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Abstract: A sequentially coupled multi-phase thermo-mechanical model for laser powder bed fusion
(LPBF) of Al-based composites reinforced by 1 wt.% random TiB2 micron particles was established.
Due to the remarkable difference in thermophysical properties, the maximum thermal stress was
predicted at the TiB2/Al matrix interface and formed at the liquid–solid transition stage. Meanwhile,
complicated evolution curves of temperature, strain, and strain rate were predicted with the laser
moving time during the solidification stage. To evaluate the interface cracking susceptibilities of
micron-TiB2/AlSi10Mg composites, the flow stress of the matrix was calculated, instead of ultimate
tensile strength, based on the physical constitutive relationship. From the comparison between
the calculated flow stress and the simulated Von Mise equivalent stress, it was found that an in-
crease in TiB2 particle size was inclined to induce a larger interfacial stress than the calculated flow
stress, therefore increasing the interfacial crack tendency, which was also effectively verified by the
experimental results.

Keywords: laser powder bed fusion; Al-based composites; interface crack; simulation and modeling

1. Introduction

Aluminum matrix composites (AMCs) are a class of promising lightweight structural
materials, owing to their low density, high specific strength/stiffness, and low thermal
expansion coefficient, and have achieved wide applications in aerospace and automotive
fields [1–3]. However, as advanced design concepts, including generative design, topology
design, or lightweight design, prevail in the structure design of AMC components [4], the
conventional processes are confronted with an increasing challenge due to the significant
gap between the design method and the manufacturing technology. Laser powder bed
fusion (LPBF), as a mainstream metal-based 3D printing technology that possesses a signifi-
cant advantage in the shaping of complex components with any geometrical configuration,
can well eliminate the above-mentioned gap [5].

Recently, LPBF-processed high-performance AMCs with various reinforcement phases
(SiC [6], Fe2O3 [7], TiB2 [8], B4C [9], ZrO2 [10], etc.) have been reported widely. For example,
Y. Chen et al. [11] studied the microstructural features, mechanical properties, and porosity
of 10 vol% oxidized microscale SiC-particle-reinforced AlSi10Mg composites fabricated
by LPBF. Results indicated that a transition layer of MgAl2O4 was present around the
SiC particles and the relative density and ultimate tensile strength (UTS) reached 98.89%
and 405.3 MPa, respectively. C.A. Biffi et al. [8] explored the application of pulsed wave
laser emission mode in the LPBF process of TiB2/AlCu composites. They found that the
as-built microstructure was characterized by fine equiaxed grains and an even distribu-
tion of TiB2 particles, contributing to an UTS of 395 MPa and an elongation of 13%. G.
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Marchese et al. [12] prepared 0.5% MgAl2O4-nanoparticle-reinforced AlSi10Mg composites
using the LPBF process. The results showed that the nanocomposite samples presented
larger cellular structures and slightly higher ultimate tensile strength than AlSi10Mg sam-
ples. Obviously, ceramic-particle-reinforced AMCs have attracted the most attention among
these investigations, due to their broadly tunable mechanical or thermal properties and low
cost. To obtain superior mechanical or thermal properties, strong interface bonding between
the ceramic particle and the metal matrix is the key. However, normally, a remarkable
difference in the thermophysical properties of the metal matrix and ceramic particle exists,
which is very prone to inducing considerable interfacial stress. Improper material charac-
teristics or LPBF processing parameters can further give rise to the formation of interfacial
cracks [13]. Apart from the thermophysical parameter mismatch, the non-equilibrium met-
allurgical behavior during LPBF also plays an important role in the initiation of interfacial
cracks. The extremely rapid heating/cooling rate (104–6 ◦C/s) and ultrahigh temperature
gradient (105–8 ◦C/m) within the mesoscale transient molten pool are involved in this
metallurgical process [14], thereby leading to a complicated and volatile stress field. Under-
standing the formation and development of the stress field at the ceramic/metal interface
during LPBF is important, and can help to build the crucial approaches to suppress in-
terfacial cracking. Nevertheless, it is almost impossible to study the development of the
interfacial stress field during LPBF at the microscale via experimental methods. To date,
computational numerical modeling has been used widely to provide deep insights into
the physical metallurgical mechanisms during LPBF for the purpose of quality control [15].
Q. Han et al. [16] established a Lagrangian discrete phase model to simulate the disper-
sion behavior of added sub-micrometer-sized TiC particles within the molten pool. The
predictions suggested that the migration of TiC particles was primarily induced by the
combination of recoil pressure and Marangoni convection force. G. Meng et al. [17] con-
structed a pore defect distribution model based on the experimental results to realize the
dynamic simulation of the temperature and stress fields in laser additive manufacturing
of Inconel 718 alloy with different pore defects. However, to the best of our knowledge,
few numerical investigations on the interfacial stress development and interfacial cracking
behavior of LPBF-processed AMCs have been conducted.

In this work, we focused on the interfacial stress evolution during LPBF of TiB2/
AlSi10Mg composites. In addition, the effects of TiB2 particle size on the interfacial stress
and cracking susceptibility of the LPBF-processed TiB2/AlSi10Mg composites were studied
and are discussed herein. The in-depth understanding of the interfacial stress development,
as well as the role of the reinforcement particle size in influencing cracking susceptibility,
can be expected to provide guidance for the material processing performance-integrated
controlling principle of LPBF-fabricated AMCs.

2. Materials and Methods
2.1. Experiment Investigation

Spherical gas atomized AlSi10Mg powder with an average particle diameter of
26.85 µm and 1 wt.% TiB2 particles with a mean particle size of ~5.5 µm were used in
this work. Two batches of bulk samples (corresponding to AlSi10Mg and TiB2/AlSi10Mg
composites) with a size of 10 mm × 10 mm × 5 mm and a batch of tensile samples
(TiB2/AlSi10Mg) were fabricated by LPBF using the following processing parameters: laser
power P of 350–450 W, scanning speed v of 1500–3000 mm/s, hatch spacing h of 50 µm,
layer thickness d of 50 µm, and island scanning strategy, as shown in Figure 1a–c. Based
on the Archimedes method, the relative density of these bulk samples was assessed and
the optimized parameters were basically determined as P = 350 W and v = 1500 mm/s.
In this case, the highest relative densities of AlSi10Mg and TiB2/AlSi10Mg samples were
98.51% and 98.72%, respectively. The molten pool morphologies of the LPBF-processed
samples were observed by a DM-2700M optical microscope (OM). The microstructure was
characterized by a transmission electron microscope (TEM) using a Tecnai G2 F20 S-TWIN
(operated at 200 kV) (FEI. Co., Hillsboro, USA). The tensile experiment was conducted on
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a CMT5205 testing machine (MTS Industrial Systems, Shanghai, China) in displacement
control mode with a cross-head velocity of 1 mm/min at room temperature. The tensile
sample had a full length of 70 mm, a width of 6 mm, and a thickness of 4.3 mm, and the
detailed morphology can be seen in Figure 1d.
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2.2. Modeling Approach

For the TiB2/AlSi10Mg composite powder, TiB2 particles with higher laser absorptivity
can lead to a considerable enhancement in laser energy input into the powder bed. Then,
the fusion of AlSi10Mg matrix powder occurs firstly as the temperature of the powder
bed is raised to the melting point of AlSi10Mg, after the laser irradiation with high energy
density. Due to high melting point of TiB2, its fusion behavior is confined to the edge zone
of TiB2 particles. Within the transit molten pool formed by the fusion of the matrix powder,
TiB2 particles are rearranged under the effect of the Marangoni flow. As the laser beam
moves forward, the molten pool is cooled rapidly with a speed of 103–5 ◦C/s and then the
solidification follows, with the formation of ultrafine grains and non-equilibrium phases.

In consideration of the complexity of the LPBF process and the diversity/variability of
powder material properties, some physical assumptions had to be made, in order to ensure
the laser–powder interaction was mathematically tractable and the transit thermodynamic
characteristics could be described quantificationally. These assumptions included the
following: (1) the powder bed consisted of the AlSi10Mg matrix material and TiB2 ceramic
particles; each TiB2 ceramic particle was assumed to be a regular sphere and the rest was
filled with AlSi10Mg, which was isotropic and continuous; (2) the heat flux from the laser
beam followed the Gaussian distribution and the laser absorptivity of the powder bed was
considered to be a constant; (3) the radiation of laser energy was neglected; (4) the coefficient
of convection between the powder bed and the surrounding environment was set as a
constant of 12.5 W/(m2·◦C); (5) the effect of argon gas on the metallurgical behavior was
neglected; and (6) the evaporation behavior and recoil pressure within the laser-induced
molten pool were not considered in this model. The physical principle of the LPBF process
of particle-reinforced metal matrix composites has been reported heavily, and is thus not
repeated here. Then, a sequentially coupled multi-phase thermo-mechanical model was
established based on the above assumptions, to give more insight into the thermodynamics
characteristics and stress distribution/evolution at the TiB2/AlSi10Mg interface. The
nonlinear relationships of material thermophysical properties with temperature were
considered in this model, as shown in Figure 2, including thermal conductivity κ, special
heat capacity Cp, elasticity modulus E, and coefficient of thermal expansion α of AlSi10Mg
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and TiB2 [18,19]. Figure 3a shows the thermo-mechanical coupling model of the LPBF-
processed TiB2/AlSi10Mg composite. In this model, the powder bed size was set as
300 × 100 × 50 µm3, and contained AlSi10Mg matrix material with a loose density of
1.340 g/cm3 and randomly generated TiB2 sphere particles with an average diameter of
5.66 µm. The size and position of TiB2 particles were determined by a random function.
The density of TiB2 particles was 4.52 g/cm3. By calculation, the weight fraction of TiB2
was 0.96 wt.%, which was basically consistent with the experimental parameter.
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With regard to the heat source model, the laser beam was modeled as a volume heat
source with a Gaussian energy distribution, which could be described by the following
equation [20]:

q(x, y, z) =
3cs AP

πH(1− 1
e3 )

exp

(
− 3cs

log(H
z )

(x2 + y2)

)
(1)

where P is the laser power, A is the laser absorptivity of powder material, H is the height of
the heat source, cs is the shape coefficient, equal to 3/(R0)2, and R0 is the laser beam radius
(here, 70 µm).

During the LPBF process, the transient spatial temperature distribution T (x, y, z, t)
satisfied the differential equation:

ρ
∂(Cp(T)× T)

∂t
=

∂

∂x
(κ(T)× ∂T

∂x
) +

∂

∂y
(κ(T)× ∂T

∂y
) +

∂

∂z
(κ(T)× ∂T

∂z
) (2)

where ρ is the density of powder material. Subsequently, the thermal stress analysis was
performed based on the predicted temperature data of all nodes and the thermal-stress
coupling relationship. In the thermal-stress coupling model, the following equilibrium
equation exists within any element:

{dF}e + {dR}e = [K]e{dδ}e (3)

{dR}e =
∫

[B]T{C}dTdV, [K]e =
∫

[B]T [D][B]dV (4)

where {dF}e is the nodal force increment vector of a mesh-cell, {dR}e is the thermal-induced
equivalent nodal force increment vector, {dδ}e is the nodal displacement increment vector,
[K]e is the stiffness matrix of element, [B] represents the matrix related to the element strain
vector, {C} represents the vector related to temperature, and [D] is the elastic or elastoplastic
matrix. By integration of the stiffness matrix of all elements and all nodal force vectors, the
equilibrium equation of the whole model could be obtained:

∑ ({dF} e + {dR}e) = ∑
(
{dR}e) = ∑ ([K]e){dδ}e (5)

Note that, in consideration of no loading force being imposed during LPBF, the stress
field of the powder bed and substrate were in self-balance, as a result of which Σ{dF}e

was equal to zero. In addition, the thermal elastoplastic stress could be known from the
following equation:

{dσ} = [D]{dε} − {C}dT (6)

{dε}e = [B]{dδ}e (7)

where {dε}e is the strain increment. By solving the above equations, the stress or strain evolu-
tion process and deformation behavior of all nodes during the LPBF of the TiB2/AlSi10Mg
composite powder bed could be obtained.

3. Results and Discussion

Figure 3b shows the temperature profiles of randomly generated TiB2 particles during
the LPBF of TiB2/AlSi10Mg composites. Furthermore, to demonstrate the perturbation
effect of TiB2 particles on the molten pool, the temperature distribution contours with
and without TiB2 particles are displayed in Figure 3c. Meanwhile, to verify the simulated
results, the morphologies of the molten pools in the as-fabricated samples were further
demonstrated. It was seen that, regardless of the use of AlSi10Mg or TiB2/AlSi10Mg,
the predicted molten pool sizes were similar to the measured values, thus validating the
reliability of the simulated results. Furthermore, the predicted molten pool exhibited a
remarkably extended geometrical configuration with apparently higher Tmax in the case
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with TiB2, by comparison with the case without TiB2, due to the relatively higher laser
absorptivity and lower thermal conductivity of TiB2. It was also predicted that the addition
of TiB2 particles could significantly influence the direction of the temperature gradient G,
and was thus expected to interrupt the continuously epitaxial growth along the building
direction (BD) and facilitate the columnar-to-equiaxed transition. Figure 3d demonstrates
the G distribution and stress distribution contours as well as the corresponding evolution
curves along the red arrow direction. It was seen that the TiB2 particle disturbed the G
distribution in the surrounding matrix. Additionally, the maximum G and maximum Von
Mise equivalent stress were predicted at the TiB2/AlSi10Mg interface.

Figure 4a shows the heat flow distribution within the molten pool during the LPBF of
TiB2/AlSi10Mg composites. Due to the lower thermal conductivity, the heat transfer within
the TiB2 particles was apparently suppressed, thereby causing the heat accumulation and
resultant high temperature gradient at the particle/matrix interface. To quantificationally
describe the interfacial thermal behavior, some characteristic points located at the interface
were chosen, including top pole point (TP), bottom pole point (BP), left pole point (LP),
and right pole point (RP), as shown in the inserted schematic in Figure 4b. Then, the
temperature–time curves of these characteristic points and their first derivatives were
plotted (Figure 4b). Three typical stages, namely, the pre-heating stage, melting stage, and
solidification stage could be recognized clearly. Both the Tmax and highest cooling rate Rmax
were predicted at TP, reaching 1037.72 ◦C and 7.79 × 107 ◦C/s, respectively. Furthermore,
based on the thermo-mechanical coupling, the evolution of the Von Mise equivalent stress
σeq of these characteristic points with the irradiation time were predicted (Figure 4c). In
the pre-heating stage, as the laser beam moved forward, the matrix around TiB2 particles
was gradually heated, thus inducing an expansion of the matrix material, in which case
the interfacial stress formed due to the mutual constraint between the matrix and TiB2
particle. When the matrix around the TiB2 particle was fused completely (corresponding
to the melting stage), the interfacial stress declined rapidly. In the solidification stage,
owing to the Rmax existing at TP, the predicted maximum σeq also emerged at TP, reaching
323.74 MPa, which was much higher than that at other characteristic points. Thus, among
the studied positions, TP was the most prone to becoming a crack source. In fact, any
position at the interface possibly became a crack source, in consideration of the particle
rotation induced by the Marangoni flow [21]. Here, to simplify the complicated LPBF
process, we made an assumption that the particle was fixed. Figure 4d further shows
the evolution of the elastic strain εe and plastic strain εp at TP with the irradiation time.
It shows that εe dominated in the pre-heating stage, while considerable εp formed in the
solidification stage, due to the large contraction stress and shrinkage stress induced by the
ultrahigh cooling rate.

To determine whether the interface crack occurs or there is susceptibility to cracking
at the interface during the simulation, the general criterion is to see whether the condition
‘UTS < σeq’ is met, where UTS is the ultimate tensile strength at ambient temperature. Nev-
ertheless, this criterion would lead to a narrower process window or material optimization
range, in consideration of the strong dependence of UTS on T and

.
ε (the UTS at ambient

temperature is usually the largest). According to the results displayed in Figure 4b–d,
LPBF involves a non-equilibrium solidification process with an ultrahigh cooling rate and
complicated elastic–plastic strain evolution, consequently leading to a nonlinear change
in UTS with the solidification time. Due to the absence of the relationship among UTS,
T, and

.
ε, the plastic flow stress σs is paid more attention, and is defined as the yield limit

at a certain T, ε, and
.
ε. In the case of the Al-based alloy, K. Mercier et al. developed the

physical constitutive relationship of a commercial Al-Mg-Si alloy. It could be expressed by
the following equation [22,23]:

σs = σa +

{
1− [

kT
µb3g0i

ln(
.
ε0
.
ε
)]

2/3}2
σ̂iµ

µ0
(8)



Metals 2023, 13, 1405 7 of 11

where k is the Boltzmann constant, b is the Burgers vector (0.286 nm), µ is the temperature-
dependent shear modulus (µ(T) = µ0 − 3440/(exp(215/T) − 1), MPa), g0i is the normalized
activation energy (1.18 here [24]),

.
ε0 is a constant that equals ρD·b·l·v0, where ρD denotes

the dislocation density, l is the distance between adjacent obstacles on the slip plane, v0
is the atom vibrational frequency (1011/s), and σ̂i represents the mechanical threshold
associated with the interaction of glide dislocations with precipitates and solute atoms.
σa is the athermal stress dependent on the grain size, which can be described by the
Hall–Petch relationship:

σa = σ0 + k̂d−1/2 (9)

where σ0 is the stress due to initial defects and k̂ is a constant (50 MPa·µm1/2 [25]). To
estimate σa, ρD, and l of the LPBF-processed TiB2/AlSi10Mg composite in this work, the
corresponding TEM characterization was performed, as shown in Figure 5. It was observed
that the average grain size was around 0.3 µm (Figure 5a), which is far smaller than that in
the conventional Al alloy. M. Zamani et al. found that σa was only 30.32 MPa by calculation
for the as-cast Al-Si alloy with the initial grain size of 1.32 mm [26]. Hence, σa in this work
could be estimated as 120.23 MPa according to Equation (9). For ρD, by measuring and
calculating the dislocation line length per unit area (Figure 5a), it could be estimated as
1.89 × 1015/m2. Due to the cyclic thermal behavior during the LPBF, a large number of
secondary Si particles precipitated from the supersaturated α-Al matrix (Figure 5b), with
an orientation relationship of [0–11]Si//[−110]Al. These secondary Si particles could be
regarded as the obstacles on the main slip plane {111}Al of the matrix. By measurement,
l was estimated as 6.12 nm. Therefore,

.
ε0 was equal to 3.3 × 108/s. Furthermore, the

tensile test was carried out (Figure 5c) at ambient temperature (298 K). The true stress–
strain curve was obtained via the following equations: σT = σ(ε + 1) and εT = ln(ε + 1).
The yield strength and the corresponding strain rate were measured to be ~245 MPa and
2.5 × 10−4/s, respectively. According to Equation (8), σ̂i could be calculated as 285.34 MPa.
Hence, the flow stress σs for the LPBF-processed TiB2/AlSi10Mg composite in this work
could be reformulated as follows:

σs = 120.23 + {1− [
0.50T

µ
ln(

3.3× 108
.
ε

)]
2/3

}
2

µ

100.98
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ˆiσ  represents the mechanical threshold as-

sociated with the interaction of glide dislocations with precipitates and solute atoms. σa is 
the athermal stress dependent on the grain size, which can be described by the Hall–Petch 
relationship: 

1/2

0
ˆ

a
kdσ σ −= +  (9)

Figure 4. The changes of the thermal parameters and thermal-related mechanical parameters of the
selected points with time: (a) the heat flow distribution contour; (b) the temperature–time curves and
their first derivative; (c) the change in σeq with time; (d) the changes in εe and εp with time.
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melting stage, but relatively smaller strain rate during the solidification stage (Figure 
6a,b). According to Equation (10), the corresponding flow stress in the case with the larger 
particles was thereby lower. On the other hand, the increase in particle size caused more 
heat flow to be accumulated in the interface, thus inducing a larger interface temperature 
gradient and resultant interfacial stress. Figure 6c shows the surface stress contour of TiB2 
particles with a diameter of 6 µm, and that the maximum surface stress reached 361 MPa. 
Furthermore, Figure 6d–f compares the simulated Von Mise equivalent stress and the cal-
culated flow stress for three cases with different particle sizes. It was found that the gap 
between the simulated value and the calculated value apparently became smaller during 
the solidification stage with the increase in the particle size. In particular, when the parti-
cle size was increased to 6 µm, the calculated flow stress was apparently lower than the 

Figure 5. Microstructure and tensile curve of the LPBF-processed TiB2/AlSi10Mg composite:
(a) TEM bright image showing the fine cellular α-Al grains and considerable dislocations (as the
arrows pointed); (b) the tiny nanoscale secondary Si particles within the α-Al grain (the inserted
image is the selective electron diffraction pattern of the region enclosed by the red circle); (c) the
tensile stress–strain curve.

Figure 6 depicts the effects of TiB2 particle size on interfacial temperature evolution,
strain rate change, and stress development. It was predicted that the interface position
of the larger particles tended to experience higher temperature and strain rate during the
melting stage, but relatively smaller strain rate during the solidification stage (Figure 6a,b).
According to Equation (10), the corresponding flow stress in the case with the larger
particles was thereby lower. On the other hand, the increase in particle size caused more
heat flow to be accumulated in the interface, thus inducing a larger interface temperature
gradient and resultant interfacial stress. Figure 6c shows the surface stress contour of
TiB2 particles with a diameter of 6 µm, and that the maximum surface stress reached
361 MPa. Furthermore, Figure 6d–f compares the simulated Von Mise equivalent stress
and the calculated flow stress for three cases with different particle sizes. It was found
that the gap between the simulated value and the calculated value apparently became
smaller during the solidification stage with the increase in the particle size. In particular,
when the particle size was increased to 6 µm, the calculated flow stress was apparently
lower than the simulated Von Mise equivalent stress, which meant the interfacial cracks
might occur. To verify whether the method used to describe the cracking susceptibility of
the TiB2/AlSi10Mg composite during the LPBF process was accurate, the corresponding
experimental characterization was performed. As shown in Figure 7a,b, it was observed
that cracks indeed only formed at the interface between the matrix and the large particles
(>3 µm). Figure 7c further displays the X-component stress profile of the surrounding matrix
of the TiB2 particle. The predicted results indicate that considerable compressive stress
formed at two sides of the particle along the scanning direction, while high tensile stress
emerged at two sides of the particle along the building direction. Because the tensile stress is
more prone to inducing the formation of cracks, the top and bottom positions of the particle
could be therefore regarded to be the crucial regions. This was also basically consistent
with the experimental observation (Figure 7a). Regarding the formation mechanism of
compressive and tensile stress, the corresponding schematic is shown in Figure 7d. Due
to the difference in the thermophysical properties between the matrix and the particle,
considerable heat flow accumulated at the top region of the particle. As a result, the
solidification stage at the top region lagged behind that at the other regions (Figure 4b).
Due to the contraction stress effect, the top region suffered from the tensile stress while
the other regions mostly experienced compressive stress due to the mechanical restraint of
the particle.
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Figure 6. The effect of particle size on the thermal stress development and interface cracking
susceptibility: (a) the temperature and its change rate evolutions at the TPs of TiB2 particles with
different sizes; (b) the strain rate evolutions at the TPs of TiB2 particles with different sizes; (c) the
stress contour of TiB2 particles with a size of 6 µm; (d–f) comparison between the calculated flow
stress and simulated Von Mise equivalent stress for three cases with different particle sizes. The arrow
pointed to the moment when the solidification period starts.
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Figure 7. (a,b) The SEM images showing the interface features of TiB2 particles with different sizes;
(c) the X-component stress contour of the matrix surrounding the particle (unit: MPa); (d) the
schematic for the formation of compressive and tensile stress.
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4. Conclusions

A sequentially coupled multi-phase thermo-mechanical model was established. It was
predicted that the addition of TiB2 particles contributed to an increase in the molten pool
temperature and size, and to a more chaotic temperature gradient distribution that would be
able to facilitate the columnar-to-equiaxed transition. Furthermore, the maximum thermal
stress was predicted at the TiB2/Al matrix interface and formed at the liquid–solid transition
stage. The matrix surrounding the particle showed considerable compressive stress along
the scanning direction and remarkable tensile stress along the building direction. To
determine the cracking susceptibility of the TiB2/Al interface, the flow stress was then
calculated based on the physical constitutive relationship. It was found that the calculated
flow stress was higher than the simulated Von Mise equivalent stress for TiB2 particles
with a relatively smaller size (<3 µm), while a lower flow stress was obtained for larger
particles (i.e., 6 µm), which was further verified by the experimental results. This work
can assist in determining the optimized particle size range of the reinforcement phase
and the corresponding processing windows for the LPBF of particle-reinforced metal
matrix composites.
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