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Particle reinforcement is a proven approach to optimize the microstructure
and enhance the mechanical properties of Al matrix composites. In this work,
a total of six compositions of TiB2/ZL205A(Al-5Cu) composites were fabricated
by the mechanical stirring fusion casting process. The effect of TiB2 particles
on microstructure and mechanical properties of composites was explored. The
experimental results indicated that the grain structure of the composite
material was significantly refined, with relative refinement of 23.3%, 32.1%,
42.4%, 49.5%, and 51.6%, respectively, after the addition of TiB2. With the
increase of TiB2 content, TiB2 particles can be better attached near the second
phase, while agglomeration occurs easily when the content is too high. The
mechanical performance results show that the 2.0 wt.% TiB2/Al-5Cu com-
posite material has the best mechanical properties, with tensile strength (TS),
yield strength (YS), and elongation (EL) of 197.8 MPa, 113 MPa, and 7.35%,
respectively. Compared to Al-5Cu matrix alloy, it has increased by 51.5%,
61.4% and 129.7%, respectively. Based on the experimental results, the
strengthening mechanism of Al-5Cu composites by TiB2 particles was dis-
cussed in detail.

INTRODUCTION

Aluminum matrix composites (AMCs) are immen-
sely popular in automotive, chemical-pharmaceuti-
cal, aerospace, and weaponry applications because
of their light weight, excellent specific strength,
specific stiffness, and outstanding corrosion resis-
tance.1–4 Particle reinforced AMCs (PRAMCs) are
usually fabricated by integrating ceramic particles
as reinforcement with an Al alloy matrix.5,6 These
composites exhibit a unique combination of the
excellent specific stiffness and plasticity of metals,
along with the high hardness and modulus provided
by the reinforcing particles. TiB2 reinforcement
particles currently offer significant benefits due to
their low density of 4.5 g/cm3, high modulus of

elasticity measuring 565 GPa, exceptional abrasion
resistance, and cost-effectiveness.7–10 Therefore, it
is considered as an excellent particle for reinforcing
aluminum matrix composites.11,12

At present, there are two main methods for
introducing reinforcement particles into the matrix
alloy, the external addition method and the in situ
synthesis method. The in situ method offers distinct
advantages over the external addition method,
including a clean interface and strong interfacial
adhesion.1,8,13 Previous studies have documented
the synthesis of nanoscale TiB2 particle-reinforced
AMCs using the chemical in situ reaction method
within the Al � K2TiF2 � KBF4 system.14,15 Wang
et al.7 successfully synthesized in situ TiB2/A356
composite materials through a salt metal reaction
route. They found that as the TiB2 content
increased, the elastic modulus of TiB2/A356 com-
posite materials continued to increase and estab-
lished the relationship between Young’s modulus
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and TiB2 content by the Tsai Halpin equation. Xiao
et al.16 fabricated 2.5 wt.% TiB2/AZ91 composite
materials through chemical reactions in the Al �
K2TiF2 � KBF4 system. Most of the TiB2 particles,
measuring< 100 nm, were evenly distributed
within the composite material, as revealed by their
study. In the process of mechanism analysis, dislo-
cation reinforcement and Orowan reinforcement
play a greater role in composite materials. Xie
et al.17 prepared 2 wt.% TiB2/2195 composite mate-
rials using the synergistic technology of mechanical
mixing and ultrasonic casting. Under the condition
of ultrasonic vibration for 180 S, the distribution of
TiB2 particles was uniform, and the TS, YS, and EL
of the composite material were increased by 115.4%,
49.8%, and 342.9%, respectively. The aforemen-
tioned studies collectively demonstrate that the
incorporation of TiB2 particles can significantly
enhance the performance of metal matrix
composites.15

Nonetheless, the current body of research on
particle-reinforced cast Al alloy composites remains
somewhat limited in scope.18,19 Al-5Cu, a high-
strength cast Al alloy, finds extensive applications
in the aerospace, military, and automotive indus-
tries.20 This popularity is attributed to its excep-
tional comprehensive mechanical properties, which
encompass high specific strength, excellent ductil-
ity, and toughness.21,22 While it cannot be work
hardened, the strength of Al-5Cu can be enhanced
through the addition of reinforcing particles, result-
ing in improved overall strength.6,23 Furthermore,
prior investigations have revealed that this alloy
exhibits a broad solidification range and suboptimal
casting performance, leading to the formation of
coarse dendritic structures and secondary struc-
tures.24,25 TiB2-reinforced particles have the impor-
tant role of refining the microstructure and
shortening the solidification interval of the alloy.
The incorporation of TiB2 particles through in situ
reaction holds the potential to enhance the proper-
ties of Al-5Cu cast Al alloy. This advancement
would greatly expand the applications of Al-5Cu
and offer a novel approach to improving the perfor-
mance of cast Al alloys.26 However, little research
has been done on the effect of TiB2 particles on Al-
5Cu cast Al alloys obtained by combining in situ
reaction and stir casting.

This study aims to fabricate TiB2/Al-5Cu matrix
composites with enhanced performance compared to
conventional Al-5Cu while also determining the
optimal weight proportion of reinforcement parti-
cles. The main innovation of this work is to intro-
duce TiB2 reinforcing particles to address the issue
of coarse dendritic structures during the solidifica-
tion process of the ZL205A alloy. Based on the
ZL205 alloy, we aim to develop a novel cast alu-
minum alloy material that is particle-strengthened
and requires no heat treatment. In the experiments,
Al-5Cu matrix composites were reinforced with TiB2

particles of different contents (0, 0.1 wt.%, 0.5 wt.%,

1.0 wt.%, 2.0 wt.%, 3.0 wt.%) through chemical
reaction in the Al-K2TiF6-KBF4 system at
720�C with stir casting. The effect of TiB2 particles
content on the microstructure and mechanical prop-
erties were compared detailly. The strengthening
mechanism of TiB2 particles on the AMCs has been
discussed. The selection of the TiB2 content is
mainly based on the results obtained during the
experimental process, proceeding step by-step.
When the TiB2 content reached 3.0 wt.%, the
performance of the composite material started to
decline.

EXPERIMENT

Materials

The Al-5Cu composition used in this experiment
is an industry standard composition. The chemical
composition of Al-5Cu was examined by direct
reading spectrometer, and the results are shown
in Table I. The raw materials used for in situ
reaction to generate TiB2 are K2TiF6, KBF4, and
Na3AlF6 salts27 were provided by Kemiou Chemical
Reagent Co., Ltd. The in situ reaction process for
TiB2 particle generation is as follows:28

3K2TiF6 þ 13Al ! 3KAlF4 þ K3AlF6 þ 3Al3Ti ð1Þ

2KBF4 þ 3Al ! 2KAlF4 þ AlB2 ð2Þ

AlB2 þ Al3Ti ! 4Al þ TiB2 ð3Þ

3K2TiF6 þ 6KBF4 þ 10Al ! 3TiB2 þ 9KAlF4

þ K3AlF6 ð4Þ

According to the reaction Eq. 4, apparently, the
titanium and boron of TiB2 come from K2TiF6 and
KBF4, respectively. Therefore, the ratio between the
number of molecules for K2TiF6:KBF4:TiB2 is 1:2:1.
Because the relative atomic mass of K2TiF6, KBF4,
TiB2 can be derived as 240, 126, and 70, the weight
ratios corresponding to this addition are 240:252:70.
Therefore, when TiB2 needs to be produced at 0.5 g,
the K2TiF6 and KBF4 salts are 1.7 g and 1.8 g,
respectively. Table II presents the compositional
distribution of mixed salts used for preparing each
composite group, where Na3AlF6 acts as a catalyst
to accelerate the reaction.27

The experimental system is shown in Fig. 1,
including a eesistance furnace, graphite silicon
carbide crucible, inert gas protection device, protec-
tion device, mechanical stirrer, and thermometer.
First, approximately 500 g Al-5Cu alloy matrix
material was weighed and in six batches. In
Fig. 2, the dimensions of the crucible are shown.
The size of the crucible is mainly selected based on
the weight of the Al alloy to be cast in each instance.
The weight of the aluminum alloy cast in each
instance is approximately 1/3 to 1/4 of the maximum
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capacity of the crucible. Second, according to
Table II, the three reaction salts K2TiF6, KBF4,
and Na3AlF6 were weighed. Based on the amount of
TiB2 formation, 0 wt.%, 0.1 wt.%, 0.5 wt.%, 1.0
wt.%, 2.0 wt.%, and 3.0 wt.% of K2TiF6 and KBF4

powders were weighed out separately. The corre-
sponding quantity of Na3AlF6 powder was added to

the mixed salt powders to promote the reaction.
Then, the mixed salts were ground for 30 min to
achieve a uniform mixture.

The alloy was prepared by placing it in a silicon
carbide graphite crucible with specific dimensions,
as shown in Fig. 1, and heating it in a resistance
furnace to 750 �C. After the Al-5Cu matrix alloy
completely melted, degassing and slag removal were
performed using inert gas. Subsequently, when the
temperature of the molten Al dropped to 720 �C, a
mixture of salts wrapped in Al foil was added to the
melt. The weight of the aluminum foil (around 0.5 g)
is insignificant and can be ignored. Mechanical
stirring was carried out using a high-purity gra-
phite impeller stirrer driven by an electric stirrer at
a speed of 200 r/min for 3 min.17 Upon completion of
the stirring process, any floating slag on the surface
of the melt was removed, including some residual
salt. Finally, the resistance furnace was turned off,
and the composites was air-cooled to ambient tem-
perature. It is cooled directly in the crucible, not
cast in a mold. The varying TiB2/ Al-5Cu content
composites were prepared by adding different salt
contents according to Table II.

Sampling and Testing

To characterize the microstructure and mechan-
ical properties of the material, the sampling is
shown in Fig. 2. The phase composition of the
sample was determined using an x-ray diffractome-
ter (XRD, D8 advance, Brooke, Germany). The
metallographic structures of the samples were
etched with a mixed etching reagent (99.5 vol%
H2O and 0.5 vol% HF). A metallographic microscope
(DSX500, Japan) was used for observation. The
grain size was calculated using the linear intercept
method (ASTM 112-10) with IPP 6.0 software.19 The
tested samples were mechanically ground and pol-
ished according to standard metallographic tech-
niques. Use scanning electron microscopy (SEM,
TESCAN M10) to observe the microstructure of the
sample. EDS spectroscopy was utilized to detect the
content of Cu, Ti, Fe, and other elements within
different groups of specimens. The SEM specimens
are subjected to abrasion and polishing according to
standard sample preparation methods. An elec-
tronic universal testing machine (CMT5105GL,
China) was used for ambient temperature (25 ºC)
tensile testing of tensile specimens at a tensile
speed of 2 mm/min to obtain the TS, YS, and EL of
specimens. Tensile specimens are prepared and
tested according to GB/T228.1-2010. Each set of
tensile experiments was repeated five times.

Table I. Chemical composition of Al-5Cu alloy

Element Cu Ti Mn Zr B Cd V Fe Si Al

Weight/% 5.07 0.20 0.36 0.08 0.02 0.16 0.14 0.02 0.02 Bal.

Table II. In situ reaction salt mixture addition

Content of TiB2 (%) 0 0.1 0.5 1.0 2.0 3.0

TiB2 (g) 0 0.5 2.5 5 10 15
K2TiF6 (g) 0 1.7 7.5 17 34 51
KBF4 (g) 0 1.8 9 18 36 54
Na3AlF6 (g) 0 0.3 1.5 3 6 9

Fig. 1. Casting schematic diagram.

Fig 2. Sampling schematic diagram.
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EXPERIMENTAL RESULTS

Analysis of Phase Results

Figure 3 presents the XRD results, showing the
emergence of a TiB2 phase diffraction peak in the
TiB2/Al-5Cu composite material sample. This obser-
vation serves as preliminary confirmation of the
TiB2 phase presence. Furthermore, the width of the
diffraction peak serves as an indicator of particle
size, with a wider peak corresponding to smaller
particle sizes. The intensity of the diffraction peak
represents the particle content. The higher the
intensity of the peak, the more particles it contains.
Typically, composites have some non-equilibrium
solidification during solidification. In addition, due
to the difference in thermal expansion coefficients
between TiB2 particles and the Al matrix, disloca-
tion distribution is formed within the composite.
The Williamson-Hall method can be employed to
calculate grain size (d), lattice distortion (e), and
dislocation density (q) using XRD data.29,30 A
mathematical relationship between (bcosh/k) and
(2sinh/k) is assessed based on this assumption,
where it is defined as:31

bcosh
k

¼ 1

d
þ 2e

2sinh
k

� �
ð5Þ

where h is the diffraction angle of the peak, k
(0.15406 nm) is the wavelength of the incident light
source Cu Ka, and b is the half-peak width. The
relationship between bcosh=k and 2sinh=k is fitted
according to Fig. 3a corresponding to the diffraction
peaks (111), (200), (220), and (311), as shown in
Fig. 3b. Accordingly, the relationship between dis-
location density and lattice distortion can be calcu-
lated as follows:32

q ¼ 2
ffiffiffi
3

p
e

db
ð6Þ

where q is dislocation density, and b is the Berg
vector (0.286 nm for Al); the calculation can be
finally derived from the dislocation density q of
5.8 9 1012 m�2, 9.1 9 1012 m�2, 1.42 9 1013 m�2,
1.93 9 1013 m�2, 2.56 9 1013 m�2, and
2.57 9 1013 m�2, respectively. This result shows
that with the increase of the TiB2 particles, the
dislocation density q of samples is gradually
increasing. This is mainly due to the difference in
thermal expansion coefficient between TiB2 parti-
cles (4.6 9 10�6/�C) and Al matrix (1.8 9 10�5/�C–
2.3 9 10�5/�C), which leads to micro-deformation of
grains during solidification. During the solidifica-
tion process, the casting stresses are generated,
which in turn introduce some dislocation lines. This
will be favorable to increase the energy storage and
strengthen the mechanical properties of the
composites.

The a-Al Grain

The statistical results of grain size for each group
of samples are presented in Fig. 4. The metallo-
graphic diagram of Al-5Cu alloy matrix material is
shown in Fig. 4a. The figure illustrates a distinct
coarse dendritic structure, with statistical analysis
confirming a grain size of 184 � 11.5 lm. Incorpo-
rating 0.1 wt.% TiB2 particles through in situ
reaction resulted in a refined grain size compared
to Al-5Cu, transitioning the grains towards
equiaxed morphology. Increasing the amount of
TiB2 particles to 1.0 wt.% led to significant refine-
ment of the composite material particles, an
increase in grain density, and a gradual evolution
of grain morphology into a fine-grained state. As
shown in Fig. 5, the grain size of the composites is
141 � 12.1 lm, 125 � 8.5 lm, 106 � 7.2 lm, 93 �
5.4 lm, and 89 � 6.8 lm, respectively. Compared to
the sample without adding TiB2 particles, the
refinement rates were 23.3%, 32.1%, 42.4%, 49.5%,

Fig 3. (a) XRD diffraction pattern, (b) Williamson-Hall plots at different processes.
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and 51.6%, respectively. Furthermore, according to
the grain size tolerance results, when the TiB2
content is 2.0 wt.%, the grain size uniformity is
better.

With the increase of TiB2 content, the degree of
grain refinement gradually increased. TiB2 as an
effective nucleation site promotes the nucleation of
grains inside the composite melt and inhibits the

formation of coarse dendrites. However, after TiB2

reaches 2.0 wt.%, the grain size of TiB2/Al-5Cu
composites was reduced slightly. This indicates that
an optimum value exists for TiB2 content to produce
grain refinement effect on composites. Excessive
TiB2 content does not enhance the grain refinement
effect; instead, it can lead to internal agglomeration
phenomena. It makes the microstructure of the
composite material deteriorate.

The Second Phase

Figure 6 depicts the eutectic phase microstruc-
ture images of the composite materials of each
group of samples. The microstructure of Al-5Cu
alloy is shown in Fig. 6a. Figure 6b-f shows TiB2/Al-
5Cu composite materials with different contents.
Figure 6 shows that as the content of TiB2

increases, the amount of precipitation near the
second phase increases. However, when the amount
of TiB2 generated reaches 3.0 wt.%, the internal
porosity of the microstructure increases, which
deteriorates the subsequent mechanical properties
of the material. The elevated porosity levels pri-
marily stem from the higher TiB2 content. This is a
consequence of the disparate thermal expansion
coefficients between the TiB2 particles and Al
matrix, resulting in the retention of voids at the
aggregation sites of TiB2 particles during

Fig. 4. Metallographic structure (a) Al-5Cu, (b) 0.1 wt.%, (c) 0.5 wt.%, (d) 1.0 wt.%, (e) 2.0 wt.%, (f) 3.0 wt.% TiB2/Al-5Cu composites.

Fig. 5. Grain size of each group of specimens.
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solidification. During the solidification of Al melt,
voids are enveloped internally, forming voids in the
solidified structure.

According to EDS and relevant literature refer-
ence results, the types of phases in Al-5Cu are a-Al,

h-Al2Cu, h‘ � Al2Cu, and Al3Ti, Al3Fe. In Fig. 7, the
results of the second-phase EDS inspection of the
three sets of specimens are shown. Many TiB2

particles are found in the 2.0 wt.% TiB2/Al-5Cu and
3.0 wt.% TiB2/ Al-5Cu composites. In the 2.0 wt.%
TiB2/Al-5Cu, no large agglomeration of TiB2 parti-
cles was observed. To further prove the Al3Ti, Al3Fe,
and Al2Cu intermetallic phases, EDS analysis was

performed on the secondary phases shown in Fig. 8,
and the EDS results are presented in Table III.
Based on the EDS results, it was further confirmed
that the secondary phase shown in Fig. 8b is the
Al3Ti phase. In Fig. 8d, the dark gray phase is the
Al3Fe intermetallic, and the bright white phase is
the Al2Cu intermetallic.

However, when the TiB2 content was increased to
3.0 wt.%, a large agglomerate region appeared, as
shown in Fig. 6f and Fig. 7c. The eutectic phase of
h-Al2Cu + Al3Fe + TiB2 + Al3Fe multi-phase com-
posite appeared in this region. This also indirectly
proves that TiB2 not only has better wettability with

Fig 6. Eutectic phase images of (a) Al-5Cu, (b) 0.1 wt.%, (c) 0.5 wt.%, (d) 1.0 wt.%, (e) 2.0 wt.%, (f) 3.0 wt.%, enlarged area of (g-i) of TiB2/Al-
5Cu composites.
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Al matrix but also with elements such as Cu and Fe,
which is consistent with the study of Xie et al.17

However, this large agglomeration of multiple ele-
ments is not conducive to the improvement of
material properties. It is easy to produce Fe-rich
phases, Al3Ti and other coarse eutectic phases as
well as stress concentration during the deformation
of the material and reduce the mechanical
properties.

Mechanical Properties

The TS, YS and EL of each group of specimens are
shown in Fig. 9a. The tensile strength was
130.6 MPa, 139.3 MPa, 167.5 MPa, 185.4 MPa,
197.8 MPa, and 195.3 MPa, respectively, with a
relative increase of 6.7%, 28.2%, 41.9%, 51.4%, and
49.5%. After the addition of TiB2 particles, the
mechanical properties of the composite materials
were significantly enhanced. Figure 9c shows the
stress-strain curves for each group of specimens,
which proves that the strength and elongation of the
composites are increased to different degrees with
the addition of TiB2. Compared to 0 and 0.1 wt.%,
the addition of 0.5 wt.%, 1.0 wt.%, and 2.0 wt.% has
a significant impact on the stress-strain curve.
First, the addition of the reinforcing particles
enhances the heterogeneous nucleation effect, refin-
ing the grains, which significantly improves the EL
of the composite material. Especially, the elongation

of the 2.0 wt.% TiB2/Al-5Cu composite material is
7.35%, a relative increase of 129.7%. Second, TiB2 is
a high-modulus particle, and its introduction has
increased the modulus of the composite material,
resulting in a higher modulus exhibited by the
composite material during the elastic deformation
stage of the stress-strain curve. At the same time,
the microhardness results in Fig. 9b show that
when the hardness of the 2.0 wt.% TiB2/Al-5Cu
composite material was 90.6 HV, the relative
increase was 55.7%. The change in microhardness
is consistent with the change in elastic modulus
exhibited in the stress-strain curve. The trend
shows an initial increase followed by a decrease,
which is primarily due to the severe agglomeration
caused by the excessively high TiB2 content, which
is detrimental to the performance of the composite
material.

The above values show that the mechanical
properties of TiB2/Al-5Cu composites did not
increase continuously with the enhancement of the
reinforcement particles. When the content reaches
2.0 wt.%, the tensile strength and elongation of the
composites are enhanced to the relative optimum
values. As shown in Fig. 7c, when the TiB2 content
is 3.0 wt.%, there is a large amount of agglomera-
tion of TiB2. This will easily cause stress concen-
tration in the internal microstructure. In addition,
since TiB2 belongs to the hard reinforced particles,

Fig. 7. EDS energy spectrum pictures of (a) Al-5Cu, (b) 2.0 wt.% TiB2/Al-5Cu, (c) 3.0 wt.% TiB2/Al-5Cu.
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its modulus with is much higher than that of the
matrix microstructure, and this large agglomera-
tion will easily cause the generation of crack
sources.

DISCUSSION AND ANALYSIS

Role of TiB2 on Grain Refinement

The morphology of nanoscale TiB2 particles under
the action of TEM can be seen clearly in Fig. 10a,
and the distributions of nanoscale TiB2 particles
under the action of TEM dark and bright fields are

Fig. 8. (a-b) Al3Ti second phase. (c-d) Al3Fe and Al2Cu second phases.

Table III. EDS energy spectrum

Position

Atomic %

Al Fe Cu Ti V Others

1 72 – – 24.4 1.3 Bal.
2 72 – – 24.6 1.1 Bal.
3 83.9 10.3 5.8 – – Bal.
4 83.4 11.8 4.8 – – Bal.
5 79.9 – 20.1 – – Bal.
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shown in Fig. 10b-c. Notably, the scanning area of
(a) is different from those of (b-c), which are in the
same area. TiB2 particles act as the nucleus of
heterogeneous nucleation and reduce the free
energy of nucleation.33,34 According to the crystal-
lographic matching theory, when the interplanar
spacing between a-Al and TiB2 is minimized, the
interfacial energy during grain nucleation reaches
its lowest value, which is highly favorable for the
nucleation of a-Al grains.35,36 Therefore, the effec-
tive nucleation capacity of TiB2 in the aluminum
melt was assessed by calculating the atomic spacing
mismatch (f r) and the facet spacing mismatch (f d).
The calculated results provide a means to evaluate
the nucleation capacity indicators of TiB2 in Al
melts. According to the E2E matching model pro-
posed by Zhang et al., it is known that f r and f d are
calculated as follows:37

f r ¼
j rm � rp j

rp
� 100% ð7Þ

f d ¼ j dm � dp j
dp

� 100% ð8Þ

where dm is the spacing between the matrix
matched crystal planes, dp is the spacing between
the form-nucleus matched crystal planes, rm is the
spacing between the atoms in the matrix phase
densely arranged direction, and rp is the spacing
between the atoms in the form-nucleus phase
densely arranged direction. Typically, a good orien-
tation relationship (OR) may exist if the a f r
is< 10%. When f d is £ 6%, the matching planes
are parallel or have small rotations around the
matching direction. When f d is slightly above 6%, a
good OR may still be formed by matching planes
with minimal dm mismatches.

The a-Al phase has the FCC with a crystal
structure parameter of a = 0.4041 nm. TiB2 is the
HCP a crystal structure parameter of
a = 0.3028 nm and c = 0.3228 nm.37 Calculated by
Eqs. 7 and 8, TiB2 exists in two possible orientation
relationships with Al as shown in Table IV. The
data in the table show that Al and TiB2 have a good
orientation relationship at the matching planes f r=
6.1% and f d= 0.9%, and the best matching plane is
Al (200)[011] k TiB2ð10�11Þ½1�210�:

Fig. 9. Mechanical properties: (a) average value of TS, YS and EL, (b) microhardness, (c) stress-strain curve.
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However, it is clear from the preceding content
analysis that not all TiB2 particles will become a-Al
nuclei. This phenomenon occurs because certain
TiB2-reinforced particles become enriched at the
solidification front during the solidification process,
leading to a loss of the nucleation ability, as in
Figs. 6f and 7c. Also, this is consistent with the
results obtained from the grain size statistics. That
is, the grain size fails to be further refined when the
TiB2 particles reach 2.0 wt.%. The excess TiB2

particles will be easily agglomerated with the
second phase such as Al2Cu and Al3Fe to form a
coarse eutectic phase.

The presence of TiB2 particles along grain bound-
aries (GBS) acts as grain pinning agents, effectively
impeding grain boundary migration and suppress-
ing the growth of a-Al grains. However, the presence
of TiB2 agglomerates can impede the diffusion of
solute atoms such as Cu, Fe, V, etc., and promote
the formation of solute element agglomerates.

Moreover, due to the favorable wettability between
the Al2Cu phase and TiB2 particles, it tends to
agglomerate and form a continuous and coarse
second phase network along GBS. Consequently,
the enrichment of TiB2 particles will reduce the Cu
inside the grains with severe bias at GBS.

Influence of TiB2 on the Formation of Second
Phases

From the above EDS results, the second phases in
the Al-5Cu matrix are mainly h-Al2Cu and Al3Fe.
The size (both width and length) of the second phase
in the matrix alloy is relatively large under the
same preparation conditions. First, with the addi-
tion of TiB2 particles, the effective heterogeneous
nucleation density increases, and the grain refine-
ment and equiaxial distribution will increase the
grain boundary area.38 This will reduce the space
for the growth of second phases such as h-Al2Cu and
Al3Fe, which are more diffusely distributed around

Fig. 10. The 2.0 wt.% TiB2/Al-5Cu TEM maps, (a) dark-field maps, (b) bright-field maps, EDS of (c) Ti, (d) Cu, (e) Fe, (f) V.

Table IV. The f r and f d between Al and TiB2 by the E2E model

Number TiB2(nm) OR fr (%) fd (%)

1 0.3028 Alð200Þ½011�==TiB2ð10�11Þ½1�210� 6.1 0.9
2 0.3228 Alð�220Þ½�1�12�==TiB2ð11�20Þ½1�100� 6.1 6.1
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the grain boundaries and inhibit the formation of
coarse eutectic phases. Second, the tiny TiB2 parti-
cles enter into the a-Al grains, which increases the
nucleation rate. Furthermore, the solid dissolution
of more solute elements within the grains occurs,
which results in the consumption of a portion of the
solute elements. This process effectively hinders the
formation of coarse eutectic phases to a certain
extent. Additionally, TiB2 particles, being high-
melting-point ceramic particles, possess melting
points significantly higher than those of nucleating
elements such as Cu and Fe. Therefore, it can
provide many nucleation sites for the formation of
the second phase during the solidification process.
The SEM micrograph of the 2.0 wt.% composite, as
depicted in Fig. 11a, reveals the presence of a
substantial number of h’-Al2Cu phases surrounding
the second phase. This phenomenon is absent in Al-
5Cu alloy, indicating that the addition of TiB2

promotes the diffuse precipitation of the second
phase.

However, when the TiB2 content is too high, many
ineffective nucleation particles are present. These
ineffective nucleation particles are difficult to be
solidly dissolved in the Al matrix due to their high
melting point. They are agglomerated together and
form a coarse eutectic organization with the second
phase such as h-Al2Cu and Al3Fe. The significant
disparity in thermal expansion coefficients between
TiB2 particles and the Al matrix can result in the
formation of defects, such as shrinkage holes, within
the composite material during the solidification
process. These defects have a detrimental impact
on the mechanical properties of the material. More-
over, when the generation content in the in situ

reaction is excessively high, there is a possibility of
incomplete formation of TiB2 particles, resulting in
inadequate utilization of the Ti element. The excess
Ti element will form the coarse Al3Ti phase with the
Al matrix, as shown in the Fig. 11b.

Strengthening Mechanism of Composites
by TiB2

The tensile fracture morphology of each group of
specimens is shown in Fig. 12. The Al-5Cu matrix
alloy presents smooth fracture traces, which belongs
to the typical along-crystal fracture mode. The
fracture surface shows a coarse dendritic surface
consisting of large and shallow tough foci, as shown
in Fig. 12a. The addition of TiB2 enhanced the
fracture pattern with the matrix. Simultaneously,
the addition of TiB2 particles leads to significant
grain refinement, resulting in an increase in inter-
facial energy within the composite material. Conse-
quently, the fracture mode of the composite
gradually transitions from intergranular fracture
to transgranular fracture mode. The more typical
ones are shown in Fig. 12e, with dense distribution
of tearing surfaces and tiny and deep tough nests. In
the case of a TiB2 content of 3.0 wt.%, there is a
tendency for the surplus Ti element to react with
the Al matrix, resulting in the formation of coarse
Al3Ti phases, as depicted in Fig. 12f. Meanwhile,
with the excessive TiB2 content, the size of the
generated TiB2 particles gradually increases as
shown in Fig. 13b. This coarse second phase and
TiB2 particles reduce the interfacial energy, weaken
the bond with the matrix, and are prone to generate
crack sources.

Fig. 11. SEM of (a) 2.0 wt.% TiB2/Al-5Cu, (b) 3.0 wt.% TiB2/Al-5Cu.
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To further illustrate the difference in fracture
surface morphology, Fig. 12g-i shows the magnified
views of regions A, B, and C, respectively. Compar-
ison reveals that when the TiB2 content is relatively
low, the fracture surface is predominantly smooth
and planar, without apparent dimple formations,
further confirming the brittle fracture characteris-
tics. When the TiB2 content reaches 2.0 wt.%,
regular dimple patterns appear on the fracture
surface, as shown in (h). Figure (f) shows the local
features of coarse secondary phases at the fracture
surface, where stress concentration zones and crack
sources are likely to form at the interface between
the particles and the matrix. This is a major cause
for the deterioration of mechanical properties in the
3.0 wt.% TiB2/Al-5Cu composite material.

Figure 13a-b shows the TiB2 particles located at
the bottom of the depression within the grain,
indicating their secure bonding with the matrix.
This suggests that the TiB2 particles are well
incorporated within the composite. Moreover,
Fig. 13c demonstrates the effect of TiB2 pinning on
the distribution of dislocations within the compos-
ite, as observed through TEM. This provides direct
evidence of the reinforcing role of dislocations in the
composite. When subjected to external loads, these
dispersed TiB2 particles will improve the matrix’s
ability to resist deformation, thus improving the
mechanical properties of the material. According to
the above analysis, the increase in YS of TiB2/Al-
5Cu composites is mainly attributed to the follow-
ing:39,40 grain refinement (rRefinement), Orowan

Fig. 12. Fracture morphology of (a) Al-5Cu, (b) 0.1 wt.% TiB2/Al-5Cu, (c) 0.5 wt.% TiB2/Al-5Cu, (d) 1.0 wt.% TiB2/Al-5Cu, (e) 2.0 wt.% TiB2/Al-
5Cu, (f) 3.0 wt.% TiB2/Al-5Cu, the high magnification view of (g) region A in (b), (h) region B in (e), (i) region C in (f).
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strengthening (rOrawan), mismatch strengthening
(rCTE), and load bearing strengthening (rLoad). The
theoretical value of the yield strength of the com-
posite material due to various strengthening effects
can be calculated according to the following
equation:41

Dr ¼ DrRefinement þ DrLoad

þ DrOrawanð Þ2 þ DrCTEð Þ2
� �1=2

ð9Þ

The contribution of these strengthening mecha-
nisms to the YS of TiB2/Al-5Cu composites is
analyzed in the following section:

rpredicted ¼ Drþ rm ð10Þ

The formation of TiB2 grain content all reduces
the grain size to some extent. The grain refinement
increases the YS of the material, which can be
calculated based on the Hall-Petch strengthening
relationship, which is as follows:42

DrRefinement ¼ kHPð
1ffiffiffiffiffi
dc

p � 1ffiffiffiffiffiffiffi
dm

p Þ ð11Þ

where kHP is the corresponding strengthening coef-
ficient of the material (68 MPa lm1/2 for Al43),
dc = 93 lm is the grain size of the 2.0 wt.% TiB2/Al-
5Cu, and dm = 184 lm is the grain size of the Al-
5Cu alloy.

Due to the different coefficients of thermal expan-
sion between the matrix and the reinforcing parti-
cles, certain dislocations will be easily formed
during the solidification process of the composites.
The enhancement of YS of composites by dislocation
density is calculated as follows:44

DrCTE ¼ gGmb

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12DaDTVP

bdP 1 � VPð Þ

s
ð12Þ

where g is the reinforcement factor 1.25 for Al45,46

and Da is the CTE difference between the matrix

and the reinforced particles. The CTE values of the
Al matrix and TiB2 particles are 25.2 9 10�6/K47

and 7.8 9 10�6/K,48 respectively, resulting in Da =
17.4 9 10�6/K. DT is the difference between the
casting temperature and the test temperature.49

The casting temperature is 1193 K, and the tem-
perature at the end of cooling is 298 K, giving
DT = 895 K. b is the Boolean vector 0.284, and dP is
the average size of the TiB2 particles 800 nm. VP is
the volume fraction of reinforcing particles, con-
verted from 2.0 to 1.5 vol%. Gm is the shear modulus
of the substrate, which can be calculated by the
following equation:50

Gm ¼ Em

2ð1 þ vÞ ð13Þ

where Em = 70 GPa is the modulus of elasticity of
the matrix, and v = 0.33 is the Poisson’s ratio of the
matrix.49 Therefore, Gm = 26.3 GPa can be calcu-
lated. The calculation gives DrCTE as 26.4 MPa.

Orowan strengthening is a result of the interac-
tion between dislocation motion and the reinforcing
particles. The presence of hard TiB2 particles poses
a significant obstacle for the movement of disloca-
tions, making it exceedingly difficult for it to pass
through the particles. Instead, the dislocations
undergo bending around the particles, known as
Orowan bending. This mechanism restricts the
movement of dislocations and contributes to the
overall strengthening of the material. When
encountering TiB2 particles, as depicted in
Fig. 12c, the dislocation continues to undergo bend-
ing until it eventually forms an Orowan ring around
the particle. This process leads to the formation of
TiB2 particles within the matrix, creating pinning
points. The presence of TiB2 particles at grain
boundaries, as illustrated in Fig. 12c, hinders the
movement of neighboring dislocations, thereby
enhancing the strength of the material. The contri-
bution of Orowan strengthening to the YS of the

Fig. 13. Fracture topography (a) 2.0 wt.%, (b) 3.0 wt.% TiB2/Al-5Cu, (c) dislocation of 2.0 wt.%TiB2/Al-5Cu composites.
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composite can be calculated by the following
equation:50

DrOrawan ¼ 0:13Gmb

dp½ 1
2Vp

� �1
3 � 1�

In
dp

2b
ð14Þ

where Gm is the shear modulus of the matrix, b is
the Burger vector, dp is 800 nm, and Vp is the
volume fraction of the reinforcing particles. DrOrawan

is 3.6 MPa.
When the composite material is impacted by an

external load, it helps to transfer the load to the
TiB2 particles, reducing the external load on the Al
alloy matrix. This load transfer mechanism con-
tributes to an increase in YS. This equation was
used to calculate the value of the contribution of
load transfer to YS can be calculated:51

DrLoad ¼ 0:5VprmS ð15Þ

where rm is the YS of the matrix and S (close to 1) is
the aspect ratio of the TiB2 particles. DrLoad is
0.42 MPa.

Table V provides the values of the contribution of
the four strengthening mechanisms to the yield
strength of the material as well as the theoretical
values of the YS finally calculated. The rMeasured

deviates from the rpredicted values by 6.9% and can
present good consistency. This further proves the
applicability of the strengthening mechanism.
According to the analysis of the fracture surface
morphology, the introduction of TiB2 particles has
changed the fracture characteristics of the compos-
ite material, gradually transitioning from brittle
fracture to ductile fracture. The increased number
and reduced size of dimples on the fracture surface
indicate that the performance of the composite
material has been improved. The experimental
results are consistent with the reinforcement mech-
anism analysis. Second, although the improvement
of mechanical properties of composites and grain
refinement was achieved in this work, there are still
many challenges: (1) the existence of an uneven
distribution of TiB2 particle sizes and the existence
of TiB2 particles with a large size in 2.0 wt.% TiB2/
Al-5Cu composites; (2) the existence of a small
range of particles agglomerated within the compos-
ites, and it is difficult to achieve a completely
uniform distribution by mechanical stirring. Exper-
imental studies will continue to address this issue in
subsequent research work.

CONCLUSION

In this work, TiB2/Al-5Cu composites were pre-
pared by mechanical stirring melt casting process,
and the evolution of the grain structure, the second
phase, and the mechanical properties of each group
of composites were investigated. The specific con-
clusions are as follows:

(1) The crystal mismatches f r and f r of the TiB2

and a-Al are 6.1%, 0.9%, respectively, with
strong nucleation ability. The maximum grain
refinement rate of the 2.0 wt.% TiB2/Al-5Cu
composites reached 50%.

(2) The increase in TiB2 particle content favors
the refinement of the second phase. However,
when the TiB2 particles are excessive, it is not
favorable to the performance enhancement.

(3) TiB2 particles play a certain role in strength-
ening the mechanical properties of composites.
When the content of reinforcement particles is
2.0 wt.%, the TS, YS, and EL are increased by
51.5%, 61.4%, and 129.7%, respectively, com-
pared with the Al-5Cu matrix.
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