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Relatively high strength and good ductility are rarely obtained simultaneously in aluminum matrix
composites. In the present work, dual-phased TiCp-Al3Ti, (n: nanosized TiC particles and m: micron-
sized AlsTi particles) particles were in situ synthesized in an Al-Ti-C system via the combustion syn-
thesis method. Subsequently, (TiC,-Al3Tip, )/Al hybrid composites were readily fabricated at high addition
levels (0, 1, 3, 5 and 7 vol%) via the re-melting and diluting method assisted ultrasonic vibration. Then,
the isolated influences of the dual-phased TiCy-AlsTiy, particles on the solidification behaviors, micro-
structure evolution and mechanical properties, at both ambient- and elevated-temperatures, of
aluminum alloys were systematically investigated. The experimental results revealed that the o-Al
dendrites were substantially refined with a reduction of up to 4 times when compared with that of the
unreinforced base alloy. Furthermore, at ambient temperature, 5vol% (TiCy-AlsTiy)/Al exhibited the
optimum comprehensive mechanical properties, and the yield and ultimate tensile strength were 124.3%
and 165.2% higher than those of the unreinforced base alloy, whilst the fracture strain was not sacrificed.
Theoretical calculations suggest that thermal-mismatch and Orowan strengthening effects contributed
most to the yield strength increment, whereas the favourable fracture strain was achieved mainly due to
grain refinement. Moreover, at elevated temperature (453 K), the yield strength and ultimate tensile
strength were improved by 327.8% and 236.1%, respectively, whilst the fracture strain was still at a
relatively high level of 29.2%. The improved thermal resistance primarily resulted from the pinning ef-
fects of the TiCy-AlsTiy, particles on the grain boundaries and dislocations.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

preferred as the superb candidate for these industries due to their
excellent synergistic attributes of rigid and thermostable particles

Superior strength-ductility combination and thermodynami-
cally stable aluminum alloys are urgently demanded for the aero-
nautical and automotive industries. Over decades, particle
reinforced aluminum matrix composites (PRAMCs) have come to be
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and soft and light aluminum matrices [1—3]. However, the expec-
tantly balanced strength-ductility is rarely obtained, especially at
high addition levels, i.e., the strength-ductility trade-off dilemma
[4]. Normally, the overall properties of PRAMCs are strongly
dependent on the type and morphology, volume fraction, size
distribution and spatial dispersion of the reinforcing particles as
well as their interface bonding with the matrix [5,6].
Conventionally, extensive detailed investigations have been
performed to study the strengthening and toughening potential of
various particles on aluminum matrices, including SiC [7], TiB; [8],
B4C [9], Al,03 [10], TiC [11], AlsTi [12,13], etc. and have achieved
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great progress during the past decades. Thereinto, TiC has been
extensively employed as a promising reinforcement to tailor the
performance of aluminum alloys for its unique properties such as a
high melting point, excellent thermal stability, high hardness and
crystal structures similar to those of aluminum matrices [14—16].
Furthermore, Al3Ti intermetallic particles have also been reported
to possess good wettability, lattice matching with the aluminum
matrix and better heterogeneous potency for aluminum alloys than
doTiC, AIB; [17] and TiB; [17,18]. Additionally, the merits of micron-
sized or nanosized particles have also been discussed and investi-
gated [19].

Currently, bimodal-sized (micron-nano) particles are generally
demonstrated to present more efficient refining and strengthening
of the metal matrices over their single-sized counterparts. Tian
et al. [20] reported that an Al-Cu composite reinforced by bimodal-
sized TiC particles exhibited finer microstructure and higher room-
and high-temperature strength and ductility when compared to
those of the composites with only an individual nano- or micron-
sized TiC addition. Similar results have also been revealed by
other researchers in recent years [21,22]. Furthermore, innovative
aluminum matrix hybrid composites have been developed recently
and recognized as the new promising generation of composites for
simultaneously possessing the attributes of more than one type of
added particles. Resultantly, the composites usually exhibited
better comprehensive performances than did the counterparts
reinforced with mono-particles [23—26]. A recent study by Hu et al.
[27] reported that the fabricated (B4C-Al3Ti)/Al hybrid composite
possessed a higher hardness and tensile strength, but the ductility
of the hybrid composite was lower than that of the Al matrix. It
should be mentioned that previous research mainly concentrated
on the hybrid composites reinforced by ex situ dual particles
[28,29]. In contrast, compared with the performance of PRAMCs
prepared via ex situ processing methods, the in situ PRAMCs usu-
ally exhibit better comprehensive mechanical properties due to
their stronger interfacial bonding and better wettability between
the particles and their matrix as well as more well-dispersed par-
ticles [30,31]. Conclusively, it will be a more effective strategy to
achieve an excellent combination of strength and ductility by
simultaneously incorporating in situ nanosized TiC and micron-
sized AlsTi particles into the matrix. As per our knowledge, few
studies have been dedicated to the fabrication of hybrid composites
reinforced by dual-phased TiC-AlsTi particles with bimodal sizes at
high addition levels and the study of the corresponding micro-
structure evolution and room- and elevated-temperature me-
chanical properties. Additionally, the solutes and precipitates in the
aluminum alloys will inevitably interact with the added particles
during solidification and the subsequent heat treatment [32,33],
which will affect the study of the isolated influences of in situ dual-
phased particles on the performances of the hybrid composites.
However, few researchers have been conscious of this point in the
past years.

In previous reports, in situ particles are commonly synthesized
through the direct aluminum melt reaction method [34,35],
whereas, it is well acknowledged that the incorporation of particles
via master alloys could facilitate their homogeneous spatial
dispersion in the molten aluminum. Furthermore, among those
reported manufacturing methods for hybrid composites, powder
metallurgy and melt processing are the most commonly used
techniques [23]. However, the former is limited at the laboratory
scale as several pores may be introduced into the composites, such
that post-fabrication deformation processes are required to
diminish the defects for improving the mechanical properties
[29,36]. Comparatively, the latter exhibits great potential and is
preferred as the most suitable approach for hybrid composites in
terms of near-net shape, cost-effective and mass production.

However, there are remaining issues and challenges: (1) The
inherent agglomeration inclination of nanosized particles in
molten aluminum. Unfortunately, the traditional mechanical stir
method has been proven to be invalid or inefficient. (2) Weak
interfacial bonding caused by interfacial reactions between the
reinforcements and the melt, which directly restricts the load
transfer efficiency. In this context, a novel manufacturing tech-
nique, the melt processing assisted by re-melting and diluting
method under high-intensity ultrasonication, is proposed for the
fabrication of (TiC,-AlsTip)/Al hybrid composites in our work.

The present research attempts to synthesize an efficient in situ
dual-phased TiC,-AlsTiy, strengthening additive with favourable
particle ratios and size distribution by combustion synthesis for
aluminum and its alloys. Afterwards, the dual-phased TiCy-AlsTipy,
particles were incorporated into the pure Al at high addition levels.
Then, the isolated role of the fabricated in situ dual-phased TiCy,-
Al3Tip, particles on the solidification processing, microstructure
evolution and mechanical properties of aluminum alloys were
investigated. The underlying microstructure refinement mecha-
nism, strengthening mechanisms at both ambient- and elevated-
temperatures of the hybrid composites were discussed systemati-
cally. It is reasonable to assume that this work may provide a new
perspective for the composition design and engineering applica-
tions of particle reinforced aluminum matrix composites.

2. Experimental procedure

Fig. 1 represents the processing schematic for in situ bimodal-
sized and dual-phased (TiC,-AlsTi)/Al hybrid composites. In this
study, the processing procedure mainly included two parts: the
preparation of Al-30vol% (TiCy-AlsTiy,) master alloys by combus-
tion synthesis and the subsequent fabrication of (TiCy-AlsTiy,)/Al
hybrid composites by re-melting and diluting method assisted

Fig. 1. The processing schematic for the in situ dual-phased (TiC,-Al5Tiy,)/Al hybrid
composites: (a) mixing CNTs, Al and Ti powders adequately via ball milling, (b)
pressing the blends into compacts, (c) the combustion synthesis and hot pressing of
the compacts into master alloys, (d) introducing the TiC,-Al3Tir, particles into the pure
Al melt via the re-melting and diluting method and then dispersing the dual-phased
particles uniformly by high-intensity ultrasonication, (e) casting the molten melt
into a steel mould and monitoring the temperature variations with time and (f)
sampling of the microstructures and tensile testing of the hybrid composites.
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ultrasonic vibration.
2.1. Preparation of Al-30 vol% (TiCy-Al3Tiy,) master alloys

As illustrated in Fig. 1(a—c), the preparation process of Al-30 vol
% (TiCyh-AlsTiy,) master alloys (wherein the volume ratio of Al, TiC
and AlsTi was 70: 25: 5) could be divided into three steps: First,
carbon nanotubes (CNTs) (99.5% purity, 10 nm—20 nm in diameter
and 20 um—100 pm in length), Ti (99.5% purity, ~25 um) and Al
powders (99.5% purity, ~48 um) as reactants were ball milled suf-
ficiently into a blend at 60 rpm for 30 h. The powder to ball ratio
during the ball milling was 1:10. Subsequently, the fabricated
blends were densified into compacts with dimensions of 30 mm in
diameter and 40 mm in height. During the cold pressing, the
pressure increased with time until 60 KN and dwelled for 15s.
Finally, the combustion synthesis and hot pressing of the compacts
was undertaken in a vacuum thermal explosion furnace at 1143 K.
The high temperature for reactions was provided by the graphite
electrode rods via radiation inside the vacuum furnace. While
during the hot pressing, the pressure was around 40 MPa and was
held for 5 min.

2.2. Fabrication of in situ dual-phased (TiCn-Al3Tip)/Al hybrid
composites

The melt processing is illustrated in Fig. 1(d—f). According to the
nominal addition amounts of 1, 3, 5 and 7 vol%, the dual-phased
TiCy-AlsTiy, particles were added into the commercial pure Al
melt in the form of Al-30vol% (TiCy-AlsTiy,) master alloys and
stirred by a graphite rod at 1073 K for 3 min, then, high-intensity
ultrasonication with a niobium alloy probe was submerged into

the melt to uniformly disperse the TiC and AlsTi particles for 5 min.
Afterwards, the molten aluminum was degassed by hexachloro-
ethane at 1023 K and stirred for 5 min, then the slag and oxide skin
were skimmed off. After isothermally held for 3 min, the melt was
finally poured into a preheated steel mould (up to 373 K) with di-
mensions of 200 x 20 x 150 mm?>. Simultaneously, as seen in
Fig. 1(e), the temperature variations with time during solidification
were monitored and recorded with a thermocouple inserted from
the bottom of the mould. The melt temperature was recorded
through a data logger with a frequency of 100 Hz and a precision of
0.1 °C. Nucleation arrests of the prepared alloys were identified in
the first derivatives (dT/dt) of the obtained cooling curves accord-
ing to the treatment employed in Ref. [37]. For convenience, the
fabricated hybrid composites are hereafter named as HC-1, HC-3,
HC-5 and HC-7. Additionally, a pure Al ingot, without TiCy-Al3Tip,
addition, was casted as the reference alloy with a similar process to
the procedure above and is termed Pure Al

2.3. Characterization

X-ray diffraction (XRD) was performed to determine the phase
constitutions of the Al-30vol% (TiC,-Al3Tiy,) master alloys and
hybrid composites. The final content of each phase in the master
alloy could be calculated by the formula below [38]:

B I;/RIR;
STy (I/RIR)
where W; represents the weight fraction of the synthesized phase i

in the master alloy. [; represents the integrated intensity of the
highest diffraction of each phase. N represents 3 in our work. RIR;

(1<i<N) (1)

i

Fig. 2. (a) The SEM micrograph and (b) XRD spectrum of the ball milled blends; the EDS analysis of (c) Al, (d) Ti and (e) CNTs in the blends.
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represents the value in the PDF cards.

The nanosized TiC particles were extracted by a 10 vol% hydro-
chloric acid solution, and afterwards, the size distribution and
morphologies of the particles were analysed by a field emission
scanning electron microscope (FESEM, JSM-6700F, Japan). To
calculate the average diameters of the TiC and AlsTi particles in the
master alloys, as least twenty SEM and FESEM micrographs were
used to analyze the particle sizes and their distributions using the
Nano Measurer software. The metallographic specimens were
mechanically ground, polished and etched by Keller's reagent.
Then, the specimens were characterized by an optical microscope
(OM, Olympus PMG3, Japan), scanning electron microscopy (SEM,
Tescan vega3 XM, Czech Republic) equipped with an energy
dispersive spectrometer (EDS), and transmission electron micro-
scopy (TEM, JEM-2100F, Japan). Tensile testing at 298 K and 453 K

(MTS 810, USA) was carried out with the same dog-bone shaped
specimens with a gauge cross-section of 4.0 x 2.5 mm? and a gauge
length of 10.0 mm under a tensile rate of 1 x 1074,

3. Results and discussion
3.1. Microstructure analysis of the Al-(TiCn-AlsTiy,) master alloy

Fig. 2(a) showed the SEM photograph of the ball milled Al
powders, Ti powders and CNTs. It is clear that lots of small particles
were embedded in or adhered to the surface of large particles. The
XRD pattern of the milled powder blends was also characterized
and showed in Fig. 2(b). As can be seen, only Al, Ti and C raw re-
actants can be detected, indicating that there was no reactivity
among Al, Ti and C during the ball-milling step. Moreover, from the

Fig. 3. (a) The XRD spectrum and SEM micrographs of (b) the Al-30 vol% (TiC,-Al3Tiy,) master alloy, (c) the AlsTi particles in the master alloy, (d) the magnification micrograph of a
typical AlsTi particle. (e) A FESEM micrograph showing the morphology of the extracted TiC particles and (f) the corresponding statistical size distribution plot of the TiC particles.
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EDS analysis in Fig. 2(c—e), the powders had been mixed uniformly.

As shown in Fig. 3(a), the diffraction peaks of TiC, Al3Ti and a-Al
phases were clearly detected in the master alloy. According to
formula (1), the volume ratio of TiC, AlsTi and a-Al phases in Al-
(TiCy-Al3Tiy) master alloy could be determined as 24: 6: 70. As
aforementioned, the size distribution and morphologies of rein-
forcing particles are critical to the resultant performance of hybrid
composites. The corresponding microstructure of the as-prepared
Al-(TiCy-AlsTiy,) master alloy is shown in Fig. 3(b). As observed,
several micron-sized AlsTi particles, identified by the EDS spectrum
inserted in Fig. 3(d), were uniformly distributed throughout the
microstructure. Otherwise, it is worth noting that the content of
AlsTi particles was properly controlled in our work. The typical
view of AlsTi particles, appearing with a block-like morphology
with an average size of 30 um, is further clearly shown in Fig. 3(c
and d). Moreover, as shown in the magnification micrograph in
Fig. 3 (b), it can be noticed that the nanosized TiC particles were
spread out uniformly on the Al matrix. The three-dimensional
morphology of nanosized TiC particles was further revealed by
the FESEM micrograph in Fig. 3(e). As observed, the in situ formed
TiC particles largely displayed a spheroidal shape, rendering them
effective for load transfer and avoiding stress concentration as re-
inforcements in the interior of the matrix under external loading.
According to the statistical result in Fig. 3(f), the TiC particles pre-
sented a narrow size distribution ranging from 40 to 120 nm, and
the average size was 80 nm. In other words, nanosized TiC particles
were successfully obtained.

3.2. Microstructures of in situ dual-phased (TiC,-Al3Tip, )/Al hybrid
composites

The grain refinement response of the commercial pure Al to the
as-fabricated in situ dual-phased TiC,-Al3Tiy, particles at varying
volume fractions is exhibited in Fig. 4(a—e). It can be easily found
that the coarse and columnar dendrite structures in Pure Al grad-
ually transformed into finer and equiaxed dendrites with
increasing addition levels. Specifically, the average grain size vari-
ations as a function of TiC,-AlsTiy, particles addition are illustrated

in Fig. 5 to quantitatively assess the refining efficacy of the hybrid
composites. As observed, the grain size decreased steeply from
270 pm to 99 pm upon addition of 1 vol% dual-phased TiCy-AlsTip,
particles. Then, the grain refining efficiency gradually tended to
saturate, and the grain sizes decreased marginally, in spite of the
significantly increased particle addition. Ultimately, the hybrid
composites reinforced by 7 vol% TiCy-AlsTi, particles exhibited the
finest equiaxed structure with an average size of 70 um, reduced by
74.1% compared with that of the unreinforced Pure Al. Additionally,
compared with our previously reported nanosized SiC particles in
pure Al [19], the in situ dual-phased TiCy-Al3Tiy, particles exhibited
a more prominent grain refinement efficiency, as explicitly dis-
played in Fig. 5.

From the micrographs in Fig. 4(a—e), it could be observed that

Fig. 5. The grain sizes of a-Al in the hybrid composites varying with the addition levels
of in situ dual-phased TiC,,-Al5Tip, particles and a comparison against those in Ref. [19].

Fig. 4. Metallographic micrographs of the Pure Al and hybrid composites reinforced by different addition levels of in situ dual-phased TiC,-Al5Ti: (a) Pure Al, (b) HC-1, (c) HC-3, (d)

HC-5, (e) HC-7. (f) The XRD spectrum of HC-7.
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the in situ formed AlsTi particles, the black and block-like phases as
confirmed by the XRD spectrum in Fig. 4(f), were well-distributed
throughout the matrix and increased with the addition of dual-
phased TiC,-AlsTiy, particles. Moreover, the average size of AlsTi
particles in Fig. 4(a—d) was refined to 10—20 um after re-melting
and diluting under ultrasonic vibration. Consequently, this AlsTi
phase could serve as an effective and ideal reinforcement in terms
of morphology and size [31]. However, when at the higher addition
level of 7 vol%, it should be noted that the AlsTi particles became
larger in size and were distributed at both transgranular and
interdendritic regions, even across whole ¢-Al grains. Furthermore,
the nanosized TiC particles in the hybrid composites were analysed
in more detail by TEM. As seen in Fig. 6(a), a typical portion of
nanosized particles with a spheroidal shape, verified as TiC by SAED
in Fig. 6(b), was incorporated and dispersed homogeneously in the
interior of the a-Al grain via the assisted acoustic streaming and
cavitation nonlinear effects of ultrasonic vibration, which is
particularly important as a prerequisite for excellent performance.
Moreover, as revealed in Fig. 6(c), it is evident that the integrity
interface between the nanosized TiC particle and matrix was clean
and well-bonded, which indicated that no interface reaction or
oxidation occurred during solidification. It is natural that this
strong interfacial bonding will perform excellent load transfer ca-
pacity from the soft aluminum matrix to the rigid TiC particles.
To track the role of as-fabricated dual-phased particles during
solidification, the solidification histories of the commercial pure Al
prior to and after the introduction of 1 and 5 vol% in situ TiC-AlsTiy,
particles were selected and monitored during cooling and are
depicted by the cooling curves in Fig. 7. As shown in Fig. 7(a), the
solidification path of pure Al was substantially altered. Moreover, as
shown in Fig. 7(b—d), compared with that of Pure Al, the nucleation
arrests of the other two hybrid composites were shifted continually
towards higher temperatures with increasing addition levels.
Specifically, the nucleation temperatures of Pure Al, HC-1 and HC-5
were 654.4°C, 661.1 °C and 666.6 °C, respectively, which indicated
that the in situ dual-phased TiC,-Al3Tiy, particles were potent to
trigger the heterogeneous nucleation of a-Al crystals during cool-
ing. Furthermore, a clear recalescence phenomenon was observed
at 651.7 °C in the solidification process of Pure Al, while this char-
acteristic event was greatly suppressed in the presence of TiCy-
Al3Tip, particles. Based on the classical nucleation model by M — H
[39], the newly formed crystals will be stifled in advance upon the

initiation of recalescence. Thus, the nucleation behaviour in the
unreinforced Pure Al will stop in advance, which leads to the for-
mation of more developed dendrites.

The synergistic effects of Als3Ti and TiC particles on the solidifi-
cation microstructures of the hybrid composites, i.e., nucleation
and subsequent dendrite growth, are sketched in Fig. 8(a). It is
reported that the wettability and crystallographic matching re-
lationships between the inoculants and metal nuclei play a key role
in determining the heterogeneous nucleation potency of the in-
oculants [40]. However, the wettability between ceramic particles
and Al matrix is relatively poor [13]. Moreover, the orientation re-
lationships between AlsTi or TiC particles and Al matrix and their
comparison have been reported in Ref. [17]. According to the edge-
to-edge matching model, AlsTi particles are more effective as het-
erogeneous substrates for a-Al crystal than TiC ceramic particles.
Actually, particle sizes of AlsTi phase ranged from smaller than
10 um [13,31] to 6—20 um [41] all showed great grain refinement
efficiency. So, in our work, it may be more likely that the micron-
sized AlsTi particles provide nucleation sites for the a-Al In this
regard, the thermostable a-Al nuclei will be initiated and emerge
preferentially on micron-sized AlsTi, instead of nanosized TiC par-
ticles, when the bulk liquid is thermally undercooled sufficiently to
surmount the barrier for free growth. These similar nucleation
events occur simultaneously and continue progressively in the
whole melt until the appearance of recalescence, where the ther-
mal undercooling is totally offset by the latent heat released by the
growth of the newly formed nuclei. Afterwards, the final grain size
will be under the control of grain growth of the dendrites. As clearly
seen in Figs. 6(a) and 8(b), nanosized TiC particles were partially
engulfed by the advancing solidification front and trapped in the
solidified a-Al dendrites. Whereas the majority of TiC particles will
be pushed and undergo self-assembly adsorbed around the
growing a-Al, such that the diffusion of Al atoms in the remaining
liquid onto the S/L interface required for the dendrite growth will
be inhibited. As a result, the growth of dendrites will be restricted
powerfully until their impingement and coalescence. It can be
conferred that this inhibited growth effect will be more significant
with an increase in TiC addition. Accordingly, finer and equiaxed o~
Al dendrites with an even size distribution will form in the final
solidification structure. Then, these pile-up nanosized TiC particles
will dwell along the last solidifying regions, i.e., grain boundaries,
and form quasi-network architecture [42], as shown in Fig. 8(c).

Fig. 6. TEM micrographs of the HC-5 hybrid composites: (a) the distribution of nanosized TiC particles (nano-TiCp) in the hybrid composite, (b) the corresponding selected area
electron diffraction (SAED) pattern of a TiC particle and (c) the high-resolution transmission electron microscopy (HRTEM) micrograph of the interface between a nanosized TiC

particle and the matrix.
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Fig. 7. (a) Cooling curves of the Pure Al and hybrid composites containing 1 and 5 vol% in situ dual-phased TiC,-AlsTiy, particles and the corresponding cooling rate curves of (b)
Pure Al, (c) HC-1 and (d) HC-5.

Fig. 8. (a) Schematic representation of the synthetic effects of AlsTi and TiC particles on the nucleation and growth process of a-Al dendrites in hybrid composites during so-
lidification, (b) the particles engulfed within «-Al and (c) pushed nanosized TiC particles along grain boundary at the 5 vol% addition level.
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3.3. Mechanical properties

3.3.1. Tensile properties at ambient temperature

Typical tensile curves at ambient temperature (298 K) of the
Pure Al and the hybrid composites containing various amounts of
TiCy-AlsTip, particles are presented in Fig. 9(a), along with the
corresponding statistical data given in Fig. 9(b) and Table 1. As
exhibited in Fig. 9(a), the fabricated alloys underwent near-
yielding, uniform deformation, necking, nonuniform deformation

and final rupture. It is clear in Fig. 9(b) that both the yield strength
(0p2) and ultimate tensile strength (¢p) of the hybrid composites
were pronouncedly enhanced in contrast with those of the unre-
inforced Pure Al, and these values increased continually with the
addition level of dual-phased TiC,-AlsTiy, particles. With 1 vol%
dual-phased TiC,-AlsTiy, particle addition, the g, and o, were
53 MPa and 124 MPa, significantly improved by 43.2% and 87.9%,
respectively, relative to the 37 MPa and 66 MPa of the unreinforced
Pure Al It is clear that the 5 vol% (TiC,-Al3Tiy)/Al hybrid composite

Fig. 9. (a) Tensile curves at 298 K of the prepared alloys with different addition levels of in situ dual-phased TiC,-AlsTiy, particles and (b) the corresponding statistical analysis of the
tensile properties; (c) Tensile curves at 453 K of the prepared alloys with different addition levels of in situ dual-phased TiC,-Al5Tiy, particles and (d) the corresponding statistical
analysis of the tensile properties; comparison of the fracture strain as a function of the volume fraction of reinforced particles at (e) 298 K [19,24,29,43,44] and (f) 453 K [19].
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Table 1
Tensile property values of the Pure Al and hybrid composites with various addition
levels of in situ dual-phased TiC,-AlsTiy, particles at 298 K and 453 K.

Sample 298K oy (MPa) & (%) 453K ap (MPa) & (%)

002 (MPa) 002 (MPa)
Pure Al 37+0.3 66+40 397+33 18+13 36+26 503+35
HC-1 53+23 124+3.0 350+25 45+2.0 58+2.1 515+1.8

HC-3 82+3.0
HC-5 83+3.1
HC-7 72+3.6

159+2.1 345+23 62+23
175+29 344+08 77+3.2
139+£56 297+43 50x4.9

110+3.6 423x19
121+3.6 292+25
108 +58 27.6+3.6

The uncertainty in the table is determined by ((Standard Deviation)/Average) x 100.

exhibited the best comprehensive properties, and the ¢, and oy,
further increased to 83 MPa and 175 MPa, respectively, 124.3% and
165.2% higher than Pure Al. More importantly, distinguished from
many pure Al composites reinforced by even lower addition levels,
as shown in Fig. 9(e), desirable high fracture strains (g) were
retained for the fabricated hybrid composites reinforced by high
addition levels of dual-phased TiC,-AlsTiy, particles, breaking
through the traditional strength-ductility trade-off of most com-
posites. It is well understood that the ductility of composites is very
significant for subsequent processing or engineering applications.
Nevertheless, more addition of up to 7 vol% exerted an adverse
impact on oq2, o and &7 This serious attenuation could be attrib-
uted to two reasons. On the one hand, as shown in Fig. 4(e), both
the content and size of the tetragonally structured AlsTi phase
increased at this addition level, particularly those at interdendritic
regions or even across a whole a-Al grain. These particles will
stimulate a severe stress concentration and then lead to early
fracture. On the other hand, it is well known that the nanosized TiC
particles are inclined to agglomerate into clusters, preferentially
triggering crack initiation and propagation during tensile
deformation.

3.3.2. Tensile properties at elevated temperature

To evaluate the heat resistance of the fabricated hybrid com-
posites, tensile testing, of Pure Al, HC-1 and HC-5, at elevated
temperature (at 453 K) was undertaken, as shown in Fig. 9(c and d)
and Table 1. It is evident that the in situ dual-phased TiCy-AlsTiy,
particles still played a positive role in strengthening the pure Al
matrix, and the substantial increments in strength were consistent
with the tendency presented at ambient temperature. As observed,
the unreinforced Pure Al exhibited lower o> and ¢ (18 MPa and
36 MPa) than those of hybrid composites. The o, and g, of the
hybrid composite containing 1vol% TiC,-AlsTi, particles were
rapidly improved by 150% and 61.1%, respectively. More impor-
tantly, the fracture strain also showed a slight enhancement. With
the increasing addition levels up to 5vol%, the gg> and o, were
further improved maximally to 77 MPa and 121 MPa, increases of
327.8% and 236.1%, respectively, whilst the ¢y was still at a relatively
high level, up to 29.2%. Moreover, as shown in Fig. 9(f), the fabri-
cated hybrid composites possess better fracture strain than their
counterparts reinforced by nanosized SiC particles [19]. Compara-
tively, it is worthy to note that the fabricated TiCy-Al3Tiy, particles
exhibited more efficient strengthening effects at an elevated tem-
perature of 453 K than they did at ambient temperature.

3.3.3. Fracture behaviour

Typical fracture surfaces of the Pure Al, HC-1 and HC-5 alloys
after tensile testing, at both 298 K and 453 K, are shown in Fig. 10. It
can be observed that all the three alloys exhibited an obvious
ductile fracture mode characterized by tear ridges and tiny dimples.
Numerical dimples could be clearly seen in the low magnification
micrographs Fig. 10(a—c) and (g-i), indicating that all the alloys

experienced severe plastic deformation before failure. Obviously,
the introduction of TiCy-AlsTiy, particles made the dimples much
more uniform, equiaxed, smaller and deeper than those of the
unreinforced base alloy, which could be attributed to the remark-
able grain refinement effects. These changes continued with the
increasing addition level of hybrid particles, which commonly
signified higher strength [45]. With the temperature increasing to
453 K, the dimples became larger and deeper when compared to
those at 298 K. Moreover, it should be noted that few individual
nanosized TiC particles, instead of AlsTi particles, were detected
and visible at the core of the dimples, as revealed by the magnifi-
cation micrographs Fig. 10 (f and 1) of HC-5 alloy. It is reasonable
that the micro-voids propagated preferentially at the interfaces
between TiC/Al or AlsTi/Al due to their large difference in elastic
modulus, followed by interface debonding or even fracture. While
compared with those of the AlsTi/Al, the TiC/Al interfaces were
more fragile and sensitive to the tensile loading due to the poor
wettability between nanosized TiC and aluminum matrix.

3.4. Strengthening and toughening mechanisms of dual-phased
(TiCy-Al3Tiyy )/Al hybrid composites

As mentioned above, excellent strengthening and toughening
effects were simultaneously achieved at both ambient and elevated
temperatures through the superiority of the in situ dual-phased
and bimodal sized particles. Fig. 11 displays the schematic of the
strengthening effects of TiCy-AlsTiy, particles on the hybrid com-
posites. It is generally accepted that the yield strength, at both
ambient and elevated temperatures, is closely correlated with the
interaction between the dislocation movements and reinforcement
particles [19].

The strengthening mechanisms of these hybrid composites at
ambient temperature could be ascribed to the synergistic effects of
grain refinement and the well-dispersed particles, namely, grain-
refinement strengthening, thermal-mismatch strengthening, Oro-
wan strengthening and load-bearing strengthening mechanisms
[46]. Given the low content of reinforcing particles with respect to
the Al matrix, it is reasonable that the contributions of load-bearing
strengthening are negligible.

As shown in Fig. 4(a—e), the microstructures of the hybrid
composites were greatly refined by the added in situ dual-phased
TiCy-AlsTiy, particles. From the point of grain-refinement
strengthening, the resultant more tortuous boundaries, as obsta-
cles for dislocation passing, contribute to the improvement of yield
strength. According to the classical Hall-Petch equation, the rela-
tionship between the grain size and yield strength could be
expressed quantitatively as [47]:

doup = k(d12 — dy'1?) 2)

where k represents the Hall-Petch slope, and d and dy are the
average grain sizes of the matrix and the hybrid composites.

Furthermore, large amounts of dislocations will be accumulated
in the vicinity of the nanosized TiC particles and micron-sized Al5Ti
particles during solidification to accommodate the residual stress
due to the incompatibility in the coefficient of thermal expansion
(CTE) between the Al matrix and the nanosized TiC particles or
micron-sized AlsTi particles. Thereby, the enhanced dislocation
density will result in the notable increments of the yield strength,
which could be quantitatively evaluated as below [47]:

Ao = nGbpl/? (3)
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Fig. 10. Fracture surface micrographs of (a—c) low magnification and the corresponding (d—f) high magnification for the Pure Al, HC-1, HC-5, respectively, at 298 K. (g—i) Low
magnification and the corresponding (j—1) high magnification fracture surface micrographs for the Pure Al, HC-1, HC-5, respectively, at 453 K.

p = 124a4TVp/[bD(1 — Vp)] (3a)

where 7, G and b represent a constant of approximately 1.25, the
shear modulus and Burgers vector of the matrix, respectively. Vp
and D represent the volume fraction and average diameter of the
reinforcements. 4q is the difference in CTE between the pure Al

matrix and reinforcements. 4T is the interval between the pro-
cessing temperature and the mould temperature.

Additionally, Orowan strengthening induced by nanosized par-
ticles also contributes significantly to the yield strength increments
of the hybrid composites. In our work, several nanosized TiC par-
ticles were engulfed into the growing dendrites during solidifica-
tion, as seen in Figs. 6(a) and 8(b). Resultantly, the movement of
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Fig. 11. Schematic diagrams showing the strengthening effects in (a) Pure Al and (b) (TiCy-Al5Tip,)/Al hybrid composites.

dislocations will be strongly pinned and temporarily arrested by
the closely spaced TiC particles, and thereafter, higher stress is
required to activate these imprisoned dislocations. In this regard,
the resistance of nanosized TiC particles to the dislocations also
partially contributes to the enhancement in the yield strength,
which could be calculated as below [47]:

A0mwan — 0.13Gb /3 mz—Db (4)

where 1 is the interparticle spacing of the incorporated TiC,
expressed as:

A= D[(zvp)*l/3 - 1] (4a)

In the present research, the comprehensive contribution of the
in situ dual-phased TiC,-AlsTip, particles to the yield strength of the
hybrid composites could be summarized as [47]:

(5)

5 511/2
or =00 + dopp + |(400orwan)” + (docre) ]
where 0 is the yield strength of pure Al matrix.
According to the equations (2)—(5) and the detailed reference
parameters in Table 2, the individual contributions of the above
strengthening mechanisms are calculated and summarized in
Table 3. It can be concluded that the thermal-mismatch strength-
ening played the dominant role in determining the significant
strengthening efficiency of the hybrid composites reinforced by in
situ dual-phased TiCy-AlsTiy, particles, followed by Orowan
strengthening and grain-refinement strengthening. Furthermore,

Table 2

Fig. 12. Comparison analysis of the theoretical and experimental yield strength of the
prepared hybrid composites.

as observed in Fig. 12, it is evident that the experimentally obtained
yield strengths of the fabricated composites were far below the
theoretical values. It is assumed that this consequence could be
attributed to the lower strengthening efficiency of those large
amounts of pushed nanosized TiC particles along the grain
boundaries.

The physical parameters used for theoretical calculations of the contributions of every strengthening mechanism to the yield strength of in situ dual-phased (TiC,-Al5Tip, )/Al

hybrid composites [13,19,44].

k (MPa pm'/2) G (GPa) b (nm)

ap (107K

aric (1078 K1) aaiTi (106K 1) AT (K)

74.0 26.2 0.286 23.6

8.6 13.0 560

Table 3

Theoretical calculation analysis of the contributions of every strengthening mechanism to the yield strength of in situ dual-phased (TiCy-Al5Tip,)/Al hybrid composites.
Alloy oo (MPa) Aoyp (MPa) AGorwan (MPa) Aocrg (MPa) ot (MPa) 002 (MPa)
HC-1 37.0 3.0 20.6 78.3 1389 53.2
HC-3 37.0 3.6 35.1 136.6 2123 81.6
HC-5 37.0 4.1 46.9 178.0 266.0 83.2
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At elevated temperature, the more tortuous grain boundaries in
the hybrid composites tend to become vulnerable places compared
with their positive strengthening effect at ambient temperature
[19]. The a-Al grains are inclined to viscous slip along the grain
boundaries under an external tensile load. Moreover, more dislo-
cation slip systems were initiated and became easier to slip, caused
by the thermal activation with the rising temperature [48]. How-
ever, as indicated in Fig. 11(b), those nanosized TiC particles, pushed
along the grain boundary regions, exerted “zener pinning” effect
and served as stiff barriers or thermostable skeletons for the soft-
ening Al matrix to hinder the slipping behaviours of grain bound-
aries, which powerfully strengthened the matrix [11,49].
Additionally, dislocation slipping behaviors are also strongly pin-
ned by the engulfed nanosized particles, resulting in great
enhancement in yield strength at elevated temperature through
Orowan strengthening mechanism. It is well understood that this
strengthening effect will be improved continually as the addition
level increases. Furthermore, the dislocation climbing behaviors
may be thermally activated at elevated temperatures (>0.5 T, Try is
the absolute melt temperature of pure Al) [15,50]. Hence, it is
assumed that the retarding effect of TiC-AlsTi, particles to dislo-
cation climbing, in the hybrid composites, also contributed to the
prominent strength enhancement at elevated temperature in the
present work.

With regard to the desirable fracture strains of the as-fabricated
hybrid composites, it could be attributed to three aspects. First, the
a-Al grains of the hybrid composites are significantly refined by the
dual-phased TiCy-AlsTiy, particles, thus, the paths for crack prop-
agation are prolonged and delayed. Second, it is well known that
the fracture strains of the composites are greatly sensitive to the
size distribution and morphologies of the reinforcements. In our
work, nanosized TiC particles with a spheroidal shape facilitate the
synergistic deformation of the hybrid composites under external
loading. Moreover, the content and size of brittle Al3Ti intermetallic
particles are properly controlled. Third, the clean and well-bonded
interfaces are obtained between the matrix and the in situ particles,
and the brittle interface reaction products or pores are avoided,
which also greatly contribute to the fracture strain [19].

4. Conclusions

(1) Bimodal-sized and dual-phased TiCy-Al3Tiy, particles were in
situ synthesized in an Al-Ti-C system via combustion syn-
thesis method. Nanosized TiC particles were obtained with
an average size of 80 nm and presented a spheroidal shape.
Moreover, the micron-sized AlsTi particles were quantita-
tively controlled.

(2) The in situ dual-phased TiCy-AlsTiy, particles exerted a
prominent refinement effect on the a-Al dendrites. The finest
average grain size was reduced by 74.1% in contrast with that
of unreinforced Pure Al. During solidification, the reca-
lescence phenomenon was suppressed, and the nucleation
temperatures were shifted to higher temperatures in the
presence of TiCy-Al3Tiy, particles, indicating that the in situ
dual-phased TiCy-AlsTiy, particles were efficient in promot-
ing the nucleation of a-Al crystals. Specifically, grain refine-
ment could be attributed to the heterogeneous nucleation of
a-Al initiated by micron-sized AlsTi particles and powerfully
inhibited growth of ¢-Al induced by nanosized TiC particles.

(3) At ambient temperature, the strengthening effects of the in
situ dual-phased TiCy-Al3Tiy, were gradually improved with
increasing addition levels. Compared with those of the base
alloy, the highest yield strength and ultimate tensile strength
of the hybrid composite were achieved with 5vol% TiCy,-
AlsTiy, particle addition, substantially improved by 124.3%

and 165.2%. Note that an appropriate fracture strain was also
retained and could reach up to 35%. The theoretical analysis
indicated that thermal-mismatch and Orowan strengthening
mechanisms play the dominant roles in the yield strength
increment. Nevertheless, grain refinement greatly contrib-
uted to the desirable fracture strain.

(4) At elevated temperature (453 K), the hybrid composites also
exhibited better thermal stability than that of the Pure Al In
the case of the 5vol% addition level, the yield strength and
ultimate tensile strength were increased up to 327.8% and
236.1%, respectively, whilst retaining a suitable ductility. It is
worthy to note that the TiC,-Al3Tiy, particles exhibited more
efficient strengthening effects at the elevated temperature
(453 K) than they did at ambient temperature. The improved
strength could be attributed to the pinning and retarding
effects of the dual-phased TiC,-Al3Tiy, particles to the grain
boundaries and dislocation movements.
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