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Temperature evolution in the laser aided direct metal deposition (LADMD) process has considerable influence on the micro-
structure and properties of the final part. A 3D transient finite element model was developed to study the temperature evolution
during the multilayer LADMD process. To make the property analysis from thermal history easier, a critical temperature spe-
cific to thermal history was defined and the distribution of it in the part was also discussed. The simulation results indicated
that the critical temperature can make the property analysis from thermal history easier. Thermal history of all the deposited
materials was similar. It was also concluded that process parameters needed to be time-varying according to the real-time tem-

perature field during the process.
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1 Introduction

Laser aided direct metal deposition (LADMD) technology
is a modern rapid manufacturing technology which is simi-
lar to the laser engineered net shaping (LENS) process [1].
It can be used to manufacture complex three-dimensional
(3D) solid metallic parts directly from their computer aided
design (CAD) files. This technology is gaining popularity
because of its unique advantages, such as cost saving po-
tentials and high cooling rates leading to fine microstruc-
tures [2,3].

During a LADMD process, a laser irradiation creates a
melt region on the surface of a substrate. The powdery ma-
terial is blown through a nozzle into the laser-induced melt
pool to form a layer. After deposition of a layer, the nozzle
and the laser beam assembly are raised vertically upward by
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a small increment. Then the next layer is built on the previ-
ous one. Thus a 3D part is built layer by layer from the bot-
tom to the top [3-5].

LADMD is essentially a fusion and solidification process,
which involves complicated interactions between the laser
beam, metal powder and the substrate material. Typical
physical phenomena in the LADMD process include la-
ser-powder interactions, heat transfer, phase transformation,
fusion, fluid flow, solidification and cooling. There are nu-
merous variables which strongly influence the thermal be-
havior during the process, such as laser power, beam diam-
eter, travel speed, powder feed rate, material properties
(absorptivity, melting point, thermal conductivity, etc.),
height increment per layer and initial substrate temperature.
Some of these process parameters are strongly coupled to
each other. So the dynamic process of the LADMD is a
multivariable, strong coupling and time-varying process.
Because the process is not yet fully understood, the selec-
tion of process parameters is often based on previous expe-
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rience and trial experimentations. However, the desired
quality and precision can be met only if the process param-
eters are carefully chosen on the basis of a thorough under-
standing of the physical phenomena involved.

During the LADMD process, the temperature field dis-
tribution plays an important role in obtaining better geome-
try accuracy and mechanical properties. The materials in
each layer will undergo successive thermal cycles as new
layers are added, so the thermal history of materials in-
volves remelting and numerous lower temperature reheating
cycling [6]. The molten materials have significantly effect
on dimensional accuracy of the fabricated part. After sever-
al remelting cycles, the following consecutive thermal cy-
cles of the materials can induce phase transformations
which lead to progressive modification of microstructure
and properties. Therefore, it is critical to understand the
temperature history of the deposited materials [7-9].

Considering the large number of variables involved, sys-
tematic experimental investigations appear time-consuming
for improving the process. Consequently, modeling be-
comes an efficient way to obtain necessary information or
predict thermal fields induced during the LADMD process
[5]. During the past decades, many analytical and numerical
models have been developed by researchers to provide in-
sights into the physical phenomena and predict the temper-
ature distribution and phase transformations in the deposited
part [5,6,10-15]. Kong et al. [11] developed a two-dimen-
sional (2D) model of the transport phenomena occurring in
the hybrid plasma-laser deposition manufacturing process.
Qi and He et al. [10,15] presented a self-consistent 3D
model for a coaxial laser powder cladding process. In these
models, they used a level-set approach to track the free sur-
face evolution of the melt pool and temperature field and
fluid field were solved in a coupled manner. Since these
comprehensive models computed the temperature, flow
velocity and pressure and tracked the free surface of the
melt pool, the computation was computationally expensive
and complicated. Consequently, most other models were
based on a heat transfer model with a necessary considera-
tion of melting and solidification. Peyre et al. [5] proposed a
three-step analytical and numerical approach to predict the
shapes of manufactured structures and thermal history in-
volved in the direct metal deposition (DMD) laser process.
Zheng et al. [6] developed a 2D model to simulate the ther-
mal history associated with the LENS process. Effects of
the process parameters on the thermal history of deposited
materials were also simulated and analyzed. Their model
was simplified with the assumption that each deposited ma-
terial in the melt pool is a thin metal disk. Yin et al. [12,14]
developed 2D and 3D thermal models of the LENS process.
They investigated the melt pool size, thermal history and
cooling rate by the numerical simulation and experiments.
The reliability of the 2D model was also evaluated by com-
paring the results obtained from the 2D and 3D models.
Neela [13] developed a 3D model to simulate and analyze
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the thermal history as well as the effects of the processing
parameters during the LENS process. In this model, the
influence of the temperature-dependent material properties
and latent heat were considered.

When the thermal history of deposited materials was de-
termined, some properties of the fabricated part can be cal-
culated and analyzed. Griffith et al. [9] measured tempera-
ture through inserted thermocouples during the fabrication
of a H13 tool steel hollow box. They separated the thermal
history into three different regions corresponding to the
peak temperature, and then analyzed the microstructure
evolution with the H13 phase diagram. Wang et al. [16]
developed a 3D finite element model to predict the thermal
history and residual stress field during the LENS process.
Costa et al. [7] and Wang et al. [8] developed 3D finite el-
ement models to investigate the thermal history of materials
and hardness distribution in the laser powder deposition
process. Foroozmehr et al. [17] developed a finite element
model coupled with a thermo kinetic model to predict the
phase transformations of the laser deposition of AISI 4140
on a substrate with the same material. This model is similar
to the model of Costa and Wang.

The majority of the above heat transfer models have ne-
glected the influence of temperature-dependent material
properties [6-8,12,14,16]. Often, the entire substrate, irre-
spective of its size, was forced to remain at ambient or
some lower temperature throughout the deposition process,
thereby imposing an unrealistic thermal boundary condition
[7,12,18]. Despite numerous studies of the temperature
field of the process, they all focused on the thermal history
of the midpoints of each layer [6,12—14]. The characteris-
tics of thermal history of the other points are still unclear.
Moreover, the part was built by depositing a large number
of layers during the fabrication process which caused a lot
of thermal cycles. Most of the models reported simulated
and analyzed only several layers [5,6,12—-14]. What is the
characteristic of thermal history during multilayer deposi-
tion and how to analyze the properties such as hardness
through lots of thermal cycles have not been investigated in
detail.

In this paper, a 3D transient finite element model was
developed to study the temperature evolution during the
multilayer LADMD process. A critical temperature specific
to thermal history was defined to make the property analysis
from thermal history easier. The distribution of it in the part
was also discussed.

2 Finite element mathematical model

In this section, a 3D finite element model is developed to
simulate the transient temperature field during the deposi-
tion of 50 consecutive layers of a thin-wall plate of SS316.
Figure 1 shows a schematic diagram of the LADMD pro-
cess with coaxial powder feeding.
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Figure 1 Schematic diagram of the LADMD process.

2.1 Governing equation

The transient temperature distribution 7(x, y, z, t) through-
out the domain of the LADMD process can be obtained
from the heat transfer equation with appropriate boundary
conditions. The governing equation for the conservation of
energy within computational domain is expressed as [19,20]:

0| pcT
Mzi{kal}i 2 +i{k5_7’} "
ot Oox| Ox | Oy| Oy | 0z| Oz

where p, ¢, t and k are density of the material, specific heat
capacity, time and thermal conductivity, respectively.

2.2 Initial and boundary conditions

The initial temperature of the substrate is at room tempera-
ture. The powder particles are preheated and even melted by
the laser during their flight to the melt pool. So the initial
condition is

T(x,y.2)|_, =T, )

where T, is the room temperature. The convection and radi-
ation boundary condition can be considered together as:

KT -m)|g =[-W(T-T)-eo(T* -T})]|s if SeQ,(3)

where n is the normal vector of the surface, ¢is the emissiv-
ity, h is the heat convection coefficient, o is the Stefan
Boltzmann constant, S represents the work piece surface, Q2
represents the area of the laser beam on the work piece. The
effect of the moving laser beam can be considered as a sur-
face heat source in the boundary conditions as follows:
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where a is the absorptivity, and ¢ is the laser energy distri-
bution on the work piece.

2.3 Assumptions

The 3D finite element model for the LADMD process was
developed with the ANSYS parametric design language
(APDL). The basic assumptions for the model are summa-
rized as follows:

(1) The laser energy distribution is assumed to be a cir-
cular Gaussian TEMO0O mode as follows:

2
q(r) :2—Qzexp [—2%} &)
i, Ty
where Q is the laser power, and r, is the laser beam radius.
The powder particles absorb a portion of the laser energy;
part of the remaining energy is absorbed by the work piece.
For simplicity, it is assumed that the temperature of powder
particles when reaching the melt pool is liquidus tempera-
ture. The thermal load of the work piece is given in the form
of the average thermal flux density:

0.865a0
2

m,

aq, = izfrh q(r)2mrdr = , (6)
o

where ¢g(7) is given by eq. (5).

(2) The radiation term in eqs. (3) and (4) makes the anal-
ysis highly non-linear. So for simplicity, a combined heat
transfer coefficient (k.) is used to simulate the effect of ra-
diation and convection. It can be calculated from the rela-
tion as follows [20]:

h,=2.41x107 T @)
The boundary condition can be expressed as follows:

k(VT )| =~h(T~T,)|s. ®)

(3) Substrate preheating is often used to reduce the re-
sidual stress and the risk of thermal distortion and cracking.
In practice, it is difficult to keep substrate temperature uni-
form and accurate. In this study, the substrate is preheated
by laser beam scanning along the deposition path.

(4) At the bottom of the substrate, the adiabatic boundary
condition is adopted.

(5) Since the LADMD process involves very rapid melt-
ing and solidification and the melt pool is small, the con-
vective redistribution of heat within the melt pool is not
significant. The vaporization of the metal and convective
flow of heat, therefore, is not taken into account in the cur-
rent study.

2.4 Model application

The material of powder and substrate used in the model is
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SS316 whose chemical composition is given in Table 1.
Some thermal properties and parameters used in this model
are shown in Table 2. Due to lack of temperature-dependent
thermal properties data in the liquid phase, an appropriate
way at this stage of the analysis is to keep constant density
and specific heat. Besides the enthalpy which is the integral
of density times specific heat with respect to temperature is
used to simulate the latent heat:

i =" prer. ©)

At the solidus temperature (1643 K) the latent heat has
been added to obtain the enthalpy value at the liquidus
temperature (1673 K). Thus, the density, thermal conductiv-
ity, specific heat and enthalpy of SS316 are dependent on
temperature, as described in ref. [22]. In real simulations,
the effect of latent heat of fusion (melting or freezing) is
considered by modifying the specific heat capacity which is
evaluated from the enthalpy.

The geometry and finite element mesh used in the model
are shown in Figure 2. The symmetric thin wall was fabri-
cated by overlapping 50 single layers of material, each with
a length of 51 mm, a thickness of 0.5 mm and a width of

Table 1 Chemical composition of SS316 (wt %)

C Si Mn P S Cr Ni Mo
0.08 1 2 0.045 0.03 18 14 3

Table 2 Parameter values used in the model

Parameter Symbol Value Reference
Latent heat (J kg™") L 3x10° [21]
Solidus (K) s 1643 [22]
Liquidus (K) T, 1673 [22]
Ambient temperature (K) T, 300 —
Emissivity & 0.62 [21]
Absorptivity a 0.3 [18]
Radius of the laser beam (mm) A 1.5 —

51 mm

Figure 2 Finite element mesh and geometry for the thermal calculations
of the LADMD process with 50 manufactured layers.
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3 mm. The thin wall is built on the surface of a substrate
with 80 mm in length, 40 mm in width and 20 mm in thick-
ness. The model is meshed with eight-node brick elements.
The moving laser beam is simulated automatically using an
APDL program to provide a heat flux boundary condition
varying with time and location.

At the start, the initial node temperature of substrate is
set to room temperature. All the elements of thin wall are
inactive. In other words, they are not contributing to the
solution. The substrate is preheated by laser radiation mov-
ing backwards and forwards several times along the deposi-
tion path. Then the deposition process begins. The continu-
ous additions of metal powders are considered as successive
discrete activation of a new set of elements in the computa-
tional domain at the beginning of each time step. The num-
ber of elements to be activated at each time step is deter-
mined from the volume of powder materials expected to
enter the melt pool during that time step, which depends on
the powder mass flow rate and scanning velocity. The
boundary conditions are updated dynamically with the acti-
vation of new elements. When the 50 layers deposition pro-
cess is finished, the substrate and thin wall cool down to
room temperature naturally. The above calculations are im-
plemented automatically using the APDL program. A flow
chart showing the main steps of calculations in this study is
presented in Figure 3.

3 Results and discussion

The experiments completed with LENS-deposited SS316
were made by Hofmeister et al. [9]. In these experiments,
ultrahigh speed digital imaging techniques were employed
to analyze the image of the melt pool and temperature gra-
dient on the surface surrounding the melt pool. These ex-
periments can be used to validate the model. The process
parameters used are :the layer increment is 0.25 mm and
travel speed of the laser beam is 7.65 mm/s. They both ap-
proximate to the conditions of Hofmeister’s experiments.
The average power density applied on the area of the laser
beam on the part is 27.55 W/mm®. Then the calculated re-
sult of the melt pool temperature profile in the center of the
tenth layer and experimental data are shown in Figure 4.
The horizontal line in the figure indicates the liquidus tem-
perature of SS316 (1673 K) and meets both the computed
and the corresponding measured temperature profiles at
their point of intersection, which indicates that the comput-
ed and the corresponding measured the melt pool radius is
about 1 mm. Away from the melt pool, deviation is found
between the computed and measured temperatures which
may have resulted from the difference of some other pro-
cess parameters such as the laser power absorbed by the
materials and substrate temperature. The calculated temper-
ature profile is in reasonable agreement with the experi-
mental results measured, which possibly supports the
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Figure 3 Flow chart showing the main steps of calculation involved in the model.
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Figure 4 Comparison of the computed results and the corresponding
experimentally measured results.

numerical model to be used further to study the characteris-
tics and disciplines of the thermal history during the
LADMD process.

In order to analyze the characteristics of thermal history
at different locations of the part, the points in the plane y=0
are selected as shown in Figure 5. Location A and location
E are two ends of the laser beam’s movement along the x
axis. Location B, location C and location D are distributed
evenly between A and E. The X axis coordinate values of A,
B, C, D, E are 1.5, 13.5, 25.5, 37.5 and 49.5 mm, respec-
tively (laser beam radius=1.5 mm). Points at different loca-
tions are expressed with a number matching a location letter

A O

BMRARW

Figure 5 Sketch of representative points of the thin wall used in thermal
history analysis.

indication. The number following the letter represents the
layer number. For example, C2 denotes the midpoint of the
second layer. Thus, we study the thermal history character-
istics of the part by the means of comprehensive investiga-
tion and analysis of thermal histories of material at these
representative points.

The deposition parameters used are: scanning speed is
3 mm/s, layer increment is 0.5 mm and average power
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density is 27.55 W/mm®. The thermal histories calculated of
the five representative points of the fifth layers are shown in
Figure 6. It can be seen that thermal history is formed by
consecutive thermal cycles caused by successive layer dep-
osition. The thermal histories of point A5, C5, and E5 con-
sist of single-peak thermal cycles. The initial thermal histo-
ry of point B5 and point D5 consists of double-peak thermal
cycles. This is because laser beam passed over locations B
and D two times in one cycle. When the deposited materials
atop the fifth layer reach a certain thickness, double-peak
effect is not clear and the double-peak even becomes sin-
gle-peak gradually. Period of thermal cycle of all the points
except point C5 is the time for the laser round-trip time
while the period of thermal cycle of point C5 is a half. This
is caused by the deposition path. Only the interval between
scanning over location A, location C and location E is the
same. Although the characteristics of the thermal cycles at
different locations are not all the same, the thermal history
can be treated as a series of discrete thermal cycles in the
analysis.

Figure 7 shows the computed thermal histories of depos-
ited materials at locations A, B, C of layers 1, 5, and 10. It
is observed that the thermal history of the same location at
each layer is very similar. They are all formed by one and
one consecutive thermal cycle and share the same changing
trend. In each thermal cycle, the temperature reaches a peak
every time the laser beam passes over the correspond loca-
tion of the part, and then decreases to a minimum value be-
fore the laser beam starts scanning the location of a new
layer. Fluctuations of the temperature tend to dampen as

200 300 400 500 600 700
——

3000 T T T T T
L A5
2000 b
1000 A
3000 1 1 1 L
—B5
2000 b
1000 JJ\ J\M\WM’\/’\/’\/\/\/\/\/\M=
g 3000 i 1 " 1 " 1 " 1 L 1 " ]
> - ——¢5
£ 2000t .
5 L ‘ J
2 1000} JJU ~——
£ L |
C 000t
- ——D5
2000 4
1000 M@uW\N\N\Aﬂ\ﬂ\W/M
3000 - 1 " 1 " 1 L 1 L 1 " |
r —E5
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1000 J&PM[\/\/\N\/\/W
1 1 1 " " 2

1 1 1
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Time (s)

Figure 6 Thermal histories at different points of the 5th layer.
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Figure 7 Thermal histories of the representative points of layersl, 5 and
10.

more layers are deposited. The peak temperature falls con-
tinually as the building height increases and the laser beam
also moves up. However, the resident temperature of each
thermal cycle increases continually as the deposited materi-
als atop it increase. When the part is finished, the tempera-
ture cools down to the room temperature slowly.

Figure 8 shows the thermal history and corresponding
cooling rate at the midpoint of the first layer. This point
experienced fifty thermal cycles before cooling down to
room temperature. It can be observed that the peak temper-
atures of initial two thermal cycles are both higher than the
liquidus temperature. In other words, materials of a layer
are remelted when the next layer is deposited. We also
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Figure 8 Thermal history (a) and corresponding d7/dz (b) at the midpoint
of the first layer.

know that the layer increment is 0.5 mm. So it can be de-
duced that the depth of the melt pool is approximately 1-1.5
mm. During the initial stage, the deposited materials expe-
rience a significant rapid quenching effect and can attain a
very high cooling rate of 10’ K/s. The maximum cooling
rate for each thermal cycle decreases as more layers are
deposited, which is due to the integrated heat of the sub-
strate and new layers. After the deposited materials reach a
certain thickness, the rapid quenching effect decreases and
even disappears. Figure 8(b) clearly shows that the maxi-
mum cooling rate is approximately 2 K/s when the materials
cool down to room temperature. Here, 10 K/s is chosen as a
critical cooling rate which is of the same order of magnitude
of the maximum cooling rate when the part is cooling down
to the room temperature. When the maximum cooling rate
of one cycle in thermal history is larger than or equal to 10
K/s and the next one is less than 10 K/s, we define the
maximum temperature and start time of the next cycle as
important parameters 7. and #, respectively, as shown in
Figure 9.

As shown in Figure 8, 7, is the start time of the first
thermal cycle of thermal history and # is the end time of the
last thermal cycle whose maximum temperature is above the
liquidus temperature. Then the thermal history can be sepa-
rated into three different regions corresponding to the peak
temperature and cooling rate. The first region (z—t;) is

August (2012) Vol. 55 No. 8 1437
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Figure 9 Sketch of the simplification of the thermal history.

composed of several thermal cycles whose maximum tem-
peratures are larger than the liquidus temperature. In these
thermal cycles, materials undergo melting and solidification
and remelting process from which we can deduce the depth
of the melt pool approximately. The second region (#,—1,) is
composed of a series of thermal cycles whose maximum
cooling rate is larger than 10 K/s. The third region is from #,
to the end time. Because the maximum cooling rate of
thermal cycles in this region is less than 10 K/s, the temper-
ature fluctuations of these thermal cycles can be neglected.
It can be treated as the temperature cooling down from one
peak to the other peak linearly. Thus this region can be
treated as one thermal cycle whose peak temperature is 7.
and then cools down to room temperature monotonically.
The simplification makes the analysis or calculation of
properties from the thermal history easier. No matter how
many layers deposited and thermal cycles included in the
thermal history, we just need to analyze the thermal cycles
between #, and #, and then analyze the last simplified ther-
mal cycle whose peak temperature is 7.

It can be concluded that 7, has significant influence on
microstructure evolution and properties of the built part.
Figure 10 shows the value of T, at the center line of layers 1,
3, and 5 along the laser travel direction. Lower T, at both
ends of the plate and higher T inside the plate are observed.
Therefore, it is possible that microstructure in the same lay-
er is different. Locations A and E are two ends of the laser
beam’s movement along the x axis. So the lower T, at loca-
tions A and E comes from more thermal energy is dissipated
due to radiation and convection. There is also a local mini-
mum of 7, at the midpoint of each layer. This is because a
short time interval of laser irradiations allows less thermal
energy to be dissipated. We can also see that 7, increases
with the deposited layer, chiefly because that laser energy
absorbed in the part is more than the surface heat loss. As
more layers are deposited, the energy accumulates and the
whole temperature of the part increases. The distribution
variation of T, shows why the final part presents non-
uniform microstructure and properties. Good properties of
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Figure 10 (Color online) Distribution of 7, along the laser travel direc-
tion.

the final part cannot be obtained by using invariable process
parameters during the LADMD process. Real time thermal
signature should be used as a feedback mechanism, and then
the process parameters such as laser power can be adjusted
to make sure that the temperature is in the predefined range
during the process.

4 Conclusion

A 3D transient numerical model was developed for the mul-
tilayer LADMD process. The main conclusions of the pre-
sent work are as follows:

(1) All the thermal histories of the deposited materials of
the part are similar. It can be considered as a sequence of
thermal cycles. During the initial stage, the deposited mate-
rials experience a significant rapid quenching effect and can
attain a very high cooling rate of 10° K/s. Then the peak
temperature of thermal cycle decreases and the resident
temperature increases continually as the subsequent layer
atop it increases. When the deposited materials above reach
a certain thickness, the rapid quenching effect decreases and
even disappears. The thermal history can be simplified ac-
cording to the peak temperature and cooling rate of each
cycle involved. The temperature fluctuation of thermal cy-
cles with a low cooling rate can be neglected. Thermal cy-
cles with a low cooling rate can be treated as one thermal
cycle, which makes the analysis and calculation easier.

(2) The LADMD process is a complex time-varying sys-
tem. The temperature of deposited materials constantly in-
creases with deposition because of laser energy accumula-
tion from the beginning. The thermal history of the depos-
ited materials which is dependent on the process parameters
has significant influences on the geometric precision and
mechanical properties of the final part. Thus better proper-
ties can be obtained by maintaining a predetermined steady
melt pool temperature field, which requires time-varying

August (2012) Vol. 55 No. 8

process parameters according to the real-time temperature
feedback.

This work was supported by the National Natural Science Foundation of
China (Grant No. 10832011).
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