Applied Physics A (2019) 125:455
https://doi.org/10.1007/s00339-019-2745-z

Applied Physics A

Materials Science & Processing

=

Check for
updates

Influence of thermal behavior along deposition direction
on microstructure and microhardness of laser melting deposited
metallic parts

Dongdong Gu'2- Lei Du'? . Donghua Dai'? - Kaijie Lin"2 - Mujian Xia'? - Shuhui Li®* . Ji He3*

Received: 20 February 2019 / Accepted: 3 June 2019/ Published online: 8 June 2019
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract

To have a comprehensive understanding of thermal development of a laser melting deposition (LMD) additive manufac-
turing process, a three-dimensional finite element model was proposed to investigate the thermal behaviors of the initial,
central and terminal locations along the deposition direction of the laser-deposited tracks of Inconel 625 Ni-based alloy.
The underlying influence of thermal behavior on microstructure evolution and microhardness performance in multi-track
LMD-processed parts was disclosed. The simulation results showed that the heat accumulation at the initial or terminal
location was more significant. The maximum cooling rate was lower and the liquid lifetime was longer at the initial or
terminal location of the deposition tracks, as compared with the results produced at the central location of the track. As
the dimension of the molten pool increased with the increase of the molten pool temperature, the dimension of the molten
pool at the initial or terminal location was larger than that at the central location. The LMD experiments were conducted
to validate the simulation. Typical dendritic columnar growth with the average primary dendrite arm spacing of 3.42 pm
and 3.77 pm was observed at the initial and terminal location, respectively. In comparison, the finer columnar dendrites
with the average primary dendrite arm spacing of 2.55 pm were found at the central location, due to the highest cooling rate
and the shortest liquid lifetime. As a result, an enhanced microhardness (263 HV, ;) was obtained at the central location,
which was apparently higher than that at the initial (241 HV, ;) or terminal (243 HV,) 5) location.

1 Introduction

Unlike conventional material machining methods, additive
manufacturing (AM) technology is based on an entirely
opposite philosophy of material added manufacturing.
Laser melting deposition (LMD), based on powder feeding,
is a promising AM technology applicable to the aerospace,
automotive, and biomedical industries due to its flexibil-
ity in materials and shapes [1-3]. LMD is a process that
blows powder into the molten pool formed by a moving laser
beam to sequentially produce tracks and layers, producing
three-dimensional parts with near full density and complex
internal structures. Compared with conventional manufac-
turing techniques, the fine-grained phases/microstructures
with novel properties can be obtained by LMD due to the
rapid melting and solidification [4, 5]. In addition, LMD
technology can be used to repair components which cannot
be repaired by conventional techniques. Therefore, LMD
technique provided a prospective potential to manufacture
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the high-performance parts with the advantages of time
saving and cost saving. A variety of pure metals, alloys,
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metal matrix composites (MMCs) and functionally graded
materials (FGMs) have been successfully deposited with
tailored microstructures and high performance by LMD
[6-8]. Inconel 625 is a solid solution or/and precipitation
strengthened nickel-based superalloy, which is widely used
in aerospace, chemical, petrochemical and marine applica-
tions due to the rare synergy of favorable yield strength,
creep strength, fatigue strength and excellent oxidation and
corrosion resistance in aggressive environments [9]. Inconel
625 has the merits of maintaining its outstanding mechani-
cal strength and corrosion resistance from moderate service
temperature up to 650 °C; therefore, it is favorable for hot-
end components [10, 11]. In general, the excellent high-
temperature performance mainly attributes to the inherent
solid-solution strengthening effect of the refractory metal
elements such as niobium and molybdenum in Ni—Cr matrix.
Researchers have pointed out that the solidification process
of Inconel 625 is accompanied by the segregation of Nb
and Mo element and as a result, Laves phase is precipitated
in the interdendritic regions [12, 13]. It is well known that
the microstructures are extremely sensitive to the thermal
behavior and the attendant properties of the components are
considerably affected by the microstructure. Therefore, it is
essential to study the complex thermal behavior during LMD
process and its influence on microstructure and mechani-
cal properties. When zigzag deposition strategy is applied,
diverse thermal behaviors might occur at different locations
along the longitudinal direction, leading to the non-uniform
microstructure and mechanical properties obtained in the
LMD-processed parts. Physical phenomena related to LMD
including laser—powder interaction, heat transfer, mass trans-
port, convection flow and phase transformations are difficult
to be studied through experiments [14, 15].

Numerical simulation can offer an inner view of physical
phenomena in the process of LMD. To date, different three-
dimensional models using the finite element method (FEM)
have been proposed by many researchers to calculate tempera-
ture field, velocity field and stress field in AM process [16—19].
Some researchers simulated the volume shrinkage behavior
during the laser densification process [20]. Gao et al. proposed
a single-track model to study the thermal field in laser clad-
ding process [21]. Alimardani et al. built a thin-wall multilayer
structure model to study temperature field and stress field dur-
ing manufacturing process and their influence on preheating
and clamping the workpiece to the positioning table [22]. Man-
vatkar et al. developed a three-dimensional model to calculate
heat transfer and fluid flow in laser-assisted multilayer AM
process [23]. A three-dimensional numerical model consider-
ing the transient, heat and mass transfer in the liquid metal
flow was developed by Gan et al. for the laser AM of Ni-based
alloy. They focused on the microstructure evolution along the
building direction and revealed that coarser solidified grains
were generated in the upper layers due to the lower cooling rate
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[24]. Zhang et al. indicated that the temperature increased with
the increase of deposition height, resulting in the formation of
lower hardness at the upper region [25]. Numerical models
were also developed to investigate the microstructure evolution
during LMD process [26, 27]. However, most of the previously
reported works mainly focus on the processing parameters, the
temperature history and the microstructure evolution in the
single track or thin walls and the investigations on the variation
of microstructure along the deposition direction of the same
LMD deposition track are limited.

In this paper, a three-dimensional finite element model was
proposed to investigate the thermal behavior of different loca-
tions along the deposition direction in LMD process. Latent
heat of phase change, multiple heat transfer, and temperature-
dependent thermal—physical properties were considered to
obtain accurate calculated results. Quantitative data of the
thermal behavior, the cooling rate and the liquid lifetime of
variable monitoring points at the initial, the central and the
terminal locations of the same deposition track were investi-
gated. Thermal behavior at different locations along longitudi-
nal direction was analyzed. LMD experiments were carried out
and the microstructure and microhardness at different regions
of LMD-processed Inconel 625 were investigated to validate
the simulation results.

2 Finite element modeling and experiment
procedures

2.1 Finite element modeling
2.1.1 Thermal analysis
The spatial and temporal distribution of temperature field con-

forms to the transient energy conservation equation, which can
be expressed as:

Ap(N) x C(T)xT) oTy , 0 oT
—_— -2 <KX(T) x 5) + <Ky(T) x 0_y>
9 a\ .,
+ 5 <KZ(T) X a—z> + 0(x,y,2), 1)

where p(T) is the temperature-dependent material density,
C, is the temperature-dependent specific heat, K )g(T) is the
temperature-dependent thermal conductivity, and Q(x, y, z, )
is the heat generated per unit volume. In this paper, taking
into account the effects of Marangoni—Rayleigh—Benard
convection on heat transfer within the molten pool, thermal
conductivity is enhanced by a factor {K. The distribution of
laser power intensity is assumed to be a circular Gaussian
model:
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where R is the laser beam radius, r is the distance from
center of the laser beam, A is the laser energy absorbability
and P is the laser power.

The latent heat occurred in the phase change, such as
the transition of solid-liquid. In this paper, the enthalpy is
used to define the latent heat, expressed as a function of
temperature:

H= / pCpdT, 3)

where H is the enthalpy, p is the material density of Inconel
625 (8440 kg/m?), C, is the specific heat capacity and T is
the temperature of the melt formed in LMD process.

2.1.2 Initial and boundary conditions

The initial condition of the temperature distribution in the
deposition part and substrate at time =0 is defined as

T(x,y,0li=g = Tamp(x,y,2) € D, 4)
where D is the activated three-dimensional domain in the
physical model and 7, is the ambient temperature.

The convection and radiation boundary condition can be
considered as

VT -nl, = [-W(T - T, — ea(T*T) |s if ¢ Q, (5)

where n is the normal vector of the surface, € is the emissiv-
ity, A is the heat convection coefficient, o is the Stefan Boltz-
mann constant, S represents the surface which is exposed
to heat fluxes, radiation and convection, and £2 represents
the surface that is exposed to laser beam. Furthermore, the
influence of the moving laser beam can be regarded as the
surface heat source in the boundary condition as follows:

KVT - nl, = [ag = (T = T) - ea(T*TH)]| ifS€ @,
(6)

where a is the absorptivity and ¢ is the laser energy distribu-
tion on the work piece.

Fig. 1 a The established three-
dimensional finite element
model and schematic of LMD
process; b multi-track deposi-
tion strategy and the position of
monitoring point during LMD
simulation process

Metal powder

W

i

Laser bea Focuslens
/

?rrying gas

The incident laser beam irradiates the top surface of the
work piece and a portion of laser energy is dissipated by
radiation and convection. A combined heat transfer coef-
ficient (h,) is used to avoid the non-linear analysis and is
expressed as follows:

hy =24.1 x 1074161, 7

where ¢ is the emissivity of the substrate material and 7T is
the solution temperature.

2.1.3 Model description

The established three-dimensional finite model and laser
scan strategy during LMD process are shown in Fig. 1. In
this model, the thermal conduction element SOLID70 was
utilized to mesh the entire FEM. The dimensions of the FEM
are shown in Fig. 1a. To achieve high calculation accuracy
and reduce the computational time, a non-uniform mesh
was adopted. The finer mesh was used in deposition part.
For the substrate, the position near the deposition part was
finely meshed, and position away from the deposition part
was coarsely meshed [28]. The Zigzag deposition strategy
was employed in the simulation process. For analyzing the
characteristics of thermal history during LMD process, three
representative points, namely Point A, Point B and Point C,
located at the top surface of the initial, central and terminal
locations of the n deposition track were monitored, respec-
tively (Fig. 1b).

The optimized laser parameters were applied in the simu-
lation: laser power (P) 800 W, scanning speed (v) 500 mm/s
and powder flow rate (/) 2.4 g/min. Element birth and death
technique was applied to depict the addition of metal pow-
der in the LMD process. The killed elements were not con-
tributing to the solution before they were activated. Before
the LMD process, all elements of the deposition part were
dead. With the movement of laser beam, dead elements were
gradually activated, then the heat loads were applied to the
laser-scanned region and finally the calculation was carried
out. Moreover, heat flux boundary condition varying with
time and location could be achieved by the loop statement

n-1 trackc—

/-i—%— n track —@>
I:

n+1 track—
A Initial location
B Central location
Cc Terminal location
(b)
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Fig.2 Thermal conductivity and special heat capacity of Ni-based
superalloy (Inconel 625) at different temperatures

APDL (ANSYS Parametric Design Language) program [29,
30]. In addition, some assumptions were made to simplify
the solution process. The material in this simulation process
was considered to be isotropic and homogeneous. The ther-
mal—physical parameters of Inconel 625 were set as tempera-
ture dependent (Fig. 2) [31].

2.2 Experimental procedures
2.2.1 Powder material and LMD process

Gas-atomized Inconel 625 powder with the particle size
ranging from 15 to 45 um was used in this study. Table 1
shows the chemical contents of Inconel 625 powder. The
LMD system used in this study mainly contained a Trumpf
Nd:YAG laser system (Trumpf, Stuttgart, Germany) with a
maximum output power of 3 kW and a focused spot diameter
of 0.6 mm, a powder feeder system, a six-axis computerized

numerical control system and a coaxial powder nozzle. To
validate the simulation results, identical process parameters
were set as follows: laser power 800 W, scanning speed
500 mm/s, and powder feeding rate 2.4 g/min. The zigzag
deposition strategy was employed in this study and the sche-
matic of this strategy is depicted in Fig. 3a.

2.2.2 Characterization of microstructure and performance

Cross sections at different locations of LMD-processed part
were observed to investigate the effect of the location vari-
ation on the microstructure evolution and microhardness by
the zigzag deposition method (Fig. 3b). Three typical loca-
tions were defined: Cross sections A and C represented the
initial and terminal regions of LMD-processed part (along
the Y-axis), respectively. Cross section B represented the
central location of LMD-processed part (along the Y-axis).
The samples for metallographic examinations were prepared
according to the standard procedures and etched with a mix-
ture of HNO; (10 ml), HCI (15 ml) and CH;—COOH (10 ml)
for 10 s. The microstructure of sample was characterized by
a GMP3 optical microscopy (Olympus Corporation, Japan)
and field emission scanning electron microscopy (FE-SEM
Hitachi, Japan) at an accelerating voltage of 3 kV. AHXS-
1000AY microhardness tester (AMETEK, China) with a
load of 0.3 kg and a dwell time of 15 s was utilized to meas-
ure the Vickers hardness.

3 Results and discussion
3.1 Thermal behavior
Figure 4 presents the temperature contours of the LMD-

deposited tracks at different iteration time. During the LMD
process, the laser energy was attenuated by the absorption

Table 1 Chemical compositions Ni Cr Mo Nb

of Inconel 625 alloy powder

Fe Co Mn Si Al Ti C P S

(weight fraction, wt.%) [31]

Balance 20-23 8-10

315415 5 1 05 05 04 04 01

0.015 0.013

Fig.3 a Zigzag deposition [ 7
method during LMD experi- / /|
mental process. b Schematic
of different cross sections of Layer n+1 II Cross-section A Cross-,section B Crr\jsection [od
LMD-processed part "—f < =/ 7 s
L T I §
/_l Layern / LMD-processed part 5
4—/ 2
z i)
Layer n-1 / | :'x E
Longitudinal direction
Y ——
(a) (b)
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Fig.4 Three-dimensional temperature distribution at different simulation times during LMD process: a t=0.03 s, b 1=0.036 s, ¢ r=0.047 s, d

t=0.054 s

and reflection of the powder before reaching the deposi-
tion surface. The remainder laser energy was absorbed by
the deposition surface, leading to the rapid heating and the
resultant formation of the melt. Then, consecutive tracks and
layers were additively deposited. It was obvious that the tem-
perature distribution of multi-track deposition was no longer
symmetrical to the laser beam center compared with single-
track deposition, which was attributed to the heat accumu-
lation and heat conduction between adjacent deposition
tracks. In addition, it seemed that the temperature contour
was skewed to the former deposition tracks (insets in Fig. 4).
A large amount of the heat input was applied in a limited
area, especially in front of the melting region, leading to the
formation of the denser isothermal curves in the front of
the molten pool (Fig. 4). Simultaneously, the temperature
of the adjacent zone of the n— 1 and n deposition track was
exceeded the liquidus temperature of Inconel 625 (1350 °C).
In other words, the n— 1 deposition track had been partly re-
melted, which was conducive to the generation of the good
metallurgical bonding between adjacent tracks. As the n
deposition track was processed, the maximum temperature
was varying with time (Fig. 4). As the n deposition track
was processed, there was a significant heat accumulation,
caused by the previous n— 1 deposition track. Hence, higher
maximum temperature (2649 °C) was observed in the pre-
vious solidified n track (Fig. 4a). With the processing of
deposition, the thermal effect of the n — 1 deposition track
on the n deposition track was gradually weakened, leading
to the reduced maximum temperature at the central of the n
deposition track (2488 °C). At the terminal location of the

n deposition track, the maximum temperature was slightly
increased to 2591 °C due to the overall heat accumulation
effect during LMD process (Fig. 4c). Besides, when the n+ 1
track began to deposit, the maximum temperature increased
further to 2739 °C (Fig. 4d).

To quantitatively analyze the thermal history of vari-
able points at different locations of the n deposition track,
temperature distribution as a function of iteration time for
monitoring points A, B and C was compared. Temperature
profiles versus processing time of variable monitoring points
during the LMD process are depicted in Fig. 5a. The heating
and cooling rates during the rapid heating/melting and cool-
ing/solidification processes of each point could be noticed
from Fig. 5a. Initially, points A, B and C were inactive and
the temperature obtained in these points was equal to the
room temperature (20 °C). Then, points A, B and C were
activated one by one when the laser beam scanned to the
corresponding location. The temperature reached the peak
rapidly and then decreased fleetly with the laser beam mov-
ing away. When laser beam interacted with the initial loca-
tion of the n deposition track, the maximum temperature of
the molten pool was 2984 °C (point A in Fig. 5a). When the
laser beam was moved to the point B, the maximum tem-
perature was decreased to 2488 °C, near 500 °C lower than
that of the point A. For the terminal region, the maximum
temperature of the point C was elevated to 2591 °C. When
the n+ 1 deposition track was processed, part of the n depo-
sition track was re-melted due to the overlapping between
two adjacent tracks. As a result, it was noteworthy that
the thermal history of the monitoring point C consisted of
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Fig.5 a Temperature profiles of different monitoring points versus processing time; b variation of the liquid lifetime and maximum cooling rate

of molten pool at monitoring points A, B and C

double-peak thermal cycles and the second peak temperature
was as high as 1573 °C, exceeding the liquidus temperature
of Inconel 625.

The liquid lifetime and the maximum cooling rate could
also be obtained from the predicted temperature history dur-
ing the LMD process. Figure 5b presents the variation of the
liquid lifetime and maximum cooling rate of molten pool at
points A, B and C. It was shown that the liquid lifetime along
the deposition direction showed a variation from the increase
to decrease, while the maximum cooling rate had an oppo-
site variation trend (Fig. 5b). The liquid lifetime of the points
A, B and C was predicted to be 4.4 ms, 3 ms and 4.8 ms,
respectively. Furthermore, the maximum cooling rate of the
points A, B and C was 7.05 x 10° °C/s, 7.67 x 10° °C/s and
6.75% 10° °C/s, respectively (Fig. 5b).

It is well known that the dimension of molten pool has a
positive relationship with the temperature. The geometrical

|__L__ S — |
20 294 568 842 1117 1391 1665 1939 2214 2488

\#

molten pool

1350 2488

(a)

shape and dimension of the molten pool at different locations
were analyzed. The length was parallel to the longitudinal
direction, the width was perpendicular to the longitudinal
direction and the molten pool depth was derived from the top
to the bottom of the molten pool along the Z-axis (parallel to
the building direction) (Fig. 6a). Figure 6b shows the evolution
of the molten pool dimensions corresponding to the different
locations of the n deposition track based on the zigzag depo-
sition strategy. As stated previously, the temperature at the
initial or terminal location of the deposition tracks was higher
and the liquid time was longer, as compared with the param-
eters produced at the central location. Hence, it indicated that
dimensions of the molten pools at the initial and terminal loca-
tion were larger than those at the central location of the deposi-
tion tracks. Three dimensions of the molten pool in the initial
region of the n deposition track were approximately 1.68 mm
(length), 1.26 mm (width) and 0.82 mm (depth), respectively

2.0
—=— Molten pool length
—e— Molten pool width

—a— Molten pool depth

-
[3,]

-
=
T

Molten pool dimensions (mm)

o
o
T

1 1 1 1 1

0 2 4 6 8 10 12

Location along Y-axis (mm)

(b)

Fig. 6 a Schematic of molten pool dimensions; b evolution of the molten pool dimensions corresponding to the different locations of the n depo-

sition track
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(Fig. 6b). Comparing three dimensions of the molten pool at
the central location with these at the initial location of the
n deposition track, the length (1.46 mm), width (1.08 mm)
and depth (0.75 mm) of the molten pool at the central loca-
tion showed a decrease of 13.1, 14.3 and 8.5%, respectively
(Fig. 6b). Moreover, three dimensions of the molten pool in the
terminal region of the n deposition track were approximately
1.51 mm (length), 1.12 mm (width) and 0.76 mm (depth),
respectively (Fig. 6b).

3.2 Experimental validation by microstructure

Typical metallographic microstructure OM images of the cen-
tral location (cross section) and initial location (longitudinal
section) of the LMD-processed Inconel 625 track are illus-
trated in Fig. 7. The characteristic layerwise microstructure
with clear molten pool boundaries can be seen. The molten
pools exhibited the arc-shaped configuration, which was
ascribed to the Gaussian energy distribution of the laser beam.
It was evident that no obvious defects, such as apparent pores
and cracks, could be found from the cross section of central
location (Fig. 7a). However, obvious crack was detected from
the longitudinal section of the initial location (Fig. 7b). Cracks
might be caused by two main factors. Firstly, the temperature
at the initial location of the LMD-processed part was higher
than that at the central location of the LMD-processed part
(Fig. 5a), indicating that there was a severe heat accumulation
phenomenon at the initial location of the LMD process. Mean-
while, the higher temperature gradient was generated at this
location, which might lead to the formation of larger thermal
stress; as a consequence, thermal cracks or deformation tended
to occur to release the stresses [32] (Fig. 7b). Secondly, the
dynamic viscosity g within the molten pool could be defined
by [33]

_ 16 m

"TV T

v 8)

Fig. 7 The cross-sectional and
longitudinal-section OM images
of LMD-processed Inconel 625
superalloy with laser power p
of 800 W, scanning speed v of
500 mm/s: a cross section B
(X-Z plane); b longitudinal sec-
tion (Y-Z plane)

(a)

where m is the atomic mass and ky is the Boltzmann con-
stant. T is the temperature of the molten pool, and y is the
surface tension of the Inconel 625 liquid. Higher T resulted
in a decrease in p (Eq. 8), hence increasing the shrink-
age rate during solidification process. Thus, high thermal
stresses tended to generate, resulting in the formation of
thermal cracks in the solidified part [34] (Fig. 7b). Besides,
it could be found that the height at the initial location of
the LMD-processed part was relatively low (Fig. 7b). The
liquid lifetime of the molten pool at the initial location of the
LMD-processed part was longer than that at the central loca-
tion of the part (Fig. 5b). Therefore, a higher temperature
and longer liquid lifetime of the molten pool led to a lower
melt viscosity and higher capillary instability of the liquid
[35], leading to the sufficient wetting in the molten pool at
the initial location.

The cross-sectional FE-SEM images of LMD-processed
Inconel 625 are illustrated in Fig. 8. It could be seen that the
typical microstructure at the bottom of molten pool was the
columnar dendritic structure. The grain growth orientation
was influenced by heat flux directions as well as the preferred
growth orientation related to the crystal structure [36]. It is
well known that the major heat is dissipated by the thermal
conduction of substrate or previously deposited layers during
the LMD process [37]. Consequently, columnar dendrites par-
allel to the building direction were apparently observed. Typi-
cally dendritic columnar growth with average primary dendrite
arm spacing of 3.42 pm was observed in the cross section A.
Columnar dendrites with average primary dendrite arm spac-
ing of 3.77 pm could be seen in the cross section C. For cross
section B, relatively finer columnar dendrites with the average
primary dendrite arm spacing of 2.55 pm were formed. The
results indicated that coarser columnar dendrites with larger
primary dendrite arm spacing tended to generate at the initial
and the terminal location of LMD deposition tracks, while
comparatively refined columnar dendrites with smaller pri-
mary dendrite arm spacing were formed at the central location.

Davies et al. [38] proposed a relationship between primary
dendrite arm spacing and cooling rate:
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A =97+5(2L , ©)
! ot

where 4, is the primary dendrite arm spacing, % is the cool-
ing rate. It indicated that larger cooling rate could give rise
to smaller primary dendrite arm spacing, improving the
diffusion of solute, which was beneficial to enhance the
mechanical properties of the LMD-processed part. The
simulation results showed that the maximum cooling rate at
the initial location and terminal location of the deposition
tracks was lower than that at the central location. Besides,
longer liquid time at the edge of the LMD-processed part
provided adequate time for grain growth. As a result, lower
cooling rate and longer liquid time contributed to the for-
mation of coarser columnar dendrites with larger primary
dendrite arm spacing at the initial and the terminal location
of the LMD-processed part.
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3.3 Experimental validation by microhardness
performance

To investigate the mechanical properties at different regions
of the LMD-processed Inconel 625 part, the microhardness
test was conducted. Figure 9 presents the microhardness dis-
tribution and the average microhardness of variable cross
section of LMD-processed Inconel 625. The microhard-
ness of the cross section A varied in a range from 232 to
248 HV 3 and the average value was 241 HVj ;. Meanwhile,
for the cross section C, the microhardness was in the range
of 236-249 HV, ; with apparent fluctuation and the mean
microhardness was 243 HV,) ;. Interestingly, the microhard-
ness of the cross section B was much higher than that of
the cross section A and cross section C. The microhard-
ness of the cross section B varied in a range from 256 to
268 HV 3, and the average hardness was 263 HV ;. The
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Fig.9 a The microhardness profiles of different cross sections; b the average microhardness of different cross sections of LMD-processed

Inconel 625 superalloy and the corresponding OM images of indentations

heterogeneous microhardness value was ascribed to the het-
erogeneous microstructure within the LMD-processed part
(along the longitudinal direction). The considerably refined
grain and the resultant increased density of grain boundary
at the central location (Fig. 8b) contributed to the higher
microhardness.

4 Conclusions

In the present study, thermal behavior during the LMD pro-
cessing of Inconel 625 was researched based on FEM model.
The effect of location on thermal behavior, microstructure
and microhardness was analyzed by simulation and LMD
experiments. The following conclusions can be drawn.

(1) The FEM results revealed that heat accumulation effect
was more significant at the initial and the terminal loca-
tion of the deposition tracks. Along the longitudinal
direction, the initial location exhibited the highest max-
imum temperature (2984 °C), followed by the terminal
location (2591 °C), and the central location exhibited
the lowest maximum temperature (2488 °C). The maxi-
mum cooling rate was lower and the liquid time was
longer at the initial or terminal location of the deposi-
tion tracks, as compared with the parameters produced
at the central location.

(2) The dimension of molten pool, obtained by FEM, var-
ied at different location along the longitudinal direc-
tion. The initial location had the largest molten pool
dimensions (length 1.68 mm, width 1.26 mm and depth

0.82 mm), followed by the terminal location (length
1.51 mm, width 1.12 mm and depth 0.76 mm), and the
central location had the smallest molten pool dimen-
sions (length 1.46 mm, width 1.08 mm and depth
0.75 mm).

(3) The layer-wise microstructure characteristics of the
cross section with apparent molten pool outline curve
could be observed, which was ascribed to the Gaussian
energy distribution of the laser beam. Long cracks were
generated at the initial location of the LMD-processed
Inconel 625 part, which was mainly attributed to the
high-temperature gradient and high shrinkage rate at
the initial location. In addition, the height at the initial
location of the part was lower than that at the central
location due to the sufficient wetting behavior.

(4) Various microstructures were observed at different
locations along the longitudinal direction. Refined
columnar dendrites with smallest primary dendrite arm
spacing were formed at the central location due to the
highest cooling rate and shortest liquid lifetime. The
refined grain and the increased density of grain bound-
ary at the central location contributed to the enhanced
microhardness (263 HV,, ,) that was higher than that at
the initial location (241 HV, 5) or the terminal location
(243 HV ) 5).
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