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a b s t r a c t

Hybrid copper matrix composites reinforced by TiB whiskers and TiB2 particles were fabricated by in situ
mixing casting in combination with rolling and annealing. During turbulent mixing and copper mold
casting processes, the in situ reactions carried out completely, and the macrosegregation of re-
inforcements in the composites was overcome efficiently. By controlling the rolling and annealing pa-
rameters, unfavorable casting defects, including “chain-type” reinforcement clusters and shrinkage
porosities that formed during the end stage of solidification, were eliminated. Accordingly, the uniform
distribution of hybrid reinforcements in the as-annealed composites provided good comprehensive
performance. Compared to the 2.6 wt%TiB2p/Cu composite, the (1.0 wt%TiB2p-0.9 wt%TiBw)/Cu hybrid
composite exhibited both higher strength (492MPa) and higher electrical conductivity (85.5% Interna-
tional Annealed Copper Standard). Therefore, the hybrid effect in the copper matrix composites can be
explained by the fact that a better strengthening effect was achieved by adding less hybrid reinforce-
ment, which helped maintain the electrical conductivity at a relatively high level.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Copper matrix composites (CMCs) have attracted much atten-
tion for their potential applications as electrical materials owing to
their high strengths and high electrical conductivities [1e5].
However, there is generally an inverse relationship between these
two properties. Therefore, selecting appropriate reinforcement
materials is particularly important for fabricating CMCs with
desirable comprehensive properties. TiB2 is well known for its high
hardness (2200 VHN [6]), high elastic modulus (565 GPa [6]) and
high thermal stability. In particular, TiB2 exhibits excellent low
electrical resistance (9� 10�8Um [6]), which is similar to the
electrical resistances of some metals. These features make TiB2 a
highly preferred reinforcement in CMCs.

Among the various in situ fabrication methods for TiB2/Cu
composites, casting is of particular interest because it is inexpen-
sive and in situ reactions occur rapidly and efficiently in molten
copper [7]. Several advanced casting technologies have been
developed to achieve uniform distributions of TiB2 particles in
ng), jiangyihui@xaut.edu.cn
copper matrices, such as turbulent in situ mixing casting [8],
double-beam melt casting [3] and rotating magnetic field-aided
casting [9]. However, the amount of TiB2 added in as-cast CMCs is
often at a relatively low level (�5wt%) [3,8,9] because substantial
aggregations of TiB2 can still occur at high concentrations even
when such advanced technologies are used. For this reason, further
strengthening of as-cast TiB2/Cu composites cannot be achieved by
increasing the reinforcement concentration.

Recently, hybridmetal matrix composites [10e12] have received
increasing attention because the performance of composites can be
further improved by a cooperative strengthening effect of different
reinforcements rather than by increasing the additive concentra-
tion. Typically, the advantages of hybrid reinforcements composed
of whiskers and particles have been clearly shown in many metal
matrix composites, such as (SiCw-SiCp)/Al composites [10], and
(TiBw-TiCp)/Ti composites [11], where the subscripts w and p
represent whiskers and particles, respectively. However, whether
the hybrid effect is efficient in CMCs is less clear. According to
thermodynamic and kinetic analyses, TiBw and TiB2p can be
simultaneously formed in Cu-Ti-B ternary liquid alloys [13]. TiBw is
a promising reinforcement for fabricating CMCs due to its low
electrical resistance (3.4� 10�7Um) and high elastic modulus
(450 GPa) [6]. Based on the above considerations, the aim of this
work is to use an in situ mixing casting process to fabricate hybrid
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Table 1
Nominal compositions and reinforcement concentration of different as-cast
composites.
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CMCs reinforced with TiBw and TiB2p. The hybrid effect is thus
discussed on the basis of microstructural evolutions and composite
properties.
Sample Nominal composition Theoretical concentration

Ti, at.% B, at.% Cu, at.%

Composite I 1.2 1.8 Balance 0.7 wt%TiB2p þ 0.6 wt%TiBw

Composite II 1.8 2.7 Balance 1.0 wt%TiB2p þ 0.9 wt%TiBw

Composite III 2.4 3.6 Balance 1.4 wt%TiB2p þ 1.2 wt%TiBw

Composite IV 2.3 4.6 Balance 2.6 wt%TiB2p

Pure Cu e e 100 0
2. Experiment

Using pure Cu (purity 99.9%), Ti (purity 99.99%) and B (purity
99.9%), two master alloys of Cu-Ti and Cu-B were first prepared by
vacuum inductionmelting under a protective argon atmosphere. To
fabricate uniform composites, a special vacuum casting device was
designed, as shown in the schematic diagram in Fig. 1. The two
master alloys had the same weight and were separately heated to
1473 K in a vacuum medium-frequency induction melting furnace.
After a 2min isothermal dwell, the two molten master alloys were
simultaneously poured into a mixer at the same flow rate to form
TiBw and TiB2p precipitates via chemical reactions between Ti and B.
A “Z-type” channel in the mixer was designed for rigorous mixing
of the twomaster alloys. The mixed liquid alloy was then cast into a
copper mold to form hybrid composites with different nominal
compositions, as shown in Table 1. The as-cast billets were rolled at
1173 K to a 30% reduction in thickness and then further rolled at
room temperature to a total of 90% reduction in thickness. Finally,
the as-rolled specimens were annealed at 533 K for 1 h. Compara-
tive specimens of the TiB2p/Cu composites and pure Cu were also
prepared by the same procedure.

The phase compositions of the in situ fabricated composites
were determined by X-ray diffraction (XRD, XRD-7000S, Shimadzu)
using Cu-Ka radiation. The microstructures of the specimens were
characterized using scanning electronmicroscopy (SEM, JSE-6700F,
JEOL) and transmission electronmicroscopy (TEM, JEM-3010, JEOL).
The chemical compositions of as-cast composites were analyzed by
inductively coupled plasma atomic emission spectroscopy (ICP-
AES, Agilent 725, Agilent). The average compositions of as-cast
composite III was determined to be Cu-2.45 at.%Ti-3.49 at.%B,
which is very close to the nominal composition. Tensile tests were
performed with an electronic universal testing machine (HT2402,
Hung Ta Instrument Co., Ltd) at room temperature with a
displacement rate of 0.5mm/min. Electrical conductivity,
Fig. 1. Schematic diagram of a casting device for the fabrication of (TiBw-TiB2p)/Cu
composites.
expressed in International Annealed Copper Standard (IACS), was
measured by an eddy-current instrument. Specimens for SEM
observationwere prepared by mechanical grinding and electrolytic
polishing with a solution containing 70% phosphoric acid in
ethanol. TEM specimens were thinned in a precision ion polishing
system (Model 691, Gatan). Plate tensile test specimens were
machined from the fabricated composites. Each tensile specimen
had a gauge length of 20.0mm, width of 6.0mm and thickness of
1.5mm and was fixed to the two clamping fixtures of the tensile
testing machine. The surfaces of the tensile specimens were pol-
ished to enable the observation of crack morphologies and
propagations.
3. Results

3.1. Microstructural evolution

Fig. 2 shows the XRD patterns of the as-cast composite III, where
the relatively weak diffraction peaks were identified as the re-
flections of TiB and TiB2 phases. Bright-field TEM images of the as-
cast composite III are also shown in Fig. 3. With selected area
electron diffraction (SAED), two kinds of reinforcements with
different morphologies were identified as TiB whisker and TiB2
hexagonal particles. The results of the XRD and TEM analyses
confirm that the in situ reactions of Ti þ 2B / TiB2 and Ti þ B /

TiB occurred during the mixing and casting procedures. Further-
more, the lattice parameter of the Cu matrix can be calculated from
the XRD patterns by using the method described in Ref. [14].
Applying the angle reflections of (111), (200) and (220) in Fig. 2, a
measured value of 0.36185 nm is obtained for the lattice parameter;
this result is close to the lattice parameter of as-cast pure copper
Fig. 2. XRD patterns of the as-cast (1.4 wt%TiB2p-1.2wt%TiBw)/Cu hybrid composite.



Fig. 3. Bright-field TEM images of the as-cast (1.4wt%TiB2p-1.2wt%TiBw)/Cu hybrid composite: (a) TiB whisker and (b) TiB2 particle.
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(0.36178 nm [15]), which indicates that the content of the solid
solution elements in the copper matrix of the as-cast composite III
is very low and that the in situ reactions are complete.

After precipitating from the mixed liquid, the distribution states
of the reinforcements in the as-cast composites mainly depend on
the solidification process. The overall microstructures of the as-cast
billets were examined by transversely sectioning different parts of
each billet; however, no significant difference was observed in the
same billet. This finding suggests that the gravity-induced macro-
segregation has been efficiently overcome as a result of the tur-
bulent mixing and rapid solidification achieved by using the device
shown in Fig. 1. Typical SEM images of the as-cast composite III and
composite IV are shown in Fig. 4. Microsegregation of the in situ
formed reinforcements occurred in both composites, which tended
tomanifest as a “chain-type” cluster. In addition, shrinkage porosity
is often observed around the cluster, as shown in Fig. 4b. The
reinforcement of composite IV (Fig. 4a) is mainly composed of TiB2
particles with sizes of 0.1e0.5 mm. By comparison, the microstruc-
ture of composite III (Fig. 4b) contains several different features,
such as forming a hybrid whisker and particle reinforcement, larger
particle sizes (1e10 mm), and less microsegregation.

To eliminate the unfavorable casting defects of micro-
segregation and shrinkage porosity, rolling processes were applied
to the composites. Using hot rolling with a 30% reduction in
thickness, the shrinkage porosity in the as-cast composite III was
removed, but most of the “chain-type” clusters were retained due
to the insufficient deformation of hot rolling (see Fig. 5a). After
severe cold-rolling and stress-relief annealing, Fig. 5b shows that
the cluster chain was broadened in the as-annealed composite III.
The results shown in Fig. 5 imply that the composites were ho-
mogenized and densified by the rolling and annealing processes.
Furthermore, the relatively density, which is calculated by the ratio
Fig. 4. SEM images of (a) the as-cast 2.6 wt%TiB2p/Cu and (b
of measured Archimedes density relative to calculated theoretical
density, was increased from 97.6% in as-cast composite III to 99.5%
in as-annealed composite III. It confirms that the composites were
densified by the post-processing treatments.

3.2. Composite properties

The stress-strain curves of the as-cast and as-annealed speci-
mens are presented in Fig. 6. The corresponding ultimate tensile
strengths and yield strengths are shown in Table 2. The mechanical
properties of the composites are remarkably impacted by the
reinforcement type, concentration, and processing state. First, the
strengths of the hybrid composites increase as the reinforcement
concentration increases while the total reinforcement amount is
less than 2.6wt%. Among the specimens under the same processing
state, composite III exhibits the highest strength. For example, the
as-cast composite III has a yield strength of 188± 16MPa, which is
90% higher than that of pure Cu (99± 6MPa). Second, Fig. 6 also
shows that the strengths of the composites are dramatically
enhanced by rolling and annealing due to the effects of work-
hardening and elimination of casting defects. Third, the strengths
of the hybrid composites are much higher than those of composites
reinforced by a single type of particle. For example, the as-annealed
hybrid composite III exhibits a yield strength of 520± 17MPa,
which is 19% higher than the as-annealed composite IV
(438± 15MPa) reinforced by the same reinforcement
concentration.

The measured electrical conductivities of the as-cast and as-
annealed composites are also gathered in Table 2. Obviously, the
electrical conductivity monotonically decreases as the reinforce-
ment concentration increases. By comparing the as-annealed
composites to the as-cast composites, the electrical conductivity
) the as-cast (1.4 wt%TiB2p-1.2wt%TiBw)/Cu composites.
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Fig. 5. SEM images of the (1.4wt%TiB2p-1.2wt%TiBw)/Cu hybrid composite after (a) hot rolling and (b) annealing.

Fig. 6. Tensile stress-strain curves of the fabricated composites at different processing
states: as-cast specimens (diamond symbol) and as-annealed specimens (circle
symbol).

S. Liang et al. / Journal of Alloys and Compounds 797 (2019) 589e594592
is remarkably improved by rolling and annealing because of the
induced densification. Furthermore, by replacing a portion of TiB2p
with an equivalent weight of TiBw, the electrical conductivity of
composite III is slightly lower than that of composite IV.
4. Discussion

4.1. Formation mechanisms of the as-cast composite
microstructures

According to the microstructural characteristics shown in
Fig. 4a, the formation of clusters in the as-cast TiB2p/Cu composite
can be mainly attributed to two reasons. First, the heterogeneous
Table 2
Mechanical and electrical properties of different composites at as-cast and as-annealed

Processing state Sample Ultimate tensile strength (MPa) Yield

As-cast Pure Cu 175± 10 99±
Composite I 205± 13 130±
Composite II 244± 13 157±
Composite III 270± 19 188±
Composite IV 259± 12 160±

As-annealed Pure Cu 407± 13 378±
Composite I 471± 18 437±
Composite II 492± 18 442±
Composite III 543± 20 520±
Composite IV 472± 19 438±
nucleation of TiB2 may occur after mixing the two master alloys. It
has been reported that the {001} planes of TiB2 can act as a
nucleation substrate for itself [16]. The heterogeneous nucleation
mechanism was often employed to describe the precipitation of
TiB2 particles in liquid alloys [13]. In Fig. 4a, the small particle sizes
of TiB2 (0.1e0.5 mm) implies that a high nucleation rate occurs
during the formation of TiB2, which is a key feature of heteroge-
neous nucleation. The smaller TiB2 particles, in turn, tend to form
large clusters for reducing interface energy [17] because of the poor
wettability of TiB2 particles by molten copper [9]. Second, the
“chain-type” clusters may result from a phenomenon of particle
pushing by a solid-liquid interface. During the solidification of
metal matrix composites, ceramic particles interact with the solid-
liquid interface [7]. For a certain system, the particle size and so-
lidification velocity are critical parameters to determine whether
the particle is pushed or engulfed by the solidification front [18]. In
this case, the particle size should be replaced by its equivalent
cluster size because of agglomeration. The cluster size induced by
heterogeneous nucleation is too large to be engulfed inside grains
even at a rapid cooling rate. Accordingly, the formation mechanism
of the microstructures in the as-cast TiB2p/Cu composites becomes
apparent. The heterogeneous nucleation of the TiB2 phase at the
mixing stage causes the TiB2 particles to agglomerate into large
clusters, which were pushed by solidification front to form “chain-
type” clusters during solidification.

Compared to the TiB2p/Cu composite, the difference in the mi-
crostructures of the (TiB2p-TiBw)/Cu hybrid composite (Fig. 4b) can
bemainly attributed to the variations in the nucleationmechanism.
To fabricate hybrid composites, the chemical composition of mixed
liquid alloymay not be suitable for the heterogeneous nucleation of
the TiB2 phase. The initial atomic ratio of Ti: B in the mixed liquid
alloy is 2 : 3, as shown in Table 1. If a TiB2 particle has precipitated,
the atomic ratio of Ti: B in the surrounding liquid becomes 1 : 1,
which is more appropriate for forming TiB nuclei rather than TiB2
nuclei in the neighboring region around previously formed TiB2
particles. As a result, the heterogeneous nucleation of the TiB2
states.

strength (MPa) Electrical conductivity (%IACS) M (�106MPa2 %IACS)

6 93.1± 3.9 2.9
11 87.9± 3.1 3.7
12 80.2± 4.8 4.8
16 62.2± 5.4 4.5
11 70.7± 5.1 4.7
11 98.9± 0.5 16.8
14 91.2± 1.7 20.2
15 85.5± 1.1 20.7
17 75.2± 1.3 22.2
15 81.4± 1.4 18.1
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phase is inhibited, and the nucleation rate is substantially reduced.
This assertion can be confirmed by the large particle sizes and
coexistence of whiskers and particles in Fig. 4b. Due to the lack of
conditions for forming large clusters, the majority of re-
inforcements will be engulfed inside growing copper grains to form
a more dispersive microstructure during solidification. However,
the solidification velocity will slow during the end stage due to
latent heat release and the weakened chilling effect of the copper
mold. Therefore, the interaction between the solid-liquid interface
and reinforcing particles may be changed from engulfment to
pushing, and a few “chain-type” clusters may form during the end
stage of solidification. This point can be confirmed by the over-
lapping of the shrinkage porosity with the clusters (see Fig. 4b)
because the shrinkage porosity is formed in the areas of the cast
ingot that solidify later than the surroundings. Thus, a scenario of
microstructure formations in hybrid composites can be proposed.
The hybrid reinforcements precipitate and distribute uniformly in
the liquid alloy after mixing, and a transition from engulfment to
pushing mechanisms occurs during the end stage of solidification,
which results in a substantially uniform microstructure with a few
“chain-type” clusters.
4.2. Relationships between the microstructure and mechanical
properties

In this section, tensile fractography is employed to analyze the
mechanical properties of the fabricated composites, as shown in
Fig. 7. In Fig. 7a, the fracture surface of the as-cast composite III is
composed of ductile dimples of various sizes, which indicate a
ductile fracture mode. According to the microstructure shown in
Fig. 4b, fine dimples may be formed in the region containing
dispersed reinforcements due to the pinning effect of the re-
inforcements, whereas large dimples may be formed in regions
where the reinforcement is insufficient. In addition, a reinforce-
ment cluster can be clearly observed in the fracture surface of the
as-cast composite (see Fig. 7b). Since the “chain-type” clusters are
often accompanied by shrinkage porosities, they act as a prefer-
ential site for microcrack initiation during tensile testing. This
assertion can be confirmed by the observation of the polished
Fig. 7. Tensile fractographs and crack morphologies of (aec) the as-cast and
specimen surface after tensile testing (see Fig. 7c). It can thus be
concluded that the strengths of the as-cast composites are indeed
improved by the addition of reinforcements, but the strengthening
effect is limited due to the casting defects, which result in relatively
low strengths, as shown in Fig. 6.

Fig. 7d shows a tensile fractograph of the as-annealed composite
III, wherein a large number of uniform fine ductile dimples can be
observed. Since the majority of casting defects have been removed
(see Fig. 5b), the uniformly distributed reinforcements have been
fully utilized to obtain a higher strength. Fig. 7e shows that the
hexagonal TiB2p can be clearly observed at the bottom of the
dimples, but the whisker phase exhibits different morphologies.
When the TiBw orientation is approximately transverse to the
loading direction, a strengthening effect similar to TiB2p occurred;
this is indicated by the black arrow in Fig. 7e, wherein the whiskers
can be observed at the bottom of the dimples. However, if the TiBw
orientation is approximately parallel to the loading direction,
whisker debonding and pull-out occurred, and the pulled-out
whiskers and residual holes can be observed in Fig. 7e. Further-
more, fractured TiBw can also be observed during crack propagation
(see Fig. 7f), which suggests that the load transferred from the
matrix to the whisker during the tensile test. It is believed that both
the whisker pull-out and the whisker fracture can contribute to the
improved work of a fracture and, as a result, increase the strengths
of the composites [19].
4.3. Hybrid effect of the whiskers and particles in CMCs

According to the classical theory (i.e., the Maxwell model [20]),
the electrical conductivities of CMCs depend on the properties and
concentration of the reinforcement. In composites III and IV, the
total reinforcement concentrations are equal, but an equivalent
substitution of 1.2wt% TiB2p by 1.2wt% TiBw was made in com-
posite III. Therefore, the higher electrical resistance of TiBw leads to
the slightly lower electrical conductivity of composite III compared
to that of composite IV. However, even though composites I and II
are reinforced by both whiskers and particles, these composites
exhibit much higher electrical conductivities than composite IV
because of the low reinforcement concentration. This suggests that
(def) the as-annealed (1.4wt%TiB2p-1.2wt%TiBw)/Cu hybrid composites.
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the reinforcement concentration rather than the reinforcement
type is the major factor for the reduction in electrical conductivity
in hybrid composites.

For the case of mechanical properties, the hybrid effect can be
illustrated as follows. The fractographic analysis indicates that the
strengthening effect of the two reinforcements in CMCs is mainly
due to the embedded hard phases in copper matrix and load
transfer effect. Based on the Nardone and Prewo model [21], the
load transfer effect of a whisker with a large aspect ratio is much
greater than that of an equiaxed particle phase. Although the
strengthening effect of a whisker is more effective than that of a
particle, a purewhisker reinforcement also has its own deficiencies,
such as its tendency to fracture (see Fig. 7f), which leads to sub-
stantial stress concentrations. Therefore, in hybrid composites, the
effect of whiskers and particles will complement each other, which
will result in higher mechanical properties. For the example shown
in Fig. 6, the strength and elongation of composite II, which is
reinforced by a lower content of hybrid phases, are even higher
than those of composite IV, which are reinforced by a greater
concentration of single TiB2 phase.

Since both the strength and the electrical conductivity are
important properties of electrical engineering materials, a combi-
nation index, M, was proposed to represent the comprehensive
performance of copper materials. The M index can be expressed as
follows [22]:

M ¼ s2br (1)

where sb and r represent the ultimate tensile strength and the
electrical conductivity, respectively. The values of the M index for
different composites are gathered in Table 2. It can be seen that all
theM values of the three hybrid composites are greater than that of
composite IV. It is worth noting that, compared to composite IV, the
higherM index of composite II is due to both a higher strength and
a higher electrical conductivity. Therefore, the hybrid effect in the
CMCs can be explained by the fact that a better strengthening effect
is achieved by adding less hybrid reinforcement, which helps
maintain the electrical conductivity at a relatively high level.

5. Conclusions

Using in situ mixing casting technology, the (TiB2p-TiBw)/Cu
hybrid composites with completed reactions and inhibited mac-
rosegregation were fabricated. Compared to the TiB2p/Cu compos-
ite, the degrees of microsegregation in the as-cast hybrid
composites are remarkably reduced due to the inhibited hetero-
geneous nucleation. After rolling and annealing, the hybrid com-
posites exhibit densified and uniform microstructures. Due to the
cooperative effects of the particles and whiskers, the hybrid com-
posites exhibit both higher strength and higher electrical conduc-
tivity than the other composites. The hybrid effect in the CMCs can
thus be explained by the fact that a better strengthening effect is
achieved by adding less hybrid reinforcement, which helps main-
tain the electrical conductivity at a relatively high level.
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