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Abstract

TiC/Al metal matrix composites (MMCs) were produced by in situ reactive hot pressing
(RHP) technique. Aluminum, titanium, and graphite powders were used as starting materials.
The powders were cold-pressed, rapidly heated to 1200◦C, sintered, and then hot pressed.
The microstructure and TiC particles were investigated via X-ray diffraction, micro-hardness
testing, high resolution scanning electron microscopy-energy dispersive spectrometry, high-
resolution transmission electron microscopy-energy dispersive spectrometry, and selected area
electron diffraction/electron backscattered diffraction-transmission electron microscopy. The
properties of the Al matrix and TiC interface were also studied. At 1200◦C, only the TiC
secondary phase was observed in X-ray diffraction. A hardness value of 99 HV was mea-
sured. Scanning electron microscopy and transmission electron microscopy studies revealed
submicron and mostly nanosized TiC particles. Round, rod type, and irregularly shaped par-
ticles were observed. Transmission electron microscopy examinations showed a clean interface
between the in situ TiC reinforcements and aluminum matrix.

K e y w o r d s: metal matrix composite, TiC, aluminum, scanning electron microscopy, trans-
mission electron microscopy, microstructure

1. Introduction

Metal matrix composites (MMC) have high spe-
cific strength with good specific modulus, hardness,
wear resistance, and thermal stability [1–15]. They are
used in such diverse areas as aerospace, automotive,
defense, and structural applications [8, 9]. They are
affordable tools in various applications.
The reinforcement type of MMCs can be contin-

uous or discontinuous. Discontinuous reinforcements
include particles, short fibers, or whiskers. They offer
affordable and facile production [9]. They can also im-
prove the properties of the matrix material while pre-
serving the isotropic properties of composites. Con-
ventional MMCs with discontinuous reinforcements
are produced by ex situ techniques including powder
metallurgy, squeeze casting, rheocasting, compocast-
ing, mechanical alloying, and spray deposition [1–9].
New types of MMCs are mostly produced by in

situ techniques with better interface bonding, mecha-
nical properties, and thermal properties. This method
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provides very fine carbides, nitrides, borides, oxides,
or their mixtures. It can be applied to titanium, alu-
minum, copper, iron, or nickel at scale [9].
In situ processing routes can be classified into four

categories: (a) solid-liquid reactions; (b) vapor-liquid-
solid reactions; (c) solid-solid reactions, and (d) liquid-
liquid reactions [9]. Solid-liquid reaction processes
have different sub-types such as self-propagating high-
temperature synthesis (SHS), exothermic dispersion
(XD), reactive hot pressing (RHP), rapid solidification
processing (RSP), combustion assisted casting (CAC),
direct reaction synthesis (DRS), flux-assisted synthe-
sis (FAS) (also known as mixed-salt reaction or re-
action cast), reactive spontaneous infiltration (RSI),
directed melt/metal oxidation (DIMOX), and reactive
squeeze casting (RSC) [9]. Similarly, the solid-solid re-
action processes are mechanical alloying (MA), reac-
tive hot pressing (RHP), and isothermal heat treat-
ment (IHT) [9].
The reactive hot pressing (RHP) process is mainly

a solid-liquid reaction process developed by Ma et
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Fig. 1. X-ray diffraction spectrum.

al. [9, 16]. It is an exothermic dispersion (XD) tech-
nique [17]. Ma and coauthors used TiB2 particles and
whiskers in the aluminum and titanium matrix [16,
18, 19]. In RHP, exothermic conversion of the reac-
tants to the reinforcements and the hot compaction of
the porous composite product are enclosed, and dense
MMCs can be produced in a single step [9].
Aluminum-based metal matrix composites are one

of the most common MMCs. They are generally used
for advanced structural, automobile, chemical, and
aerospace applications where high specific strength,
specific modulus, and good high-temperature resis-
tance are needed [2, 7, 13, 15, 20–23]. Particle-

-reinforced MMCs are the most common. They have
easy production and isotropic properties [20].
TiC is a good particle reinforcement tool for alu-

minum MMCs. It has a high melting point, hardness,
stiffness, wear resistance, thermal, and electrical con-
ductivity as well as a low density [24, 25]. Moreover,
TiC is inexpensive and shows good wetting with alu-
minum [26]. Combining the properties of TiC with
that of aluminum makes Al-TiC MMCs superior [26].
TiC is also used as a grain refiner in aluminum alloys
[27].
Several studies have produced TiC/Al MMCs via

in situ techniques [20]. The microstructure of in situ
as-cast TiC/Al MMCs mostly show clusters of micron-
sized TiC particles [20, 28]. Chu et al. studied Al-6
wt.% Ti alloy-high-purity graphite powders by DTA
[29]. They stated that an exothermic reaction occurred
at 1533 K due to the formation of TiC. Zhang et al.
stated that the reaction of TiC with aluminum is a
solution-precipitation mechanism. They identified the
processing steps as heating and melting, initial re-
action, complete reaction, and cooling [30]. Kim et
al. studied aluminum matrix composites reinforced by
45-nm-diameter TiC nanoparticles (1.5–3 vol.%). They
also added carbon nanotubes to TiC nanoparticles via
ball-milling and sheath-rolling [28].
The reinforcement-metal matrix interface is very

critical because it affects the mechanical and physi-
cal properties of MMCs [9, 31, 32]. One of the most
important criteria of processing is wetting of ceram-
ics via liquid metals. The chemical reaction or wetting
between the metal matrix and the ceramic reinforce-

Fig. 2. SEM image of TiC particles and elemental EDS maps from the selected areas.
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Fig. 3. Low magnification TEM picture showing the par-
ticles.

ment affects how the load is transferred at the inter-
face [33–35]. The strength, ductility, stiffness, hard-
ness, fatigue, creep, fracture toughness, the coefficient
of thermal expansion, and thermal conductivity prop-

erties of the composites depend on the reinforcement
and the interface [9, 31, 32]. The in-situ techniques
give better properties than ex-situ techniques for most
MMCs due to enhanced wettability [9].
Compared to conventional metal matrix compos-

ites, the addition of nano-sized reinforcements in-
creases the strength due to Orowan strengthening [28,
36]. In the literature, these composites are often called
nanocomposites or MMNCs (metal matrix nanocom-
posites). Moreover, nano-sized reinforcements also pin
the grain boundaries and reduce the grain size so that
the strength increases more [37]. It is known that in
situ MMCs have finer and more uniformly distributed
reinforcements than ex situ MMCs [9]. Tong et al. used
an RSP technique on Al-TiC MMC with 40–80 nm
particles that were distributed uniformly in the ma-
trix [20, 38, 39].
Transmission electron microscopy (TEM) is the

best characterization method to study nano-sized par-
ticles. Surprisingly, there are not many high-resolution
transmission electron microscopy (HRTEM) studies of
reinforcements in MMCs, especially for Al-TiC MMC.
TEM studies of the production of Al-TiC MMC with

Fig. 4. Irregularly shaped TiC particles.
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current reactive hot pressing (RHP) techniques are
rare.
Shi et al. studied a TiC/Ti2AlC/TiAl3 MMC

with a composition of TiC-20Ti2AlC-10TiAl3 (vol.%)
via an in situ spark plasma sintering-reactive sin-
tering (SPS-RS) technique [40]. Zhang et al. fabri-
cated Ti2AlC/TiC/Al2O3 MMC in situ and studied it
with TEM [41]. Cui et al. used TEM on their in situ
fabricated TiCp-AlNp/Al composites [42]. The Peng
group formed Al2O3-TiC/Al MMCs with an in situ
method [22]. Their TEM studies showed that TiCp-
-Al interface was clean and free from contaminants
[22]. Tong et al. investigated in situ reinforced TiC
Al MMCs with HRTEM-selected area electron diffrac-
tion (SAED) and convergent beam electron diffraction
(CBED) [10, 20]. Ma et al. used an RHP technique on
an (Al2O3-TiB2)/Al system and observed the inter-
faces of Al2O3 and TiB2 particles by TEM [43]. Mi-
tra et al. used an XD technique to produce TiC/Al
and TiB2/Al systems. They used TEM, SAED, and
HRTEM techniques to study the interfaces [44–46].
3-D printing and additive manufacturing (AM)

studies of metals increased recently in the literature.
Selective Laser Melting (SLM) is known to be one
of the most effective powder-based additive manu-
facturing methods for metal parts. Gu et al. stud-
ied the nano-sized TiC particle reinforced AlSi10Mg
nanocomposite parts those were produced by selec-
tive laser melting process [47]. Similarly, there are in
situ studies of the synthesis of TiC particles during
the mechanical alloying process. Popov et al. stud-
ied the in-situ synthesis of TiC particles in the Al
matrix with mechanical alloying. They used nanodia-
monds as a precursor. They obtained the average size
of TiC nanoparticles around 30 nm. They used differ-
ential scanning calorimetry and SEM for characteri-
zation [48].
In the Al/TiC MMCs, the interfacial properties

and microstructure of the Al matrix and the TiC are
not established for the RHP technique. Therefore, this
work studied the microstructures of an Al/TiC com-
posite that was fabricated by RHP. The goal is to in-
vestigate the microstructure of the TiC reinforcements
in the aluminum matrix via TEM and HRTEM.

2. Experimental procedure

The TiC/Al MMCs were prepared by in situ RHP
using Al (80 vol.%), Ti (16 vol.%), and graphite (C)
(4 vol.%) powders. The particle sizes by SEM were as
follows: Al at 1–10 µm, Ti at 10–30µm, and C below
10 µm. The powders were first uniaxially cold-pressed
at 100 bar. The powders were then rapidly heated to
1200◦C and sintered under argon (Ar) atmosphere for
half an hour; finally, the samples were hot pressed at
3 bar at a semi-solid/liquid temperature and cooled.

Fig. 5. TEM pictures of round TiC particles.

The details of the experimental setup are given else-
where [49].
The Vickers microhardness measurements were

performed with a 200 g applied load using a Qness
hardness device. For X-ray diffraction (XRD) stud-
ies, the specimens were polished, and a PANanalytical
X’Pert Pro diffractometer producing Cu-Kα radiation
at 45 kV and 40mA was used. The high resolution
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Fig. 6. TEM picture showing the dislocations around the
irregularly shaped TiC particles.

scanning electron microscope (HRSEM) observations
were carried out using a JEOL JSM 6335F field emis-
sion gun (FEG) SEM operated at 20 kV equipped with
80mm2 X-MaxN Oxford Instruments energy disper-
sive spectrometry (EDS) system and AZtec software.
For TEM studies, specimens were cut with a

Struers Minitom low-speed diamond saw. Thin foils
were prepared by disc punching 3mm disks and grind-
ing them down to ∼ 150 µm. After perforation, the
samples were electropolished with an electrolyte con-
taining 25% nitric acid +75% methanol solution at
about –30◦C with 15V in Struers-Tenupol-5 Double
Jet Electropolisher. A Gatan 691 Precision Ion Polish-
ing System (PIPS) was also used for HRTEM. Before
PIPS, 3-mm disks were first ground to 60 µm. The cen-
ter was then thinned down to ∼ 10 µm with a Gatan
656 Dimple Grinder. Some electropolished specimens
were further ion milled – the specimens were first ion
polished at 4 kV, and then a transparent area was
achieved at a final step of 2 kV.
Specimens were studied with a JEOL JEM 2100

HRTEM (LaB6 filament) operating at 200 kV and
equipped with an Oxford Instruments INCA X-Sight

(model 6498, 30 mm2 ATW2 window, Oxford Inca
Suite 4.05 software) EDS system. Images were taken
by Gatan Model 794 Slow Scan CCD Camera also
by Gatan Model 833 Orius SC200D CCD Camera.
A JEOL 31630 side entry, double tilt goniometer
was used. Bright field (BF), EDS, SAED, nanobeam
diffraction (NBD), and HRTEM were used to study
the microstructures. Gatan Digital Micrograph and
Diffpack software were used for image processing.
A recent automated technique for the mapping

of crystal phases and orientations of polycrystalline
materials in a transmission electron microscope was
employed to a mixture of nanocrystals and orienta-
tion maps for each of the phases [50]. TEM orienta-
tion imaging called “ASTAR” (automatic TEM phase
orientation mapping) is an automatic phase determi-
nation, crystallographic orientation, and indexing tool
developed for TEM [51]. This technique is also called
as “EBSD (electron backscattered diffraction)-TEM.”
Electron diffraction (ED) spot patterns are collected
sequentially with a dedicated external CCD camera
while the sample area (a few square micrometers) is
scanned by the primary electron beam. The system
also has a precession device “DigiSTAR” and dedi-
cated scan generator to simultaneously precess around
the optical axis of the TEM PED (Precession Electron
Diffraction).
For automatic TEM phase orientation mapping

studies, the samples were also prepared via a focused
ion beam (FIB) technique to be thinner and more ho-
mogenous. A NanoMEGAS ASTAR DigiSTAR system
was used with a camera length of 15 cm, the spot size
of 15 nm, and precession angle of 0.7 at NBD mode
of TEM. The analyzed square map step was 10 nm.
The phases and orientations were identified via im-
age matching between experimental diffraction pat-
terns and calculated templates.

3. Results and discussion

Al-Ti-C composites at 943K have Al, Ti, C, and

Fig. 7. (a) Bright-field TEM image of round TiC particles, (b) Ti, and (c) Al elemental EDS maps of (a).
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Fig. 8. The TEM-EDS spectrum of TiC particle in Fig. 3.

TiAl3 phases. At 1043 K, an additional TiC phase
appears with XRD. At 1773 K, only the TiC and

Al phases are found [9]. Similarly, in our study, at
1200◦C, only the TiC (Fm-3m space group) secondary
phase was observed by XRD (Fig. 1). Therefore, the
results of the samples sintered at 1200◦C were used.
They have a single secondary phase. Similar results
were also observed by Jiang et al. [32], and they sug-
gest that high production temperatures are necessary
for the complete synthesis of TiC in liquid aluminum.
These results suggest that the composite produced at
1200◦C consists only of in situ TiC phase, i.e., no other
phase is present in the matrix at the chosen sintering
time and temperature.
The hardness value was 99 (± 8) HV, which is

more than 1.5-fold that of in situ-synthesized pure
aluminum samples [49]. SEM studies showed that the
second phase TiC particles were homogenously dis-
tributed. The SEM image of TiC particles and ele-

Fig. 9. (a,b) TEM picture of round TiC particle. (c) Phase reliability, (d) virtual BF (bright field), (e) index, (f) phase,
and (g) orientation maps; and (h) NBD (nano beam diffraction).
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Fig. 10. TEM and HRTEM pictures of rod-like TiC particles.

Fig. 11. Atomic lattice image and FFT diffractogram of rod-like TiC particles.

mental EDS maps from the selected areas are given in
Fig. 2. Moreover, no porosity was observed by SEM.
TEM shows mostly nanosized TiC particles

(Fig. 3). However, submicron sized particles were also
observed. In Fig. 3 low magnification TEM picture
showing particles is given. The TiC particles were

round, rod-like, or irregular. Figure 4 shows TEM mi-
crographs of the irregularly shaped TiC particles.
Figure 5 shows TEM pictures of round TiC parti-

cles. Many dislocation densities are observed at the in-
terface of the particle reinforcement and the aluminum
matrix. These round particles are nanometer-sized.
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Fig. 12. The TEM-EDS spectrum of rod-like TiC particles.

Similarly, Fig. 6 shows obvious dislocations around ir-
regularly shaped sub-micron TiC particles. More dis-
locations are found near these particles suggesting
that this is related to their size.
Nanoparticles increase the strength of the compos-

ites [37, 41]. Tong et al. also observed dislocation ar-
rays near nano-sized TiC particles formed in situ [20,
38, 39]. They also stated that the particle matrix in-
terfaces were mainly semi-coherent [10, 20].
TEM-EDS was also used to calculate the elemental

composition of the particles. EDS elemental mapping
of round particles is given in Fig. 7. TEM-EDS (Fig. 8)
shows a stoichiometric elemental Ti :C (∼ 1 : 1) atomic
ratio of TiC.
Figure 9a shows TEM data of another round TiC

particle. The phase reliability, virtual BF (bright
field), index, phase, orientation maps, and NBD
(nanobeam diffraction) are given in Fig. 9c–h, respec-
tively. Similar to the TEM-EDS results, the TiC phase
is crystallographically obvious.
Rod-like TiC particles were also observed (Fig. 10)

by TEM and HRTEM (red squares are magnified
views). The HRTEM image of the interface of the TiC
particle and aluminum matrix shows good interfacial
bonding. The interfaces are mostly clean. Zhang et al.
observed clean interfaces between in situ particulates
and aluminum matrix [41]. Similarly, Peng et al. ob-
served in situ processes for the clean Al MMC and
TiCp-Al interfaces [22].
The indexed atomic lattice image and FFT diffrac-

togram of rod-like TiC particles (Fig. 10) are shown
in un Fig. 11. The zone axis of the particle is [011]
of TiC. Similar to round particles, the TEM-EDS of
rod-like TiC particles showed a good match with the
TiC elemental composition (Fig. 12).
Similarly, the TEM, EDS map, and EDS spec-

trum of irregularly shaped TiC particles are given in
Fig. 13. The TEM-EDS result shows a stoichiometric
Ti :C atomic ratio of TiC (∼ 1 : 1). Figure 14a shows
a TEM image of irregularly shaped TiC particles sim-
ilar to Fig. 13. In Figs. 14b–d, different magnification
HRTEM images of the aluminum matrix/TiC parti-

Fig. 13. TEM image, EDS maps, and EDS spectrum of
irregularly shaped TiC particles.

cle interface are shown. Figure 14e is an HRTEM im-
age showing atomic lattice and in Fig. 14f FFT (Fast
Fourier Transformation) diffractogram of Fig. 14e is
shown. The interface is smooth and clean with no dis-
location at the boundary. The Al-TiC interface is co-
herent (Fig. 14d). No other phase is observed at the
boundary.
Titanium carbide has a NaCl-B1 type crystals

structure (space group Fm3m) [24, 25]. The lattice
mismatch between the Al matrix and the TiC par-
ticles (4.048 and 4.328Å, respectively) is only 6.92 %
[26].
Shi et al. used an in situ spark plasma sintering-

reactive sintering (SPS-RS) technique to produce
TiC/Ti2AlC/TiAl3 MMC with a composition of TiC-
20Ti2AlC-10TiAl3 (vol.%). HRTEM-SAED investi-
gations showed a crystal orientation relationship
of (0001)Ti2AlC//(111)TiC and [1210]Ti2AlC//[110]
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Fig. 14. (a) TEM image of irregularly shaped TiC particles, (b)–(d) different magnification HRTEM images of aluminum
matrix TiC particle interface. (e) HRTEM image showing atomic lattice, and (f) FFT (fast Fourier transformation)

diffractogram of (e).

TiC. The interfaces were clean with no amorphous
phase at the interface [40].
Zhang and colleagues studied Ti2AlC/TiC/Al2O3

in situ fabricated MMC and observed clean interfaces
between the particulates and the metal matrix with
TEM [41]. Cui et al. stated that the interfaces of in
situ fabricated TiCp-AlNp/Al composites were usu-
ally clean, smooth, free of intermediate phases, and
well bonded [42]. Also, they used HRTEM to show
that the mismatching degree between (111) Al and
(111) TiC was 18◦ [42]. Peng’s group used TEM to
show that the TiCp-Al interface of Al2O3-TiC/Al
MMCs prepared via the in situ method were clean
[22]. Tong et al. investigated in situ reinforced TiC
Al MMCs with HRTEM-SAED-CBED and observed
a semi-coherent interface [10, 20].
Their TEM-SAED investigations showed that the

TiC surfaces of the Al-TiC MMC produced by XD
technique are parallel to {1 1 1} and {1 0 0} planes.
These samples are low index and form strong bonds
with Al [44–46]. They observed facets and some
dislocation arrays at the interfaces. HRTEM stud-
ies showed both coherent and semicoherent interface
characters depending on the size of the particulates
and orientation [44, 45].

Phases other than TiC were not found with EDS
or SAED in any of the particles, which is consistent
with XRD.
In summary, nano-sized TiC particles and some

sub-micron particles were observed in three different
geometries. The TEM studies showed coherent and
semi-coherent interfaces. Dislocations were mainly ob-
served around particles. A high dislocation density
was also seen in some particle-matrix interfaces. The
TEM studies show that a clean interface exists be-
tween the in situ TiC reinforcements and the alu-
minum matrix.
Future studies may focus on better atomic lattice

imaging and chemical analysis on the interface with
better sample preparation techniques and with ad-
vanced electron microscopy instruments [52]. These
techniques can also be applied to several Al MMCs
and MMCs [53].

4. Conclusions

TiC particles were successfully synthesized in liq-
uid aluminum in situ via RHP. The microstructure
and properties of the Al matrix and the TiC inter-
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face were studied with XRD, hardness testing, SEM,
EDS, TEM, and HRTEM. Submicron TiC particles
were common. Three types of particles were present:
round, rod-like, and irregular. TEM revealed that a
clean interface exists between the in situ TiC rein-
forcements and the aluminum matrix. Coherent and
semi-coherent interfaces with dislocations were also
observed. Conventional hot-pressing is a promising
candidate to fabricate in-situ metal matrix compos-
ites in a cheap and facile way.
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