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#16-16, Singapore 138632

Abstract

Increasing demand for high-quality additive manufactured parts in the aerospace, automotive, medical, and
0il&gas industries requires careful control of the part microstructure, residual stress, and density homogene-
ity. In order to improve part quality, partial remelting of the as-built material during subsequent beam
scans is desirable. Here, we make use of computer simulations to explicitly study remelting in laser- or
electron beam-melting additive manufacturing. By explicitly implementing phase transformations between
the powder, the liquid, and the bulk, we track the amount of material that is subject to remelting. The in-
fluence of the beam parameters, such as the beam size, scan speed and power, are investigated and both the
cases of an exponential as well as a linear beam absorption profile are considered. We find that, at constant
beam cross section, there is an optimal beam shape for remelting. Further, we show how the optimal shape
changes when the scan speed is changed and in this case interlayer remelting is also specifically addressed.
Calculations are presented for the model case of AIST 316L stainless steel but can be extended to a wide
class of metals.

Keywords: Powder Metallurgy, Phase transitions, Laser melting, Additive Manufacturing

PACS: 81.20.Ev, 64.70.D-, 64.70.kd, 44.35.+c

1. Introduction

Monolithic, epitaxial build-up of material in additive manufacturing is a cornerstone for high-quality
parts production in the aerospace, marine, oil&gas, and medical industries [1, 2, 3, 4]. In this regard, laser
and electron beam melting of powders into the final parts is showing continuous interest due to the high-
density, high-strength achievable in the built parts [1]. In order to achieve optimal mechanical properties,
a careful control of the part microstructure and homogeneity is necessary. In particular, local remelting of

the already built part, and especially of the heat-affected zone [5], is known to increase the part quality
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in terms of improved material homogeneity [6], reduced density of defects [7], and improved degassing and
deoxidation [8]. On the other hand, limited remelting results in poor metallurgical bonding between the
newly solidified material and the existing formed shape [9], poor wetting [10], and un-even microstructure
distribution [11]. Equally, excessive remelting is also not desirable, as it limits geometrical accuracy in
the built part [12]. Moreover, excessive remelting also deteriorates interlayer metallurgical bonding, since
it induces a wavy interface between the lower and upper layer of solidified material [13]. Similar to the
case of AISI 316L, remelting is important for other materials, as recently demonstrated by Thijs [14] for
Selective Laser Melting (SLM) of Tantalum. Also, it is important for Nickel-based superalloys [11], and
Ti-6Al1-4V [15], where it allows complete degassing and dissolution of low-density inclusions, critical for
aerospace-quality Titanium [16], and Aluminum [17]. Beside metals, remelting is important for polyamides
because it improves wetting of the liquid in the pores of the solid, improving the part density [18].

The importance of the topic has driven many authors to study melting and remelting in several additive
and non-additive welding systems and materials. Yadroitsev et al. [19] and Tolochko et al. [20] studied
SLM of metals using high frame-rate cameras, showing the local phase transformations surrounding the
melt pool. Majumdar et al. investigated both the mechanical and electrical properties of laser-deposited
316L steel [6]. Koulis et al. investigated the case of arc remelting [21], where the melt pool was studied
in details using a computational fluid dynamics approach. Rao et al. worked on modeling the electro-slag
processing of ingots [22], while attention was also given to droplet-deposition of Aluminum [17]. Moreover,
laser remelting of die-casting Magnesium alloy was carried out to study the effect on pores formation [23].
For the case of Ti-6A1-4V, a detailed study of the morphological evolution of the melt pool appeared recently
with a detailed investigation of heat flow and mass transport within the melt pool [24].

In this paper, we perform Finite Element Method (FEM) calculations of the phase evolution of AISI
316L stainless steel during laser-beam additive manufacturing. We explictly implement the phase changes
between powder, liquid and solid and numerically track the evolution of the melt and remelt pool during
scanning. We investigate the effect of the beam size and scan speed, at constant heat given to the material,
and find that the scan speed has a major impact on the size of the remelt pool. We also find that, at constant
beam cross-section, there is an optimal beam size and shape that maximizes the remelt volume fraction.
Finally, we show how the optimal remelt pool is affected when the scan speed is changed. Our results suggest
a route to predict and control the amount of remelting during scanning, and can be particularly useful as an

aiding tool in real manufacturing in order to obtain high-uniformity, low-porosity, high-strength final parts.

2. Method

3

The simulations were performed on a computational domain of 1.8 x 1.8 x 0.6 mm~ in size, assembled

using the MSC. Patran ® preprocessor. The domain consisted of 120000 brick elements with a finer mesh
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Figure 1: Graphical representation of the intensity of the beam in (a) an horizontal profile and (b) in three-dimensions, where
the beam radius w and depth dg are depicted. (c) Top-view of the temperature distribution during the raster turning point
of the beam, showing the raster trajectory of the beam in grey. The width and height of the plot are 1500 and 800 um,

respectively.

of 15 x 15 x 15 um? elements at the top surface, and gradually coarser towards the lower end of the domain.
Boundary conditions were set to 600°C at the lateral boundaries and bottom surface, to model the powder
pre-heating during processing. On the other hand, the top surface is the only non-insulated surface. Here,
because we are concerned with laser melting, the top surface can exchange heat with the surroundings
through both convection and radiation [25]. Therefore, we set the surface heat-exchange coefficient to be
10 W/mK [26] and we implement radiation through the classical Stefan Boltzmann relation, ¢ = o (T4 — TS‘)
where T, the ambient temperature, was also set to 600°C. While these are arbitrary choices, we expect our
results not to be qualitatively affected by the exact temperatures we choose [10]. In fact, our primary goal
is to be able to reproduce realistic values for the temperature distribution inside the melt pool and powder,
as shown for example by Hussein et al. [26].

The mechanical and thermal properties for AIST 316L were taken from well-established literature [27].
The presence of powder was considered by scaling the thermal and mechanical properties of the bulk material
by the porosity ¢, where ¢ is a number between 0 and 1. In our calculations, the initial value ¢ = 0.6 was
used [9]. In our model the powder, liquid, and bulk (solid), are considered as three independent phases,
each one with individual thermal and mechanical properties. The melting temperature of the solid is set at
1400°C, where for simplicity we disregard the details of the phase transition between solidus and liquidus.
The latent heat of fusion was incorporated as a local peak in the specific heat at the melting temperature [26].

For example, with a spot size of 75 um and a penetration depth of 50 um, the heat required to melt a volume
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Figure 2: (a)-(d) Sequential snapshots of the phase evolution during raster scan. Liquid elements are depicted in red, bulk
elements in dark blue and remelt in yellow. Notice the appearance of remelt at the rastering turning point, and the amount
of remelt during the second straight segment of beam scanning. The beam is following the path sketched in Fig. 1(c), and the

movement of the beam is shown by the arrows.

of powder corresponding to the spot volume is ~ 5 x 10~% J. The time required for such processis 4.5 us, at
a laser power of 150 W and absorption efficiency 0.7. Assuming a scan speed of 100 mm/s, the time required
for the beam to travel across one spot diameter is ~ 1500 ps; therefore, such a scan speed is sufficient to
achieve full melting of the powder and no incomplete melting is expected using these process parameters.
The laser beam was characterized by a Gaussian in-plane distribution. This shape was chosen because
considerable simulations that were carried out previously [28, 26, 29, 30] showed a good agreement with
experimental results. Moreover, Gaussian beams are a common setup in industrial-grade laser melting
machines [31]. Penetration into the powder was considered with two possible absorption profiles. Specifically,
both cases of an exponential as well as a linear absorption were considered [32]. Here, our interest in a linear
decay arises because the complex mechanism of energy scattering and absorption through a porous media is
still not fully understood, and other authors have reported a linear decay [33]. Beside, a linear profile may
be useful for providing qualitative guidelines to the case of electron beam additive manufacturing, where
the beam penetration is usually modeled as linear [34]. In summary, the beam energy was considered with

both linear and exponential absorption profiles

24P (=) z 2AP (=2ph) (s
I - < 1-2) @ I - - Z) e
(@.9.7) = 228 e (1-2) @ s =E e () @

where [ is the beam intensity (in W/m?), P is the laser power, w is the beam radius, dy is the beam
penetration depth, and A is the coefficient of absorptivity. The horizontal cross-section and the penetration

profile for the case of a linear beam are shown in Figs. 1 (a) and (b), respectively.

4
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Phase transitions were explicitly accounted in our model. This was achieved by adding two extra degrees
of freedom (DOF) to every node of our FEM model, where one extra degree of freedom was the local phase
and the other was the local porosity. In total, six DOFs were considered on every node, including the
displacements along the three directions w,,uy, u, and the local temperature 7. While the calculation of
stresses is part of the model, here we will focus our discussion on the thermal field and distribution of phases.
The DOF “phase” could assume three possible values, namely “powder”, “liquid” or “bulk”. At the same
time, the DOF “porosity” was a number between 0 and 1. Phase transitions were modeled by enforcing the
following rules: a) if the local phase is powder and the local temperature exceeds the melting temperature,
then the local phase in liquid and porosity is 1; b) if the local phase is liquid and the local temperature falls
below the melting temperature, the local phase is bulk and porosity is 1; if the local phase is bulk and the
local temperature exceeds the melting temperature, the local phase is liquid. This way, rule a) accounts
for melting, rule b) for solidification, and rule c¢) for remelting. Phase evolution was tracked by recording
the elements with the majority of nodes belonging to a given phase. The temperature-dependent thermal
conductivity and specific heat, as well as the phase transformation rules, were implemented in the form of
user subroutines in the software Abaqus ®. Graphical visualization and post-processing was done using the

Altair Hyperview ® software.

3. Results and discussion

Simulations were run by moving the beam along a raster-type trajectory, as depicted in Fig. 1(c). This
trajectory allowed us to study the basic build mechanism of one-layer additive manufacturing. The trajectory
comprises of two straight segments with length 600 um, connected by a raster turning point, where the hatch
spacing was set to 150 wm. An initial calculation was run with beam radius w = 75 pum and scan speed
of 100 mm/s. The laser power was 150 W and the absorptivity 0.7. These numbers were chosen because
they are common values in laser melting processing [26], and allowed us to reproduce realistic temperature
distributions. The corresponding temperature distribution at the surface is shown in Fig. 1(c), while the
phase evolution is shown in Figs. 2(a)-(d), where the liquid elements are colored in red, the bulk is colored
in blue, and the remelt is highlighted in yellow. The four snapshots were taken at 1.25, 3.75, 6.5 and 8.75
microseconds, respectively, while the complete movie is provided as Supplementary Data [35]. The phase
evolution clearly shows the advancing melt pool, followed by the trail of solid. Because heat is added at
the top surface, a strong thermal gradient is present from top to bottom of the melt pool. As a result,
solidification starts from the liquid/solid interface at the bottom and propagates towards the top surface.
This is consistent with experimental evidence [25]. When the beam reaches the turning point of the raster
scan and travels along the hatch spacing, remelting starts to appear. At this point, solidified material is

quickly remelt because the beam is spending more time in the region, therefore increasing the local supply
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Figure 3: Volume fraction of remelt material during scanning at 100mm/s, as a function of the beam size, at constant beam
cross-section. Calculations are presented for a cross section of 64% (red line), 32% (green line), and 13% (blue line) of the
nominal area beam size at w = 75 um (see text for details). Remelt volume fraction is defined as the fraction of material inside
the melt pool that comes from remelting. Panel (a) and (b) corresponds to exponential and linear beam penetration profiles,

respectively.

of heat to the material. Later, the beam travels the second straight segment and completes the raster scan.
Here, remelting is also seen as the consequence of the overlap between the beam local intensity and the
material that was solidified after the first line scan. By computing the volume fraction of remelt as the
volume of the remelt divided by the volume of the liquid pool, we obtain a remelt volume fraction of ~ 12%.
Because the exact amount of remelt volume fraction depends on the beam shape, size and beam speed, we
continue by systematically investigating the effect of the beam parameters on the remelt volume for both
the cases of an exponential and of a linear absorption into the material. In this study, we focus our attention
to the beam rather than to the hatch spacing simply because the hatch has a trivial influence on remelting,
namely, the remelt volume fraction monotonically increases as the hatch spacing decreases.

Systematic calculations were run by changing the beam size and depth while keeping the beam cross

section S = wdy constant. This way, the beam offers the same cross section to the material, but the beam
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aspect ratio r = dy/2w can vary. Specifically, the beam radius was considered from 30 to w = 400 um. Our
choice of results for comparison at constant cross section area is motivated by the fact that, during raster
scan, remelt is primarily controlled by the overlap between the vertical cross-section of the beam and the
already solidified material [36]. Volume fraction of remelt material was considered for three indicative values
of cross-section 5, for both cases of exponential and linear decay. For exponential decay, S = 2wdy and, at
w =75 pm, do was chosen to be 75, 112.5 and 150 um (labels Sie, Soe, and Sse in Fig. 3(a), respectively).
For linear decay, S = wdy and, at w = 75 um, dy was chosen to be 30, 75 and 120 um (labels Sy, So, and
Ss; in Fig. 3(b), respectively). While the particular choice of cross-section areas are arbitrary, it allows us
to investigate remelting in a range where the penetration depth spans from less than one powder layer to
several layers. Results are compiled in Figs. 3 (a) and (b) for exponential and linear decay, respectively,
where the beam size was normalized to the hatch spacing. From the figure we can see that the volume
fraction of remelt shows a non-uniform dependence upon w. In particular there is an optimal beam size
that maximizes the remelt volume fraction. Initially, volume fraction increases as w increases because the
beam progressively overlaps with the bulk material solidified during the previous line scan. However, further
increase of the beam size results in a decrease in the remelt volume. In fact, as the beam size increases, the
beam characteristic volume increases. As a result, the average energy density in the material ( fv avy/v
also decreases, effectively limiting the amount of remelt volume at large beam size. We find this result
appealing because it shows that a large beam size does not necessarily translates into a large amount of
remelt material, even when the hatch spacing is kept constant. For the case of a very small cross-section the
corresponding beam volume is small for the entire range of beam sizes. Therefore, energy density is high,
resulting in a significant amount of remelt even at large beam sizes. These results tell us that the beam
geometry alone is able to profoundly affect the amount of remelt material, influencing the final part quality.

Next, the effect of the beam scan speed was considered. In general, the effect of the beam speed on the
temperature distribution inside the material is well documented in literature [24] and will not be further
addressed here. However, we mention that the increase of scan speed alone has the general consequence
of reducing the thermal gradients during scanning [26] because less heat is given to the material. Here,
we change the scan speed while maintaining the same amount of heat given to the material. Following
the integration of Eqs. 1 and 2 over the beam volume, we see that a constant heat given to the material
requires P/v to be constant. This ratio was kept constant while considering the scan speeds of 100, 200 and
400 mm/s. For each of these speeds, systematic calculations were run by varying the beam size in the same
range as used before. Results are compiled in Figs. 4 (a) and (b) for exponential and linear absorption,
respectively. The figure shows that increasing the scan speed from 100 to 200 mm/s results in an increase
of both the maximum amount of remelt volume fraction and of the optimal beam size for remelt. This is
consistent with the view that heat accumulation inside the material is in competition with heat removal
away from the beam through conduction convection and surface radiation. If the scan speed is high, heat is

7
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Figure 4: Volume fraction of remelt material as a function of the beam size, where the scan speed is considered at 100 mm/s (red
line), 200 mm/s (green line), and 400 mm/s (blue line). The upper axis shows the beam aspect ratio r for the corresponding

values of beam size (lower axis). Panel (a) and (b) corresponds to exponential and linear beam penetration profiles, respectively.
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Figure 5: Snapshots of the phase evolution for scan speed of 200 mm/s ((a),(b)) and 400 mm/s ((c),(d)), for an w beam size
of 250 pum ((a),(c)) and 350 um ((b),(d)). At 200 mm/s, notice the decrease in the amount of remelt volume as the beam size
increase. At 400 mm/s, notice the less sensitivity of the remelt volume to the beam size. The arrows in panel (a) depict the

raster trajectory of the beam; the trajectory is the same in every panel.
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Figure 6: Volume fraction of interlayer remelting during scanning of a powder layer (thickness: 30 um) on top of bulk material.
The beam spot size is 75 um and the beam penetration profile is exponential with penetration depth of 20 um (red line),

40 pum (green line), and 60 pum (blue line). Scan speed is changed but the heat given to the material is kept constant.

deposited quickly and the thermal conductivity of the material is not sufficient to carry it away effectively.
As a result, local temperature increases, increasing the amount of remelt volume. However, further increase
of the scan speed (400 mm/s) results in a different behavior, where an optimal beam is not present and the
amount of remelt continuously increases with w (Fig. 4, blue line). This behavior can be understood with
the help of Fig. 5, where snapshots of the corresponding phase evolution are shown. From the figure we see
that high scan speed corresponds to a large trail of melt material behind the liquid pool. For this reason,
the volume fraction of remelt is lower than the case of smaller scan speed, as shown in Figs. 5(a)-(b). At the
same time, increase in the beam size does not induce a decrease of the remelt pool. This is because, contrary
to the case of smaller scan speed, here heat is supplied so quickly that considerable melting and remelting
occurs even at very large beam volumes. Overall, investigation of the scan speed reveals that by applying
the same amount of heat to the material, the amount of remelt material is not intuitively connected to the
scan speed.

Moreover, the case of interlayer remelting was investigated, i.e., where the beam is scanning upon a
layer of already solidified material. Here, the initial properties of our simulation domain were set to that of
bulk material, and one more powder layer (thickness: 30 um) was added on top. Interlayer remelt volume
fraction was computed as the remelt coming only from the lower layer divided by the volume of the melt
pool. Results are compiled in Fig. 6, where the beam had exponential absorption profile, the spot size
was 75 um, and the heat given to the material was constant. Calculations were repeated at three values
of penetration depth dy, namely 20, 40 and 60 pm. This choice for dy allows us to investigate both the
cases where the penetration depth is smaller and larger than one layer thickness. The calculations show

that increasing the scan speed, at constant heat given to the material, increases interlayer remelting at
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dp = 20 and 40 pm, while decreases at dyp = 60 pum. This is seen as the result of the interplay between
a larger penetration depth, which should increase interlayer remelting, and a lower energy density caused
by the same increase in penetration depth, which should reduce remelting. These calculations could serve
as guidelines for controlling interlayer remelting by carefully choosing the scan speed and the penetration

depth.

4. Conclusions

In conclusion, a Finite Element Method model was developed to explictly account for the phase trans-
formations of melting, solidification, and remelting during high-energy beam additive manufacturing. Using
ATSI 316L stainless steel as a model system, we have shown the phase evolution during raster scanning,
where remelting begins at the raster turning point. Systematic calculations were performed where the beam
spot size was varied while keeping a constant beam cross section, and both the scenarios of an exponential
as well as a linear beam penetration depth were considered. Here, it was found that the volume fraction
of remelt is linked to the beam size in a complex way. In particular, there is an optimal beam shape that
maximizes the remelt volume fraction. At the same time, the beam cross-section area is found to critically
influence the remelt volume. In fact, we found that different cross-sections of the beam results in significantly
different remelt volumes, indicating that the beam shape has a profound effect on the remelt volume and,
ultimately, on the quality of the part.

Investigation of the effect of the beam size, at equal amount of heat supplied to the material, showed
that the scan speed is able to influence both the maximal amount of remelt as well as the optimal beam size
for remelting. In particular, low scan speed resulted in an optimal remelt volume fraction, while larger scan
speeds showed a monotonic increase in remelt, due to the high supply rate of heat into the material. At
the same time, explicit study of interlayer remelting showed that high-speed, high-power scanning strategies
could enhance interlayer remelting as compared to low-speed, low-power scanning, for powder penetration
depths comparable to one layer thickness. Knowledge of this dependence, highlighted in our Fig. 3 and
Fig. 4, could be useful as a general guideline to help controlling the amount of remelt material during
additive manufacturing. This, is turn, is expected to help the production of high-quality part by improving
the material uniformity and, therefore, mechanical properties.

We acknowledge helpful discussions with S.M.L. Nai, Z. He, N. K. Babu and S. Maleksaeedi at A*STAR
Singapore Institute of Manufacturing Technology (SIMTech), and X. Tan, Prof. S.B. Tor, S. Yuan, Prof. K.
Zhou at Nanyang Technological University. This work was supported by the Agency for Science, Technology
and Research of Singapore through the Industrial Additive Manufacturing Program (SERC Grants No: 132
550 4103 and 132 550 4106).
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