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Abstract

Titanium and its alloys exhibit a favorable integration of characteristics, including nota-
ble strength and high resistance to corrosion. However, they are deficient in terms

of wear resistance and thermal conductivity, among other properties. The aforemen-
tioned limitations impose constraints on the utilization of these alloys across diverse
applications. Currently, various strategies involving the utilization of composite
materials are being implemented in order to address and mitigate these previously
mentioned limitations. The utilization of micro- or nano-sized reinforcements has been
employed to improve the characteristics of the metal matrix. Diverse techniques

are employed to uniformly distribute the reinforcement within the matrix, thereby
generating titanium metal matrix composites (TMCs). The use of TMCs has become
increasingly prevalent in diverse sectors, including defense, automotive, aerospace,
and biomedical, owing to their remarkable characteristics, which encompass lower
weight, higher specific strength, and compatibility with biological systems. The present
study discusses various manufacturing techniques, including spark plasma sinter-

ing (SPS), additive manufacturing, and vacuum melting. This study further examines
different reinforcements that are considered in the production of TMCs. The current
study also investigates the effects of reinforcements on properties such as mechanical
and tribological characteristics. The study demonstrated that the incorporation of rein-
forcements resulted in enhanced properties.
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Introduction

Titanium is the fourth most abundant element in the earth’s crust, yet it is not found
pure. As a result, the challenges in refining the metal make it expensive. Titanium is a
significantly less dense metal, with a density of 4.51 g cm™>. At low temperatures, pure
titanium and the majority of its alloys have an HCP crystal structure, which is referred
to as a-titanium. At high temperatures, they form a stable BCC structure known as
B-titanium [1]. Figure 1a shows the grades in pure Ti and Fig. 1b represents the different
Ti-alloys.
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Fig. 1 a Grades of pure titanium. b Various titanium alloys

Titanium alloys possess significant commercial utility due to their exceptional proper-
ties. However, it is important to acknowledge that alloys also possess certain limitations.
Extensive research is being conducted on metal matrix composites (MMCs) based on
titanium in order to obtain high-quality properties for various applications. MMCs are
composite materials composed of two or more distinct materials, resulting in a combi-
nation of properties that are challenging to achieve using monolithic materials. The pri-
mary focus of this study involves the utilization of matrices as the predominant material,
integrated by additional reinforcements. Within the context of metal matrix composites
(MMCs), it is imperative that the matrix material employed is of a metallic nature. Com-
monly employed reinforcements include fibers, whiskers, and ceramics. Within compos-
ite materials, the matrix serves the purpose of distributing externally applied forces to
the reinforcement, thereby mitigating any potential deformation in terms of both size
and shape. Composite materials have been developed to overcome the limitations of
monolithic materials in order to achieve a favorable combination of properties, includ-
ing low density and high specific properties [2, 3]. Aluminum, titanium, magnesium,
and other similar materials are commonly favored as matrices due to their distinctive
properties. The primary criterion for a high-quality metal matrix composite (MMC) is
the presence of both brittleness and ductility, exhibited by the reinforcement and matrix
materials, respectively. Monolithic materials exhibit inferior properties in compari-
son to MMCs. These characteristics possess notable advantages, including exceptional
strength, low density, high stiffness, excellent wear resistance, favorable properties under
elevated temperatures, and a low thermal expansion coefficient [4—6]. The selection of
reinforcement is a crucial factor in the preparation of composites. Reinforcement mate-
rials are available in various forms, including fibers, whiskers, and particulates. In gen-
eral, reinforcement is characterized by its strength and rigidity. Due to these inherent
characteristics, it is possible to produce a monolithic material through the incorporation
of reinforcement materials. However, a significant limitation of said material resides in
its inherent brittleness. Despite their ability to endure significant levels of stress, these
entities exhibit a tendency to experience sudden and severe failures, devoid of any dis-
cernible indicators or forewarnings [5]. When reinforcement is incorporated into a com-
posite material, the matrix imparts ductility to the composite, while the reinforcement
contributes to its brittleness. It is imperative for the reinforcement to exhibit identical

thermal expansion or contraction characteristics as the matrix material. Researchers
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have selected various materials as reinforcements in order to investigate the effects of
reinforcement. The mechanical characteristics of composites are influenced not only by
the reinforcement but also by the purity of the matrix [7]. Figure 2 illustrates a range of
inorganic reinforcements that are employed in the manufacturing process of MMCs.
Multilayer graphene holds significant importance as reinforcement due to its favora-
ble thermal and mechanical characteristics [8]. The proper dispersion of GNFs within
the reinforcement leads to the development of excellent characteristics in the matrix. In
recent years, carbon nanotubes have gained significant prominence as a reinforcement
material due to their exceptional physical, electrical, thermal, and mechanical proper-
ties. Carbon nanotube-reinforced MMCs are extensively utilized in a diverse range of
applications. One of the primary obstacles associated with CNTs pertains to achieving a
consistent dispersion within the matrix, primarily due to the presence of Vander Waals
forces. These forces are responsible for the phenomenon of clustering of CNTs. High
shear mixing, ultrasonication, and surface oxidation are among the processes commonly
employed by researchers. Titanium nitride (TiN) is a highly promising reinforcement
material that can significantly enhance the properties of titanium. In a study conducted
by PH.C. Camargo et al., it was observed that TiN exhibits favorable thermal and chemi-
cal stability when subjected to elevated temperatures. Additionally, TiN shows a robust
interfacial bonding, resulting in exceptional resistance to creep, as well as enhanced stift-
ness and strength [9]. In recent times, TiB has been recognized as a more appropriate
reinforcement for Ti as of its less residual stresses development in composite [10]. It is
quite fascinating to record that TiB and Ti have almost the same coefficient of thermal
expansion [11] and equal density [12].T.M.T.Godfrey et.al fabricated titanium MMCs
with gas atomized Ti as a matrix and TiB as a reinforcement. The mechanical milling
process was used for mixing of matrix with reinforcement and they have investigated the
milling time effect on the distribution of reinforcement [13]. Fan Z et. al reported that
B27 and C32 are the crystal structures of TiB and TiB,, respectively, and the growth of
TiB occurs along [010] direction and that of TiB, along < 1100 > direction [14]. Gorsse et.
al reported that TiB is the effective reinforcement due to its minimal residual stresses,
higher stiffness, and chemical stability. Recent research has indicated that boron car-
bide exhibits notable tribological properties, low density, high hardness, and the ability
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Fig. 2 Various reinforcements employed in MMCs
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to form intermetallic compounds when used as a reinforcement for titanium. These
characteristics contribute to the enhancement of the resulting composition’s properties.
After diamond, the hardest material is cubic boron nitride (CBN). CBN is employed in
high-temperature applications owing to its excellent thermal and chemical stability [15].
CBN is also used as reinforcement in applications where the wear resistance of compos-
ite should be high. For specific property enhancement, functionally gradient materials
(FGM) are generally used. TiB and TiC are very good reinforcements for a functionally
gradient material as they enhance its properties. SiC is also another important reinforce-
ment which is used in titanium composites. The continuous SiC fiber-reinforced tita-
nium MMCs are extensively utilized in aerospace applications at higher temperatures.
Recently Si;N, attracted much attention as a reinforcement owing to its fantabulous
characteristics at higher temperatures such as high strength, excellent oxidation, high
hardness, and wear resistance [16].Yttrium was also utilized as a reinforcement in the
production of Ti MMC:s. Yttrium is one of the rare earth metals; the incorporation of
rare earth metals increases the machinability of Ti. So, the machinability of Ti-Y com-
posites is more than the pure Ti specimens [17]. Izabela et al. developed a new Ti MMC
by using Ti64 and biogenic ceramic. The composites are produced using the spark
plasma sintering (SPS) process. The obtained results suggest that the developed compos-
ites exhibit exceptional thermal and mechanical characteristics as a result of interactions
between the filler and matrix [18]. Hengpei Pan et al. studied the impact of numerous
reinforcements (graphene, graphite, and B,C) on the properties of Ti MMCs. The find-
ings pertaining to the properties (mechanical) indicate that B4C exhibited the high-
est efficacy in enhancing both strength and hardness. On the other hand, the impact
of graphite and graphene on strengthening was found to be similar [19]. Joseph et al.
produced TiB-reinforced o-Ti composites. The results revealed that the composite
hardness exceeded 10.4 GPa, and an elastic modulus surpassed 165 GPa. These values
correspond to increases of 304% and 170% in hardness and modulus, respectively, com-
pared to pure a-Ti [20].Yang Zhou et al. investigated the influence of in situ TiB on the
microstructure and properties of composites. The composites exhibit a uniform micro-
structure characterized by a noticeable reduction in grain size. The Ti-2.0 ZrB2 com-
posite exhibits exceptional properties (mechanical), including a YS of 579.0 MPa, UTS
of 734.6 MPa, and an elongation of 21.4%. In comparison, pure Ti has corresponding
values of 507.0 MPa, 632.4 MPa, and 14.2%, respectively [21]. Xue et al. developed Ti64/
rGOs/Al,O; composites through the SPS technique. The composite material consisting
of 0.5 wt.% of rGOs/Al, O, has demonstrated a significantly enhanced YS and UTS. Spe-
cifically, the composite material exhibited a YS of 950 MPa and an UTS of 1022 MPa.
These values represent approximately 120.4% and 117.1% of the YS and UTS of the TC4
matrix, respectively [22]. Liu et al. produced Ti/CNT composites through CC-HE (i.e.,
compaction (cold) and extrusion (hot)). The composites consisting of CN'Ts and Ti, pro-
cessed using the CC-HE method, revealed a remarkable YS of 1262 MPa. This achieve-
ment sets a new benchmark in the field of Ti matrix composites reinforced with CNTs
and graphene, as reported in the existing literature [23].The primary focus of this study
is to explore innovative techniques for manufacturing titanium metal matrix compos-

ites (TIMMCs), investigate the underlying mechanisms responsible for their enhanced
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strength, and analyze the impact of different reinforcement materials on the overall
properties of these composites.

Methods

The manufacturing process of ex situ titanium metal matrix composites (MMCs) is dis-
tinct due to the unique chemical reactivity exhibited by titanium. In order to address
this disparity, the powder metallurgy technique is employed for the production of tita-
nium metal matrix composites (MMCs). Sponge-like fine powder and hydride dihydride
powders are utilized as primary constituents in the production of titanium. Despite the
abundance of titanium ores in nature, the extraction processes involved in obtaining
titanium result in increased costs. The utilization of titanium MMCs in automobile and
aerospace applications is restricted due to the significant financial implications associ-
ated with the high cost of titanium (Ti) and reinforcements [24, 25]. Various production
techniques have been employed thus far in the fabrication of Ti MMCs. The methods
employed in this study include the blended elemental (BE) method, rapid solidifica-
tion, gas atomization, mechanical alloying, and reactive sintering. The MMC powders
must undergo compaction in order to form specimens, which involves the utilization of
various compaction techniques. The techniques mentioned include hot isostatic press-
ing (HIP), hot pressing (HP), microwave sintering, spark plasma sintering (SPS), and
additive manufacturing (AM). Following the process of compaction, the specimen has
the potential to undergo additional forming operations such as rolling, extrusion, and
forging.

Blended elemental method is the traditional method of making titanium alloys. Eylon
DH et al. [26] and Fan et al. [27] fabricated titanium MMCs using this approach. This
technique involves the usage of the titanium raw materials, such as sponge fines or
hydride dihydride powders, alloy powders, and reinforcement powders. The powders are
subjected to a blending process for a specific duration in order to achieve a homoge-
neous mixture of all the powders. Subsequently, the aforementioned powder mixture is
subjected to cold isostatic pressing, resulting in the formation of a green compact pos-
sessing a density that approximates 85%. Subsequently, the green compact undergoes a
sintering process within a vacuum environment, thereby enhancing both densification
and alloying. In order to enhance the density and minimize the porosity of the green
compact, the process of hot isostatic pressing (HIP) is employed. The HIP process
involves the concurrent application of isostatic pressure and temperature. Isostatic pres-
sure refers to the application of equal pressure in all directions. In their study, Abkow-
itz et al. employed the CHIP process, which encompasses blending, CIP, sintering, HIP,
extrusion, and forging techniques, to fabricate components utilizing discontinuously
reinforced titanium metal matrix composites (MMCs). In this study, the researchers
incorporated a mixture of TiC and TiB2 into a cerme-Ti matrix, which was subsequently
subjected to cold isostatic pressing (CIP) in order to produce a densely packed material.
The compact was subjected to sintering in a vacuum environment, followed by hot iso-
static pressing (HIP) to reduce porosity and enhance density. Subsequently, the compact
underwent additional secondary forming processes such as extrusion and forging. Fig-
ure 3 illustrates the schematic representation of the CHIP process.
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Spark plasma sintering (SPS) is a technique used for the compression and sintering of
all materials. This technique involves the use of uniaxial pressure and pulsed DC cur-
rent. Figure 4 represents the SPS technique.

In this technique, the material powder is directly fed into a graphite die, which is
then covered with appropriate graphite punches. To prevent powder adherence to the
punches and die during the sintering process, a lower-thickness graphite sheet is put
between the die, punches, and powder. This entire system is placed in the SPS cham-
ber, which is regulated by inert gas or vacuum to avoid oxidation and other flaws in the
sintered specimen. The graphite electrodes are then subjected to a strong DC pulse, as
well as high pressure, to simultaneously heat and compact the powder particles. Many
researchers have used this method to create MMCs. Prior to utilizing the SPS process,
researchers used other processes for matrix and reinforcement mixing. Some of them
are covered in this review. Kondoh et al. created pure titanium MMCs augmented with
carbon nanotubes. They determined impurity contents in this study utilizing inert gas

Page 6 of 23
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fusion devices and inductively coupled plasma analysis. To create the composites in this
study, a unique approach was applied. First, a zwitterionic surfactant solution containing
3.0% mass CNT concentration was generated, and then two different types of solutions
containing 1 and 2 mass% CNTs were developed by mixing with the solution containing
3.0% mass CNT concentration. Ti particles were combined with each solution before
being baked at 100 °C and 10.8 ks. Surfactant particles were produced on titanium pow-
der as a result of this method, and these solids were removed by heating the powder to
high temperatures. The SPS technique was used to manufacture composite specimens in
two phases, one at 600 °C for 3.6 ks and the other at 800 °C for 1.8 ks. Surfactant solids
were converted into gases and removed from the powder in the first phase. Composite
specimens are prepared in the second step. The composite specimens are then preheated
to 1273 K for 180 s before going through a hot extrusion process that turns the compact
specimen into bars with diameters of 7 mm and lengths of 800 mm. Preheating caused
the chemical reaction between Ti and CNTs to create in situ TiC particles, which were
uniformly disseminated in the matrix and had elongated to spherical forms [29]. Apply-
ing flake powder metallurgy, X.N.Mu et al. developed pure Ti composites with multilayer
graphene as reinforcement. In this study, Ti and graphene were combined using a flake
ball mill, and the resulting mixture underwent a hot rolling process for strength before
being integrated by SPS. Carbon nanoparticles were successfully distributed through-
out the metal matrix, and flaws were eliminated using forming and deformation pro-
cesses. The hot-working operation was carried out to transform the interface bond from
a mechanical bond to a chemical bond [30]. Figure 5 depicts the manufacturing process
of the Ti/Gr composites.

The microstructure and mechanical characteristics of titanium MMCs reinforced
with CNTs were assessed by Khurram Munir et al. Pure titanium served as the matrix
material, while MWCNTs served as the reinforcement material in this work. Stearic
acid was employed for process control, while ethanol was used as a dispersing sol-
vent. High-intensity ball milling was used to create three batches of titanium-MWC-
NTs combinations. Initial powder combinations were contained in stainless steel vials
with balls of varying sizes. To prevent the cold welding of powder particles and to
provide energy particles, different-sized balls were used. The titanium powder is pre-
pared by ball milling it with 0.5wt% MWCNTs at 200 rpm for 4 h. Ball mills operating
at a speed of 150 rpm were used to prepare the second batch for 2 h, and solution ball

Flake
Ball
Milling

Ball Milling
of

Ti Powder y

Rolling of
Sintered
sample

Flake A

Dispersion
Analysis

Fig. 5 Fabrication procedure with powder flake metallurgy [30]
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milling was used to create the third batch. Following the creation of powdered mixes,
the SPS method was used for consolidation [31].

Xinjiang et al. reported the microstructural and mechanical characterization of
in situ TiC/Ti titanium matrix composites. For the production of in situ TiC, gra-
phene was used as reinforcement while a novel method was followed in this work for
the mixing of graphene in a titanium matrix. Modified Hummer’s method was used
for producing graphene oxide [32]. A GO solution was made, and pure Ti powder
was added to it, followed by a thorough mixing with a stirrer. The combined slurry
was then air-dried, and to eliminate GO, the dry slurry was immersed in N,H,-H,O
vapor at 90 °C for 4 h. The dry powder mixture was sintered under vacuum in an SPS
machine at 50 MPa pressure, 1200 °C temperature, and 100 °C/min heating rate [33].
The procedure followed for the fabrication of the composite is shown in Fig. 6.

Vacuum arc melting is a method of melting metals in order to create alloys. It is
also employed in the manufacture of in situ composites. Figure 7 depicts the process’s
setup. Heat is generated in this method by an electric arc that forms between tungsten
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electrodes. It has crucibles for melting metals. After evacuating the chamber, argon
gas is filled in this system. As a result, melting takes place in an argon environment.
Rahoma et al. used vacuum arc melting to create Ti-B20 alloy and its metal matrix
composite. In this work, sponge Ti is used as the basic material, and additional alloying
components are combined with it to create Ti-B20 alloy. B,C and graphite were com-
bined and melted using these ingredients to create the composite. To achieve chemical
uniformity, double vacuum remelting was used, and rod-shaped specimens were forged
[34]. Sun et al. produced composites using Til8 as the matrix material and B4C as rein-
forcement. In this work, sponge Ti, B4C, and other alloy constituents were thoroughly
combined and formed as pellets. Following that, the pellets were liquified in a vacuum
arc remelting furnace, and cast ingots were made. These were then forged and rolled into
15-mm-diameter rods [35]. Malek et al. prepared the composite using an arc melting
procedure and employed Ti-35.5Nb-5.7Ta as the matrix and reinforcement materials.
To achieve chemical uniformity, these composite specimens were re-melted eight times.
Through the use of hot forging, homogenized specimens were formed into 14-mm-
diameter cylindrical shapes [36]. In situ TiB-reinforced Ti-1100 matrix composites were
made by Ma et al. According to their weight percentages, the raw materials employed
were titanium, aluminum, zirconium, silicon powder, and Al-Ti and Ti-Sn alloys. Using
a hydraulic press, the raw materials were combined and compressed into bars. The bars
were then heated in a vacuum melting furnace after being welded into electrodes for
melting. Titanium and boron reacting together caused during melting. To achieve chem-
ical homogeneity, the composite was re-melted three times. The composite was then
subjected to thermo-mechanical processing to create samples [37]. The process of melt-
ing materials under vacuum using eddy current is known as vacuum induction melting
(VIM). It has an induction boiler with no center core that is enclosed in a vacuum-filled
chamber. The primary activities in this process are then completed at low pressures in
order to regulate the final product’s characteristics. By using in situ casting, J.P. Qu et al.
created composites using near Ti as the matrix and TiB and Y,0; as reinforcements. The
production of cylindrical ingots with dimensions of 140 mm in diameter and 120 mm
in length employed induction skull melting [38]. B.J. Choi et al. took pure Ti as matrix
and B,C in different proportions as reinforcement to produce in situ titanium compos-
ites using the VIM process. The reaction between matrix and reinforcement is used for
uniform dispersion of the reinforcement and clean interface among reinforcement and
matrix. The molds were prepared by the investment casting process and heated in a fur-
nace to strengthen them. These molds were kept in a vacuum induction melting furnace,
and the elements were poured into the furnace for melting. The reinforcement in vari-
ous sizes and mass fractions was added to the matrix [39]. Bin-Guo FU et al. fabricated
in situ TiB-reinforced titanium alloy by vacuum induction melting. In this work, Ti, Al,
Sn, Zr, Mo, Si, and pure boron powder were taken as raw materials, and the alloy was
fabricated by vacuum induction furnace. The raw materials were compressed into blocks
for effective melting and ensuring low evaporation. Then these blocks were melted in a
vacuum induction furnace, and finally, they were poured into a graphite mold for the
preparation of samples [40]. Fan et al. prepared Ti6Al4V-XB alloys in the form of fibers
using the rapid solidification process. The raw materials Ti6Al4V and TiB, were mixed
and melted in a crucible with heat from a non-consumable tungsten electrode. Then,
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by rapid solidification, this melt was converted into spun fibers. Then these fibers were
fragmented into minute particles and then compacted using hot isostatic pressing pro-
cess at 900 °C. Later these were subjected to forging for further reduction in size and to
produce flat specimens. In this work, they found that at low temperature (<700 °C) heat
treatment before consolidation formed equiaxed TiB particles, and at high-temperature,
needle-like TiB precipitates were formed [41].

Gas atomization is the most familiar method for the production of metallic powders
which is shown in Fig. 8. The feedstock is melted and then forced to flow through a noz-
zle by high-pressure gas. Then the high-velocity gas impinges onto the flowing melt and
it breaks into tiny particles and is collected in the collection chamber. Radhakrishna B.
Bhat et al. produced a Ti-64—1.6B composite with in situ TiB reinforcement using pre-
alloyed powder metallurgy via an inert gas atomization approach. The titanium alloy
matrix atomized along with boron forms TiB needles in the dendritic matrix [42]. D. Hu
et al. prepared TiB-reinforced Ti6Al4V composite using gas atomization followed by a
hot isostatic pressing approach. In this work, Ti6Al4V and TiB, powder were melted in
a plasma melter to form ingots. The ingot was melted in a crucible which was fitted with
a graphite nozzle at the bottom. The melt was then atomized through the nozzle using
Argon jets and then this powder underwent the HIP process to form compacted speci-
mens [43].

The additive manufacturing process is the most advanced process of manufacturing.
In this process, components are prepared by adding material layer by layer. Direct metal
laser sintering (DMLS) process is used for the preparation of both metallic and metal
matrix composites. It is represented in Fig. 9.

Pouzet et al. [44] fabricated titanium metal matrix composites using an additive
manufacturing technique. The raw materials used in this work were Ti6Al4V and B,C,
and these powders were blended for homogenization in a shaker mixer, and the pow-
ders were then melted. Yingbin Hu et al. [45] manufactured in situ TiB-reinforced
Ti composites using laser deposition additive manufacturing. Pure Ti and powders

Gas source
and pump

melt

nozzle

- -
- " A
ey s
EASCS AL X

collection chamber

Fig. 8 Gas atomization process
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were the raw materials, and these materials were mixed well using a ball milling pro-
cess. The composites were manufactured using a laser engineered net shaping (LENS)
machine. During the manufacturing of the composite, the laser beam and powder
mixture were ejected simultaneously onto the substrate workpiece. The laser forms a
melt pool to catch the powders. After that, the laser beam moved to another position
and then the melt pool solidified quickly. According to the design, the composite was
formed layer by layer with the LENS system. The next section discusses the compos-
ites’ strengthening methods and the effect of various ceramics on the characteristics.

Results and discussion

Strengthening mechanisms

The inclusion of reinforcements improves the characteristics of composites. The
researchers explain the causes for this improvement in characteristics using various
strengthening processes. Hall-Petch strengthening, homogenization method, rowan
strengthening, dislocation strengthening, load transfer effect, solid solution strength-
ening, and so on are some of the main mechanisms.

Hall-Petch strengthening (grain refinement)

The strength of TiIMMC:s is determined mostly by the grain size of the matrix mate-
rial. Grain boundaries are the principal impediments to dislocation movement, and
the number of grain boundaries rises with finer grains. The finer the grain size, the
greater the strength [46]. The reinforcement functions as foreign nucleation cata-
lysts during composite preparation, refining the grain size. The following Hall-Petch
Eq. (1) can be used to express the strength obtained by this method,

ky
O'y = 00 + ﬁ (1)

Where oy, is the yield stress, oy is the resistance of the lattice to dislocation motion,
ky is the coefficient of strengthening, and d is the mean diameter of the grain.
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Orowan strengthening

It is the mechanism in which the reinforcement particles restrict the movement of
dislocation when the dislocation interacts with the distributed reinforcement parti-
cles. This mechanism majorly depends on the percentage and size of reinforcement
[47] in the composite and distribution of reinforcement [48, 49]. The strengthening
effect of Orowan is given by the following Eq. (2) [50],

0.8G,,,bM
AoOrowan = ———— (2)

Ly
Where G, is the matrix Shear modulus, b is Burger’s vector value of matrix, M is
Taylor’s factor, and L, is the distance between antiparticles.

Dislocation strengthening

This is mainly due to the thermal expansion coefficient between the matrix and rein-
forcement. Owing to this difference residual stresses are generated in the composite
which increases the strength of the matrix [51]. Li et al. observed the effect of thermal
expansion coefficient mismatch between the Mg alloy and CNTs on the properties [50].

Solid solution strengthening

It is the mechanism in which the strength of the material is increased by introducing
foreign elements into the material. These foreign elements generate local stress fields
which obstruct the movement of dislocations. Small size elements like carbon enter into

the interstitial spaces of the Ti matrix and increase the strength of the composite [52].

Mechanical properties of TiIMMCs

Titanium MMCs outperform typical titanium alloys in terms of mechanical charac-
teristics such as tensile strength, creep resistance, wear resistance, fatigue resistance,
and so on. This paper discusses the work on the investigation of changes in mechani-
cal properties caused by the addition of reinforcements. Munir et al. examined the
effect of MWCNT addition on the properties of pure titanium. In this work, titanium
composites are prepared in three batches with 0.5 wt% MWCNTs using HEBM and
SPS process at a sintering temperature of 800 °C and 900 °C. The compressive yield
strength of batch 1 composite which sintered at 800 °C showed a 39% increase than
CP-Ti compact. The compressive strength of batch 2 was 14% lower than batch 1 and
that of batch 3 was 43% greater than CP-Ti. Compared to CP-Ti, the nano-hardness
and modulus of elasticity of batch 1 samples increased by 155% and 55%, respec-
tively. The enhancement in nano hardness and modulus of elasticity were less in the
case of batches 2 and 3 compared to batch 1 owing to the existence and scattering
of TiC nanorods in the Ti matrix. In the case of wear resistance, batch 1 and batch
3 showed enhancement in wear resistance compared to batch 2 and CP-Ti, and the
yield strength of batch 3 was greater than batches 1 and 2 and pure CP-Ti [31]. Kon-
doh et al. discussed the impact of CNTs on the properties of titanium. In this work,
they identified an increment in the mean values of tensile strength, yield strength,
and hardness as the CNT content increases in the composite, and remarkable
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improvement was observed at 0.35Wt% of CNTs. The scattering of unbundled CNTs
and in situ formation of TiC particles were the main reasons for an increase in the
properties [29]. Li et al. investigated the impact of carbon tubes and graphite addition
on the properties of titanium. As the content of VGCF in the Ti-composite increases
from O to 0.4 wt%, the UTS and YS of the composite increase. The 0.4 wt% Ti-VGCF
composite showed an 11.36% increment in UTS and a 40.21% increment in YS com-
pared to CP-Ti. As compared to the Ti-VGCF composite, the Ti-Gr composite showed
a slower increase in properties with the Gr amount increased from 0 to 0.4 wt%. The
Ti-0.4 Gr specimens showed a 15.6% improvement in UTS and a 30.5% enhancement
in YS compared to CP-Ti specimens. In this study, they observed that VGCF is a more
effective reinforcement than Gr to improve the properties [52]. Sergey et al. described
the changes in internal and external characteristics of TIMMCs owing to forming
(rolling) operation at high temperatures. A cup mill is used to mix the powders of Ti,
Mo, and TiB, powders in different proportions, and the SPS process is used to pre-
pare the composite specimens Figs. 10 and 11.

Hot rolling is executed on the specimens at 1273 K until the thickness is reduced to
55%. In the matrix, the grains are subjected to elongation of metal flow direction due
to hot forming. The elongated TiB particles are aligned in the direction of forming and
produce secondary cracks.

Gorsse et al. investigated the highly suitable reinforcement of titanium and its alloys.
They identified TiB as the most suitable reinforcement due to the similarity of its prop-
erties with titanium and they observed an improvement in the hardness value with 20
vol% TiB addition [11]. Sabahi et al. described the effect of TiB, characteristics of tita-
nium. The hardness increased by 19% with 2.4 wt% TiB, addition compared to titanium.

The composite showed greater ultimate strength than titanium owing to good interface

Fig. 10 Microstructure of Ti15Mo MMC at initial stage taken from Sergey et al. [53]
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Fig. 11 a SEMimage of microstructure of Ti-15Mo/TiB, MMC after rolling. b SEM image of cracks in TiB after
rolling operation Sergey et al. [53]

Fig. 12 SEM fracture microstructures of TIMMCs at 300 °C (a),560 °C (b), and 650 °C (c) taken from Song W
etal. [57]

bonding and load transfer between matrix and reinforcement [54]. Moradi et al. fabri-
cated a Ti-6Al-4 V/B,C composite through a vacuum plasma spray process to investigate
its mechanical properties. The composite exhibited a 135% enhancement in microhard-
ness and a 177% improvement in flexural strength [55]. Ota et al. discussed the impact of
TiC or B,C on the mechanical and wear properties of Ti6Al4V. They identified a reduc-
tion in relative density with an increasing proportion of TiC in the composite due to the
formation of voids in TiC aggregates and Vickers hardness increased with an increase
in TiC proportion. They observed void formation when the volume percentage of B,C
exceeds 9.9% and the relative density decreased due to this while hardness increased in
proportion to B,C quantity. The tensile strength was found maximum at 1.7vol% B,C
and then it was reduced with further addition of B,C. The elongation of both composites
was reduced with an increase in reinforcement percentage, and the wear resistance B,C/
Ti6Al4V was higher compared with TiC/Ti6Al4V [56]. In this work, Ti alloy reinforced
with TiC is produced with a pre-treatment melt process. The quasi-static tensile tests
with a constant strain rate are conducted in between temperatures ranging from 300 to
650 °C. The plastic behavior of the composite improved to the enhancement in tempera-
ture shows in Fig. 12 [57].

Gupta et al. described the influence of B,C and CBN on the microhardness and
wear of Ti6Al4V. The microhardness of the developed structure improved through
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an enhancement in B,C percentage in the composite owing to intermetallic com-
pound formation. The friction coefficient reduces with an increase in B,C and CBN
also plays a vital role in increasing hardness and decreasing the coefficient of fric-
tion by forming intermetallic compounds [58]. Chaudhari et al. discussed the effect
of TiC/TiB in situ reinforcement on the properties of Ti4Al2Fe alloy. TiC formed on
the surface of the Ti4Al2Fe/TiB composite due to graphite and Ti interfacial reac-
tion. The hardness of the Ti4Al2Fe/TiC/TiB hybrid composite was higher compared
to the Ti4Al2Fe/TiB composite owing to the high hardness surface layer of TiC. The
wear resistance and elastic modulus of the hybrid composite were greater compared
to the composite without the TiC layer [59]. Kobayashi et al. evaluated the impact of
TiB fine dispersion on the characteristics of Ti6Al4V. The compressive strength and
hardness of the composite improved in proportion to the boride amount owing to
the development of TiB. The composite wear resistance is enhanced with the amount
of TiB but it showed maximum wear resistance with the mixing of MoB [60]. Feng
et al. described the impact of sintering temperature on in situ TiB formation and its
effect on properties. The composites are sintered at three distinct temperatures, i.e.,
800 °C, 1000 °C, and 1200 °C. From this study, they found that the composite material
sintered at 1000 °C has greater flexural strength, relative density, and Young’s modu-
lus due to favorable interfacial fusing between TiB and Ti while its fracture tough-
ness was moderate [61]. Gorsseet al. discussed the mechanical behavior of Ti6Al4V/
TiB composites. The elastic modulus of the composite improves with an enhance-
ment in the volume percent of TiB. It is increased by 54% and 83% with 20 vol% TiB
and 40 vol% TiB compared to Ti6Al4V [62]. Atri et al. compared the dynamic elas-
tic properties of Ti-TiB composites with tensile test properties, and they observed a
maximum difference of 8% between the elastic modulus data. With an increase in TiB

vol%, the dynamic elastic, shear moduli increase while Poison’s ratio decreases [63].
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Kurita et al. described the impact of various percentages (0, 7.5, 10, 12.5 vol %) of TiB,
whisker reinforcement on the tensile properties. Figure 13 shows the involvement of
TiB, percentage on the tensile properties of Ti6Al4V composites.

Cao et al. described the impact of 0.5wt% graphene nanoflakes on Ti6Al4V proper-
ties. In this study, they identified an impressive increase in the properties with low
change in ductility. The ultimate tensile strength elastic modulus and yield strength
of the composite were enhanced by 12.3%,14.6%, and 20.1% respectively than unre-
inforced titanium [65]. The composite foams are prepared using various mixtures of
pure Ti, SiC, and TiH,. The percentage of SiC varies from 0 to 1.5wt% and that of
TiH, varies from 5 to 15wt%. These mixtures are made into specimens using the PM
method. Figure 14 shows the microstructure of the foams sintered at 1323 K.

The porosity of foams varies from 57 to 70 vol % and 20-150 um pore size range,
and they show a compressive strength of 14.4 to 32.3 MPa [66]. Decker et al. devel-
oped a Ti-6242 composite reinforced with y-TiAl-TNM for high-temperature
applications. With the addition of reinforcement, the fatigue strength increased by
100 MPa compared to Ti-6242 [67]. Many methods are used to enhance the strength
at the cost of ductility of alloys, but improving the strength with improvement in
ductility is desirable. Huang et al. developed Ti6Al4V composites with high ductil-
ity and tensile strength by reinforcing the alloy with B,C. In this work, they prepared
a novel 3D woven structure of TiB nanowires in the composite using a novel pro-
duction approach which resulted in good mechanical properties with good ductil-
ity [25]. H.K.S. Rahoma et al. described the influence of heat treatment and aging
temperatures on the properties of Ti-B20 reinforced with TiB + TiC whiskers. With
the formation of TiB + TiC whiskers in the composite, Young’s modulus increased
to 120£5 GPa. When 500 °C was the aging temperature, the YS and UTS reached
1500 MPa and 1625 MPa, respectively, while ductility was only 7%. With 570 °C as
the temperature of aging, the YS and UTS increased to 1300 MPa and 1500 MPa with
13% ductility [34]. In this investigation, they observed an increase in ductility with
an improvement in aging temperature. Sun Shuyu et al. describe the involvement of
in situ reinforcement traces on the internal structure of TC18 composite. The refine-
ment of the microstructure was reduced with an enhancement in the reinforcement

Fig. 14 SEM images of Ti composite foams (a) with 1.5 wt% of SiC (b) 0.5wt% of SiC adopted from Edalati
et al. [66]
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Table 1 Tensile properties of titanium composites

Matrix and Fabrication  Young's Yield UTS Elongation  Reference
reinforcement method modulus strength (MPa) (%)
material (GPa) (MPa)
Ti6Al4V+gra-  HIP+F 12542 1021£2 105843 93+03 (68]
phene
Ti+MWCNT HEBM+SPS  164.37£5.28 1028.00 - - [31]
(0.5W1t%) SBM + SPS 134.774+16.14  1056.00
Ti+MWCNT SPS+HE — 697 754 348 [29]
(0.35W1%)
CPTi+gra- SPS+HE — 542 696 273 (69]
phene or CNT 04 wt% Gr) (0.4 wt% Gr)
Ti+TiB, SPS — — 485+9 8.67+0.11 [54]
TieAI4V+TiC/  SPS -— —-— 1058 (TiC) — [70]
B,C 1095 (8,0)
Ti+TiC/TiB C+F 1126.07 121240 596 [71]
Ti4+TiC/TiB C 139.84+29(RT) 1076+21.2 114394194 (RT) 094+£0.14 [72]
(RT) 627.5+16.7(650) (RT)
5824+124 32140.66
(650) (650)
Ti+ carbon HP 118 380 580 — [73]
fibers
Ti+TiB TMP -— — 950 (823 K) —-— (37]
880 (923 K)
Ti+TiB SPS 137 — -— — [74]
Ti+TiB2 SPS — — 485+9 8.67+0.11 [54]

traces owing to the Zener dragging force of the reinforcement [35]. Table 1 gives the
information about the properties of various TIMMC:s.

Tribological characteristics of TIMMCs

Titanium alloys have a high strength-to-weight ratio, biocompatibility along with good
mechanical properties but they possess very poor tribological properties. Owing to these
poor tribological properties, these alloys are restricted to use in high-wear condition appli-
cations unless they are protected with coatings. In recent years, huge research has been car-
ried out to overcome these limitations. The titanium MMC resistance to wear depends on
many factors such as the velocity of sliding, sliding distance, load, properties of material,
and environmental conditions. Many researchers investigated to find the factors which have
the most influence on the wear characteristics of titanium alloys and its composites. Some
of the researchers concentrated on the study of the sliding velocity effect on wear resist-
ance. Straffelini et al. examined the influence of sliding velocity in the range of 0.3-0.8 m/s
on the Ti6bAl4V wear resistance. In this work, they have identified that with the enhance-
ment in speed, the wear rate first decreased and then increased [75]. Qiu et al. described
the wear characteristics of Ti6Al4V alloy by varying sliding velocity between 30 and 70 m/s,
and they found that the alloy’s wear rate increased with the sliding velocity. As the sliding
velocity increased, the temperature also increased which showed its effect on the friction
coefficient, i.e., with the enhancement in temperature the friction coefficient enhanced first
and then decreased. Owing to the wear on the titanium alloy surface, oxides like TiO, TiO,,
and V,0; are formed on the surfaces which exposed to wear. These oxide layers were not
adhered to the worn surface and influenced the alloy resistance to wear [76, 77]. Rigney
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concluded that the metallic alloy sliding wear can be explained by the succeeding phenom-
ena, ie., plastic deformation of surface and sub-surface and debris formation and envi-
ronmental reaction with material [78]. Chelliah and Kailas evaluated the impact of sliding
velocity and surroundings on the wear resistance of titanium. They have carried out tribo-
logical tests by varying sliding velocities from 0.01 to 1.4 m/s under vacuum and ambient
conditions. The wear rate and friction coefficient reduced first and then increased with slid-
ing velocity increase due to the oxidation on the worn surfaces and strain rate [79]. Li et al.
studied the tribological properties dependence on the velocities of sliding between 0.5 and
4 m/s. They have evaluated the tribo oxide layer which is induced by speed and mechanism
of wear. With the increase in velocity of sliding from 0.5 to 4 m/s, the wear rate reduced first
and then reached a maximum at 2.68 m/s, and again reduced to the lowest value at 4 m/s.
Along with sliding velocity, the wear rate is also influenced by applied load. Owing to the
change in velocity of sliding from 0.5 to 4 m/s, the coefficient of friction decreased first and
reached the lowest value at 1.5 m/s and then reached to maximum value at 2.68 m/s and
again decreased. With the enhancement in applied load, the wear rate also increased and
the friction coefficient decreased. From this work, it is concluded that the tribo oxides and
tribo oxide layer characteristics at different velocities lead to changes in the wear behav-
ior of the alloy [80]. Generally, on worn surfaces, the tribo oxides and layers are formed.
The oxygen and debris of wear during sliding of alloys produced tribo oxides and then wear
debris and tribo oxides formed tribo layers. The tribo layers are also called mechanically
mixed layers [81]. Owing to the protective shielding formed by tribo oxides on the tita-
nium alloy surfaces, the wear resistance at high temperature was improved [82, 83]. Zhang
et al. investigated the tribo oxides’ protective role by conducting a double sliding test, i.e.,
the test which is performed at elevated temperature and then at ambient conditions [84].
One of the methods to enhance the titanium alloy’s resistance to wear was adding rein-
forcements which have excellent hardness and elastic modulus. Recently, a great amount
of research has been going on in the development of titanium composites to enhance the
titanium alloy’s resistance to wear. However, the composites lose its wear resistance at high
load conditions owing to fragmentation of reinforcements. Kim and Choi et al. produced
Ti6Al4V/(TiC+TiB) composites using the investment casting process and they exam-
ined the influence of reinforcement percentage upon the wear resistance. From this study,
they show that with the enhancement in the amount of reinforcement, the wear loss of the
composite decreases [85]. Due to the higher hardness, the Ti/TiB composites have more
resistance to wear compared to pure Ti and its alloys. Thermal oxidation is an effortless
and cost-effective process which is utilized to improve the wear resistance of titanium and
its alloys. Owing to this method, an oxide layer with high thickness is formed on the alloy
surface which enhances the tribological properties. Dalili et al. investigated thermal oxida-
tion treatment influence on the wear resistance of Ti6Al4V composite with reinforcement
of 10 vol% TiC. From this study, they have concluded that the thermal oxidation treatment
notably improves the wear resistance of the titanium composites. It exhibits different wear
characteristics at low and high load conditions. At low loads, the composite samples show a
negative wear rate due to the material transfer from the counter face to the composite sam-
ples. At high loads, the wear rate of the composite sample increased than that of Ti6Al4V
alloy due to delamination by subsurface crack nucleation and growth [86].Surface coating
is another inexpensive method which is applied to improve the wear resistance of Ti alloys.



Ammisetti et al. Journal of Engineering and Applied Science (2024) 71:60 Page 19 of 23

Laser cladding is a surface coating technique which uses laser source for cladding the com-
posite layer by layer on the surface. The main drawback of laser cladding process was its
high cracking susceptibility due to high phase transformation stress [87]. To retrench the
cracking susceptibility of layers, several techniques are developed such as substrate preheat-
ing [88] and alloy powder exploitation [89]. Ceramics are also employed in the surface coat-
ings. The coatings reinforced with the ceramics exhibit high wear resistance due to the high

hardness of ceramics.

Future scope of TIMMCs

In recent years, the importance of composites has increased in various applications
based on the requirements. Based on different fabrication methods and post pro-
cessing routes, a number of researchers read the properties of TIMMCs with various

types of reinforcements of various sizes.

o Although titanium has a good combination of properties, its wear resistance is less.
So research can be done to increase the wear resistance of TIMMCs.

o Research on fatigue properties, creep properties, and oxidation resistance of TiM-
MCs can be done. Research on non-conventional machining of TIMMCs to optimize
the machining parameters can be carried out.

o Uniform distribution of reinforcement in the Ti matrix is an important task in the
development of TIMMCs, so new methods can be developed for controlling the dis-
tribution.

o Different grain refinement methods can be employed for controlling the grain size
and to examine their effect on the properties of TIMMCs.

o From the literature, it is observed that the size of reinforcement also plays a vital role
in enhancing the properties of composites. Research on nanocomposites to examine
the effect of these nano reinforcements on the properties can be done.

o The fabrication methods employed for the TIMMCs are costly, so the development of
new methods which is less expensive can be carried out.

Conclusions

This article presents various reinforcements and methods used for the fabrication of
titanium composites. From this paper, it was clear that the interest in developing tita-
nium metal matrix composites is growing faster. Various reinforcements are used for
developing composites, but the selection of reinforcement should be based on desirable
properties to be developed in the MMCs. Despite extensive research, there is still room
for growth in the use of TMCs in the automotive and aerospace industries by improving
its processing and behavior characteristics. Therefore, there is a need for more in-depth
research on TMC processing. The following conclusions are drawn from this study:

+ Among all of the production methods mentioned in this study, the composites made
by PM demonstrated superior characteristics due to in situ formation and uniform

reinforcement distribution.
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« According to the literature, ex situ processing of composites yielded lower properties
as compared to in situ processing MMCs.

+ This study reported that the addition of reinforcement to a composite increases its
mechanical characteristics over an unreinforced alloy. The uniform dispersion of the
reinforcement is also a major component in increasing the characteristics.

«+ The tribological properties of the Ti MMCs improved through the inclusion of the
reinforcements (boron, graphene, CNTs, etc.)

«+ In conclusion, considering the superior properties of composites, cost-effective fabri-
cation methods have to be evolved to improve the application of composites further.

Abbreviations

Ti Titanium
HIP Hot isostatic pressing
MMC Metal matrix composite

HEBM High energy ball milling
TiIMMC Titanium metal matrix composite

SBM Secondary ball milling

SPS Spark plasma sintering
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PM Powder metallurgy

HP Hot pressing

GNF Graphene nanoflakes

SLM Selective laser melting
DMLS Direct metal laser sintering
CNT Carbon nanotube

MWCNT  Multi-wall carbon nanotube
T™MP Thermo mechanical processing
C Casting

YS Yield strength

urs Ultimate tensile strength
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