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ABSTRACT
In-situ pre-decorated different content of TiB2 particle reinforced 2024 Al matrix composites
(xTiB2/2024Al composite, x = 0, 1, 2, 4, 6, 8 wt.%) were printed by laser powder bed fusion (LPBF).
A quantitative equation was established to quantify heterogeneous nucleating potency by TiB2
nanoparticles on the grain size of the LPBFed samples. Optimized mechanical properties were
obtained in the as-printed 4TiB2/2024Al alloy which proved the feasibility of replacing the wrought
part with the LPBFed one. This manuscript provides a method to determine the optimized content
of TiB2 nanoparticles to change the noncastable material to the printable one.

IMPACT STATEMENT
This manuscript provides a method to determine the optimized TiB2 content to change the non-
castable material to the printable one, and can potentially guide the introduction of many other
nanoparticles.
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1. Introduction

Laser powder bed fusion (LPBF) is a revolutionary addi-
tive manufacturing (AM) technique with short produc-
tive cycle and highmaterial utilization [1, 2]. A high cool-
ing rate of 103–107 K/s can be achieved during the LPBF
process, providing a chance for printing high-strength

CONTACT Hongze Wang hz.wang@sjtu.edu.cn State Key Laboratory of Metal Matrix Composites, Shanghai Jiao Tong University, Shanghai, People’s
Republic of China; School of Materials Science & Engineering, Shanghai Jiao Tong University, Shanghai, People’s Republic of China; Department of Mechanical
Engineering, University College London, London, WC1E 7JE, UK; Research Complex at Harwell, Harwell Campus, Oxfordshire, OX11 0FA, UK; Yi Wu

eagle51@sjtu.edu.cn State Key Laboratory of Metal Matrix Composites, Shanghai Jiao Tong University, Shanghai, People’s Republic of China; Mingliang
Wang, mingliang_wang@sjtu.edu.cn State Key Laboratory of Metal Matrix Composites, Shanghai Jiao Tong University, People’s Republic of
China; School of Materials Science & Engineering, Shanghai Jiao Tong University, People’s Republic of China

Supplemental data for this article can be accessed here. https://doi.org/10.1080/21663831.2022.2080514

materials with unique fine and metastable microstruc-
tures [3]. It has received increasing attention from many
industry fields, including aerospace, mold, and so on
[4, 5].

Wrought 2024Al alloy (Al-4.2Cu-1.6Mg-0.6Mn) has
the advantages of higher strength and lower density,
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meaning that it has promising prospects in aerospace [6,
7]. In recent years, there is an increasing demand for com-
ponents with complicated geometrical designs, which
is beyond the capability of conventional manufacturing
methods. However, when considering LPBF, 2024Al alloy
usually exhibits poor printability due to its high cracking
susceptibility [8]. Some research is devoted to improv-
ing the printability of wrought Al alloys by introducing
inoculates.Many effective inoculates have been proposed
to be applied such as TiC [9], TiB2 [10], TiB+TiC
[11], ZrH2 [12], SiO2 [13], Er [14], etc. They proposed
that introducing nanoparticles as the nucleating agent
to crack-susceptible alloys can induce large amounts of
equiaxed grain with a high capacity of accommodating
strain, thereby inhibiting hot cracking effectively dur-
ing solidification. Nevertheless, there are limited research
related to the efficiency of these inoculates. The key chal-
lenge of this paper is to quantify the relationship between
nanoparticle content and defect content, grain refine-
ment level, as well asmechanical properties of the printed
material.

Currently, research to introduce inoculators tomodify
the alloy powder for LPBF is mainly concentrated on the
mechanical mixing method [14]. Although it is effective
but hard to apply for mass production. While the in-situ
method is easier to apply. TiB2 is an ideal heterogeneous
nucleation agent to study the grain refinement efficiency
and strengthening mechanisms of ceramic particles [15,
16]. This paper uses the basis rooted in interdependence
theory, a quantitative relationship between TiB2 particle
content and grain size is proposed, which can be uti-
lized to predict and control the grain size of TiB2 particle
reinforced composites under the LPBF process.

2. Materials

The compositions of powder were measured by induc-
tively coupled-atomic emission spectrometry (ICP-AES,
iCAP7600, Table 1). Moreover, as-printed 2024Al and
xTiB2/2024Al (x = 1, 2, 4, 6, 8 wt.%) composites were
fabricated in Prox DMP 200 LPBFmachine (3D Systems,
USA). Detailed experimental procedures were shown in
Supplementary material.

3. Results and discussion

Figure 1(a-f) shows a three-dimensional visualization
of pores in the as-printed samples obtained by the X-
ray CT. The pores were rendered in two colors accord-
ing to their sizes with a boundary of 1 μm. Typically,
as-printed 2024Al alloy had a significantly larger num-
ber and total volume fraction of pores (1.86± 0.64%,

Figure 1(a and g)). With the TiB2 addition (Figure 1(b-
g)), a good printability of composites can be confirmed
by the absence of large-size defects (i.e. solidification
cracks or other obvious incomplete fusion holes). In
detail, the volume fraction of pores decreased first and
then increased with the TiB2 content increase. Critically,
the as-printed 2TiB2/2024Al composite showed a turn-
ing point with the pore volume fraction of 0.09± 0.03%
(Figure 1(c and g)). In particular, the number of smaller
pores (≤1 μm) was decreased significantly with TiB2
nanoparticles addition. Although the larger pores (>1
μm) cannot be eliminated, they showed a substantial
reduction (Figure 1(g)). Figure 1(h) shows the relation-
ship between macroscopic relative density and TiB2 con-
tent determined by Archimedes’principle-based mea-
surements [17]. The result was consistent with the ten-
dency of X-ray CT, in which the maximum relative den-
sity was obtained in as-printed 2TiB2/2024Al composite.
In Figure 1(i), the reflectivity of xTiB2/2024Al composite
powders is significantly lower than that of 2024Al alloy
powder (53.98± 0.56%). For instance, laser absorption of
8TiB2/2024Al powder is more than 2 times higher than
the pure alloy at the laser wavelength of LPBF machine,
i.e. 1070 nm.

The pre-decorated TiB2 nanoparticles are found to
exhibit two mutually exclusive effects on printability in
LPBF. (1) The laser reflectivity decreases with the increas-
ing TiB2 content. After laser irradiation on the powder
bed, the laser beam will be reflected and absorbed sev-
eral times between the composite powder surfaces [18].
When introducing TiB2 nanoparticles, they can cover
the powder surface to absorb part of energy, and then
be transferred to the surrounding powder by heat con-
duction. This is also known as the radiation conduc-
tion described in ref. [19]. Therefore, laser energy acting
directly on the substrate powder will be reduced. (2) An
increasing TiB2 content has led to an increase in the vis-
cosity of Al alloy melt [20]. With an increased viscosity,
the fluidity of the molten material decreases, which may
mitigate the escape of gases from the molten pool. Prob-
ably, the formation of open pores is partially attributed
to this aspect. The effects of viscosity and formation of
open pores have been previously observed in LPBF of
13–93 bioactive glass and fuzed silica [19, 21] because
the viscosity of glass is ca. 1000 times greater than that
of metallic melt pool.

According to the Einstein-Roscoe model of fluid vis-
cosity of composites [22]:

μ = μ0(1 − f )−2.5 (1)

where μ is the viscosity of the composite melt, μ0 is the
viscosity of pure alloy, f is theTiB2 content. In theAlmelt,
greater melt viscosity induces a lower fluidity with higher
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Table 1. Chemical compositions and theoretical density (ρ) of the experimental material calculated by JMatPro.

Powder type Al (wt.%) Cu (wt.%) Mg (wt.%) Mn (wt.%) Ti (wt.%) B (wt.%) ρ (g/cm3)

2024Al Bal. 4.21 1.58 0.60 – – 2.77
1TiB2/2024Al Bal. 4.4 1.6 0.6 0.58 0.27 2.78
2TiB2/2024Al Bal. 4.11 1.58 0.61 1.38 0.61 2.79
4TiB2/2024Al Bal. 4.01 1.51 0.59 2.86 1.21 2.81
6TiB2/2024Al Bal. 4.12 1.53 0.58 4.38 1.99 2.84
8TiB2/2024Al Bal. 4.12 1.46 0.55 5.57 2.60 2.87

Figure 1. X-ray CT results of porosity in as-printed (a) 2024Al alloy, (b-f ) xTiB2/2024Al composites (x = 1, 2, 4, 6, 8 wt.%), (g) volume
fraction of pores with average size divided by 1 μm, (h) relative density of as-printed samples and (i) reflectivity of the powders. The
dashed vertical line indicates the laser wavelength at 1070 nm.

TiB2 content. This weakens the wetting characteristics
of the melt and further reduces metallurgical bonding
between layers and affects the printability [23].

To understand the effect of TiB2 content on the grain
structure and texture information of as-printed speci-
mens, we used SEM-EBSD to examine these materials.
EBSD orientation maps of the α-Al phase in the SD-
BD plane are provided in Figure 2(a-f) for as-printed
samples. Figure 2(a) shows an inhomogeneity grainmor-
phology showing a coarse columnar grain predominantly
orientating parallel to the build direction in 2024Al alloy.

Unlike the columnar grain structure in 2024Al alloy, in
Figure 2(b-f), a classic duplex-microstructure consist-
ing of fine equiaxed at the top of melt pools and coarse
columnar grains at the bottom of melt pool was obtained
in the as-printed xTiB2/2024Al composite. The duplex-
microstructure formed is attributed to the rapid cooling
rate during the LPBF process, heterogeneous nucleation,
and the pinning grain boundary effects provided by TiB2
nanoparticles [24]. With an increase in TiB2 content,
a reduced number and size of the columnar grains are
observed in composites, see analysis later. Figure 2(g-l)
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Figure 2. EBSDmaps for as-printed (a) 2024Al, (b-f ) xTiB2/2024Al composites (x = 1, 2, 4, 6, 8 wt.%); the misorientation angle distribu-
tion of (g) 2024Al, (h-l) xTiB2/2024Al composites, corresponding 001 pole figures are placed in the images, (m) area fraction of HAGBs
and LAGBs in as-printed samples.

shows the distribution of the misorientation angle for the
as-printed 2024 alloy and xTiB2/2024Al composites. The
as-printed 2024Al alloy presents a high fraction of LAGBs
(40.4% of the total grain boundary). The mobility of
LAGBs is significantly lower than that of theHAGBs [25].
LAGBs are randomly distributed in 2024Al alloy and
cannot provide good interaction with dislocations. The
as-printed xTiB2/2024Al composites contain a higher

fraction of HAGBs associated with sub-grains (Figure
2(m)). This is significantly higher than that obtained in
traditional thermomechanical processed Al alloys which
present a HAGBs’fraction of 50-65% [26]. The high frac-
tion of HAGBs suggests that xTiB2/2024Al composites
have a higher dislocation density and can effectively hin-
der the dislocation movement during plastic deforma-
tion.
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The low index 100 stereographic projections in the
image inset of Figure 2(g-l), indicated the absence of
predominant crystallographic texture in the as-printed
xTiB2/2024Al composites. The 2024Al alloy identi-
fied the <100 > texture along the building direction.
Columnar grains prefer to grow along <100 > in the
build direction as the growth direction has a higher
accommodation coefficient compared to other direc-
tions in the FCC structure [27]. Texture index equals 1
when amicrostructure exhibits isotropy. The stronger the
anisotropy, the greater the index deviation from 1. Tex-
ture index gradually decreased and stabilized in a range
with TiB2 particles addition from ∼8.08 for 2024Al alloy
to ∼2.82 for 8TiB2/2024Al composite.

Figure 2 revealed fine equiaxed grains and a ran-
dom texture in the as-printed xTiB2/2024 composite,
which was attributed to the combined effect of both grain
refinement by nano-TiB2 particles and the high cool-
ing rate (103-106 K/s) [28] of LPBF process. Theoreti-
cally, equiaxed grain formation requires two conditions,
great undercooling and sufficient heterogeneous nucle-
ation sites [29]. The degree of undercooling is closely
related to the cooling rate. The faster the cooling rate,
the lower the actual crystallization temperature, and the
greater the degree of undercooling. The cooling rate (Ṫ)
can be calculated by Rosenthal’s equation [30]:

T = T0 + P0
2πRk

exp
(−v(ε + R)

2α

)
(2)

where T is the local temperature of the melt pool, R is the
distance from the heat source (R = √

ε2 + y2 + z2, ε is
the distance from the beam position along with TD, y is
the distance parallel to the melt surface along with SD,
and z is the depth below the melt surface).

Tang et al. [31] showed that the following equation
(derived from Equation (2)) can be used to estimate the
surface cooling rate of the melt pool:

Ṫ = 2πk(TS − T0)(TL − T0)
v
P0

(3)

where the plate temperature T0 is 308 K, the thermal
conductivity k is 175 W/mK, the laser scanning speed
v is 83 mm/s, the absorption power P0 (P0 = ωP, ω is
laser absorptivity, taken as 0.19 (Figure 1(f), P is the
laser power, taken as 250 W), the thermal diffusivity α is
7.4×10−5 m2/s, and R taken as focused beam spot diam-
eter 75 μm. The solidus temperature TS (taken as 778 K)
and the liquidus temperature TL (taken as 914 K) were
calculated by JMatPro software. Based on Equation (3),
Ṫ can be calculated to be 3.127×103 K/s, which is sig-
nificantly higher than those of the conventional casting
method with the cooling medium as Fe and air (0.05∼1
K/s, [32]).

The high cooling rate (3.127×103 K/s) provided by
LPBF is insufficient to trigger CET. Under the conditions
studied, the grain nucleation mechanism is governed by
heterogeneous nucleation based on the CET model pro-
posed by Hunt et al. [29]. According to the Edge-to-Edge
matching model [33], TiB2 particles are heterogeneous
nucleation sites for α-Al because TiB2 particles have
many matching interfaces with α-Al and the detailed
discussion is shown in Supplementary material.

Figure 3(a) shows that the average grain size decreased
from 43.51± 6.78 μm for 2024Al alloy to 9.05± 2.18
μm for 1TiB2/2024Al composite, and continuously
decreased with the increase of particle content, while
for 8TiB2/2024Al composite reached approximately
3.3± 0.46 μm which is one-fifteenth of that of 2024Al
alloy. The composite presents a duplex microstructure.
As the TiB2 particles content increases, the proportion
of columnar crystals gradually decreases, and the content
of equiaxed crystals gradually increases, see Figure 3(b).
The heterogeneous nucleation of TiB2 particles promotes
the generation of equiaxed crystals. Figure 3(c) pro-
vides the average equiaxed grain diameters of 6.32± 1.32,
5.54± 0.58, 4.63± 0.35, 3.85± 0.47, and 3.54± 0.33μm
for the composite with 1wt.%, 2wt.%, 4wt.%, 6wt.%,
and 8wt.%TiB2, respectively. The interdependencemodel
reveals that the grain refinement mechanism can be used
to quantify the effects of TiB2 particle nucleation potency
and particle concentration on grain size [34]. The empir-
ical relationship between equiaxed grain size, d, and par-
ticle contents was evaluated by Easton and StJohn [35]:

d = a
3√w

+ b
Q

(4)

where a, b, is the fitting factors for the existing data in a
wide range of Al alloys,Q is the growth restriction factor,
detailed calculation method is shown in Supplementary
material.

Equation (4) is used to study the relationship between
particles content and grain size. It is found that the
solute atoms play a significant role in the variation of
Q value. For a certain material system, Q value doesn’t
vary with particles addition and is equal to 16.59 in this
study. There is a quantitative relationship between par-
ticles content and grain size, so this formula is used for
fitting the experimental result. Figure 3(d) shows that the
results of linear regression with experimental grain size,
the fitted R2 value of 0.95 indicates a good fitting between
grain size and reciprocal of the cube root of the particle
content, see Equation (5):

d = 6.62
3√w

+ 0.29 (5)
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Figure 3. (a) Average grain size of the as-printed samples, (b) area fraction of the columnar and equiaxed grain, (c) distinct columnar
and equiaxed grain size, (d) plot of the grain size vs the inverse cube root of the TiB2 content for the present work.

By analyzing the effects of TiB2 particle concentration
on grain size, Equation (5) can be used to estimate grain
size refined by TiB2 particle for the solidification con-
ditions used in this work. This means that when alloy
and the inoculator contents are determined, the grain
size can be predicted under fast solidification conditions.
This provides a tool for understanding the function of
grain refinement and optimizing the content of the TiB2
particles in Al alloys.

Figure 4(a) shows the average hardness values of the
as-printed 2024Al alloy and xTiB2/2024Al composite on
the SD-BD plane. The hardness of the 2024Al alloy under
the same conditions was ∼108 HV, which is ∼35%
higher than the equivalent 2024-O sheets (60-90 HV
[36]). In addition, TiB2 particle results in a significant
increase in hardness. With the addition of TiB2 parti-
cles from 1wt.% to 8 wt.%, the hardness continuously
increased. The 8TiB2/2024Al composite showed a high

hardness of ∼125 HV which is only ∼10% less than
that of the T6-treated conventionally-processed 2024-T6
sheet (typical 135–145 HV [37]). The increase in hard-
ness can be attributed to the restriction of dislocation
motion because of the increase in the dislocation den-
sity, the presence of the TiB2 nanoparticles within the
matrix, and the grain refinement effect. Here, multi-
ple strengthening mechanisms affect the hardness and
deduce the dominant strengthening mechanism for the
as-printed xTiB2/2024Al composite. The results of the
present assessment of the grain boundaries hardening by
grain refinement, solid solution hardening, and Orowan-
strengthening by TiB2 particles increment are presented
in Figure 4(b), detailed calculation method shown in
Supplementary material.

Figure 4(c, d) shows the tensile tests performed on as-
printed samples. 2024Al alloy had a low strength (180
MPa) and ductility (0.3%) along with TD due to the
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Figure 4. (a) Average Vickers hardness values, (b) multiple strengthening increment of the HV, (c) tensile stress-strain curves, (d) com-
parison of strength and ductility of the as-printed samples, (e) mechanical properties comparison of the present as-printed samples with
reference [37, 39, 41–49].

high density of pores (see Figure 1(a)). The strength
and ductility are improved simultaneously when TiB2
nanoparticles are introduced. With the addition of TiB2
particles, tensile strength increased continuously and
reached its maximum value at 8TiB2/2024Al compos-
ite, which was 422± 3.1 MPa. While the elongation of

the samples increased with the particle content at first,
and reached its maximum value in the 4TiB2/2024Al
composite (6.62± 0.35%) and then decreased with the
further increase of particle content to 4.98± 0.51%
in 8TiB2/2024Al composite. Ductility behavior is the
result of the competition between deformation plastic by
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dislocation generation and motion at stress sources with
the fracture by atomic decohesion. When the addition
content of particles was less than 4wt.%, TiB2 particle
improved the printability of the 2024Al alloy with the low
volume fraction of pores (see Figure 1(b-d)), while the
increase of ductility is controlled by dislocation behavior.
It is determined that the impact of cracks in the fracture
process weakened and the impact of dislocation activities
in the fracture process increased with TiB2 particle addi-
tion. When the addition of TiB2 content was higher than
4wt.%, the large volume fraction of pores formed dur-
ing LPBF (see Figure 1(e-f)) would influence the fracture
process. Furthermore, the high content of TiB2 particles
would change the dislocation activities and induced the
reduction of the elongation [38].

Figure 4(e) compares the mechanical properties of the
present as-printed 2024Al alloy and alloys with other
commercial Al–Si and 2xxx alloys fabricated by LPBF
and conventional wrought 2xxx alloys. The as-printed
xTiB2/2024 composites exhibited excellent performance
in both strength and ductility, which was superior to
most as-printed Al–Si [41-45] and 2024Al alloys [48,
49], and was comparable to their conventionally wrought
manufactured 2024Al alloy counterparts [39, 46, 47].
The quality indices combining both tensile strength and
elongation in a single quantity was adopted as the cri-
terion of Al alloy mechanical properties [39]. Generally,
Al alloys which are potential to be used as structural
materials require the quality indices larger than the value
of 2500 [40] (see the shaded area in Figure 4(e)). The
quality indices of 4TiB2/2024Al composite located in
the shaded portion indicated that it met this require-
ment. The 4TiB2/2024Al composite with a good combi-
nation of strength and ductility can be further enhanced
through suitable post-heat-treatment. Hence, replacing
the wrought 2024Al part with the LPBFed one behaves
great potential.

4. Conclusions

We successfully decipher the efficiency of in-situ nano-
TiB2 particles in improving the printability of non-
castable 2024Al alloy by cut-edge experiment and math-
ematical model. The as-printed xTiB2/2024Al compos-
ites show weak texture and duplex-microstructure with
refined grains, and the average grain sizes decreased con-
sistently with the increase of TiB2 content. The quan-
tified relationship between the grain size and the pre-
decorated TiB2 particles content (d = 6.6

3√w + 0.29) was
established, which can be used to predict and control
the microstructure manufactured by LPBF. Furthermore,
the optimized mechanical properties of the as-printed

xTiB2/2024Al composites are comparable to its conven-
tionally fabricated wrought 2024Al alloys, proving the
feasibility of replacing the wrought part with the LPBFed
one.
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