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Abstract: The melt-pool behaviors during selective laser melting (SLM) of Al,O3-reinforced and
a eutectic mixture of Al;O3-ZrO;-reinforced AISI 304 stainless-steel composites were numerically
analyzed and experimentally validated. The thermal analysis results show that the geometry of the
melt pool is significantly dependent on reinforcing particles, owing to the variations in the melting
point and the thermal conductivity of the powder mixture. With the use of a eutectic mixture of
Al,O3-ZrO; instead of an Al,Oj reinforcing particle, the maximum temperature of the melt pool
was increased. Meanwhile, a negligible corresponding relationship was observed between the
cooling rate of both reinforcements. Therefore, it was identified that the liquid lifetime of the melt
pool has the effect on the melting behavior, rather than the cooling rate, and the liquid lifetime
increases with the eutectic ratio of Al,O3-ZrO; reinforcement. The temperature gradient at the top
surface reduces with the use of an Al,O3-ZrO; reinforcement particle due to the wider melt pool.
Inversely, the temperature gradient in the thickness direction increases with the use of an Al,O3-ZrO,
reinforcement particle. The results of melt-pool behaviors will provide a deep understanding of the
effect of reinforcing particles on the dimensional accuracies and properties of fabricated AISI 304
stainless-steel composites.

Keywords: selective laser melting; additive manufacturing; SLM; FEM; Al;O3; reinforced;
Al,O3-ZrO;y; 304; stainless; composite

1. Introduction

Austenitic stainless steels can find more applications if their strength is improved. Hence, some
studies have investigated the reinforcement of stainless steel matrices via the selective laser melting
(SLM) process [1,2]. Reinforcing can be achieved through the use of Al,O3 to produce a metal matrix
composite that exhibits high mechanical properties, in addition to high corrosion and wear resistance.
However, Al,O3 particle has very high melting temperatures and very low thermal conductivities,
which result in a very high thermal gradient during the process, causing high local stresses and
crack formation [3]. The use of a eutectic mixture of Al,O3 and ZrO, powders decreases the melting
temperature of Al,O3 from 2313 K to about 2133 K [3,4]. If an optimum volume can be identified for
the samples reinforced with a eutectic mixture of AI203-ZrO;, it can be a good alternative to strengthen
the AISI 304 stainless steel.

To provide a deep understanding in relation to composites reinforced with alumina particles,
this paper presents an innovative numerical study dealing with melt-pool behaviors during selective
laser melting (SLM) of Al,O3-reinforced and a eutectic mixture of Al,O3-ZrO;-reinforced AISI 304
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stainless-steel composites. As is well known, the dimensional accuracies and properties of fabricated
composite parts are significantly dependent on the melt-pool behaviors [2—4].

SLM is a manufacturing technique to construct three-dimensional parts in which a high-power
density laser is used to melt and fuse metallic powders [4-7]. Compared with other traditional
techniques, laser processing typically does not require mechanical tooling and therefore exhibits high
flexibility [8-12]. In SLM, the energy density should be sufficient to ensure both the melting of the
powder and the bonding of the underlying substrate. If the bonds between the scan tracks and layers are
weak, defects such as cracks may be generated [13-16]. The trapped gas in the melt pool can increase the
number of pores in SLM-fabricated parts. Additionally, the reduction in solubility of the element during
the rapid melting and cooling process can cause detrimental defects [17]. Schleifenbaum et al. [18]
found that with the increase in the laser power, the rate of material evaporation and the incidence of
spattering increased. These defects should be prevented by identifying appropriate process parameters
of the SLM process.

The prediction of the temperature evolution in SLM is commonly performed using the
finite-element (FE) method or statistical approaches. The temperature and stress fields in samples
of 90W-7Ni-3F and 316L stainless steels were predicted by Zhang et al. [19] and Hussein et al. [20].
Dai and Shaw [21] simulated the transient temperature, as well as the thermal and residual stress fields.
Kundakcioglu et al. [22] performed transient thermal modeling of laser-based Additive Manufacturing
(AM) for 3D freeform structures.

In the case of composites, AlMangour et al. [23] presented a simulation model for predicting
the temperature evolution of the melt pool of TiC/SUS316L samples. Shi et al. [24] investigated the
effects of the laser power and scan speed on the melting and solidification mechanisms during SLM of
TiC/Inconel718 via a simulation approach. Li et al. [1] investigated the microstructural and mechanical
properties of Al,O3/316L stainless-steel metal-matrix composites (MMCs) fabricated via SLM through
experimental and numerical methods.

The aforementioned studies focused on a single reinforcement particle in the case of SLM of a
metal matrix composite. They did not consider an SLM composite with binary-phase reinforcement,
such as a eutectic mixture. The thermal cycle in the SLM process increases the complexity of the
material melting and thermal behavior, if new combinations of the reinforcements are applied [25].
The melting temperature of the powder mixture is an important microstructural feature in the thermal
process, as it affects the final temperature of the surface during the heating or cooling of the melt pool.
No detailed analysis involving the 3D FE modeling of a selective-laser-melted part, including the metal
matrix and binary-phase reinforcement and its relationship with the geometric features of the melt
pool during the process, has been performed.

In this study, a eutectic mixture of Al;O3 and ZrO, powder particles was added to AISI 304 stainless
steel as the metal-matrix media in a set of numerical simulation runs, incorporating experimental runs
as validation tests. The use of a eutectic mixture of Al,O3 and ZrO, powders reduces the melting
temperature of Al,O3 particles. Hence, for a better understanding of the results, both sets of parts
modeled with various weight percentages of Al;O3 and Al;O3-ZrO, particles were considered.

For this investigation, the melt-pool dimensions and the thermal evolution of AISI 304-Al,O3 and
AISI 304-Al,03-ZrO, SLM composites were simulated, and the predicted thermal results were described.

2. Materials and SLM System

In this study, the eutectic mixture was prepared using powders containing 58.5 wt% Al,O3 and
41.5 wt% ZrO,, corresponding to the eutectic point of the Al;O3-ZrO; binary phase diagram [4],
with the reinforcement content within the AISI 304 stainless-steel powder as the metal matrix. An
experiment was performed using an SLM system with a continuous-wave, ytterbium fiber laser (IPG
YLR-200, IPG Photonics, Burbach, Germany), as shown in Figure 1. The maximum available power
of 200 W at 6 A was used, and the laser scanning was controlled using a scanner (hurrySCAN®20,
SCANLAB, Puchheim, Germany). Argon gas was used as a shielding gas to prevent oxidation in the
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melt pool. The layering bar spread the powder, and the build cylinder moved vertically to control
the powder-bed height. During the numerical and experimental runs, a 30-pm-thick layer of powder
mixture was used. The laser spot diameter was fixed at 80 pm. The laser power and scanning
velocity were selected after conducting a large number of preliminary experiments associated with the
single-line formation tests.

/ /" Nd:YAG fiber laser

<~'Scanner
/Argon gas

e 1 Layering bar
Shielding-gas pipe yerne

Layering bar

[eylinder

Layering d1rect10n IBulld direction

Build cylinder
(b)

Figure 1. Selective laser melting (SLM) system: (a) Experimental setup; (b) Schematic illustration.

The laser power and scan speed were 200 W and 732 mmy/s, respectively. For comprehensive
comparison, various weight percentages of Al;O3 and the eutectic mixture of Al,O3-ZrO; were
employed in the reinforcing experiments, as shown in Table 1.

Table 1. Numerical and experimental runs.

Ex. No. wt% of Al,O3 wt% of Al,O3-ZrO, wt% of 304SS
1 0 0 100%
2 3% - 97%
3 5% - 95%
4 7% - 93%
5 - 3% 97%
6 - 5% 95%
7 - 7% 93%

3. FE Modeling

3.1. Physical Description of Model

A 3D model was developed, and the ABAQUSTM commercial software (version 6-14, Dassault
Systems, Providence, RI, USA) was utilized to simulate volumetric laser energy deposition with a
Gaussian distribution. A schematic of the SLM process, which shows the interactions between the
laser beam and powder bed, as well as the melting-pool dimensions and solidification, is presented
in Figure 2a. A square composite powder layer with dimensions of 7 mm X 7 mm X 0.030 mm was
placed on a stainless-steel substrate. The powder bed was meshed with eight-node linear hexahedral
elements with a size of 70 X 107® m that were distributed uniformly throughout the powder-bed model,
as shown in Figure 2b. The sweep method was used to mesh the substrate and accurately capture the
flux distribution of the moving laser beam.
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Figure 2. (a) Schematic showing the thermal behavior of the powder bed under laser irradiation. (b) 3D
finite-element (FE) model. (c) Schematic showing the transfer of laser radiation into the powder bed.

3.2. Initial Governing Equation

In the powder-bed additive layer manufacturing system with a moving laser source,
the heat-transport equation for 3D Cartesian coordinate systems is expressed as follows [22]:

JaT d , dT d . dT d
PGy = plkoo) + @(k'a—y) + o (k

JaT dT
- Cpyt — , 1
)+ 0Cro + Q M
where T is the temperature (K), p is the density (kg/m3), Cp is the specific heat (J/(kg-K)), k is the thermal
conductivity (W/m K), and V is the differential or gradient operator. Q is the rate of internal energy
conversion per unit volume (referred to as the source term, W/m?).

The corresponding boundary condition was [20]:

aT h 6,4 4

- = (T - — - 2
5 = L= To) + —=(T" = To"), @
where T is the surface temperature of the powder bed, z is the axis perpendicular to the powder surface,
h =200 [26] is the forced-convection heat-transfer coefficient (W/m? K) due to argon gas, € = 0.8 is the

emissivity of the heated surface, and 6 = 5.6703 x 108 W/m?2K* is the Stefan-Boltzmann constant.

3.3. Heat-Source Model

The travel distance of the laser beam into the powder media (z), which is schematically presented
in Figure 2¢, can be modeled using a volumetric heat source (Q(x, y, z)) [27]:

_ 2 2
V) (-1 2), )

Qx,y,z) = (1 -R)nA Pzexp(

Ttro ro

where R is the surface reflectivity of the powder mixture, and 1 is a shape parameter of the heat-flux
distribution, . = 2. A is the laser-absorption coefficient of the irradiated surface and it was modified
during numerical validation. P is the laser power (W), 7 is the laser-beam radius (m), x and y are the
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Cartesian coordinates at the surface, and z is the Cartesian coordinate perpendicular to the powder
bed. d is the penetration depth equal to 40 um for the SLM process [27].
The surface reflectivity of the powder mixture (R) is expressed as follows [25,28]:

n o Ra Bo W
=1 e
n B W
i=1 )

Here, in accordance with the three components utilized in this study (AISI 304, Al,O3, and ZrOy),
n is 3; i is a subscript referring to a specific mixture component; R(; is the surface reflectance of
component ; f; is the extinction coefficient of component i, p;) is the density of component 7, and wy;
is the weight percentage of component 7 in the mixture.
The extinction coefficient {3 is defined as [29]:
3(1-9)
= —r 5
B = 53D ©)
where ¢ is the porosity of the bed, and D is the average particle diameter of the powder. The powder
density was calculated using the following equation [26]:

Ppowder = (1- &) Poulk, (6)

The laser-absorption coefficient of a powder bed with a Gaussian distribution (Apowder) Was
estimated using the absorption coefficient of the bulk material (Apx) [30]:

Apowder = 0.0413 + 2.89 Ay - 5.36A% i + 4.50A% b, 7)
The values of A in Equation (3) were calculated according to the linear rule of mixtures [31]:
A =wy-A1 + wy-Ay + ws-Asz, (8)

where w1, wy, and w3 represent the volumetric contents of the three components in the mixture, and A;,

3
Ay, and Aj represent the absorption coefficients of the components (), w; = 1,0 < A < 1). The final
i=1
values of A applied in Equation (3) were obtained through numerical validations, as discussed in
Section 4.1.
The parameters presented in Table 2 were obtained from the material supplier and previous
works [26,32], as well as an online source. Then, the corresponding values were calculated using

Equations (4)—(8).

Table 2. Parameters used for obtaining the values of the surface reflectivity (R) and absorption
coefficient (A) of the powder mixture.

Powder Rg) Dy (m) DG Poutk (kg/m®) Ppowder GM3)  Apopier

AISI 304 0.46 20 x 1076 0.25 7900 5861.8 0.604
AlL,O3 0.79 3x107° 0.65 3970 1580 0.173
ZrO, 0.82 1x107° 0.21 6000 4740 0.266

3.4. Physical Properties of Materials

The values of k are expressed by the following equations [29,31,33], where T is the temperature
and the superscripts s and m correspond to “solidus” and “melting”, respectively.
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for AISI 304, T < TS : kpowder = kbulk(l - d))n, n==4%4
for AlLb,O3 and ZrO,, T < T :
k owder N k,,, f k 1 kra
Iim‘m = 1 - 1 - Cb (1 + d;Cafmd) + 1 - d) (1_ %‘atm (1— }(afm ln(ﬁ) a 1) + ij]’
Rpulk Kbyl

for all components, Ts <T < Ty, :

k U (Tm_k ou}fr(Ts —
k = ( e T)m— (;“f ! ) (T - TS) + kO powder (TS))Xlo 3

for mixture, T < Ts, Ts < T < Ty, : Kiixture = Wiki + woky 4+ wsks

for mixture, T > Ty, :

ko (l+ZW2)—k1 (2{02—2)
Kmixture = kl( ki (2t wy)— ka(1-wy) )’ @2 <wi, ki = kipuk k2 = ko puik

©)

Here, K1y, is the thermal conductivity of the ambient atmosphere and is 0.018 for argon gas; ¢ is
the porosity of the powder bed; kg is the thermal conductivity at the ambient temperature; K, is the
thermal conductivity due to the radiation among the particles in the powder bed and is evaluated as
in [29]:

Kyuq = 4F-6T3-D, (10)

where F = 1/3 is the view factor; 6 is the Stefan-Boltzmann constant; T is the temperature; and D is the
average particle diameter of the powder.

T— Tm
for all components, Ts <T < Ty : Cp = Cpo+ (m ¢ (Tum Ts)) x L
Cp = for mixture, T <Ts, Ts <T <Twm : Cpmixture = W1Cp1 + w2Cpp + w3Cpz  ~ (11)

for mixture, T > Ty,; C, of mixture was not available

Here, Cp is the specific heat capacity at the ambient temperature, L is the latent heat of melting,
and Cp1, Cp2, and Cp3 are the specific heat capacities of the three components [33].

for AISI304, T<Ts : p= py
for Al,Oz and ZrO,, T<Ts : p=po
p = < for all components, Ts <T<Ty : p=(1- TTm__Ti )po + (%)p 0 bulks (12)
for mixture, T<Ts, Ts <T<Ty : Pmixture = w1p1 + wy p2 + w3 p3

for mixture, T > T : Pmixture = W1 Phutk 1 + W2 Poulk 2 + W3 Ppulk 3

Here, p1, p and p3 are the densities of the 304 stainless-steel, Al,O3 and ZrO, powder components,
respectively. pg is the density of the powder component at the ambient temperature [31,33,34]. Note that
Ppowder = Pbulk When ¢ = 0 at the melting point.

The phase change was included in the model by using the definition of the latent heat of melting.
The T; of the component with the lowest value (1615 K for AISI 304 stainless steel) and the T, of
the component with the highest value were used for the mixture when simulating composite parts.
The solution-dependent state variables of the three fields (powder, solid, and liquid) were based on the
density of the mixture (p) using a User Defined Field (USDFLD) subroutine.

4. Results and Discussion

To analyze melt-pool behaviors, cross-sectional views of the melt pools obtained from experimental
and numerical models are compared first. Additional simulation results are then presented to exhibit
the temperature effects on the liquid lifetime of the melt pools. The effect of temperature gradient on
microstructural features is also discussed.



Metals 2019, 9, 876 7 of 15

4.1. Numerical Validation and Melt-Pool Characterization

To reduce the simulation time, the single track of conditions presented in Table 1 was modeled.
The numerical model was validated using the calculated dimensions of the melt pool and compared
with the experimental results of the single-line formation test. Image processing was performed on the
cross-sectional optical micrograph to evaluate the melt-pool morphology, as shown in Figure 3.

\\Y

Figure 3. Schematic showing the dimensions of the melt pool. W and D represent the width (um) and
depth (um), respectively.

The melt-pool boundary was distinguished by the melting-temperature line of the
numerical-simulation thermal field. Thus, the width and depth of the numerical melt pool were
compared with the average width and depth of the experimental melt pool.

Through numerical validation, the best results for the melt-pool dimensions were obtained by
changing the absorption coefficient (A) of the mixture. The experimental and numerical cross-sections
of three samples—pure AISI 304, 3 wt% Al,Os, and 3 wt% Al,O3-ZrO, (eutectic mixture)—are shown
in Figure 4a—f. The black lines in the cross-section of the simulated conditions represent the melt-pool

boundaries, which are the melting temperatures, i.e., 1670 K for pure AISI 304, 2313 K for Al;O3
reinforced, and 2133 K for the eutectic mixture reinforced samples [4].

NT11
5014.25
4802.51
4317.85
3820.29
3484.12
2921.16
2526.13
2093.40
1683.74
820.63
676.97
425.31
300.00

(b)

NT11
3421.28
3365.26
3250.23
3135.21
2920.19
2705.16
2535.14
2320.19
1705.16
845.07
530.04
415.02
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23.1 pm

(d)

Figure 4. Cont.
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NT11
4610.38
4293.32
3862.31
3611.30
3247.13
2872.15
2436.10
2140.45
1560.73
715.05
551.04
421.04
300.00

Figure 4. Cross-sectional views of the experimental and numerical models: (a,b) pure AISI 304; (¢,d) 3
wt% AlyOs; (e,f) 3 wt% Al,O3-ZrO,. (NT11: Nodal Temperature).

The experimental and numerical melt pools exhibited similar shapes. The width and depth of
the melt pools under the conditions listed in Table 1 are plotted in Figure 5a,b, respectively. The two
reinforced composites exhibited slight differences in width, and the width of the melt pool was smaller
for the pure AISI 304 sample. As thermal conduction is the most influential factor for the melt pool [29],
the results are attributed to the lower thermal conductivity in the reinforced samples compared with the
pure AISI 304, as shown in Figure 5c at 800 K. The Al,O3-reinforced composite exhibited the smallest
melt-pool depth among the samples, as it had the highest melting point, making it difficult for the
molten powders to penetrate deep inside the melting pool. The larger melt-pool width and depth for
the eutectic-reinforced sample compared with the Al,O3-reinforced sample at each weight percentage
are attributed to the reduction in the melting point, along with the reduction in the thermal conductivity.
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Figure 5. (a) Cross-section width and (b) depth of the experimental and numerical models. (c) Thermal
conductivity (k) of the mixtures at 800 K.
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4.2. Temperature Distribution and Liquid Lifetime

The variation of the temperature with the time needed for scanning a single path during the
process, with different weight percentages of reinforcement contents, is explored. The center point of the
top surface shown in Figure 6a is considered for plotting the corresponding temperature-time profiles
shown in Figure 6b. Figure 6c,d also exhibit the maximum temperature of the top surface and melt-pool
lifetime reaching to 300 K for each condition, respectively. As the eutectic mixture of Al,O3-ZrO; is
replaced with the Al,O3 reinforcing particle, the maximum temperature is increased significantly due
to the reduction in the thermal conductivity and latent heat of the mixture. Also according to Figure 6b,
concerning the slope of the cooling curve as the cooling rate, this rate decreased especially in the cases
with 7 wt% of reinforcement particles. The simulation results show that as the reinforcement content
increases, the cooling rate decreases. The main factor affecting the maximum temperature in various
weight percentages of a specific reinforcement in the simulations is identified to be the absorption
coefficient. The absorption coefficient of the mixtures was calculated using Equation (8) and exhibited
a decreasing trend when increasing a reinforcement content, as is shown in Figure 6e. It is important to
note that the cooling rate, i.e., the slope of the cooling curve of Al,O3; and Al,O03-ZrO, systems upon
each weight percentage of the reinforcing particle, showed a negligible discrepancy. From the cooling
step in simulation runs, the liquid lifetime of the melt pool is distinguished. From Figure 6d, it can
be seen that the liquid lifetime increases with the use of a eutectic ratio of Al;O3-ZrO, reinforcement.
Meanwhile, it also rises as the reinforcement content increases. Because the gas atoms are released
from the lattice in the heat-affected zone, yielding a longer liquid lifetime in samples with a high
weight percentage of reinforcement, e.g., 7 wt%, may result in the formation of a higher amount of gas.
It is reported that this phenomenon may cause the formation of porosity in SLM-produced parts [35].
This was explored by multi-line formation tests shown in Figure 7, where the presence of cracks is
evident in the reinforced sample with 7 wt% Al,O3-ZrO;, seen in Figure 7f. On the other hand, a short
liquid lifetime of the melt pool combined with a lower temperature, observed in the sample with 3
wt% AlyOs3, is detrimental for wetting the farther gaps of powders, which generated some inter-gaps,
as observed in Figure 7a. This can also be observed in Figure 5b, in which in the sample with 3 wt%
AlyO3 is shown, and the depth of the melt pool cannot reach to the powder bed thickness indicated by
the dashed line, i.e., 30 pm. This can be expanded to other reinforced samples with Al,O3 particles,
where lower temperatures and shorter liquid lifetimes are seen compared with reinforced samples
with eutectic mixtures. An appropriate weight percentage of the reinforcement particle of Al;O3 or the
eutectic mixture of Al,O3-ZrO; plays an important role in the SLM process of AISI 304 stainless-steel
composites. In the case of 3 wt% Al,O3-ZrO,, the formation of an uneven surface, as observed in
Figure 7d, is the reason for which it is not regarded as an optimum condition. A proper temperature to
melt the particles with appropriate liquid lifetime and melt-pool depth was achieved using a 3 wt%
eutectic mixture. Considering a more moderate condition for liquid lifetime, however, the sample
of 5 wt% eutectic mixture shows a reasonable trend, as indicated by Figures 6b—d and 7e. From the
above observation and discussion, it is evident that the melt-pool lifetime has an effect on the melting
behavior, rather than the cooling rate.

4.3. Temperature Gradient

As SLM is an unsteady-state process, temperature gradients along surface direction and thickness
direction are unavoidable. The heating and solidification during the process will alter the temperature
gradient. This affects the microstructural features, such as grain morphology, grain size and its size
distribution, as well as residual stress accumulation due to a large temperature gradient. In general,
the unstable material flow, warpage and delamination between fabricated layers are detrimental results
of process-induced stresses [36-38].
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Figure 6. (a) Center point on the top surface chosen for plotting the (b) Temperature-time curves. (c)

Results for the maximum temperatures of the reinforced samples. (d) Liquid lifetimes. (e) The final
estimations of the absorption coefficients.

The slope of the curve of temperature distribution presents the temperature gradient of the
material [20]. Figure 8a,b show the effects of reinforcement contents on the temperature distribution
along the Y-direction at the top surface and Z-direction, or thickness direction, during SLM of
Al,O3/AlL,053-ZrO,, AISI 304 systems. With the use of an Al,O3-ZrO; reinforcement system,
the temperature gradient at the top surface reduces. This can be recognized in Figure 8a by reducing
the slope of the curve of temperature distribution compared with those of Al,O3 systems with similar
weight percentages of reinforcement content. The generation of a wider melt pool, seen in Figure 5a,
or the observation of a larger temperature distribution, seen in Figure 6b, are responsible for this
observation. In Figure 8b, the temperature gradient in the thickness direction (Z-direction) of the
melt pool is larger in Al,O3-ZrO,-reinforced composites than those of Al,Os-reinforced composites.
The temperature at the bottom area of the powder bed, shown on a vertical dashed line in Figure 8b,
yields higher magnitudes in Al,O3-ZrO, reinforced samples, but the slope of the plot or temperature
gradient in the powder bed is higher compared with Al,O3 samples. When a large temperature
gradient in the thickness direction is accompanied by a larger depth of the melt pool, as seen in
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Figure 5b, this may imply a larger dissipation of laser energy through the pre-fabricated layers or metal
substrate. So, it can exert a larger liquid flow in the melt pool in Al,O3-ZrO, samples.

Un-sufficient
melting

@

()

Figure 7. Optical micrographs showing the multi-line formation test results. Al;O3-reinforced samples
of: (a) 3 wt%., (b) 5 wt%., and (c) 7 wt%. Al,O3-ZrO, reinforced samples of: (d) 3 wt%., (e) 5 wt%., and
(f) 7 wt%.

Liquid flow in the melt pool is an important issue in processes related to molten metals. The free
surface energy, which is changed by local heating or cooling, is used to drive liquid metal. However,
the term “free surface energy” is not commonly used in regard to liquids and refers to the “gradient in
the surface tension” [39]. Thus, the thermal creep in different directions can be obtained by applying a
temperature gradient to the surfaces, because heating a surface causes the surface tension to decrease
or increase. Inhomogeneities in the gradient of the temperature of a liquid surface generate forces
related to the Marangoni effect. This effect can typically be defined as a dimensionless number (M) in
the characterization of flows, as indicated by Equation (13) [39].

LZ
X_

o (13)

dy| |dT

Here, dy/dT is the surface-tension gradient or surface-tension temperature coefficient (N m~! K1),
dT/di is the temperature gradient (K m~!) along a specific direction of i, L is the characteristic length
(m), p is the dynamic viscosity (N m~2s), and a is the thermal diffusivity (m? s71). The characteristic
length (L) can be considered in processes involving melting, such as welding and AM, for generating
deep penetration of surfactants, joints, or additives. For evaluating the convection of the minimum
length between the highest temperature (T},,y) and the lowest temperature (T),,;, = 300) along the
melt-pool depth, as schematically shown in Figure 8c, the horizontal dashed line drawn at 300 K in
Figure 8b can illustrate this length. Following the points of minimum temperatures in the Z-direction
on the horizontal dashed line in this figure, for all the models the distance between the points of the
maximum and minimum temperatures (L) decreased with the increase in the reinforcement content
within the metal matrix. The decrease in the maximum temperature at the top surface observed in
Figure 6¢ may be related to the decrease in the distance between the points of the maximum and
minimum temperatures, i.e., L. However, a significant discrepancy is observed between, e.g., 3 wt%
AlyOs-reinforced and 3 wt% eutectic-reinforced samples and so on. From a numerical viewpoint,
this may be due to the higher melting temperature and hence the smaller melt-pool depth in the
AlyOs-reinforced sample, as previously discussed. Because the thermocapillary (Marangoni) convection
always flows from a lower-surface tension region to a higher-surface tension region [39], the larger
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temperature gradient in each direction causes a larger Marangoni convection in that direction. As
a result, when applying the Al,O3 reinforcement particle, the Marangoni flow at the top surface
increases, which may benefit processes such as surface alloying/hardening. While using the Al;O3-ZrO,
reinforcement particle, the Marangoni flow at the thickness direction increases, which can benefit
processes such as 3D-printing. The micro-hardness measurements of the multi-layered samples were
investigated at different locations, as shown in Figure 8d, based on the American Society for Testing
and Materials (ASTM) E384-16 standard. Figure 8e illustrates that with the use of reinforcement
particles, an improvement in the micro-hardness of the fabricated parts is achieved. However, it can be
seen that the discrepancy between the micro-hardness of Al,Os-reinforced samples and the eutectic
ratio of Al,O3-ZrO, reinforced samples becomes narrower at the top layer, indicating an improvement
in reinforcement particles’ distribution towards the surface in Al,Os-reinforced samples.

6000

—e— 3 wt% eutectic 5000 4 —e— 3 wt% eutectic
5000 - - - 5 wt% eutectic - =- 5 wt% eutectic
--A - 7 wt% eutectic —&--7 wt% eutectic
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Figure 8. Temperature distribution. (a) Along the Y- direction at the top surface. (b) Along the
Z-direction, i.e., thickness direction. (c) Definition of the distance between the points of the maximum
and minimum temperatures (L). (d) The locations for measuring the micro-hardness. (e) Measurements
of micro-hardness at different conditions and locations.
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5. Conclusions

Melt-pool behaviors during selective laser melting (SLM) of Al,Os-reinfored and a eutectic mixture
of Al,O3-ZrO,-reinforced AISI 304 stainless-steel composites were analyzed both numerically and
experimentally, and the following conclusions are drawn.

(1) A 3D FE model for the SLM of Al,Os-reinforced and eutectic Al,O3-ZrO,-reinforced AISI 304
steel composite powders was developed and successfully employed to compare the effects of the
reinforcing materials on the melt-pool behaviors.

(2) The width and depth of the melt pool were larger for the eutectic-reinforced sample, which is
mainly attributed to the reduction in the melting point and thermal conductivity in this sample.
With the use of the eutectic Al,O3-ZrO, instead of the Al,O3 reinforcing particle, the maximum
temperature is increased due to the reduction in the thermal conductivity and latent heat of
the mixture.

(3)  As the reinforcement content increases, the cooling rate decreases. The liquid lifetime of the melt
pool has the effect on the melting behavior, rather than the cooling rate, and the liquid lifetime
increases with the use of a eutectic ratio of Al,O3-ZrO; reinforcement. An average and moderate
condition for the liquid lifetime was identified to be 5 wt% for the eutectic mixture.

(4) With the use of a eutectic Al,O3-ZrO, reinforcing particle, the temperature gradient at the top
surface reduces compared with the Al,O3-reinforced sample, due to a wider melt pool and a
larger temperature distribution. This led to a narrower discrepancy between the micro-hardness
of Al,Os-reinforced samples and the eutectic ratio of Al;O3-ZrO,-reinforced samples at the top
layer, indicating an improvement in reinforcement particles’ distribution towards the surface
in Al,Oj3-reinforced samples. The molten-pool behaviors and the thermal evolution of AISI
304 stainless-steel composites during the selective laser melting process will provide a deep
understanding of the effect of reinforcing particles on the shape accuracies and properties of
fabricated products.
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