
Effect of TiC Content on Tensile Properties, Bend
Strength, and Thermal Conductivity of Al-Li-Cu-Mg-Zr
Alloy/TiC Composites Produced by Accumulative Roll

Bonding
Aboubakr Medjahed, Bingcheng Li, Ruizhi Wu, Legan Hou, Abdelkhalek Henniche, Abdeldjalil Zegaoui, Mehdi Derradji, and Islam S. Emam

(Submitted March 28, 2019; in revised form February 9, 2020; published online April 27, 2020)

Composite strips based on an Al-Li-Cu-Mg-Zr alloy reinforced with titanium–carbide (TiC) microparticles
were manufactured through the accumulative roll bonding (ARB) process. The microstructure, mechanical
and thermal conductivity properties of the processed composites have been experimentally investigated and
compared with the as-hot-rolled and un-reinforced states. The microstructure of the reinforced sheets
shows the excellent reinforcement�s dispersion after the second ARB cycle. In addition, the obtained results
indicate that the overall properties of the ARBed strips are enhanced by increasing the TiC content up to
2 wt.%. The processed sheets reinforced with 2 wt.% TiC after two ARB cycles present the superior
comprehensive combination of the grain refining, good bonding and proper particle dispersions to reach the
outstanding tensile, bending and specific strengths, appropriate tensile elongation and thermal conductivity.
Herein, the tensile and bending strengths reach 380.79 and 623.69 MPa, respectively, which are consid-
erably higher than 260.14 and 438.35 MPa, 322.34 and 528.67 MPa of the as-hot-rolled and the un-
reinforced sheets after the same cycle, respectively. Moreover, the fracture morphologies of the processed
strips exhibit a ductile-shear mixed fracture responding to good elongations of the specimens.

Keywords accumulative roll bonding (ARB), Al-Li-Cu-Mg-Zr
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1. Introduction

The aluminum (Al) and their alloys are well-known
materials with extensive applications. In recent years, the Al-
based metal–matrix composites (MMCs) have attracted
expanding consideration in an extensive variety of applications
because of their interesting properties, such as superior
strength, good wear resistance and high specific modulus
(Ref 1-3). Several methods have been used to manufacture the
MMCs including powder metallurgy (PM) (Ref 4, 5), spray

forming (Ref 6) and squeeze casting (Ref 7, 8). Lu et al. (Ref
9), Alizadeh, and Paydar (Ref 10) successfully used the ARB to
manufacture the MMCs. The ARB technique was extensively
investigated to manufacture the MMCs reinforced by ceramic
particles (Ref 11-14) due to the fast production rate without any
necessity of a protective atmosphere and easy to be performed
through only a conventional roll milling (Ref 15, 16).

To date, among a wide range of reinforcements, particles are
more typical than whiskers, platelets or even fibers due to their
low manufacture cost, variety of reinforcements and isotropic
properties of the final structures (Ref 2, 14). Many types of
MMCs were fabricated via the ARB on various Al alloys using
ceramic particles as reinforcements, such as the Al/SiC, Al/
Al2O3, Al/B4C and Al/WC (Ref 13, 15, 17, 18). Herein, the
temperature and reduction are two key factors, which are
critical preconditions for an adequate bonding behavior of
composite structures. It is found that the cold-ARB method has
poor bonding behavior caused by the severe work hardening
(Ref 18, 19), though a high thickness reduction insures the
good quality of bonding between the composite layers (Ref 20-
22).

In the aerospace/aeronautical applications, the Al-Li alloys
have been proved to be of a great concern due to their excellent
combinations of low density and high stiffness, in which good
specific properties are always at a premium (Ref 23-26). With
the recent developments in the composite materials, such as
fiber–metal laminates (FMLs) and polymer composites (PCs)
that provide the combination of high strength and low density
(Ref 27-30), it is a commercial interest to use the severe plastic
deformation method (SDP), such as the ARB to improve the
performances of the Al-Li systems through the grain refinement
and ceramic particles reinforcement. In this context, several
works investigated the effect of varying the reinforcement�s
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content on the overall properties of the processed composites
fabricated by ARB (Ref 31-34). However, few studies have
been directed to investigate the impacts of various contents of
reinforcing particles on the properties of the composites based
on the Al-Li alloys processed by the ARB, and no work has
assessed the use of this technique to produce Al-Li strips
reinforced by sub-micrometer TiC particles. Presently, among
the variety of ceramic particles, the TiC is an outstanding
reinforcement with high hardness, high modulus, low density, a
high melting point and an appropriate thermodynamic stability
(Ref 11, 35). The main objective of this present work is to
improve qualitatively and quantitatively the overall perfor-
mances of a laboratory-designed third-generation Al-Li-Cu-
Mg-X alloy through the selection of proper alloying elements
and thermomechanical processing, which can be further
extended to enhance the formability and the feasibility of
fabricating ultrafine grain Al-Li alloy reinforced by different
contents of the TiC microparticles using the ARB process for
developing advanced engineering composites. The microstruc-
ture and mechanical and thermal conductivity properties of the
processed composites are investigated.

2. Experimental

The Al-1.3Li-3.2Cu-0.35Mg-0.11Zr alloy (in wt.%) and
titanium–carbide (TiC) microparticles, with an average size less
than 1 lm, were used as raw materials for preparing Al-Li
composite strips. Figure 1 shows the image of scanning
electron microscopy (SEM) and x-ray diffraction (XRD)
pattern of the TiC microparticles. The ingots were obtained
through melting and casting under argon atmosphere protection
and homogenized at 525 �C for 24 h in order to achieve
uniform microstructure and properties. Then, the obtained
ingots were annealed at 450 �C for 2 h and followed by hot
rolling from 4 mm to 1 mm at the same temperature. Subse-
quently, the hot-rolled sheets with dimensions of 60 mm 9 30
mm 9 1 mm were degreased in an acetone bath and subse-
quently scratch brushed. After the surface preparation, 1, 2 and

3 wt.% TiC microparticles were well dispersed at the surface of
the sheets. Then, four sheets were stacked and strongly fastened
at both ends by a steel wire. Hereafter, the stacked sheets were
heated at 450 �C for 5 min and roll bonded with 50% reduction
in order to produce an appropriate bonding between the
processed sheets. Later, the bonded specimens were cut into
four sheets with approximately similar dimensions of the initial
sheets before the first cycle. After that, the above process was
repeated up to three cycles without adding the TiC micropar-
ticles. The schematic illustration of the ARB process to produce
composites up to 64 layers is exposed in Fig. 2. For the
comparison purpose, the ARB process was conducted to the
studied alloy without reinforcements by following the same
process described above. Herein, the interval time between the
passes of the ARB is around 5 min, while the final thickness is
1 mm. The ARB process was directed without lubricant
utilizing a laboratory rolling mill with a diameter of 500 mm
at a roll speed of 600 rpm. The optical microscopy (OM)
analysis was employed to observe the microstructure and
bonding quality of the RD (rolling direction)–ND (normal
direction) of the processed composites, which were prepared by
a mechanical polishing and etched with a Keller reagent
(2.5 mL HNO3, 1.5 mL HCl, 1 mL HF and 95 mL H2O). The
scanning electron microscopy (SEM) equipped with energy-
dispersive spectroscopy (EDS) was used to observe the
particles� dispersion, interface between layers and fracture
surfaces of the studied strips.

The tensile and bending tests were performed at room
temperature on a testing machine at a displacement rate of
2 mm/min. Samples for the thermal conductivity measurements
were prepared from the ARB-processed sheets in the form of
disks with a diameter of 2.7 mm and thickness of 1 mm and
then were studied using a hot-disk apparatus operating at room
temperature. In order to denote the different samples, abbre-
viations of ‘‘ARBXY’’ were used in this present paper, where
the X represents the content of the TiC microparticles added at
the initial cycle (0, 1, 2, and 3 wt.%), and the Y accounts for
the ARB number of cycles.

Fig. 1 Typical SEM image and XRD analysis of the used TiC microparticles

3254—Volume 29(5) May 2020 Journal of Materials Engineering and Performance



3. Results and Discussion

3.1 Microstructure

Figure 3 displays the optical micrographs of the prepared
specimens with 0, 1, 2 and 3 wt.% TiC at RD-ND plane after
two ARB cycles. From this figure, the average grain size
decreased after the second cycle to produce ultrafine grains in
the outer layers; nevertheless, areas of elongated grains

remained in the middle of the samples. This can be clearly
observed when a significant decrease in the grain size is
detected after the second ARB cycle, and the microstructure
consisted of an array of fine grains in the outer layers of the
processed strips. In addition, a close examination of the
interfaces (Fig. 3), it can be seen from all cases that no
delamination detected, when it is a challenging task to
recognize the number and interfaces of the layers. This is an
indicative of the suitable ARB process accompanied with the

Fig. 2 Schematic illustration of the ARB process

Fig. 3 Microstructure of the processed composites after two ARB cycles along the RD–ND plane with high magnification: (a) ARB02; (b)
ARB12; (c) ARB22 and (d) ARB32 samples
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presence of a good bonding at the studied interfaces. Further-
more, the microstructure of the un-reinforced laminates con-
tains fine dispersed grains and the interfaces of layers wholly
vanish, as shown in Fig. 3(a). For the reinforced specimens
(Fig. 3b, c and d), it can obviously distinct that the amount of
the reinforcements represented three amounts (1, 2 and 3 wt.%)
within the interfaces of the roll-bonded sheets. Moreover, it is a
challenging task to recognize the numbers and interfaces of
layers. Thus, all the samples were well prepared with desirable
grain refinement in the alloy matrix and good dispersion of the
microparticles to improve the overall mechanical properties. In
this context, it was reported that the grain refinement during the
ARB process of the Al reinforced with ceramic particles is
attributed to the hard reinforcement that can be elucidated based
on the enriched dislocation density when these particles can
produce a rise in the fraction of the high angle boundaries
(HABs) in the microstructure. This accelerates the microstruc-
tural evolution to obtain a submicron grains structure at a
meaningfully lower strain when compared to the un-reinforced
alloy (Ref 36, 37). Herein, the evolution of the grain refinement
and improvement in the bonding quality after the addition of
1 wt.% TiC was clearly pointed at the interfaces (Fig. 3b),
while this content is still almost in low range to reach the peak
mechanical properties. Further increase in the content to 2 wt.%
(Fig. 3c) presented a combination of an enhanced distribution
of the microparticles accompanied with a good bonding
behavior within the alloy sheets and grains refining caused by
the additional local straining around the embedded micropar-
ticles and accompanied by further strengthening that conducted
to the enhancement in the overall properties. However, for the
reinforced strips with 3 wt.% as displayed in Fig. 3(d), many
particles clustering were detected in the studied samples at the
bonded interfaces that perhaps produce strict plastic deforma-
tion of the grains interiors with high stored energy and further
conduct to decline the studied properties. It was stated that the
microstructure is influenced by the reinforcement�s content.
This is strongly linked to the clustering of the ceramic particles
when exceeding a certain content of the reinforcements that
adversely affects the overall performances (Ref 31-34).

The SEM images along the RD-ND plane are shown in
Fig. 4. After the second cycle (16 layers), the bonding behavior
is more appropriate with no obvious delamination for the un-
reinforced strips (Fig. 4a). For the ARB12 sample (Fig. 4b),
fine microparticles are located at the interfaces with a uniform
dispersion. After 2 wt.% addition (Fig. 4c), the distribution of
the particles turns out to be more uniform accompanied with a
detachment of the microparticles from the layer interfaces
comparing it with the precedent cycle. Furthermore, the
bonding feature between the processed sheets markedly
improved. Further rise in the content of the microparticles
(Fig. 4d), numerous particles cluster as indicated by arrows.
Moreover, Fig. 5 displays a typical SEM image of the
developed composites and the corresponding EDS results.
The EDS results show that the point A is the TiC particles,
while the point B is the Al-Li alloy.

3.2 Mechanical Properties and Fracture Morphology

3.2.1 Tensile Properties. The tensile stress–strain curves
and their corresponding results [Ultimate tensile strength
(UTS), uniform elongation (E%)] of the investigated specimens
are represented in Fig. 6 and 7, respectively. As for the un-

reinforced specimens, after two ARB circles, the ARB02
possesses UTS of 322.3 MPa, while UTS of the hot-rolled
specimen (HR) is 260.14 MPa. During the ARB process, it was
stated that the strain hardening and grains refinement are two
vital mechanisms that have an impact on the strengthening
effect (Ref 38, 39). The addition of 1 wt.% TiC shows an
enhancement in the UTS for the ARB12 specimen to be around
359.56 MPa associated with the good adhesion and dispersion
of the microparticles when compared to the ARB11 sample
with a UTS of 308.63 MPa. The processed composite with
2 wt.% addition displays a peak strength value of 379.29 MPa
(ARB22), higher than that of the un-reinforced strips and the
ARB12 sample, signifying the role of the TiC microparticles in
improving the mechanical properties of the prepared compos-
ites. This advanced strength is associated with the load transfer
from the soft matrix to the hard reinforcements (TiC micropar-
ticles) insured by the appropriate bonding after two cycles. In
addition, the high strength reinforcement also affects the
evolution of the matrix microstructure upon the ARB process
and accordingly influences the above-stated strengthening
mechanisms (Ref 39, 40) Further increase in the TiC content
to 3 wt.% displays a decrease in the UTS for the ARB31,
ARB32 and ARB33 samples to achieve the values of about
305.74, 330.38 and 295.45, respectively. This can be explicated
by the particle clustering that reduces the quality of the bonding
and load transfer between the metal interfaces and the ceramic
microparticles. It plastically deforms the grains near the
agglomerated regions, as shown in Fig. 3(d).

From Fig. 6 and 7, at the initial stage (first cycle), the
composite strips show low elongation values between 14.73
and 16.98% comparing to those of the ARBed sheets after two
cycles (ARB02) and the hot-rolled state with elongation values
of 17.84 and 23.92%, respectively. The low elongation values
can be attributed to the presence of residual porosity accom-
panied with a minor bonding behavior between the alloy layers
and the TiC microparticles. In this context, further increasing
the ARB cycles (second cycle) (Fig. 3c), the better-quality
interfacial bonding and the enhanced dispersion of the
microparticles offer an improvement in the final elongation to
rupture for the ARB12 and ARB22 samples to reach the
elongations of 19.35 and 20.52, respectively. The reduction in
the number of pores caused by the flow of the alloy matrix via
the particle clusters enhances the bonding behavior at the
interfaces, consequently improving the strength and ductility of
the reinforced specimens with 2 wt.% TiC after two ARB
cycles (Fig. 6 and 7), though for the ARB32, the presence of
some residual microparticles clusters having an important
number of voids that are not wholly occupied by the alloy
matrix can undesirably affect the elongation of the reinforced
sheets (15.83%) comparing it to those of the un-reinforced
strips and the reinforced ones with 1 and 2 wt.%. Further, for
the reinforced strips after three cycles with 64 layers, the stress
concentration results from the occurrence of considerable
number of pores within the reinforcements clusters that cause
the initiation of micro-cracks. Hence, the tensile strength and
the ductility of the processed reinforced specimens deteriorate
when compared to the previous cycles with the same rein-
forcement contents. Besides, the densities of the composites
were perceived to increase with increasing the filler loading
from 1 to 3 wt.% and the number of the ARB process, as
shown in Fig. 8. It seems to display that there is a significant
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dissimilarity between the specific tensile strengths of the
investigated specimens. Herein, the reinforced strips exhibited
great enhancements over the un-reinforced ones even with the
relatively higher density resulted from the addition of the
microparticles (Fig. 8). Therefore, the reinforced sheets with
2 wt.% of TiC processed by two ARB cycles presented an
increment of 30 and 14%, when relatively compared to the as-
hot-rolled and un-reinforced sheets at the same cycle, respec-
tively.

Various studies have been carried out in relation to explore
of the production and properties of the metal–matrix composite
materials. At this point, it seems interesting, to compare the
obtained experimental tensile results in this current study with
those previously reported regarding the composites fabricated
using different techniques such as squeeze casting, powder
metallurgy and spray forming. In this context, the mechanical
properties of squeeze cast 6061 aluminum alloy and its
composite reinforced with SiC particles were investigated
(Ref 40). The strength of the composites was significantly
higher (200 MPa) than that of the base material (144 MPa).
However, the ductility of the processed composites (1.9%) was
less than that of the un-reinforced samples (8.9%). Further-
more, in the work of Dhoria et al. composites of Al6351/SiC
were produced via squeeze casting using the 6351 aluminum
alloy as matrix (Ref 41). They pointed out an increase in the
tensile strength for the reinforced composites (166.7 MPa)
when compared to the pure alloy (132.5 MPa), while the

elongation decreased from 8.12% (pure Al) to 3.26% for the
reinforced samples. Additionally, powder metallurgy was used
in the fabrication of Al matrix composite reinforced by alumina
(Ref 5). As the results indicated, the reinforced samples had
improved strength properties (275 MPa) than the pure Al
(140 MPa). On the other hand, the final strain decreased from
9% (pure Al) to 5.8% (reinforced samples). As well, some
researchers used the spray forming technology to produce Al
matrix composites reinforced by basalt particles (BP) (Ref 42).
They exhibited the improvement in the ultimate tensile strength
of BP/Al matrix reaching 699 MPa, which increase by 10.9%
compared with the un-reinforced samples. Undeniably, the
former results confirmed that the used processes improved the
tensile strength when compared to the un-reinforced materials,
while in our current study using the ARB process, the tendency
of the enhancement was considerably remarkable between the
un-reinforced strips and the reinforced ones particularly after
the addition of 2 wt.% TiC. Besides, it was found from our
obtained results that the strain to failure of the reinforced strips
presented improved performance after the addition of 1 and
2 wt.% TiC when compared to the un-reinforced ones, which is
not in the same trend as those previously reported that exhibited
generally a decline in the final strain to failure. This explained
the ability of the ARB to produce novel composite strips with
outstanding properties for the designed Al-Li-Cu-Mg-X alloy.

Figure 9 displays the fracture microstructures of the studied
samples. For the un-reinforced sheets, the size and deepness of

Fig. 4 SEM images of the studied samples after two ARB cycles along the RD–ND plane: (a) un-reinforced; reinforced with (b) 1 wt.%; (c)
2 wt.% and (d) 3 wt.% TiC microparticles
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Fig. 5 (a) Typical SEM image of the processed composites; (b) and (c) EDS results corresponding to points A and B, respectively

Fig. 6 Stress–strain curves of the studied strips obtained along the
rolling direction

Fig. 7 Ultimate tensile strengths and elongations of the studied
strips obtained along the rolling direction
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dimples in the ARBed specimen are smaller that caused the
reduction in ductility, which in turn influences the plastic
deformation. The reinforced strips exhibited shallow dimples
with somewhat smooth surfaces and tearing strips as the
characteristics of the typical ductile-shear-mixed type. The
reduction in the dimple size is caused by the grain fragmen-

tation of particles as well as the work hardening (Ref 43, 44).
According to Fig. 9(a) and (b), the debonding degree between
the microparticles and matrix was evidently reduced when the
TiC microparticles were entirely encircled by the metal–matrix.
This is an indication for the attained enhancement in the
elongation to reach 19.35% for the ARB12 specimen when
compared to the ARB02 sample (17.84%). After the addition of
2 wt.% (ARB22 sample), as displayed in Fig. 9(c), the
elongation of the specimens improved reaching 20.52%, which
resulted from the vanished deep holes accompanied with more
homogeneous dispersion of the microparticles. At this stage, a
proper bonding behavior between the microparticles and alloy
matrix reduces the nucleation sites for the crack initiation and
imports a further proficient load transfer from the metal–matrix
to the reinforcements. These effects play a serious part in the
enhancement of the strength and elongation of the processed
strips after the second ARB cycle. Moreover, the fracture
morphology of the ARB32 sample contains notable micropar-
ticles clusters and deep holes caused by the weak bonding, as
shown in Fig. 9(d). These holes serve as a key source for the
nucleation and propagation of cracks, early appearance of
fracture and consequently lower the elongation of the processed
composites (15.83%).

3.2.2 Bending Properties. Figure 10 displays the results
of the bending tests for the processed strips after diverse ARB
cycles. The bending strength (UBS) is improved with theFig. 8 Variation in the density and specific tensile strength for the

studied specimens

Fig. 9 Fracture morphology of the processed composite strips after the second cycle for the (a) ARB02; (b) ARB12; (c) ARB22; and (d)
ARB32 samples
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increase in the ARB cycle for the un-reinforced sheets. After
two cycles (ARB02), the bending strength reaches 528.67 MPa
from 438.35 MPa of the hot-rolled specimen. This is can be
related to that, after the second cycle, the microstructure
displays a better combination of grain refinement, strain
hardening and high-quality bonding between the 16 interfaces
(Fig. 3a). The bending strength of the reinforced composites
(with 1, 2 and 3 wt.% TiC) with different ARB cycles clearly
advances and, respectively, presents the impact of the TiC
microparticles� addition on the bending properties. After one
ARB cycle for the ARB11, ARB21 and ARB31 samples, the
bending strengths reach the values of 521.78, 544.63 and
535.72 MPa, respectively. There is an improvement when
compared to the hot-rolled state, even though good bonding
and dispersion still not reach the optimum state. The enhance-
ment becomes noticeable in the ARB22 sample with the peak
bending strength of 623.69 MPa. It can be ascribed to the good
bonding behavior, proper amount and dispersion of the
reinforcements in the matrix, as revealed in Fig. 3(c) comparing
it to the ARB12 sample (592.45 MPa). It was stated that the
quality of the bonding behavior and hardness of the reinforce-
ment particles produce a larger strength enhancement for the
ARBed composites (Ref 9, 36). However, for the ARB32
sample, the bending strength decreases to the value of
553.59 MPa due to the apparent TiC microparticles clustering,
as presented in Fig. 3(d). Furthermore, after the third ARB
cycle (ARB13, ARB23, ARB33), the reduction in the bending
strength is caused by the notable agglomeration of the TiC
particles accompanied by necking and partial delamination of
severely deformed sheets (plastically deformed grains). More-
over, the reinforced strips attained not only the highest bending
strength, but also the highest specific properties (UBS/q), as
exhibited in Fig. 11. Herein, the reinforced sheets with 2 wt.%
after the second ARB cycle revealed percent increases approx-
imately of 28 and 14% when compared to the as-hot-rolled and
un-reinforced sheets, respectively. Therefore, the processed
reinforced strips using the ARB process can be considered
promising and sustainable composite materials for structural
and multifunctional applications.

Figure 12 displays the failure microstructures of the pro-
cessed composites after the bending test. There is no obvious
crack appearing across the layers along the load direction for
the un-reinforced layers (Fig. 12a). Figure 12(b), (c) and (d)

specifies that there is no necking as well as no occurrence of
fractured layers in the reinforced samples. In addition, the bent-
reinforced specimens show the proper connection and high
bonding behavior. Herein, these interfaces turn out to be hard
distinguished while they are clear in the case of the un-
reinforced strips, as presented in Fig. 12(a). In this viewpoint, a
required bending property can be insured by the comprehensive
combination of the grains refinement, strain hardening, high
bonding quality and the proper addition of the harder TiC
microparticles.

3.2.3 Thermal Conductivity. It should be indicated that
the TiC microparticles have a low thermal conductivity (17-
22 W/mK) (Ref 35, 45), when the as-hot-rolled and ARB02
samples exhibit a high thermal conductivity of 195.03 and
202.26 W/mK, respectively, as shown in Fig. 13. In this
context, as was detailed, the dislocations play like nucleation
sites for the major strengthening phases (Ref 46, 47). The
variation in the microstructure by the formation of precipitates
causes the a-Al matrix to be leaner in alloying elements
particularly in the Li, which allowed the facile transfer of the
thermal flow through it, accordingly, slightly improved the
thermal conductivity when compared to the as-hot-rolled state.
Moreover, the thermal conductivity is noticeably reduced for
the processed composites related to the low thermal conduc-
tivity of the TiC microparticles. Thus, the reinforced ARB11,
ARB12 and ARB13 samples with 1 wt.% showed a thermal
conductivity of 153.47, 178.97 and 185.25 W/mK, respec-
tively. With increasing the ARB cycles, good bonding is
attained and the number of the defects and impurities reduces in
the strips that extremely improve the movements of the
electrons. The composites reinforced by 2 wt.% display the
same trend. The obtained values decreased to be around 142.66,
157.04 and 173.14 (W/mK) for the ARB12, ARB22 and
ARB32 samples, respectively. With increasing the content of
TiC to 3 wt.%, the tendency of increasing the thermal
conductivity remains with expanding the number of the ARB
cycle, while the thermal conductivity is reduced compared to
the same ARB cycle for the reinforced strips with 1 and
2 wt.%. Considering both the mechanical and thermal conduc-
tivity properties of the developed reinforced strips, when the
content of the TiC microparticles is 2 wt.%, the strips processed
by two ARB cycles possessed the better mechanical properties

Fig. 10 Bending strength of the studied specimens
Fig. 11 Variation in the density and specific bending strength for
the studied specimens
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and the appropriate thermal conductivity performances.
Thermal conductivity has been assessed for several mate-

rials including metal–matrix composites by means of the
following Hasselman–Johnson equation: (Ref 48-50)

kc ¼ km
2km þ kp � 2Vf kp � km

� �

2km þ kp þ Vf km � kp
� �

" #

where kc; km; and kp are the thermal conductivities of the
composite, matrix and particles, respectively, and Vf is the
volume fraction of the added particles. A comparison of the
measured results of the processed composites after the second
ARB cycle with the calculation of the thermal conductivity
using the Hasselman–Johnson model is shown in Fig. 14. It
displays that the Hasselman–Johnson model affords an ade-
quate agreement to the measured thermal conductivity after the
addition of 1 wt.% TiC, while the attained thermal conductivity
is still larger than the measured one with increasing the TiC
content to 2 and 3 wt.%. Herein, the deviation is most likely
due to neglecting the interaction between the matrix and the
reinforcements in the proposed model (Ref 48, 50).

4. Conclusion

• An excellent dispersion of the added reinforcements
(TiC), good bonding behavior, significant strain hardening
and grains refining were attained after the second cycle to
reach the appropriate properties. Herein, increasing the
content of the microparticles to 2 wt.%, the tensile
strength enhances to achieve the maximum value of
379.29 MPa, in turn, powerfully advances the bending
strength to reach the maximum value of 603.69 MPa.
Additionally, the content of the TiC has an improving ef-

Fig. 12 Morphology of the studied samples obtained after the bending test after two cycles for the: (a) un-reinforced sheets; (b), (c) and (d) the
reinforced ones with 1, 2 and 3 wt.% TiC, respectively

Fig. 13 Thermal conductivity of the studied strips with different
TiC contents
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fect on the tensile elongation after a certain number of cy-
cles.

• Tensile fractography reveals ductile-shear fracture. The
bonding quality of the fracture surface is obviously en-
hanced for the composites with 1 and 2 wt.% when com-
pared to the un-reinforced sample, while the
agglomeration of the microparticles of the reinforced strips
with 3 wt.% becomes noticeable.

• The content of the TiC microparticles and the number of
the ARB cycles apparently affect the thermal conductivity.
The processed sample with 2 wt.% after the second cycle
exhibits the best comprehensive combination of the out-
standing mechanical properties and the proper thermal
conductivity.
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