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HIGHLIGHTS

® Relationship between grain size, cooling rate and processing parameters had been studied.

® Arbitrary Lagrange-Euler method (ALE) was used to describe the free surface deformation.

® Solidification parameters especially cooling rate (G X R) were simulated to illustrate the underlying mechanisms.
® Grain size decreased with the increase of scanning speed due to the increase of cooling rate.

® A specific G-R map for the investigated Ni45 alloy in the region of equiaxed dendrite growth was obtained.
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ABSTRACT

The processing parameters in laser additive manufacturing have a crucial impact on solidification microstructure
especially grain size, thus influencing the properties of the final products. In this paper, experiments were
conducted to investigate the effects of processing parameters including scanning speed, laser power and powder
feeding rate on grain size of the solidified track during laser metal deposition. A three-dimensional model
considering heat transfer, phase change and Marangoni convection flow had also been developed to simulate the
solidification parameters especially cooling rate (G X R) to illustrate the underlying mechanisms. The experi-
mental and simulated results indicated that cooling rate increased and grain size decreased from 8.7 um to
4.7 um with the increase of scanning speed from 2mm/s to 10 mm/s. Contrarily, cooling rate decreased and
grain size increased with the increase of laser power and powder feeding rate. The numerical and experimental
results provide the additive manufacturing process with the potential of microstructure control and performance

optimization.

1. Introduction

Additive manufacturing is based on a novel philosophy which is
incrementally layer-by-layer manufacturing [1], contrary to conven-
tional manufacturing techniques which are mostly based on the prin-
ciple of material reduction. The concept of “Additive Manufacturing”
(AM) offers the possibility of “Create Material” or “Design Material”.
The idea of “Create Materials” by AM is a step-by-step process based on
the ideas of “Use Materials” and “Develop Materials” which require
integration of a tran-scale understanding of processing, microstructure
and performance [2]. Laser additive manufacturing such as laser metal
deposition (LMD), can coat, build and rebuild components having
complex geometries, sound material integrity and dimensional
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accuracy [3]. LMD incorporated with the coaxially supplied powder
feed stock has benefits such as small heat affected zone, low thermal
strain, low porosity, fine grain size and high build rate [4]. During LMD,
the laser heat source moves along with the feeding stock, leaving be-
hind the solidified track. Complicated phenomena such as heat transfer,
phase change, fluid flow are involved in this process [5]. There are
many processing parameters such as laser power, scanning speed,
powder feeding rate which influence this process. The complexity of
these phenomena makes it difficult to select the proper combinations of
processing parameters, in order to obtain desired microstructure and
performance. A variety of alloys and metals have been used in laser
additive manufacturing. Ni-based superalloys are typically used to
manufacture hot-section components in chemical, aviation and
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aerospace industries [1], demanding excellent oxidation resistance and
high strength at elevated temperatures which are closely related to
grain size. With the refinement of grain size, the oxidation resistance
increases and the strength in high temperature decreases. Thus, it is
important to illustrate the relationship between processing parameters
and consequential microstructure, especially grain size to design ma-
terial with demanding performance.

Mesoscale understanding of laser additive manufacturing process
can be provided by numerical modeling through study of phenomena
such as heat transfer and fluid flow. Most of the research has focused on
the temperature field, fluid field and the resultant molten pool shape
[6-11]. Few models have been adopted to study the corresponding
solidification parameters and its great potential to predict the sub-
sequent microstructure. A three-dimensional finite element model [12]
had been proposed to calculate the temperature gradient and solidifi-
cation rate in the solid-liquid interface. The effect of substrate tem-
perature and cooling rate on the particle distribution had been in-
vestigated by using a 3D transient heat transfer model [13]. A
numerical model involving heat transfer, fluid flow and mass transfer
[14] had been developed to study the thermal and solidification be-
havior in direct laser deposition. The effect of three-dimensional melt
pool convection on temperature gradient and solidification growth
velocity at the solidification front had been studied in Ref. [15].
Moreover, most of the numerical research focused on the effect of
processing parameters on the grain morphology [16-20]. On the other
hand, most of the experimental research has focused on the relationship
between processing parameters and consequential grain morphology in
laser additive manufacturing of nickel superalloy [21-24]. However, it
is still challenging to predictably manipulate solidified grain structure,
especially grain size and obtain desired microstructure by selecting
processing parameters.

Grain size of solidified structure in laser additive manufacturing is
strongly related to cooling rate, which is affected by many processing
parameters like scanning speed, laser power and powder feeding rate.
Moreover, it is hard to obtain cooling rate experimentally due to the
intrinsic property of rapid solidification in laser additive manu-
facturing. In this study, analyses combining numerical modeling and
experiments were conducted to study the relationship between pro-
cessing parameters, cooling rate and grain size. A three-dimensional
model was developed to study the solidification characteristics espe-
cially cooling rate (G X R) under different processing parameters in
LMD process with formation of a single track. Heat transfer, phase
change and Marangoni convection flow were taken into consideration
in this model. Meanwhile, experiments using Ni45 powder under dif-
ferent processing parameters including scanning speed, laser power and
powder feeding rate were conducted to investigate the effect of pro-
cessing parameters on grain size and the underlying mechanisms were
revealed by the simulation.

2. Experiment procedure

The substrate and powder material were 1Crl3 stainless steel and
Ni45 alloy powder, respectively. The chemical composition of 1Cr13
stainless steel and Ni45 alloy powder particle is shown in Table 1.
Fig. 1(a) shows the morphology of Ni45 powder particle taken by ZEISS
EVO18 scanning electron microscope (SEM), which was mostly sphe-
rical. Fig. 1(b) shows the size distribution of powder particle which was
measured by sieve analysis and the Rosin-Rammler approximation. The

Table 1
Chemical composition of 1Crl13 stainless steel and Ni45 powder (wt%).
Fe Cr C Si Ni
1Cr13 Bal 12.0 0.1 0.8 0.6
Ni45 17.0 14.0 0.4 3 Bal.
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Fig. 1. (a) The SEM image of Ni45 powder particle and (b) the powder particle
size distribution.

range of powder particle diameter was 45-125um and the median
diameter of powder particle was 91 pm.

An Nd: YAG laser with a maximum power of 1000 W, a 1.06 um
wavelength and a 160 mm focal length was used as the heat source. The
pattern of laser beam was multi-mode and the beam radius was set as
1 mm. The powder was fed coaxially and protected by highly purified
argon shielding gas. The processing parameters are listed in Table 2 and
six experiments were performed while the interval of scanning speed,
laser power and powder feeding rate was 4 mm/s, 200 W and 1 g/min,
respectively. Metallographic samples were cut, mounted, milled, po-
lished, and etched in aqua regia solution sequentially. The solidified
structure was observed by POLYVAR optical microscopy (OM) and
ZEISS EVO18 scanning electron microscope (SEM). The grain size was
measured via Nano Measurer software.

3. Numerical model

Fig. 2 shows a schematic diagram of a coaxial LMD process. The
powder particles are injected into the molten pool coaxially with the
help of inert gas and immediately melted under the heating of laser
beam. The coaxial nozzle moves along with the laser beam at the pre-
defined scanning speed. After the moving of laser source, rapid

Table 2
Processing parameters used in experiments for LMD.

Laser power (W) Scanning speed (mm/s) Powder feeding rate (g/min)

700-900 2-10 3-5
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Fig. 2. A schematic diagram of the coaxial LMD process.

Table 3

Data used in calculations.
Parameters Value References
Laser spot radius r, (mm) 1 -
Absorptivity of laser energy 7, 0.45 [32]
Powder flow radius r,(mm) 2.5 -
Powder catchment efficiency 7, 0.9 -
Convective heat transfer coefficient h, (W m~2K™1) 100 [11]
Stefan-Boltzmann constant o, (W m~2 K~ %) 567 x 1078 -
Emissivity € 0.7 [33]
Ambient temperature Tp(K) 293.15 -

Table 4

Thermophysical properties of the material.
Properties Value References
Solidus temperature T (K) 1533 [34]
Liquidus temperature Tj (K) 1613 [34]
Solid density p; (kg m™?) 8230 [34]
Liquid density p; (kg m~3) 7130 [34]
Solid thermal conductivity ks (W m~! K™ 1) 33 [34]
Liquid thermal conductivity k; (W m 'K 35 [34]
Solid specific heat ¢ys (J kg ™' K1) 473 [34]
Liquid specific heat ¢y (J kg™' K1) 540 [34]
Latent heat of fusion L (kJ kg™ K™ 1) 273 [34]
Dynamic viscosity u (Pa s) 5% 1073 [11]
Surface tension gy (N m~1) 1.943 [35]
Constant A (Nm™' K™ ) 43x107* [35]
Universal gas constant R (J kmol "' K™ 1) 8314 [35]
Surface excess Ty (K mol m~2) 1.3x 1078 [35]
Active element activity as (%) 0.03 -
Enthalpy AH, (kJ kmol 1) -1.66 x 1078 [35]
Constant k 0.00318 [35]

solidification of melted alloy occurs and deposited layer forms over the
substrate. A three-dimensional model considering heat transfer, phase
change and Marangoni convection flow has been developed, corre-
spondingly. Some simplifying assumptions in the model are listed as
follows:

1. The material is isotropic and homogeneous. The thermophysical
properties of substrate and powder are considered as the same and
temperature-independent.

2. The mushy zone is assumed to be isotropic porous media.

3. The fluid flow in the melt pool is Laminar, Newtonian and in-
compressible.

4. The distribution of energy and powder flow is assumed to be
Gaussian.

5. The heat loss by evaporation and the energy attenuation of laser
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beam through the powder flow are neglected. The heat flux of the
heated powder is also neglected.

3.1. Governing equations

For the sake of computational source, the governing equations for
the mass, momentum, and energy conservation are solved in half of the
domain in the present model. The governing equations are listed below.

3.1.1. Mass conservation
The mass conservation equation is written as

V7 =0 @

3.1.2. Momentum conservation
The momentum conservation equation is written as

@ > O\ — . - STV (1_]?)2_)
p&t + (eu-V)u =—-Vp + V-(u(Vu + (Vu)h)) C—B+fl3u @

where 7 is the velocity vector of the liquid metal, p, ¢, p and u re-
present the density defined in Eq. (5), time, pressure and dynamic
viscosity, respectively. The last term of Eq. (2) represents the mo-
mentum dissipation in the mushy zone depending on the Kozeny-
Carman equation for flow through the porous media [25-26]. C is a
constant depending on the morphology of the mushy zone (10 in this
study). B is a small number to avoid division by zero (1073 in this study).
The liquid fraction f; depending on solidus temperature (T;) and li-
quidus temperature (7}) is given by Eq. (3).

0 T<T;
f=15-% LST<LT
1 T>T 3)

3.1.3. Energy conservation

Due to the existence of solid-liquid phase change, the latent heat is
included in the energy conservation. The energy conservation equation
is written as

oT 0H
pcpg + ,ocpffVT =V-(kVT) — o oU-VH )

where p, ¢, and k are the density, specific heat and thermal conductivity
which are defined as [27]

p=0~fe +hip (6]

¢ =01 = feps + fiep (6)

k=0 - fks + fiki ()]
H is the latent enthalpy of the fusion which is defined as

AH = Lf, ©))

where L is the latent heat.
In Egs. (5)-(8), the subscript s and 1 represent the solid and liquid
phase, respectively.

3.2. Arbitrary Lagrange-Euler method (ALE)

The free surface deformation is described by ALE [28]. Two types of
velocities are taken into account at liquid/gas interface — the fluid flow
velocity and the boundary moving velocity due to mass addition [29].
Thus, the velocity at the liquid/gas interface V,,; can be given as

Vig =T + Ve ©)

where % is the velocity of the fluid flow at liquid/gas interface and 7 is

-
the normal vector of the interface. V), is the moving velocity at the
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Fig. 3. Experimental and simulated molten pool in the transverse section.
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Fig. 4. Simulated cooling rate (G X R) and G/R in the transverse section.

interface because of mass condition, which is defined as

2m - — Vit 4 2
v fn,gcx[ A= VP 4997
P Thp

p (10)

where my is the powder flow rate, 7,,, 0,,, ', and V; represent the powder
catchment efficiency, density of powder, powder flow radius and
scanning speed, respectively. In addition, x and y are the distances to
the laser beam and 7 is the unit vector in the z direction.

3.3. Boundary conditions

An equation considering the laser heat flux and the heat loss by
convection and radiation is given as

2Qn =2((x = V3t)® + %)
Gin = Z’exp( Dty
y I

) = he(T = Tp) — ope(T* — T3)

(1)

where Q, 1, 1, h¢, 0, and ¢ represent the laser power, absorptivity of
laser energy, effective laser beam radius, convective heat transfer
coefficient, Stefan-Boltzmann constant and emissivity, respectively.T is
the ambient temperature.
At the liquid/gas interface, the boundary condition of momentum
equation is given as
do

=
F g =oxkn — VSTE (12)

where «x is the curvature of surface. o is the surface tension, given as Eq.
(13). The first term of Eq. (12) is capillary force and second term is
thermocapillary force.

do
c=0+—(T-T;
where oyis the surface tension of the pure metal at a reference tem-
perature and s—; is the temperature coefficient of surface tension. Con-

sidering the effect of active element, Z—; is given as [30]

d—G:—A—RI;ln(1+KaS)—M

dT T(1 + Kay) 14)

where A, R, Tj, oy and AH, are the constant which expresses the var-
iation of surface tension of pure metal at temperature above the melting
point, the universal gas constant, the surface excess in saturation, the
activity of active element (which is sulfur in this paper) in the alloy and
the enthalpy of segregation, respectively. K is the entropy factor which
is given as

K= klexp(—ﬂ)

RT (15)

where k; is a constant corresponding to the segregation entropy.
Other surfaces of the computational domain are considered as in-
sulation except for the symmetric plane.

3.4. Solidification parameters

Temperature gradient normal to the liquid-solid interface G and
solidification velocity of the liquid-solid interface R are two key para-
meters of solidification characteristics [31], which are defined as

G=VTTn, (16)
R=V. 17, a7

where 7, is the unit normal vector of the solidification front and T is
the unit vector of the scanning direction. V; is the scanning speed.
Furthermore, cooling rate G X R and G/R are two key solidification
parameters while G X R is one of the most important variables in de-
termining grain size and G/R is important in determining grain mor-
phology [31].
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Fig. 9. Experimental equiaxed dendrites at laser power of (a) 700 W and (b)
900 W.

3.5. Parameters used in simulations

The processing parameters used for the modeling are listed in
Table 3. The laser power used in the model ranges from 700 W to
900 W. The scanning speed ranges from 2mm/s to 10 mm/s and the
powder feeding rate ranges from 3 g/min to 5g/min. The thermo-
physical properties of the material are listed in Table 4.

4. Results
4.1. Solidification characteristics
The change of solidification parameters and microstructure in-

cluding solidified morphology and grain size were investigated first
while scanning speed was 10 mm/s, laser power was 900 W and powder
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Fig. 13. Simulated (a) temperature gradient (G) and (b) solidification velocity
at liquid-solid interface (R) at different scanning speed while laser power was
900 W and powder feeding rate was 3 g/min.

feeding rate was 3 g/min. Fig. 3 shows the simulated and experimental
molten pool in the transverse section. The good agreement between
experimental and numerical results has indicated the validity of the
model. Fig. 4 shows the change of solidification parameters cooling rate
(G X R) and G/R in the transverse section with the ratio of height to
molten pool depth. As shown in Fig. 4, G/R increased from 74 to
2285 s * K/mm? and G X R decreased from 23,263 to 2309 K/s from the
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Fig. 14. Simulated temperature gradient (G) at different laser power while
scanning speed was 10 mm/s and powder feeding rate was 5 g/min.

Table 5
Simulated solidification velocity at the liquid-solid interface (R) at different
laser power while scanning speed was 10 mm/s and powder feeding rate was
5g/min.

Laser power/W 700 750 800 850 900

Solidification velocity R/(mm/s) 9.8 9.7 9.2 8.7 7.4
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Fig. 15. Simulated temperature gradient (G) at different powder feeding rate
while scanning speed was 10 mm/s and laser power was 900 W.

Table 6

Simulated solidification velocity at the liquid-solid interface (R) at different
powder feeding rate while laser power was 900 W and scanning speed was
10 mm/s.

Powder feeding rate/(g/min) 3 3.5 4 4.5 5

Solidification velocity R/(mm/s) 9.6 8.7 8.3 6.1 7.2

top to the bottom of the molten pool. Fig. 5 shows the experimental
transverse section of deposited track and the microstructure in the point
of A, B and C, which were located in the upper, the central and the
bottom cross-section, respectively. Fig. 5(b), (c¢) and (d) represented
equiaxed dendrites, columnar dendrites and planar front, respectively.
From the top to the bottom of the deposited layer, the solidified mor-
phology changed from equiaxed dendrites, columnar dendrites to
planar front.
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4.2. Effects of scanning speed

For the sake of comparison, all the equiaxed dendrites were taken at
almost the same ratio of deposited layer depth correspondingly, which
means the equiaxed dendrites were taken near the top (such as point A
in Fig. 5(a)) of the deposited layer. Fig. 6 shows the simulated cooling
rate (G x R) at different scanning speed while the laser power was
900 W and the powder feeding rate was 3 g/min. As shown in Fig. 6,
with the increase of scanning speed from 2mm/s to 10 mm/s, G X R
increased from 1957 to 21810 K/s. Fig. 7 shows the equiaxed dendrites
at different scanning speed. As shown in Fig. 7, the average size of
equiaxed dendrites was 8.7 um, 5.4pum and 4.7 um at the scanning
speed of 2 mm/s, 6 mm/s and 10 mm/s, respectively. With the increase
of scanning speed, the average size of equiaxed dendrites decreased.

4.3. Effects of laser power

Fig. 8 shows the simulated cooling rate (G x R) at different laser
power while the scanning speed was 10 mm/s and the powder feeding
rate was 5 g/min. As shown in Fig. 8, with the increase of laser power
from 700 W to 900 W, G X R decreased from 13195K/s to 5304 K/s.
Fig. 9 shows the equiaxed dendrite at different laser power. As shown in
Fig. 9, the average equiaxed dendrites size was 4.8 ym and 5.6 um at
laser power of 700 W and 900 W, respectively. With the increase of
laser power, the average size of equiaxed dendrites slightly increased.
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4.4. Effects of powder feeding rate

Fig. 10 shows the simulated cooling rate (G X R) at different
powder feeding rate while the laser power was 900 W and the scanning
speed was 10 mm/s. As shown in Fig. 10, with the increase of powder
feeding rate from 3 g/min to 5 g/min, G X R decreased from 21810 K/s
to 5304 K/s. Fig. 11 shows the equiaxed dendrites at different powder
feeding rate. As shown in Fig. 11, the average size of equiaxed dendrites
was 4.7 um, 5.1 pm and 5.6 ym at the powder feeding rate of 3 g/min,
4 g/min and 5 g/min, respectively. With the increase of powder feeding
rate, the average equiaxed dendrites size slightly increased from 4.7 ym
to 5.6 um.

5. Discussion

With the grain refinement, the oxidation resistance of superalloy is
improved and the strength at high temperature is weaken [36,37].
Therefore, in order to achieve an optimal balance between oxidation
resistance and high strength of superalloy at high temperature, appro-
priate processing parameters should be chosen to obtain desired grain
size. Furthermore, as shown in Fig. 12, the solidification parameters
cooling rate (G X R) and G/R are two key factors influencing the mi-
crostructure in rapid solidification, while G x R determines size of so-
lidified structure and G/R determines morphology of solidified struc-
ture [31]. This paper studies the effects of processing parameters on
grain size in laser additive manufacturing through experiments and
reveals the mechanisms behind through numerical modeling.

As shown in Fig. 5(b), at the top of the molten pool where lower G/
R and higher G X R were noticed, the morphology of the molten pool
was equiaxed dendrite and the grain size was finer. As shown in
Fig. 5(d), at the bottom of the molten pool where higher G/R were
noticed, the morphology was planar front. As shown in Fig. 5(c), at the
center of the molten pool where medium G/R was noticed, the mor-
phology was columnar dendrites. As shown in Fig. 4 and Fig. 5, with G/
R increasing from the top to the bottom of the molten pool, the soli-
dified morphology changes from equiaxed dendrites, columnar den-
drites to planar front.

Fig. 13 shows the simulated temperature gradient (G) and solidifi-
cation velocity at liquid-solid interface (R) at different scanning speed.
With the increase of scanning speed, both the temperature gradient and
solidification velocity increased, causing the increase of cooling rate
G x R (Fig. 6). As shown in Fig. 7, with the increase of G X R, the
equiaxed dendrite was finer and the grain size decreased from 8.7 um to
4.7 um. These findings illustrate that with the increase of scanning
speed, G and R increased, causing the increase of G X R and thus grain
size decreased.

Fig. 14 shows the simulated temperature gradient (G) at different
laser power. With the increase of laser power, more energy is absorbed
in the molten pool, causing the increase of pool size, which causes the
decrease of temperature gradient (G) due to the spreading of isotherms.
On the other hand, as shown in Table 5, the solidification velocity (R)
slightly decreased with the increase of laser power. Therefore, cooling
rate (G X R) decreased with higher power. As shown in Fig. 8 and
Fig. 9, with the increase of laser power from 700 W to 900 W, G X R
decreased and the equiaxed dendrites were coarser, with the grain size
slightly increasing from 4.8 pm to 5.6 um. These findings illustrate that
with the increase of laser power, G X R decreased and thus grain size
slightly increased.

Fig. 15 shows the simulated temperature gradient (G) at different
powder feeding rate. With the increase of powder feeding rates, G de-
creased. Moreover, the simulated solidification velocity (R), found in
Table 6, didn’t show monotonous change at different powder feeding
rate. Therefore, with the increase of powder feeding rate, cooling rate
(G X R) decreased mainly due to the decrease of temperature gradient.
Furthermore, as shown in Fig. 10 and Fig. 11, with the increase of
powder feeding rate from 3 g/min to 5 g/min, G X R decreased and the
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equiaxed dendrites were coarsened, increasing from 4.7 um to 5.6 pm.
These findings illustrate that with the increase of powder feeding rate,
G x R decreased and thus grain size slightly increased.

The grain size is primarily determined by the cooling rate G X R and
the relationship between grain size and cooling rate can be described as
[38]:

d=a(e™)

where d is the grain diameter (in pm), ¢ is the cooling rate (Ks ™) which
is presented by G X R in this paper; a and n are fitting factors. Fig. 16
shows the grain size under different cooling rate. The fitting equation
was

d = 79.¢03

Fig. 12 shows a generic G-R map for solidification processing.
Fig. 17 shows a specific G-R map for the investigated Ni45 alloy in the
region of equiaxed dendrite growth according to the study. Since the
transition of the solidified structure from planar front to columnar
dendrites to equiaxed dendrites is not quantified in this study, the
quantified results in Fig. 17 only represented the grain size evolution in
the region of equiaxed dendrite growth and didn’t illustrate the scale
evolution of solidified structure in other regions. The quantified G-R
map contributes to developing processing maps for selecting the ap-
propriate processing parameters to achieve certain grain size and de-
sired microstructure in Ni45 alloys.

The oxidation resistance and high-temperature strength of super-
alloys are closely related to the grain size. As the highly instable region
compared with intragranular region, the grain boundary is the pre-
ferentially diffusive pathway which can accelerate the diffusion of se-
lective oxidation components, helping to form protective oxide film.
Thus, the oxidation resistance of superalloy increases with the grain
refinement [36]. However, with the refinement of grain size, the grain
boundary strength is weakened at high temperature due to the plastic
deformation [37]. Thus, in order to choose proper combinations of
processing parameters to acquire demanding performance for various
applications, it is vital to investigate the relationship between proces-
sing parameters and grain size in laser additive manufacturing of su-
peralloy. The selection explored by experiments is a trial and error
technique which is time-consuming and money-consuming process
caused by the numerous combinations. Besides, it is hard to measure
the solidification parameters through experiments. Hence, this paper
combining experiments and numerical modeling illustrates the re-
lationship between processing parameters and microstructure espe-
cially grain size in laser metal deposition and interprets the mechan-
isms, moving forward to microstructure control and performance
optimization for laser additive manufacturing.

6. Conclusion

Experimental and numerical studies have been conducted to study
the relationship between cooling rate, grain size of solidified structure
and processing parameters including scanning speed, laser power and
powder feeding rate in laser metal deposition. With the increase of
scanning speed from 2 mm/s to 10 mm/s, the temperature gradient(G)
and solidification velocity at liquid-solid interface(R) increased,
causing the increase of cooling rate (G X R) and the grain size de-
creased from 8.7 um to 4.7 um due to the increase of cooling rate. With
the increase of laser power from 700 W to 900 W, temperature gradient
decreased due to the spreading of isotherms. Cooling rate decreased
mainly due to the decrease of temperature gradient and the grain size
slightly increased, correspondingly. With the increase of powder
feeding rate from 3 g/min to 5g/min, G X R decreased mainly due to
the decrease of G and the grain size slightly increased because of the
decrease of G X R. This study combining numerical modeling and ex-
perimental researches reveals the relationship between processing
parameters and grain size of laser metal deposition and the underlying

Optics and Laser Technology 119 (2019) 105662

mechanisms. It is reasonable to expect that this study will contribute to
the microstructure and properties control of additive manufacturing.
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