool is divided into two sections: the
leading half in which the substrate is melted and the trailing
half in which the particles are melted and the clad is
formed. This idea is used in defining the finite element
model in Fig. 3. As shown in this figure, four regions can
be distinguished: the white elements representing the
substrate, the light gray elements representing the already

Deposition bead

Laser beam

Substrate

Fig. 1 Image of the molten pool taken during the deposition process
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Fig. 2 Schematic of the laser powder deposition process

activated elements of the clad, the dark gray elements
representing the activated elements in the current time step
that contain the molten feeding material, and the dotted
region representing the leading half with the laser heat flux
boundary condition. In the present study, the laser scanning
speed is 10 mm/s, and the powder feeding rate is 3 g/min
with a powder efficiency of 20%. Therefore, with a time
step of 25 ms, a set of four elements having the dimensions
0f 0.25%x0.25x0.20 mm is activated (highlighted in Fig. 4).
The area on which the heat flux is activated is 0.25x
0.50 mm®. The deposition pattern is then defined by
activating the corresponding elements along the deposition
path. Figure 5 shows the four deposition patterns with
which a similar area is covered on the substrate.

Modeling the LPD process to analyze residual stress
consists of two steps: analyzing the heat transfer during the
process, and analyzing the stress formation during the
process by applying the results of the thermal analysis in
the previous step to the model.

2.1 Thermal model

As mentioned, the laser beam in the LPD process strikes the
substrate and melts the powder particles. The bead is
formed continuously by moving the laser beam over the
surface. The temperature field is calculated by solving the
3D heat condsuction moving heat source equation shown in
Eq. 1.

0
pey 5~ pe,V(UT) ~ V.(KVT) = 0 (1)

where p, ¢, and K are the density, heat capacity, and
thermal conductivity, respectively. U is the heat source

Fig. 3 Finite element model for
the deposition process

speed and Q is the heat generation that is not considered in
this analysis. As mentioned with the finite element method,
the moving heat source is not directly considered. However,
the continuous addition of the material to the substrate is
divided into many small time steps, and for each time step,
a stationary heat transfer equation is solved. The APDL
subroutine defines the position of the laser beam at a given
time step as a function of U and the beam diameter.
Therefore, Eq. 1 is simplified to Eq. 2 and should be solved
for each time step with its corresponding boundary
conditions.

oT
pey 5~ V.(KVT) = 0 2)

The boundary conditions are:

—K(VT.n):
_ | —=h(T = Ty) —eo(T* — T3 & € molten pool
AT - To)le £ € substrate surfaces

(3)

Where £ is the convection heat transfer, and ¢ and o are
the radiation coefficient and Stephen Boltzmann constant,
respectively. The shielding gas effect beside the radiation
from the molten pool is considered in the boundary
condition of the molten pool. All sides of the substrate
have a convection heat transfer boundary condition. The
conditions of Eq. 4 should also be satisfied:

T(x,y,2z,0) = T(x,y,z,00) = T (4)

The material properties are defined to be temperature
dependent, and the latent heat of fusion is considered in the
definition of specific heat (Table 1).

2.2 Structural model

The total strain can be written as the sum of the individual
components of the strain:
ew=cp+ep+ey (k,1=1,2,3) (6)

Where £, %, and e are the elastic, plastic, and thermal
strains, respectively. The transformation plasticity and

Trailing half

Leading half

Y

i
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/
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Fig. 4 Finite element model of the substrate and deposition region for one-layer cladding; the first activated set of elements is shown in a higher

magnification

volume dilatation strains are not considered in this model.
The elastic and thermal strains are expressed as [13]:

1+v v
ag = Tdij — Eakkéij (7)

55 =a(T —T;)d; (8)

Where v is Poisson’s ratio, £ is the elastic modulus, o
is the stress tensor, o« is the coefficient of thermal
expansion, and §; is the Kronecker delta that is equal to
zero unless the 7/ and j indices are the same, in which the
delta is equal to one. T; is the reference temperature with
which the thermal strain is calculated. This temperature is
equal to room temperature for the substrate. However, for

considering the same reference temperature as the substrate
causes significant errors. It is shown by Neto and Vilar [29]
that the absorbed energy from the flying powder particles
can be sufficient for the elements to reach their melting
temperature before entering the molten pool. Immediately
after the solidification starts, the material starts to shrink.
Therefore, the T; for the elements of the deposited material
is considered to be equal to the melting temperature, 7).
The plastic strain is reduced to the form [30]:

- OF oF OF
P _ _ R
Eij N G(&ak, oH oT T) 80‘,7 (9)

With a yield function of:

the activated elements representing the deposited material, £ = F (O'ij ek T ) (10)
| .
> ]
[ T -
| — !
(@) (b)
[ . [ o |
(c) (d)

Fig. 5 Schematic presentation of deposition patterns; a long beads, b short beads, ¢ spiral in, d spiral out
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Table 1 Thermal properties of AISI 4140

Temperature (°C) 25 200 600 700 800 900 1,315 1,450 1,500
Specific heat 473 527 723 821 823 624 607 1,800 607
Density 7,760 7,650 7,580 7,550 7,200 7,150 7,100 7,000 6,900
Conductivity 54.1 48.6 38.5 36.5 34.7 33 30.1 30 30

In which G is known as the hardening function:

OF
G _
mn ao_mn
Kk is known as the hardening parameter or plastic work and
can be expressed as:

1 (8F oF (11)

&~ \aor, Tox

mn

(12)

The stress analysis during the process is assumed to be rate
independent; meaning the plastic strain forms instantaneously
after the stress exceeds the yield stress [31]. For the residual
stress analysis, the temperature-dependent properties of the
coefficient of thermal expansion, «, the elastic modulus, E,
Poisson’s ration, v, and the yield strength, oy are required to
be defined (Table 2). The material model is assumed to be a
temperature-dependent elastoplastic with a tangent modulus
of about 1/50 of the Young modulus (Fig. 6).

The substrate is assumed to be stress free at the beginning
of the process, and only the thermal load calculated in the
last step is applied to the model. The bottom of the substrate
is subjected to a zero vertical displacement constraint.

P
K = O-ifglj

2.3 Model assumptions

The assumptions during the thermal and structural model-
ing of the LPD process are as follows:

— The substrate is initially at room temperature (25°C).
The boundary condition around the substrate is the
convection heat transfer with a constant coefficient.

— The heat flux on the leading half of the molten pool
(Fig. 3) has uniform distribution.

— The latent heat is considered in the temperature-
dependent definition of specific heat.

— The activated elements of the molten pool are at the
melting temperature. The convective redistribution of
heat in the molten pool is ignored.

— The substrate is assumed to be stress free at the
beginning of the process.

—  The reference temperature for computing the thermal
strain for the substrate and deposited material is the
room temperature and melting temperature, respectively.

— The Z direction at the bottom of the substrate is
subjected to zero constrained movement.

3 Results and discussion

It is predictable that changing the deposition pattern results
in changing the temperature history of the process. The
temperature contours of the part right after the last step of
the deposition for different deposition patterns are shown in
Fig. 7. As can be seen, the maximum temperature, just after
turning off the laser, significantly drops below the melting
temperature. This reduction is less in the short-bead pattern
than in the other patterns.

Different temperature histories have a direct effect on the
residual stress of the part. Figure 8 indicates the distribution
of Von Misses stress after the part cools to room
temperature. Except for the spiral-in pattern where the
maximum residual stress is at the surface of the cladding
layer, for the other patterns, it is at the interface of the
cladding layer and the substrate. The short-bead pattern
shows the lowest maximum residual stress among the
patterns. In order to compare the stress at the top surface of
the cladding layer, Table 3 summarizes the minimum and
maximum stresses along x and y and the Von Misses stress.
As indicated, the short-bead pattern has the minimum while
the spiral-in pattern has the maximum equivalent stress.

To better understand the reason for the mentioned
differences in the residual stress, a statistical study on the
temperature distribution from the beginning (=0 s) to the
last step of the deposition process (¢=15 s) for the four
different deposition patterns is shown in Fig. 9. For every

Table 2 Structural properties of

AISI 4140 Temperature (°C) 25 225 425 725 1,150 1,500
E (GPa) 200 180 160 140 40 1
oy (MPa) 875 785 700 610 175 4.5
o 1.04E-05 1.15E-05 1.18E-05 1.25E-05 1.40E-05  1.50E-05
v 0.3 0.32 0.33 0.35 0.45 0.5
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(x10**6)
1250 node on the surface of the deposited material in the finite

1125 element (FE) model, there is a temperature history that
. 300 K shows the temperature of the node during the processing
500 time. Collecting the whole data of the nodes on the surface
700 during the time interval of /=0-15 s and sorting them based
on temperature ranges make the distributions shown in
Fig. 9. Therefore, the vertical axis is the number of data that
are collected in the corresponding temperature range shown
in the horizontal axis. A noticeable difference is observed in
Fig. 9 by comparing the different deposition patterns. As
can be seen, the short-bead pattern has the narrowest and
1800 tx10¢+-2y  the spiral-in pattern has the widest band among the patterns.
g 2 A narrow band histogram means less temperature variation
Strain and a wideband histogram means more temperature
variation during the studying period. The non-uniformity
of the temperature field is one of the main reasons for stress
rising [32]. The long-bead and spiral-out patterns show a

Stress (MPa)
|
|
g

1450

Fig. 6 Temperature-dependent stress-strain relation for AISI 4140

4426 5032 503.7 gy 5 0848 7454 8059 gog 5 9270 gg7 6 25 5080 S35 gsg7 7944 5099 854 ggg 1036 1112
(a) (b)

(c) (d)

Fig. 7 Temperature distribution of the cladding layer in Kelvin right after the last deposition step; a long bead, b short bead, ¢ spiral in, d
spiral out
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Fig. 8 Von Misses residual stress; a long bead, b short bead, ¢ spiral in, d spiral-out pattern

similar shape of the histogram. The average temperature of
the surface from the beginning of the process (¢=0) to the
last step of deposition (#=15) is shown in Table 4 for each
deposition pattern. As can be seen, the spiral-in pattern has
the minimum average temperature as opposed to the short-
bead pattern that has the maximum average temperature. It
can be concluded from Fig. 9 and Table 4 that more non-
uniformity in the temperature field and a lower average
temperature during the LPD process result in a higher
residual stress in the deposited material. This result is
similar to what was mentioned in the other sources about
the effect of preheating the substrate to minimize the
temperature variation and residual stress [11, 15].

Previous study by the authors [26] about the effect of
path planning on the microstructural transformations and
hardness distribution during the LPD process shows that the
short-bead pattern has a relatively uniform hardness
distribution with a higher average hardness than the other
patterns. The long-bead and spiral-out patterns also show a
relatively uniform hardness distribution, but with a less

average hardness than the short-bead pattern. The spiral-in
pattern, however, shows the most non-uniform hardness
distribution. Comparing what mentioned with the results of
the current study, it can be concluded that short-bead
pattern has less residual stress and higher surface hardness
than the other patterns.

Table 3 Min and max stresses of the surface of the deposited material

Sy (MPa) S, (MPa) Svm (MPa)
Long bead Min —625 —487 30.7
Max 240 358 593
Short bead Min -376 —447 69
Max 184 394 531
Spiral in Min —445 —185 107
Max 355 463 817
Spiral out Min —449 -373 92
Max 521 368 547
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Fig. 9 Histogram of temperature vs. data number for different deposition patterns; a long bead, b short bead, ¢ spiral in, d spiral out

It should be noted that in order to investigate the effect
of mesh size on the final results, the FE model is analyzed
with different mesh concentrations. It is revealed that
increasing the number of elements by 2.7 and 7.9 times
more than the presented model will yield a minor change of
1.3% and 1.7%, respectively, in the thermal results. This
effect on the computation time, however, is 3.5 and 7.5
times more than the presented model, respectively. There-
fore, the presented results are considered to be mesh-size
independent and reliable.

4 Experimental verification

In order to verify the thermal-structural model and evaluate
the predicted values of the stresses, a series of experiments
are performed. The experimental setup consists of a 1-kW
continuous wave Nd:YAG laser system assisted with a
deposition head, a five-axis CNC vertical machining center,
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and a powder feeding system with argon carrying gas. Each
coupon is placed on the workstation so that its expansion is
unconstrained. The deposition patterns are defined in the
CNC machine, and the process parameters (laser power,
laser scanning speed, powder feeding rate, and spacing
between tracks) are the same as the ones assumed in the
model. Figure 10 shows the coupons for different deposi-
tion patterns. To evaluate the thermal model, a thermo-
couple is used to measure the surface temperature of the
substrate. Figure 11 shows the attached thermocouple to the
long-bead pattern sample. The measured and predicted data
are compared in Fig. 12. As can be seen, the modeled
temperature coincides very well with the measured one.

Table 4 Average temperature of the surface from =0-15 s

Long bead  Short bead Spiral in  Spiral out

Temperature (K) 537.9 5533 511.0 532.4
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In order to evaluate the structural model, an X-ray
residual stress measurement technique is adopted. The
LXRDO© stress measurement system from PROTO Manu-
facturing [33] is used with a Cr radiation source to measure
the residual stress of the top surface of the deposited
material. The detectors are set for the brag angle of 156°
and from —30° to 30°, 11 tilt (y) angles evenly spaced are
used to finally determine the d-spacing versus sin’(y)
curve. The data are analyzed using XRDWin 2.0 software
to calculate the stress values. An aperture of 0.5 mm in
diameter is used to confine the X-ray radiation area on the
coupon. The preliminarily results show that the roughness
of the surface due to unmelted particles would scatter the
data. Therefore, the coupons are slightly electro-polished
in order to make the surface of the deposited material
smoother without inducing any stress or significantly
removing the material. Five regions are assigned for the
stress measurement along the dashed line shown in Fig. 10
for each sample. Three sets of measurement along each
direction (SX and SY) are obtained to measure the average
stress at each region. The results are shown in Figs. 13, 14,
15, and 16.

As can be seen in the above figures, the measured and
modeled data have a close agreement for both the X and Y
directions. As shown in Fig. 13a, a high compressive stress
region presents about the last beads of the deposition
pattern. A similar result can be seen by comparing Figs. 15a
and 16a for the spiral-in and spiral-out patterns, respective-
ly. It is worth noting that the deposition direction for the
long-bead, spiral-in, and spiral-out patterns is along the Y
axis. This direction for the short-bead pattern, however, is
along the X direction. Therefore, the dashed lines shown in
Fig. 10 along which the measurements are performed cross
the last bead of the long-bead, spiral-in, and spiral-out, but
not the short-bead pattern. Therefore, the short-bead pattern
does not show the high compressive stress region along the
measurement line. Nonetheless, the compressive stress is
expected for the short-bead pattern in the last beads of the
deposition process.

i B

Short-bead Spiral-in [ Spiral-out

' Long-bead

Fig. 10 Coupons made with different deposition patterns

Fig. 11 Thermocouple attachment on long bead pattern sample

A more careful comparison between the measured and
modeled data reveals some slight deviations at the regions
with higher stresses. These deviations can be explained by
considering the uncertainties present in the material model.
In addition, although electro-polishing the surface of the
coupons can remove the unmelted particles on the surface
and make the surface smoother, the uneven surface of the
deposited material because of the deposition beads can
cause some missing data to occur during the measurements.
Nonetheless, the agreement between the predicted residual
stress values and the measured ones is close enough to
prove the mentioned conclusions about the effect of the
deposition pattern on the final stress distribution.

5 Conclusions

One of the process parameters of the LPD process in
surface modification is the deposition pattern. The deposi-
tion pattern can change the temperature history of the
process, and consequently, change the final properties of
the deposited material. In this study, the effect of four
deposition patterns on the residual stress distribution of the
deposited material is investigated. The results show that

220,

Model predection| |
- Measured data

Temperature { C)
L]
(-]

“o 10 20 30 70 80 90 100 110 120 130 140 150
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a0 50 60
Fig. 12 Comparison of the predicted and measured data of the model
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among the four deposition patterns, the short-bead pattern
has less temperature variation and a higher average
temperature during the deposition process. The spiral-in
pattern, however, shows a larger temperature variation and
lower average temperature during the deposition process.
The stress analysis shows that the short-bead pattern has the
minimum and the spiral-in pattern has the maximum
residual stress in the deposited material. The modeled
residual stresses are compared with the experimental ones
and a close agreement is obtained.
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