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ABSTRACT
A multi-physics simulation model has been established to investigate the influence of Laser pow-
der bed fusion parameters on the spatial composition distribution and grain growth mechanism of
the single-track printed dissimilar alloys. Our study shows that alloy composition gradient isosur-
faces can be used to visualize the spatial distribution of alloy composition for miscible dissimilar
alloys. When the melt pool aspect ratio changes from large to small, the grain growth transitions
from the temperature gradient mode to composition gradient mode and then to the mixed mode.
Our experimental observations show that in extreme cases, the curved grain angle can reach 272°.

IMPACT STATEMENT
The study found that the composition gradient of dissimilar alloys can dominate grain growth,
which is entirely different from the conventional temperature gradient-dominated grain growth
mechanism.
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1. Introduction

Laser powder bed fusion (LPBF) uses laser beams to
selectively melt microscopic metal/alloy powder on a flat
powder bed [1–3]. This technology can also be used for
joining or cladding two dissimilar metals/alloys. How-
ever, in the process of printing one metal/alloy layer
onto another dissimilar metal/alloy base using LPBF,
the mismatch of thermophysical and chemical properties
may lead to interface cracks [4,5] or detachment [6,7].
Studies have shown that the interlocking wavy interface
(or transition range) between dissimilar alloys can help
improve the interface bonding strength [8–10], and pro-
duce curved grains. Compared with typical grain mor-
phologies, curved grains have the potential to increase
high-temperature creep and fatigue life [11,12].
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Cladding one alloy onto another using laser pow-
der bed fusion produces many interesting physical
phenomena, such as exotic alloy composition distribu-
tions and grain (grain boundary) shapes [13–15]. Behind
these physical phenomena lie many fundamental physics
problems to be explained and studied, but there are still
few related types of research. Some research tries to
construct a complex spatial composition distribution of
alloys to improve the bonding strength of the dissimilar
alloy joining regions [16–18]. To obtain the composition
distribution characteristics with composition diffusion,
it is necessary to understand the flow and solidifica-
tion process of the dissimilar alloys’ melt pool through
computational simulation. Tang et al. [19] proposed an
LPBF computational framework for simulating multiple
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materials, accounting for the physical details of multi-
physics and multi-materials such as composition diffu-
sion, etc. Through simulation and experiments, Yao et al.
[20] found that when IN718 powder is laser cladded
on 316L substrate, the interface between IN718 and
SS316 appears a ‘fish scale’ structure and produces curved
grains. They found that the degree of alloying (DoA)
between two dissimilar alloys affects grain growth. It is
worth noting that the study by Yusuf et al. [12] showed
that there are curved grains in the transition region
between IN718 powder and SS316 substrate. But they did
not explain the reason for the formation of curved grains.
So far, only Yao et al. have conducted a preliminary anal-
ysis of the reasons for the formation of curved grains,
and few other researchers have studied this mechanism
in depth.

In our current study, a multi-material model has been
developed. Through the multi-material simulations and
various experimental tests, we can better grasp the 3D
spatial characteristics of the dissimilar alloy composition
distributions and the influence of alloy composition on
the microstructure.

2. Theoretical background

To reasonably describe the thermophysical phenomena
in the LPBF process, the buoyancy flow, thermal radia-
tion, microfluidic forces (recoil pressure and Marangoni
force etc.) and diffusion of alloy components are taken
into consideration [21]. The alloy melt is assumed to
be a Newtonian incompressible fluid. The model does
not consider the mass loss caused by evaporation, and

the dissimilar alloys’ composition diffusion follows Fick’s
diffusion law. The thermophysical properties of the two
dissimilar alloys after the mixing are calculated by mix-
ture rule (i.e. solidus and liquidus temperatures). See the
Supplementary for specific equations and details. The
physical properties of dissimilar alloys are listed in Sup-
plementary Table 1. The simulated laser power (L) is 100,
200 and 300 W, respectively. The laser scan velocity (V)
ranges from 900, 1200 and 1500mm/s.

We use Inconel718 (IN718) powder to print a single
track on a SS316L (316L) substrate. IN718 powder was
manufactured by Coatecs Pte Ltd using the aerosoliza-
tion method. In our experimental analysis, the single
tracks were cut to reveal the cross-sections of interest.
Energy dispersive X-Ray spectroscopy (EDS) and Elec-
tron backscattering diffraction (EBSD) mapping were
performed on the polished single-track cross-sections to
obtain the alloys composition distribution and grain ori-
entation maps. See the Supplementary for more details.
Further comparison between the simulations and experi-
ments on single-trackwidth (Wm) and depth (Dm) shows
a relative error of less than 10.8% (see Supplementary
Table 2), indicating good conformance of simulation to
the experiment.

3. Results and discussion

3.1. Spatial distribution characteristics of dissimilar
alloys

It is challenging to characterize the spatial distribution
of components in miscible alloys (IN718/316L) during
additive manufacturing of dissimilar alloys. We take the

Figure 1. Schematic diagram of a single track. The cross-section A-A is parallel to the scan direction and perpendicular to the substrate.
The cross-section B-B is perpendicular to the scan direction and the substrate. The melt pool depth (Dm) is the distance from the melt
pool bottom to the substrate top. The melt pool width (Wm) is the track width on the substrate top.
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Figure 2. Alloy composition distributions obtained from single-track experiments (a) and simulations (b) on cross-sections A-A with
L = 100 W and V = 300mm/s. Fe and Ni are the principal elements in 316L (Fe 65.5%, Ni 12.5%) and IN718 (Fe 16.9%, Ni 52.5%)
respectively. For the clarity purpose, we refer to Fe (in red brown) rich area as the representation of 316L, and Ni (green) rich area as
the representation of IN718. The 2D component gradient distribution (c) and their corresponding 3D component gradient isosurface
shape (d) of 316L/IN718 is obtained from our numerical simulations. Figure (d) is viewed from viewing angle I in Figure 1. In Figures (a)
and (b), the positions of points A, B and C, indicated by the arrows, are used for extracting the Ni element content.

cross-sections A-A and B-B in the melt pool to analyze
the movement and distribution of IN718 powder and
316L substrate, see Figure 1.

To verify the accuracy of the dissimilar alloy composi-
tion distribution obtained by the simulation,we extracted
the composition distribution on the cross-section A-A
[in Figure 1] of the single-track in the experiment and
compared it with the numerical simulation. The experi-
mental and simulation results show that the IN718 com-
position distribution takes on the shape of a curved strip
due to the Marangoni force. We took 3 points (A, B,
C) at the approximate corresponding positions in Figure
2(a,b) to extract the Ni element content and compare
the difference between EDS and simulation. The error of
Ni element content obtained by EDS and simulation at
points A, B and C is less than 6%. The numerical sim-
ulation results of the diffusion trend are very close to
the experimental results [Figure 2(a,b)], indicating that
the numerical method in this paper can accurately sim-
ulate the complex composition distribution caused by
microfluidic forces and composition diffusion.

From the experiments conducted, we observed the
alloy composition distribution characteristics from a 2D
perspective [Figure 2(a)], but the spatial characteristics
of the alloy composition distribution cannot be observed
from a 3D perspective. Notably, the dissimilar alloy
composition gradients exhibit a curved stripe shape from
the simulated 2D perspective [Figure 2(c)]. Compar-
ing Figure 2(c) with 2(b), it can be observed that the
composition gradient (the rate at which the mass frac-
tion of alloy composition increases/decreases per unit
length) and composition distribution are well connected,
with 316L and IN718 being the main components on
both sides of the composition gradient, respectively. It is
observed that the composition gradient isosurface of the
dissimilar alloys can reflect the spatial characteristics of
the main component distribution. To this end, we choose
the composition gradient isosurface of dissimilar alloys
to describe the 3D spatial characteristics of the com-
position distribution. Here, an isosurface with an alloy
composition gradient (ACG) of 100 000wt%/m is used
to illustrate the 3D spatial characteristics of the dissimilar
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alloy composition distribution. It is found that the spa-
tial distribution of alloy components presents a staggered
and overlapped shape [Figure 2(d)]. The observed iso-
surface shape closely resembles the ‘fish scale’ interface
proposed previously [20]. The difference lies in the fact
that the numerical simulation method used here takes
into account component diffusion. Therefore, the com-
position gradient isosurface utilized to describe the main
component distribution of the alloy, which provides a
closer representation of the actual situation.

3.2. Alloy composition gradient dominates grain
growth and grain characteristics

Our research from two years ago revealed that the degree
of alloying (DoA) between two dissimilar alloys affects
grain growth, leading us to an important conclusion that
the alloy composition dominates grain growth [20]. After
further research in this paper, it is found that the alloy
composition is an essential factor affecting grain growth,
and the alloy composition gradient (ACG) is the essential
reason for the dominant grain growth. For example, the

Figure 3. Composition distribution, composition gradient and microstructure of dissimilar alloys obtained using EDS and EBSD under
L = 200W and V = 1500mm/s, see (a). Composition distribution, composition gradient and microstructure under L = 100 W and
V = 300mm/s, see (b). Schematic diagram of curved grain angle, see (c). Curved grain shape characteristics under different process
parameters, see (d). Figures (a) and (d) are extracted from the cross-section B-B. Figure (b) is extracted from the cross-section A-A. In
Figure (b), EDS images are displayed in black and white, where the white and black areas represent 316L and IN718, respectively. A data
extraction line is selected in the EDS image, and the positions of pure 316L and pure IN718 are represented by reddish-brown and green
colors, respectively.
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Figure 4. Schematic illustration of the mechanism by which temperature gradient (a), composition gradient (b) and mixed (c) modes
dominate the growth of curved grains, respectively. (a) is 200 W and 300mm/s, (b) is 300 W and 1200mm/s and (c) is 200 W and
1800mm/s.

dissimilar alloy composition distribution on the cross-
section B-B [Figure 1] shows that, although there is inter-
diffusion between the dissimilar alloys [Figure 3(a)], it
can be observed that the position of the larger alloy com-
position gradient coincides with the grain boundaries of
the curved grains. Therefore, the alloy composition gra-
dient (ACG) serves as an index to evaluate the influence
of alloy composition on the alloy microstructure. Figure
3(b) showcases the microstructure and composition dis-
tribution of the dissimilar alloy on cross-section A-A. A
data extraction line was selected in the EDS image, with
the reddish-brown and green colors representing pure
316L and pure IN718, respectively. The alloy composi-
tion gradient (ACG) values are indicated by the yellow
line below the data extraction line. Comparing the EBSD
and EDS in Figure 3(b), it is found that grain bound-
aries appear at the positions where |ACG| ≥ 100 000
along the data extraction line, leading to the formation
of curved grains in various shapes. This confirms that the

alloy composition gradient is themain factor affecting the
grain shape.

In order to quantify the shape characteristics and the
generation conditions of curved grains in the dissimilar
alloy LPBF process, the curved grain angle (θG) is defined
here to describe the curved grain shape. Three auxiliary
points are constructed at the head (AP1), middle (AP2)
and tail (AP3), positions curved grain. Then, the auxiliary
circle (AC) is determined based on these three auxiliary
points. By connecting the head and tail auxiliary points
(AP1 and AP3) through the center of the auxiliary cir-
cle (AC), two auxiliary lines (AL) are obtained, and the
angle between these lines is measured to determine the
curved grain angle (θG) [see Figure 3(c)]. Figure 3(d) is
provided to illustrate the influence of different process
parameters on curved grains. We selected one curved
grain from each combination of processing parameters,
representing the grain with the most significant curved
angle in the current parameter combination. This allows
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us to determine the angle limit of curved grains that each
process parameter can produce.

Our previous research has found that the aspect ratio
(Dm/Wm) of the melt pool provides a better description
of its shape characteristics. Dm/Wm is also an important
index that affects the shape of the composition gradient
isosurface shape and diffusion [19,20]. Although process
parameters can control the value of Dm/Wm, different
combinations of process parameters may produce the
same value of Dm/Wm. This implies that distinct pro-
cess parameters may yield the same shape isosurface of
the alloy composition gradient. Therefore, we will use
Dm/Wm as a variable to study the influence of alloy
composition gradient and temperature gradient on grain
shape in Figure 4.

When Dm/Wm ≥ 0.55, the Marangoni force leads to
a strong interdiffusion tendency of the dissimilar alloys
[Dm/Wm is 1.16, 0.67 and 0.76 in Figure 3(d)]. Since
|ACG| < 100 000 indicates no significant composition
transition resulting in a temperature gradient dominat-
ing the grain growth, most grains are perpendicular to
the melt pool boundary [22], see Figure 4(a).

When 0.25 ≤ Dm/Wm < 0.55 [Figure 3(d)], the
Marangoni force causes the dissimilar alloys in the melt
pool to exhibit moderate interdiffusion tendencies. The
alloy composition distribution takes on a curved strip
shape a thickness of about 15μm. It is not easy to generate
multiple crystal nuclei in the 15μm region, coupled with
a large alloy composition gradient (|ACG| ≥ 100,000)
that dominates the grain growth, resulting in indepen-
dent curved grains with an angle of up to 272°. It is worth
noting that the temperature gradient still plays a role in
the grain growth process at this stage, but the influence
of the composition gradient on the grain growth is more
potent than that of the temperature gradient. It can also
be understood that the large alloy composition gradient
acts as an energy barrier in the grain growth process, and
the ability of the temperature gradient to dominate the
grain growth is generally insufficient to overcome this
energy barrier [Figure 4(b)].

When Dm/Wm < 0.25, the IN718 melt has a short
convective flow distance, and the recoil pressure and
Marangoni force are insufficient to promote interdiffu-
sion of the dissimilar alloys. The IN718melt concentrates
above a single track, and the alloy composition does not
form narrow curved strips but rather a region of alloy
aggregation (IN718 or 316L) with an equivalent diame-
ter > 45 μm [Dm/Wm is 0.24 and 0.18 in Figure 3(d)].
Although |ACG| ≥ 100 000, indicating a sharp chemi-
cal transformation between dissimilar alloys, an energy
barrier is still formed for grain growth, causing the grain
boundaries to coincide with locations of large alloy com-
position gradient. However, due to the wide range of

independent alloy compositions (45 μm), it is easy to
form multiple crystal nuclei, resulting in the formation
of large-sized grains (Dm/Wm = 0.18) in the region of
self-similar composition or the appearance of small-sized
grains (Dm/Wm = 0.24) dominated by temperature
gradients [Figure 4(c)]. This is a typical mixed mode in
which the composition and temperature gradient simul-
taneously dominate the grain growth.

4. Conclusion

Alloy composition gradient isosurfaces are essential to
visualize the spatial distribution of miscible dissim-
ilar alloy compositions. The study found that when
Dm/Wm ≤ 0.55, the dissimilar alloy’s composition gra-
dient is a critical factor affecting grain growth. It is con-
cluded that the alloy composition gradient can dominate
the grain growth. It is worth noting that even when the
grain growth is predominantly influenced by the alloy
composition gradient, the temperature gradient still con-
tributes to the process. However, the impact of the com-
position gradient on grain growth is more potent than
that of the temperature gradient. In extreme cases, the
curved grain angle can reach up to 272°.
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