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Abstract: In order to explore the influence of Cu element on the morphology evolution of the in-situ TiB, particles, the
10 wt.% TiB, reinforced Al-5wt.%Cu based composite was prepared by mixed salt casting. The morphology
characterization and transformation of TiB, reinforcements caused by Cu element were investigated by multi-scale
microstructure characterization and statistics techniques. In the case of controlled casting, 5 wt.% Cu addition was
found to transform the TiB, particle morphology from hexagonal plate with sharp edges and corners to hexagonal or
tetragonal prism with chamfered edges and corners with the distinguishing growth steps both on the top surface and the
side surface. The TiB, growth in Al-Cu matrix followed the rules: nano-scaled spherical nuclei—polyhedron
grains—chamfered hexagonal particles—hexagonal plates—chamfered particles with obvious growth steps. The
adsorption energy of Cu on different crystal surfaces of TiB, was caculated to reveal the influence mechanism and the
results indicated that Cu was preferentially adsorbed on the (1OTl)TiB2 crystal planes, devoting to the small aspect ratio

of T1B2
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1 Introduction

Aluminum and aluminum alloys are widely
used in the aeronautical and automobile industries
due to their low density, appropriate mechanical
properties and high processability, whereas the
limited strength of monotonous alloy restricts the
further application prospects. A wealth of research
verified the Al-based composite with the
reinforcement of discontinuous ceramic particles,
including TiC [1], SiC [2,3], Al,O;[4,5] and so on,
possessed dramatically enhanced strength and
plasticity. Generally, according to the source of the
reinforcement, the method of composite fabrication
can be classified into ex-situ and in-situ. Compared
to the conventional ex-situ composites, one of the
prominent advantages of the in-situ metal matrix

composites was the finer reinforcing particles
distributing more uniformly in the matrix [6,7].
TiB, was usually used to reinforce composite
materials [8—10]. Therefore, the size distribution,
morphology, texture and the surface energy of TiB,
seriously influenced the composite properties. WU
et al [11] studied the influence of reinforced-TiB,
size distribution on the microstructure and
mechanical properties of the composites, suggesting
that the grain size of TiB, dominantly influenced
the fracture mode. With the increase of the TiB,
size, the dominant fracture mode of the composites
transformed from trans-granular fracture to
inter-granular fracture. Moreover, it was worthy
noticing that the in-situ TiB, exhibited
distinguishing morphologies in different matrices.
ZHANG et al [12] proposed that TiB, particles
synthesized by laser surface alloying in AA6061
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matrix mainly exhibited hexagonal plate-like
morphology and mainly distributed at high angle
grain boundaries. QI et al [13] explored the
fabrication of TiB, reinforced (AICrFeMnV)yBij,
alloy composite by spark plasma sintering and it
was observed that TiB, exhibited irregularly blocky
morphology. XIA et al [14] synthesized TiB,/Cu
composite by the in-situ reaction of Cu—Ti—B
system, where the particles appeared as cubic
sphere and the size was distributed in the range of
50—-200 nm. ZOU et al [15] suggested that under
the influence of La, the in-situ TiB, particles in
TiB,/Cu composite exhibited more uniform
distribution and finer size, resulting in improved
mechanical properties. Additionally, immense
amount of researches about mechanical properties
development and processing technology of TiB,/Al
composites were conducted recently [10,16—19]. In
summary, plenty of work focused on the TiB,
reinforced composites and the influence of
reinforcement morphology on the material
properties. However, limited attention has been paid
to the crystal growth and morphology control
mechanism of in-situ TiB, particles in the
composite melt system.

Multiple researches indicated that the
morphology and size of in-situ ceramic
reinforcement could be significantly influenced by
addition of alloying element. Alloying elements
may change the particle size and morphology by
preferentially adsorbing on some crystalline phases
to inhabit the continuous growth, similar to the
function of chemical surfactants. GAO et al [20]
prepared the sphere, hexapod, hexagonal disk,
nanocrystalline and nanoporous structure ZnO
crystals merely by varying the concentration of F~
ions and the sintering temperature. They suggested
that surfactants possessed remarkable ability to
control crystal growth and directed it in shape and
BISWAS et al [21]
indicated that TiO, nanorods could be synthesized
using an anionic surfactant template. Therefore, it
can be safely concluded that the desired
morphologies can be achieved by controlling the
preferential adsorption architecture as well as the
self-assembly behavior. Hence, it is necessary to
understand the nucleation and growth kinetics,
including the microstructure evolution of TiB,
crystals and the influence mechanism of different
alloy elements.

size controlled manner.

However, limited attention has been paid to
the crystal growth and morphology evolution
involving in-situ TiB, particles in the composite
melt system. In the present work, the morphology
transformation of TiB, particles in TiB,/Al matrix
under the influence of Cu element was researched.
Moreover, the growth mode of TiB, particles in
Al-Cu matrix was illustrated both in schematic
diagram and practical experiment results.
Additionally, the current research provided a
potentially convenient and feasible approach to
control the morphologies of the in-situ TiB,
reinforcement in Al matrix.

2 Experimental

The sample used was prepared from a
commercially pure aluminum (CPAl) with the
content of 5 wt.% Cu, and TiB, particles were
formed by reactions of mixed salts (K,TiFs and
KBF,). The metal ingot was melted in metal die
which was placed in the resistance furnace and
heated to about 750 °C. Then the mixed salts were
added in a proper proportion and the melt was
preserved at 850 °C for 1 h. The content of the
generated TiB, was 10 wt.%. The temperature of
the melt containing the in-situ TiB, particles was
reduced to 750 °C and held for about 0.5 h before
pouring into a preheated steel mold.

Metallographic samples were prepared from a
piece of the solidified material, about 430 mm X
10 mm from the center of the cast ingot by
mechanical grinding and polishing, followed by
etching in a 0.5vol.% HF aqueous solution for
3—4 min. The microstructure of the TiB,/Al-Cu
composite was examined using a scanning electric
microscope (Nova Nano SEM). Statistical analysis
on the size and shape factor of the TiB, particles
was carried out using computer image processing
facility.

3 Results and discussion

Under the influence of Cu, the typical
morphology of TiB, crystals was shown in Fig. 1.
In Fig. 1(a), TiB, exhibited typical hexagonal
morphology with chamfered planes replacing the
sharp corners and edges. Based on the
characterization in the previous work [22], it could
be concluded that the crystal surface was bound
by the close-packed surface (0001), (1010) and the
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Fig. 1 Morphologies of TiB, particles in AI-5Cu matrix: (a) Chamfered hexagonal TiB,; (b) Chamfered tetragonal TiB,;
(c) Growth step on top surface; (d) Obvious bulge on top surface

chamfered planes were established as (1011) on
the basic chamfered surface, (1120) on the side
chamfered surface and (1213) at the chamfered
corner. Figure 1(b) showed a tetragonal TiB,
particle exposed a nearly close-packed plane (1120)
and the close packed basic plane (0001) based on
the HR-TEM revelation[22]. Close examination
indicated that obvious growth steps emerged both
on the top and side surfaces. Moreover, in Figs. 1(c)
and (d), due to the faster growth rate of the top
surface than the side ones, evident bulge of the
crystal appeared on the top surface.

More details of the chamfered edges and
corners were shown in Figs. 1(b—d), where the
growth steps could be distinguished clearly. The
terrace growing on the base of hexagonal plate or
tetragonal plate was composed of a series of smaller
platelets with a displacement between adjacent two
layers. The step boundaries partially became
parallel with each other in the g-axis and c-axis,
respectively. The area between the crossing terraces
would degrade as a small facet. Furthermore, the
experimental results illustrated that the particles
with obvious growth steps frequently tended to
have a large size. The TiB, in Al-5Cu matrix
exhibited hexagonal or tetragonal prism with

terraced structure on both the top and side surfaces
consisted of a series of layered plates. A close
examination indicated that the terraces were
generated by two-dimensional nucleation rather
than screw dislocation growth because of the lack
of the screw trace on the topmost surface.
Obviously, as shown in Fig. 1, on the terraced
structure, the edges of the hexagonal or tetragonal
planes were not affiliated to the spiral curve, but
separated with similar boundaries. Moreover, it was
found that on the particle surface there were
multiple defects, such as scallops and the
inadequacy growth of the two-dimensional
nucleation, similar to the roughing transition.
Actually, the roughing transition has been observed
for some ceramic particles, such as NbC [23,24],
TaC [25], MgO [26] and Al,O;[27]. These defect
points would be the effective heterogeneous
nucleation points attributed to the higher free
energy. Meanwhile, several fine primary crystal
nucleus were observed on the TiB, surface.

The particle size distribution (PSD) and the
particle aspect ratio distribution (PAD, the ratio of
the particle diameter to thickness) were illustrated
in Fig. 2. The statistic results in Fig. 2(a) manifested
the PSD of TiB, in Al-5Cu matrix scattered in the
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Fig. 2 Diameter distribution of TiB, particles in AlI-5Cu
matrix (a) and aspect ratio (diameter to thickness)
distribution in AI-5Cu matrix (b)

range of 0-3 um, basically conforming to the
Gaussian distribution and the average TiB, diameter
was about 0.93 pm. Compared with the PSD in
monotonous Al matrix [22], the TiB, crystals grew
up dramatically and consequently the aggregation
of particles was improved notably. The PAD results
were shown in Fig. 2(b). It indicated that the TiB,
PAD accorded to the Gaussian distribution, falling
in the range of 0.5—7.0. Further observation showed
that some PAD distributed in the range of 0.5—1.0,
indicating the rod-like TiB, particles in Al-5Cu.
The average PAD was about 2.80, much less than
that in pure Al matrix which was 3.50 in average. In
conclusion, under the influence of Cu element, the
TiB, particle size increased distinctly, especially
along the c-axis. Hence, the aspect ratio decreased
dramatically, indicating that there were more
thicker particles.

In Fig. 3, obvious terraced structure appeared
on the particle surface along the a-, b- and c-axis,
respectively. The smooth flat surface lack of spiral
traces implied the two-dimension nucleation
mechanism. By comparison, the growth steps along
the c-axis, marked as A, were obviously thicker
than that in the g-axis, labeled as B, which
illustrated that for TiB, particles both the
two-dimensional nucleation and growth were
more inclined to form on the basic plane than those
on the side plane. Therefore, the length of A was
significantly larger than that of B as shown in
Fig. 3(a). Figure 3(b) showed that the multiple TiB,
particles grew synergistically, exhibiting flower-like
morphology. Detailed examination demonstrated
that all the petals deposited in the same pre-platelet
and on the pre-platelet surface, indeed, terraced
morphology existed, verifying the aforementioned
nucleation and growth difference in the two
directions.

Fig. 3 Terraced morphologies of TiB, in Al-5Cu matrix:
(a) Growth step on c-axis; (b) Flower-like morphology of
TiB,

Figure 4 provided clear information about the
typical morphologies at different growth stages of
TiB; in Al-Cu system. At the early stage, the TiB,
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grain exhibited spherical morphology with the size
of about less than 100 nm. Afterwards, combining
the energy minimization principle and the facet
growth mechanism, small flat planes appeared on
the curved surface. With the growth proceeding, the
flat planes enlarged immediately, transforming the
TiB, crystals into irregular polyhedrons, as
illustrated in Fig. 4(c). Subsequently, the expansion
of the low-index lattice planes was implemented
immediately until the TiB, particles were exposed
by (0001) and (1010) planes for the hexagonal
morphology or (0001) and (1120) planes for the
tetragonal morphology, as shown in Figs. 4(g) and
(h), respectively. So far, the hexagonal or tetragonal
flaky pre-platelets were achieved.

Because of the Cu element effect, as the
particle evolved, the two-dimensional nucleus
would generate on the defect point on the particle
surface. By the repeating of the two-dimensional

nucleation and the growth, the terraced morphology
both on the basic surface and the side surface
formed, as illustrated in Figs. 4(h, i, j). Obviously,
the size of TiB, particles with terraced morphology
increased generally, because the growth steps were
on the basis of the pre-platelets.

Figure 5 schematically illustrated the growth
mode of TiB, crystal in Al-5Cu matrix. The
hexagonal particles with terraced
morphology grew up according to mode (I) and the
flowerlike particle followed the mode (II). At the
initial stage, the supersaturated degree of Ti and B
elements is high in the alloy melt. Under the high
temperature, the mass transport was activated with
low reaction latent enthalpy between Ti and B.
Therefore, it was considered that the interface
between TiB, crystal and the melt was rough
and there was no crucial nucleation barrier. New
TiB, nuclei could be generated favorably and

obvious

Fig. 4 Typical morphologies of TiB, crystal at different stages in Al-5Cu system
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Fig. 5 Schematic representation of morphology evolution of TiB, in AlI-5Cu matrix

subsequently experienced an isotropy growth in all
directions, which would lead to the spherical or
quasi-spherical grain morphology by the diffusion-
controlled continuous growth. Additionally, the
spherical or quasi-spherical morphology would
minimize the surface energy of the composite
system, as schematically shown in Fig. 5(a).
Initially, the growth of TiB, grains was
determined by the element diffusion process. As the
crystal grew, the degradation of the element
supersaturation would disequilibrate the growth of
the quasi-spherical TiB, particles. Furthermore, for
TiB, crystals, as the atom configuration is different
in various lattice planes, the surface energy is not
isotropic but anisotropic. As the grains grew up, the
minimization of the total surface energy could not
be fulfilled by simply maintaining the spherical
morphology. The final equilibrium morphology of
TiB, was hexagonal platelet bounded with the close-
packed crystal planes (0001) and the near close-
packed lattice planes (1110) rather than spherical
shape, which was stimulated by a faceted growth
mode [28—30]. According to the facet growth
principle, some facets with the special directions
would emerge on the TiB, spherical surface to
transform towards the polyhedron morphology as
shown in Fig. 5(b). As the growth proceeded, the
curved surface was replaced by the facets gradually,
transforming to irregular polyhedron, as illustrated
in Fig. 5(c). It revealed the faceting process during
the particle growth. As the TiB, grew, the low-index
lattice planes enlarged and simultaneously, the
high-index shrank.

planes Successively, the

incremental iteration between the low-index plane
and the high-index plane was
uninterruptedly, and ultimately, the hexagonal TiB,
packaged by close-packed and nearly close-packed
atom arrangement formed. With the further
development, the two-dimensional heterogeneous
nuclei would be located on the basic (0001) surface
and the (10 1 0) planes, generating terraced
morphology. Sometimes, several nucleuses merged

conducted

simultaneously in the same pre-platelet, finally
forming the flowerlike morphology, as shown in
Fig. 5(h).

As stated above, the TiB, particles in Al-5Cu
exhibited small PAD, meaning the thicker crystals
than those in the monotonous Al matrix. To
qualitatively interpret the mentioned phenomenon,
the adsorption energy (AFE,4ssur) of Cu on different
lattice planes of TiB, was calculated [31].

According to the calculation results listed in
Table 1, Cu element was preferentially adsorbed in
the (1011)yp, crystal planes, secondly the (1010)yg,,
(1120)y;8, and (1212)ris, planes and ultimately the
close-packed (0001)ys, planes to maitain the
minimum systematic energy. Namely, the existance
of Cu element accelarated the growth of (0001)
TiB, planes extremely, which was coincident with
the abovementioned morphology characterization
results.

Table 1 AE, 4yt of Cu on different surfaces of TiB, (eV)
(0001)ris, (1010)ri, (1011)pi, (1120)ris, (1212},
-0.0287 -0.0378 -0.0401 -0.0357 -—0.0352
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Generally, both the intrinsic crystallography
characteristic and the external growth conditions
decided the TiB, morphology. As the equilibrium
shape, the intrinsic lattice structure prompted TiB,
to develop into hexagonal platelet to maintain the
minimum surface energy. Nevertheless, different
external growth conditions usually propelled
crystals to deviate from the established equilibrium
growth path and transformed into various
morphologies. The final crystal morphology was
predicated on the balance and contradictions of the
mentioned two factors.

According to the minimum energy principle,
the crystal planes with higher bonding energy grew
even faster to minimize the total systematic energy.
As the crystal develops, these planes would shrink
gradually or disappear instead. In consequence, the
lattice faces with lower energy would reserve as
the crystal surface at last. Namely, the TiB,
developed into hexagonal plates with the closely
packed (1000) and secondarily closely packed
(1010) exposed in the equilibrium condition. TiB,
severely conformed to the two-dimensional
nucleation and flat growth mechanism. Due to the
existence of numerous alloy elements, the growth
of in-situ TiB, in the aluminum alloy matrix was
more complex to control. Under the influence of Cu,
Cu was preferentially adsorbed on the (1011)gp,
crystal plane to maintain the stability of the
chamfered surface. Finally, the TiB, exhibited
chamfered hexagonal morphology with obvious
growth steps. Moreover, the growth step determined
by the preferential adsorption in the c-axis was
more prominent than that in the a-axis.

4 Conclusions

(1) The morphology of TiB, particles in
three-dimensional space was
scanning electric microscope. Under the influence
of Cu element, TiB, particles transformed from
hexagonal plates with sharp corners and edges to
chamfered hexgonal morphology with obvious
growth steps and small PAD (the ratio of the
particle diameter to thickness).

(2) In Al-Cu matrix, TiB, growth conformed
to the mode: nano-scaled spherical or quasi-
spherical nuclei—small facets emerging on the
sphere surface—polyhedron grains—chamfered

examined using

hexagonal particles—hexagonal plates—chamfered
particles with obvious growth steps or flower-like
morphology.

(3) Cu performed a strong adsorption on the
surface of TiB, particles and Cu element was
preferentially adsorbed in the (1011)pp, crystal
planes, secondly the (1010)pg, (1120)ps, and
(1212)]‘132 planes, which would inhabit the growth
of these faces effectively and retain a lower-energy
state of the chamfered TiB, particles in Al-Cu
matrix.
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Cu St Z&XT TiB,/Al-Cu E&# R+ TiB, F2 552
FhEV OEZRE MR, E R, EE2

1. Rl R G &HES ARAR, i 2002455
2. Rl Ry &EBEEEMAEFKE AL E, LI 200240

 E: N TIRT Cu JuENRALE A TiB, MURLE S AR IR, i 1A SR G BOR T % 10%(5 70 %) TiB,
R Al-S%Cu(iE BN E EME. KA 2 RERMALRRIER S 75T 5 Cu oK 51 TiB, B9 AH I B3
FAE B IHAT . FEFHIE T, QIR RS HON 5% Cu JGRE, TiB, SUBURL B B A 2 (K75 7 FrRis 28 iR
AR 7577 BT REAEAR ) IR 0 2 T AN T 259 A7 AE W B B B B o TiB, UKLAE Al-Cu JE 44 b A KR
PR 9K R ERTE % — 2 TR A — A (B A S 7 A — N T B R— B W B A 5 | B R
LT Cu £E TiB, ANIE] 4 i _E A I Be s L HLEE, THER 5 RER T Cu ALSEM R AE(101 1 ), diTHT b, {RAE
R TiB, BRI E .
KR JESUREL RN, TiB, B 4EEE: EKEH
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