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Abstract

Titanium matrix composites reinforced with carbon nanotubes (CNTs) have attracted signif-
icant attention due to their potential to overcome the inherent limitations of titanium alloys
in hardness, wear resistance, and strength–toughness balance. With the rapid development
of additive manufacturing (AM) technologies, the integration of CNT reinforcements into
titanium matrices provides new opportunities for fabricating high-performance lightweight
components. This review systematically summarizes recent progress in the preparation and
application of CNT-reinforced titanium matrix composites for AM. Key powder preparation
strategies, including mechanical mixing, chemical coating, and in situ growth methods, are
critically compared in terms of CNT dispersion uniformity, structural integrity preservation,
powder flowability, and process compatibility. The influence of CNT incorporation on
AM behavior and final material performance is discussed, with particular emphasis on
multiscale strengthening mechanisms such as enhanced laser absorption, load transfer
effects, grain refinement, and dispersion strengthening induced by TiC formation. Current
challenges mainly involve achieving homogeneous CNT distribution, controlling interfacial
reactions, and balancing dispersion efficiency with structural damage. Future research
directions are proposed, focusing on advanced powder engineering techniques, interface
regulation strategies, and deeper understanding of the relationships between processing
parameters, microstructure evolution, and mechanical properties. This work provides a
comprehensive reference for the design and fabrication of next-generation CNT-reinforced
titanium-based materials.

Keywords: additive manufacturing; titanium matrix composites; carbon nanotubes;
composite powders

1. Introduction
As an important structural material, titanium alloys exhibit excellent properties, in-

cluding corrosion resistance [1], low density [2], high fatigue resistance [3], and a favorable
strength level, and are therefore widely used in the medical [4], aerospace [5], automo-
tive [6], and defense [7] fields. However, their relatively low hardness, as well as insufficient
wear resistance, heat resistance, and strength–toughness balance, limit their application in
certain demanding environments [8]. To meet the stringent performance requirements im-
posed by service conditions, titanium matrix composites (TMCs) have become an important
research focus [9]. By introducing high-performance second-phase reinforcements, such
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as particles, whiskers, or fibers, into titanium and its alloy matrices, TMCs combine the
advantages of both the matrix and the reinforcement phases [10,11], providing an effective
approach for enhancing the overall performance of titanium alloys.

At present, a variety of fabrication techniques have been developed for TMCs [12,13].
However, conventional methods such as powder metallurgy and in situ casting suffer
from challenges including high interfacial reactivity and poor wettability of the matrix [14].
Excessive interfacial reactions can lead to the formation of cracks or pores, which may
result in premature failure of the composites under tensile loading. Current strategies to
mitigate these issues mainly involve the adoption of AM technologies [15,16]. Components
produced by AM generally exhibit significantly superior properties compared with those of
conventional castings, while enabling personalized design and minimizing material waste.
As a result, AM provides an effective approach to overcoming the limitations of traditional
fabrication methods in the production of TMCs [17].

Carbon-based nanomaterials, such as carbon nanotubes (CNTs) and graphene (Gr),
have been extensively investigated as potential reinforcements in polymer- and metal-
matrix composite systems owing to their outstanding properties [18,19]. Among them,
CNTs have been successfully employed to reinforce metal matrices [20–22], leading to
significant improvements in the overall performance of the resulting composites. Using
this approach, reinforcement in CNT-reinforced metal matrices can be achieved through
the in situ formation of TiC as well as the retention of the intrinsic CNT structure. Experi-
mental results indicate that both the tensile strength and yield strength of the composites
are enhanced [23,24], and CNT-reinforced TMCs are therefore suitable for a wide range
of applications in the automotive, aerospace, and industrial sectors. Despite the many
advantages of CNTs as reinforcements in TMCs [25], several persistent challenges remain
that must be addressed to fully optimize their performance. One of the primary challenges
is the non-uniform distribution of CNTs and their strong tendency to agglomerate. This
dispersion issue is mainly attributed to the large differences in surface tension and mass
density between the metal matrix and CNTs, making it particularly difficult to achieve a
homogeneous dispersion of CNTs within the titanium matrix [26].

For additively manufactured TMCs, the spherical morphology and flowability of
powders play a critical role in determining the quality of the fabricated components [27].
To avoid the separation of reinforcements from the matrix, powder mixing is commonly
employed to prepare composite powders. Conventional blending and ball milling are the
most widely used approaches [28]. However, for carbon nanotubes, which exhibit strong
van der Waals interactions [29], agglomeration remains difficult to eliminate. Moreover,
harsh ball-milling conditions can damage powder sphericity and introduce structural de-
fects into CNTs [30], resulting in the loss of their unique properties and thereby severely
degrading composite performance. Therefore, achieving a uniform dispersion of CNTs
within titanium matrix powders while preserving their structural integrity, and simultane-
ously producing composite powders that meet the stringent requirements of AM processes,
remains a central research focus in the field of TMCs.

Although a number of reviews have summarized the processing routes, microstruc-
tural characteristics, and mechanical properties of CNT-reinforced metal matrix composites,
most of them primarily focus on conventional fabrication methods such as powder metal-
lurgy and casting. In contrast, the unique characteristics of additively manufactured TMCs,
particularly those related to powder engineering, laser–material interaction, and rapid
solidification behavior, have received comparatively limited attention. In AM processes,
the dispersion state of CNTs within spherical powders, their influence on laser energy
absorption and coupling, and the interfacial reactions occurring under rapid thermal cy-
cles play critical roles in determining the microstructure and properties of the resulting
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composites. Therefore, this review provides a comprehensive overview of CNT-reinforced
TMCs from the perspective of AM, with particular emphasis on powder preparation strate-
gies, CNT dispersion mechanisms, processing behavior, and the resulting microstructural
evolution and mechanical performance. The aim is to provide a systematic framework for
understanding and optimizing CNT-reinforced titanium composites for AM applications.

2. Carbon Nanotube
2.1. Introduction of Carbon Nanotubes

When carbon atoms are bonded to three neighboring carbon atoms via C–C bonds
in an sp2 hybridization configuration [31], one of the most stable chemical bonding forms
in nature is formed, resulting in a planar honeycomb network known as single-layer
graphene. Structurally, carbon nanotubes (CNTs) can be regarded as one-dimensional
nanomaterials formed by rolling a graphene sheet into a closed tubular structure along a
specific chiral vector direction [32,33]. According to the number of concentric graphene
walls, CNTs are classified into single-walled carbon nanotubes (SWCNTs), double-walled
carbon nanotubes (DWCNTs) and multi-walled carbon nanotubes (MWCNTs) [34,35], as
illustrated in Figure 1c.

 

Figure 1. (a) Chirality of Carbon Nanotubes. (b) Three Types of Carbon Nanotubes (c) Types of
Carbon Nanotubes (Adapted from Ref. [36]).

In addition, the atomic structure of CNTs can be described by their chirality, which

is defined by the chiral vector
→
Ch and the chiral angle θ [37], as shown in Figure 1a.

Conceptually, a CNT can be formed by cutting a graphene sheet along the dashed line and
rolling it such that the tip of the chiral vector coincides with its tail. The chiral vector, also
referred to as the roll-up vector, can be expressed by the following equation [38]:

→
Ch = n

→
a1 + m

→
a2 (1)

Here,
→
a1 and

→
a2 are the unit vectors of the graphene lattice, while (n) and (m) are the chi-

ral indices, which denote the number of translational steps along the zigzag carbon–carbon
bonds of the hexagonal lattice. The values of (n) and (m) describe how a graphene sheet is
rolled along a specific direction to form a carbon nanotube. Different combinations of the
chiral indices give rise to three main types of carbon nanotubes, as shown in Figure 1b. The
chirality of CNTs has a pronounced influence on their electronic, optical, and mechanical
properties [39]. CNTs with small diameters and armchair configurations exhibit the highest
tensile strength [40]. By controlling CNT chirality, materials with tailored properties can
therefore be engineered. Carbon nanotubes are highly defect-sensitive materials [41], and
any type of defects or impurities can adversely affect their mechanical behavior, leading
to reduced stiffness and structural stability [42]. Consequently, preserving structural in-
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tegrity and minimizing defects are essential for maintaining the superior properties of
CNTs. Raman spectroscopy is one of the primary techniques for characterizing graphitic
carbon materials [43,44]. Owing to its high sensitivity to carbon defects, it has been widely
employed to assess the structural integrity of CNTs in composite materials.

Owing to their unique atomic structure and nanoscale morphology, CNTs exhibit
exceptional physical and mechanical properties. They possess an extremely high tensile
strength of up to ~100 GPa and an elastic modulus of approximately 1 TPa, while their
density (1.7–2.1 g cm−3) is only about one-sixth that of steel, making CNTs widely rec-
ognized as materials with the highest specific strength and specific stiffness to date. In
addition, CNTs display outstanding physical properties, including excellent thermal and
electrical conductivities. Their thermal conductivity at room temperature can reach as
high as 3000 W m−1 K−1 [45], and their electrical conductivity is comparable to that of dia-
mond and sapphire [46]. Under certain conditions, CNTs also exhibit photoluminescence
behavior [47] and favorable electromagnetic wave absorption capability [48], enabling
potential applications in field emission materials, military stealth technologies, energy
storage, and electromagnetic wave absorption [49]. Consequently, CNTs are regarded as
ideal reinforcements for composite materials, and in recent years, the incorporation of
CNTs into polymer-, ceramic-, and metal-matrix composites has become a major research
focus.

2.2. Limitations of CNTs in Additively Manufactured TMCs

Owing to their unique atomic Despite their outstanding intrinsic strength, stiffness,
and multifunctional properties, CNTs remain highly promising reinforcements for addi-
tively manufactured TMCs. However, their effective utilization in AM depends strongly
on how they are introduced into titanium alloy powders and how well their dispersion
state and structural integrity can be preserved throughout processing. Zhou et al. [50]
investigated CNT-decorated Ti6Al4V powders fabricated by electrostatic self-assembly and
showed that CNT addition not only modified powder characteristics and 3D printability,
but also influenced the subsequent microstructure evolution during laser powder bed
fusion. This finding indicates that CNT incorporation directly affects both process stability
and the final material response. A key challenge arises from the strong tendency of CNTs to
agglomerate because of their high aspect ratio, large specific surface area, and pronounced
van der Waals attraction. In AM systems, such agglomeration can lead to local carbon
enrichment, non-uniform powder spreading, and heterogeneous laser energy absorption,
thereby increasing the likelihood of porosity and lack-of-fusion defects. This interpretation
is consistent with the broader analysis of Fang et al. [16], who emphasized that defects
such as balling, porosity, and cracking in selective laser melting of TMCs are closely related
to the combined effects of reinforcement characteristics and processing parameters. The
introduction of CNTs may also alter local absorptivity, wettability, and melt-pool flow be-
havior, making the continuity of the molten track more sensitive to process conditions. As
a result, melt-track instability and surface discontinuity become more likely when powder
characteristics and laser parameters are not properly matched. Fang et al. [16] further noted
that balling and porosity in SLM-fabricated TMCs should not be regarded as defects caused
solely by inappropriate parameters, but rather as manifestations of the coupled interaction
between reinforcement-induced material heterogeneity and melt-pool dynamics. This fur-
ther highlight that CNT addition cannot be treated as a simple compositional modification,
but must be accompanied by suitable powder design and process optimization.

Another important concern is residual-stress accumulation. Xiao et al. [51] showed,
through finite-element analysis of selective laser melted Ti6Al4V, that residual stress is
highly sensitive to process parameters because of the steep thermal gradients and repeated
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thermal cycling inherent to the process. In CNT-reinforced systems, this issue may become
even more complex, since the thermal expansion mismatch among CNTs, TiC reaction prod-
ucts, and the titanium matrix can further intensify local stress concentration, particularly
in regions with microstructural heterogeneity. Related studies on Ti6Al4V produced by
selective laser melting have also demonstrated a clear correlation between processing con-
ditions and porosity, indicating that thermal history, stress evolution, and defect formation
are closely coupled during AM.

The structural retention of CNTs under laser irradiation must likewise be considered
carefully. Aboulkhair et al. [52] demonstrated that CNTs in laser-processed metal matrix
composites can undergo significant structural and metallurgical evolution under laser
exposure, including reaction-induced transformation and changes in their retained mor-
phology. Although that study was conducted in an Al-based system, it clearly illustrates
that CNTs should not be assumed to remain structurally unchanged under high-energy
laser irradiation. For CNT-reinforced titanium systems, this suggests that excessive laser
input may not only reduce the retained reinforcing contribution of CNTs, but may also
accelerate interfacial reaction and carbide formation.

Overall, these AM-specific challenges do not diminish the potential of CNTs as rein-
forcements, but they clearly show that their actual strengthening effect is highly dependent
on the incorporation route and subsequent process control. Therefore, the key issue is not
simply whether CNTs are added, but how they are introduced, distributed, and retained in
titanium alloy powders prior to AM. From this perspective, the development and compari-
son of different powder preparation and coating strategies become essential for realizing
the full reinforcing potential of CNTs in TMCs.

3. Preparation Methods of TMCs Powders
3.1. Mechanical Mixing Method

Ball milling is a processing technique in which materials are subjected to impact,
friction, and shear forces generated by grinding media inside a rotating chamber, thereby
achieving particle refinement or homogeneous mixing. Its fundamental principle lies in
converting mechanical energy into particle fracture energy to accomplish comminution,
mixing, or mechanical activation, and it has also been widely employed for mixing carbon
nanotubes with metal matrices [26]. Ball milling methods for preparing CTMs include low-
energy ball milling, high-energy ball milling, wet ball milling, and plasma ball milling [53].
Zhuang et al. [54] investigated the effect of milling time on the dispersion behavior of
CNTs in Ti6Al4V matrix powders using planetary ball milling. When the milling time
ranged from 0 to 2 h, CNTs remained in an agglomerated, clustered state. This behavior is
attributed to the extremely high aspect ratio and large specific surface area of CNTs, which
allow extensive close contact between adjacent nanotubes through numerous carbon atoms,
resulting in strong van der Waals interactions and poor dispersibility [55]. When the milling
time was increased to over 4 h, the dispersion of CNTs was improved. However, prolonged
milling led to deformation and exfoliation of some Ti6Al4V powders. Experimental results
indicate that extending the milling time can enhance CNT dispersion, but the accompanying
increase in impact energy induces powder deformation and peeling [56,57]. Composite
powders with poor sphericity and a broad particle size distribution exhibit reduced laser
absorptivity, which in turn adversely affects the final AM quality.

Studies have shown that high-energy ball milling, which provides greater energy
input, is an effective method for dispersing carbon nanomaterials within metal matri-
ces [58–60]. As shown in Figure 2, Yan et al. [61] employed three ball-milling methods
with different energy levels to disperse graphene into aluminum powder and Ti6Al4V
composite powders, achieving satisfactory results. Accordingly, Munir et al. [62] employed
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high-energy ball milling (Retsch PM 400, Retsch, Haan, Germany) to process mixed pow-
ders of MWCNTs and Ti, with the impact power quantified as 20.38 W. However, the
dispersion of MWCNTs was only moderate, and severe structural damage to the nanotubes
was observed. To identify a ball-milling strategy with more suitable impact energy, Okoro
et al. [63] investigated the use of low-energy ball milling (Retsch PM 100, Retsch, Haan,
Germany). Their results demonstrated that low-energy ball milling is a feasible method for
dispersing MWCNTs in Ti6Al4V matrix [64], enabling relatively uniform distribution of
MWCNTs while inducing minimal structural damage. Subsequently, Okoro et al. [65,66]
explored a variable-speed ball-milling technique by combining low-speed and high-speed
milling to fabricate MWCNT-reinforced Ti6Al4V composite powders. The first batch was
processed by low-energy ball milling for 6 h followed by high-energy ball milling for 1 h,
while the second batch underwent low-energy ball milling for 8 h followed by high-energy
ball milling for 1 h. During low-energy ball milling, insufficient impact energy applied to
the powders led to agglomeration between MWCNTs and the matrix powders. In contrast,
the subsequent 1 h of high-energy ball milling provided higher impact energy, resulting in
good interfacial bonding between MWCNTs and Ti6Al4V powders. Transmission electron
microscopy (TEM) and Raman spectroscopy results further confirmed that this processing
route did not introduce crystalline defects into the MWCNTs, and the nanotubes retained a
well-preserved morphology.

 
Figure 2. Schematic diagram of the fabrication of composite powders: (a) starting materials; (b) rock-
ing milling; (c) planetary BM; (d) 3D BM (Adapted from Ref. [61]).

Wet mixing has also been demonstrated to be an effective approach for dispersing
CNTs in non-ferrous metal matrices [67–70]. Chen et al. [71] first ultrasonically dispersed
CNTs in an ethanol solution to obtain a homogeneous CNT suspension, after which Ti
powders were added and further ultrasonically dispersed. The resulting mixture was then
dried and ground to produce uniform Ti–0.2 wt.% CNT composite powders. Xie et al. [72]
found through comparative experiments that ultrasonic homogenization in an aqueous
medium can achieve better dispersion of CNTs, as illustrated in Figure 3a–c. Similarly, An
et al. [73] did not observe significant CNT agglomeration in their experiments, and the
dispersion morphology shown in Figure 3d,e indicates that ultrasonic stirring can enable
relatively uniform distribution of CNTs. Li et al. [74] compared different dispersion meth-
ods and investigated their effects on the machinability of TMCs fabricated by spark plasma
sintering. Solution ball milling was found to yield TMCs with the lowest surface roughness
and fewer pores and scratches. In addition, several novel mixing strategies based on new
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principles have been explored for the dispersion of graphene in metal powders. Chen
et al. [75] successfully fabricated graphene-uniformly dispersed K418 nickel-based superal-
loy composite powders using a plasma-assisted ball-milling technique. Although part of
the K418 powder was damaged during processing, graphene was uniformly distributed on
the surface of the metal powders. Subsequent experiments confirmed that the resulting
composite powders were suitable for AM and exhibited superior properties compared
with the as-received metal powders. Furthermore, Dong et al. [76,77] employed plasma
ball milling to prepare graphene-reinforced copper matrix composites, achieving more
than a twofold reduction in processing time, a 50% decrease in graphene damage, and a
30% increase in reinforcement efficiency. These results demonstrate that plasma-assisted
ball-milling technology holds substantial potential for the fabrication of CNT-reinforced
TMCs powders.

 
Figure 3. (a) Principle of the direct ultrasonic homogenization (b) Principle of the water-mediated ul-
trasonic homogenization (c) Principle of vacuum high-speed rotation homogenization (Adapted with
permission from Ref. [72]. Copyright 2025, Elsevier). (d,e) SEM images with different magnification
of Ti alloy-CNT powder with 3 vol.% CNTs (Adapted from Ref. [73]).

In summary, the mechanical mixing method is fundamentally constrained by a core
trade-off between dispersion and damage. Insufficient energy input leads to incomplete
dispersion, whereas prolonged processing time or increased milling energy can effectively
break CNT agglomerates but inevitably causes structural damage to both metal powders
and CNTs. Variable-speed ball milling, which provides adequate impact energy while
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avoiding long-term cumulative damage, represents an important strategy for current pro-
cess optimization. In contrast, emerging mixing techniques such as solution-assisted or
plasma-assisted ball milling methods serve as valuable supplements or alternatives to con-
ventional mechanical mixing. These approaches enable efficient dispersion of nanocarbon
materials under reduced mechanical impact. However, studies focusing on CNT dispersion
strategies specifically tailored for TMCs remain limited, indicating a promising direction
for future research.

3.2. Chemical Coating Method

When the effectiveness of purely mechanical mixing is limited, chemical pretreatment
of materials represents a promising alternative. To address the challenges associated with
CNT structural preservation and homogeneous dispersion, and to produce composite
powders with good printability, coating CNTs onto the surface of metal powders has
emerged as an effective strategy. Kondoh et al. [78,79] employed a zwitterionic surfactant
solution containing CNTs to coat Ti powders, forming a thin film on the powder surfaces.
The zwitterionic species were subsequently removed through high temperature treatment,
leaving CNTs uniformly coated on the Ti powder surfaces. Similarly, Wang et al. [80] used
a zwitterionic surfactant to disperse MWCNTs in an isopropanol solution and then mixed
the suspension with Ti powders, enabling MWCNTs to adhere to the surfaces of the Ti
particles.

In addition, a more widely adopted approach involves modifying CNTs to improve
their interfacial bonding with metal matrices. One common strategy is the oxidation treat-
ment of CNTs to introduce hydroxyl and carboxyl functional groups on their surfaces [81].
Zhou et al. [50] employed an electrostatic self-assembly method, in which CNTs were
chemically modified using an HNO3-based mixture to render them hydrophilic. The mod-
ified CNTs were then added to an ethanol suspension of Ti6Al4V powders, followed by
mixing and drying to obtain CNTs/Ti6Al4V composite powders. The strong acid treatment
imparted hydrophilicity, mutual electrostatic repulsion, and a negative surface charge to the
CNTs in the ethanol solution. In contrast, Ti6Al4V powders produced by gas atomization
possess a positively charged surface due to the presence of an oxide layer with a thickness
of approximately 2–5 nm [82]. As a result, CNTs were able to tightly adhere to the surfaces
of the Ti6Al4V powders. Phuong et al. [83] conducted a similar experiment, and the specific
procedure is illustrated in Figure 4a. However, owing to the limited surface area of the
powders, micron-scale CNT agglomerates were still observed, leading to some degradation
in powder flowability.

Another approach is to modify carbon nanomaterials with nanoparticles, as shown
in Figure 4b–d. Guo et al. [84] deposited a Ni–P coating onto graphene by electroplating,
which effectively mitigated the agglomeration of graphene in Ti6Al4V composite powders.
Liu et al. [20] introduced TiC nanoparticles onto the surfaces of CNTs, to tailor the inter-
facial structure and enhance interfacial bonding. Meanwhile, the redistribution effect of
TiC significantly improved the uniformity of CNT dispersion, and Raman spectroscopy
confirmed the structural integrity of CNTs within the composite powders. Zhou et al. [85]
modified CNTs with Al2O3 nanoparticles to design high-performance CNT-reinforced alu-
minum matrix composites. Their results demonstrated that surface modification not only
alleviated CNT agglomeration but also generated an anchoring effect during load transfer,
thereby synergistically enhancing the mechanical properties of additively manufactured
aluminum matrix composites. In other studies, CNT surfaces have also been decorated
with nanoparticles such as nickel [86,87] and copper [53,88] to improve interfacial bonding.

https://doi.org/10.3390/met16040369

https://doi.org/10.3390/met16040369


Metals 2026, 16, 369 9 of 27

 

Figure 4. (a) Preparation process of CNT/Ti6Al4V composite by capsule HIP (Adapted with
permission from Ref. [83]. Copyright 2025, Elsevier). (b) Schematic diagram of synthesizing Ni-
P@GNFs/TC4 composite; (c) SEM image and the corresponding EDS mapping results of Ni-P@GNFs;
(d) SEM image of Ni-P@GNFs/TC4 powders after short-time ball milling (Adapted with permission
from Ref. [84]. Copyright 2021, Elsevier).

It can be observed that chemical treatment methods largely preserve the spherical
morphology of metal powders and significantly reduce mechanical damage to CNTs.
However, owing to the limited specific surface area of the powders, local CNT enrichment
or the formation of micro-scale agglomerates may still occur at higher CNT contents,
thereby adversely affecting powder flowability. In addition, the involvement of chemical
reagents, multi-step processing, and potential residual by-products increases the risk of
impurity introduction. Future efforts may therefore focus on the development of water-
based, residue-free surface modification and dispersion media to simplify post-processing
procedures.

3.3. In Situ Growth Method

To address the challenges associated with externally added CNTs, the exploration of
novel, controllable loading technologies that enable the in situ growth of CNTs offers a
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more convenient and uniform route for preparing CNT-reinforced composite powders. To
improve CNT dispersion and preserve structural integrity, fluidized-bed chemical vapor
deposition (FBCVD) has been innovatively applied to achieve the in situ deposition and
growth of CNTs on metal powder surfaces. For example, Zheng et al. [89] successfully
synthesized CNTs in situ on the surface of Cu powders. Similarly, Duan et al. [90] prepared
CNTs on Cu powder surfaces by in situ chemical vapor deposition, as shown in Figure 5a–f.
The CNTs exhibited a high aspect ratio and were uniformly distributed on the metal powder
surfaces. However, studies have also shown that the catalysts used during the reaction
and other processing conditions can significantly influence the structure and quality of the
resulting CNTs [91].

 

Figure 5. (a–c) SEM images of the CNTs/Cu composite powders; (d) Raman spectra of as-received
CNTs; (e,f) SEM images of the CNTs/Cu composite powders prepared using Cu-0.1 wt%Al alloy
powders (Adapted from Ref. [90]). (g) Schematic representation of the preparation processes of the
CNTs@Ti particles and reinforced AM Cs (Adapted with permission from Ref. [22]. Copyright 2023,
Elsevier).
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Li et al. [92] employed Ni as a catalyst to successfully grow CNTs with high aspect
ratios and low defect densities on the surfaces of Ti powder particles. In this approach,
Ni was introduced via electroless plating, enabling a uniform catalyst distribution. It was
found that catalysts with small particle size and large specific surface area exhibit high
catalytic activity, which is beneficial for synthesizing CNTs with high aspect ratios and
good structural integrity. Moreover, the quality of CNTs could be effectively controlled
by optimizing the FBCVD conditions. Therefore, Yang et al. [22] successfully synthesized
CNTs on the surface of Ti powders using Co as a catalyst, and the detailed procedure
is illustrated in Figure 5g. Liu et al. [93] further used FBCVD with Fe as a catalyst to
grow CNTs in situ on spherical Ti6Al4V powder surfaces. Raman spectroscopy confirmed
that the CNTs possessed good crystallinity, with an (ID/IG) ratio of 0.824. The resulting
composite powders combined high sphericity with good flowability, making them suit-
able for selective laser melting processing. Lin et al. [94] proposed a two-step in situ Fe
nanoparticle addition strategy, as illustrated in Figure 5e. In this method, a small amount
of Fe was first used to catalyze CNT growth, followed by the introduction of 0.4 wt.%
Fe as a sintering aid. Furthermore, Li et al. [95] innovatively combined surface etching
with FBCVD to simultaneously introduce CNTs and a highly active amorphous carbon
(a-C) with a core–shell structure into Ti powders, thereby synthesizing Ti6Al4V composite
powders uniformly coated with CNTs/a-C.

Although significant progress has been achieved in the preparation of CNT-reinforced
TMCs powders using the FBCVD method, several limitations still remain. Future research
may focus on the development of more efficient and stable catalysts to minimize impurity
introduction, as well as on exploring lower-temperature CNT growth techniques, such
as plasma-enhanced chemical vapor deposition [96–98]. These approaches could reduce
thermal damage to the powder matrix while improving the purity of the synthesized CNTs.

Beyond the individual merits of these methods, a more critical comparison is required
from the perspective of microstructure–property relationships. Although mechanical mix-
ing, chemical coating, and in situ growth are all feasible routes for incorporating CNTs into
titanium alloy powders, their relative merits should be evaluated not only by the apparent
dispersion state of CNTs, but also by their effects on powder morphology, flowability, CNT
structural preservation, and the subsequent microstructure–property evolution during
AM. Mechanical mixing, particularly ball-milling-based routes, is simple and effective for
disrupting CNT agglomerates, and therefore remains one of the most widely used methods.
However, it is inherently constrained by the trade-off between improved dispersion and
cumulative damage to both CNTs and powder morphology. In contrast, chemical coating
methods are generally more favorable for preserving powder sphericity and CNT integrity
while improving surface-level CNT attachment and coating uniformity, which makes them
more compatible with the requirements of powder-bed AM. Nevertheless, coating stability,
local CNT enrichment at higher loading levels, and residual chemical species remain impor-
tant concerns. In situ growth methods offer stronger CNT anchoring and potentially more
uniform reinforcement distribution directly on powder surfaces, and thus show particular
promise for powder design. However, their effectiveness depends strongly on catalyst
control, CNT growth quality, and overall process compatibility. Therefore, these prepa-
ration routes should be compared as distinct powder-design strategies, whose influence
extends from CNT dispersion and powder characteristics to interfacial reaction behavior,
and ultimately to the microstructural evolution and mechanical performance of additively
manufactured CNT-reinforced TMCs.
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4. Reinforcement Mechanism
When CNTs are used as a reinforcement phase in TMCs, the resulting property en-

hancement is generally governed by the combined contribution of multiple strengthening
mechanisms rather than by a single isolated effect, as summarized in Table 1. Owing to
their high aspect ratio, excellent intrinsic mechanical properties, and strong interfacial
interaction with the titanium matrix, CNTs can simultaneously affect laser absorption, load
transfer, interfacial reaction, and microstructural evolution. Accordingly, the main reinforce-
ment mechanisms reported for additively manufactured CNT-reinforced TMCs include
increased laser absorption (ILA), load transfer effect (LTE), solid solution strengthening
and dispersion strengthening (SSS&DS), and grain refinement (GR).

Table 1. Summary of the Mechanical Properties of Carbon Nanomaterial Reinforced TMCs.

No. Matrix Processing
Reinforcement

(Vol.%)

Properties
Reinforcement

Mechanism
ReferencesYS

MPa
UTS
MPa El% Hardness

HV

1 Ti SPS - 472 591 36.2 261 - [79]
2 Ti SPS 0.35%CNTs 697 754 34.8 285 SSS&DS, GR [79]
3 Ti SPS 0.4%CNTs 542 695 27.3 - SSS&DS, GR [99]
4 Ti L-PBF 0.2%CNTs 693 774 25.7 244 LTE, SSS&DS, GR [100]
5 Ti SPS 1.0%CNTs 1179 1182 15 - LTE, SSS&DS, GR [101]
6 Ti SLM 1.0% - 912 16 - SSS&DS, GR [64]
7 Ti CC + HE 0.5%CNTs - 1142 4.3 - LTE, SSS&DS, GR [24]
8 Ti SPS 0.3%GNPs 1000 1206 28 395 LTE, SSS&DS [102]
9 Ti SPS 0.01%GNPs - 731 11.6 332 LTE, SSS&DS [103]
10 Ti SPS 0.1%GNPs 817 887 10 - LTE, SSS&DS, GR [104]
11 Ti6Al4V SPS - 742 818 8.3 295 - [53]

12 Ti6Al4V SPS 0.5%Cu-
MWCNTs 860 938 12 440 LTE, SSS&DS, GR [53]

13 Ti6Al4V SPS 1.0%MWCNTs@Ni - 1100 11.2 - LTE, SSS&DS, GR [87]
14 Ti6Al4V SLM 0.8%CNTs 1162 1255 3.2 - LTE, SSS&DS [93]

15 Ti6Al4V SPS 0.4%Fe +
0.4%CNTs - 1353 2.4 411 LTE, SSS&DS, GR [94]

16 Ti6Al4V HIP 0.5%GNFs 1021 1058 9.3 - LTE, GR [105]
17 Ti6Al4V SLM 2%GNPs - 1276 5.9 432 - [106]
18 Ti6Al4V SPS 1.0%GNPs 989 1084 9.2 - LTE, SSS&DS, GR [107]
19 Ti6Al4V SLM 0.5%GNSs 947 1013 3.6 329 LTE, SSS&DS [108]
20 Ti6Al4V SPS 0.3%rGO 1023 1134 2.9 385 SSS&DS [109]
21 Ti6Al4V SPS 0.3%GNPs 960 1036 1.9 372 SSS&DS [109]

Note: “-” indicates that the corresponding data were not reported in the original reference.

As further shown in Table 1, the incorporation of carbon nanomaterials generally
leads to significant improvements in yield strength, ultimate tensile strength, and hard-
ness, although these gains are often accompanied by reduced elongation, reflecting the
typical strength–ductility trade-off in titanium-based composites. More importantly, the
mechanism comparison indicates that the observed property improvements usually arise
from the coexistence of several strengthening mechanisms rather than from any single
mechanism alone. Among them, SSS&DS is the most frequently reported contribution,
highlighting the critical role of carbon dissolution and in situ TiC formation in enhancing
strength and hardness. LTE and GR are also commonly involved, particularly when CNTs
are well dispersed and partially retained during processing. By contrast, ILA is mainly
reported in additively manufactured systems, where CNT addition improves laser–powder
interaction, melt-pool stability, and densification, thereby indirectly promoting microstruc-
tural refinement and mechanical-property enhancement. This comparison further suggests
that the relative contribution of each mechanism depends strongly on the processing route,
CNT incorporation method, and resulting interfacial microstructure. Systems with better
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CNT dispersion and controlled interfacial reaction tend to exhibit the combined action of
LTE, SSS&DS, and GR, which is generally associated with more pronounced strengthening.
In addition, well-dispersed CNTs and homogeneously distributed TiC can also improve
hardness and tribological performance, including reduced friction and enhanced wear
resistance. By contrast, excessive interfacial reaction or severe CNT agglomeration may
reduce strengthening efficiency despite the presence of nominal reinforcement. Therefore,
the reinforcing effect of CNTs should be evaluated not only in terms of absolute property
improvement, but also from the perspective of mechanism synergy, controlling variables,
and associated trade-offs.

4.1. Increase in Laser Absorption

In AM, laser absorption rate is a key parameter that determines the powder melting
efficiency and the final material properties [110]. Titanium and its alloys have a low laser
absorption rate (for example, Ti6Al4V absorbs approximately 70–75% at a wavelength of
1070 nm) [111,112], which results in low energy utilization and unstable melt pools [113].
CNTs, composed of sp2 carbon atoms, have a narrow band gap and high photothermal
conversion efficiency. The laser absorption rate (A) is often approximated using a modified
form of the Beer-Lambert law [114,115]:

A = 1 − R − T = εh (2)

where (R) is the reflectance, (T) is the transmittance, ε is the absorption coefficient, and
(h) is the material thickness. For CNTs, ε is higher than that of the titanium matrix. The
Beer–Lambert Law provides only a simplified description of laser attenuation because
it assumes a homogeneous medium and single-pass absorption. In practice, the optical
behavior of metallic powder beds during Laser Powder Bed Fusion (L-PBF) is considerably
more complex. The discrete particle structure, high porosity, and irregular morphology
promote multiple scattering, reflection, and reabsorption of incident radiation, effectively
increasing the optical path length and enhancing the apparent absorptivity relative to bulk
materials [116]. Surface roughness of both powder particles and the powder bed further
induces light-trapping effects that suppress specular reflection and promote repeated
internal reflections. For CNT-reinforced powders, optical absorption may be additionally
enhanced by the formation of conductive CNT networks near the percolation threshold,
which improve electromagnetic absorption and laser energy coupling [117]. Consequently,
laser absorptivity results from the combined effects of powder-bed scattering, surface
roughness–induced light trapping, and CNT network formation.

Graphene and CNT have been shown in many studies to increase the laser absorption
rate of metal powders, as given in Figure 6. Dong [118] modified Ti6Al4V powder with
graphene on the surface. The laser absorption rate of the composite powder at a wavelength
of 1070 nm was improved from 70.6% to 79.5%. Experimental results demonstrated that
this led to a reduction in un-melted defects, refinement of the microstructure, and enhanced
mechanical properties. Similarly, Sharma [119] and others used ball milling to promote the
nanoscale mixing of graphene with copper powder, where graphene was deposited on the
copper powder surface. After comparing the original copper powder with the graphene-
modified composite powder, it was found that the laser absorption rate of the mixture
increased with the addition of graphene. In the same way, CNTs also possess extremely
high laser absorption rates (>99%) [52], and their incorporation can significantly increase
the overall absorption rate of the composite powder [120]. This improves thermal input,
promotes uniform melting, and densification. Pettinacci et al. [121] introduced a small
amount of CNTs (0.1 wt%) into Cu powders, as shown in Figure 6. This strategy effectively
reduced the near-infrared reflectivity of the powders, thereby enhancing laser energy
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absorption and improving powder bed fusion behavior. Additionally, the addition of CNTs
increases the surface roughness of the powder, further enhancing the laser absorption
rate [122]. As shown in study [50], different contents of CNTs result in varying degrees
of improvement in the laser absorption rate of the composite powders. At a wavelength
of 1070 nm, the laser absorption rates of composite powders with 1, 2, and 3 wt% CNTs
increased by 2.1%, 5.3%, and 7.6%, respectively, compared to the original Ti6Al4V powder.
The laser absorption rate determines the actual amount of laser energy density received
during AM process, where the width and depth of the melt pool increase. Therefore, the
incorporation of CNTs can enhance the laser absorption rate of the composite powder,
thereby improving the quality of TMCs.

 

Figure 6. (a) Mechanism diagram. (b) Cohesive index for pure copper and Dragon Copper powders
as a function of drum rotation speed. (c) NIR reflectance spectra of pure copper (red), Dragon
Copper (black) and reference values for 316 L stainless steel and Inconel 718 at the laser wavelength
of 1064 nm used in the PBF-LB process (dashed line) (Adapted with permission from Ref. [121].
Copyright 2025, Elsevier).

Therefore, the addition of CNTs can increase the laser absorption rate of composite
powders. Furthermore, the uniformity of CNTs dispersion in titanium-based powders
is critical. If the dispersion is uneven, it can lead to areas within the composite powder
where the CNTs concentration is either too high or too low, resulting in inconsistent laser
absorption distribution across the powder bed. This uneven absorption can directly cause
fluctuations in energy input to the melt pool, potentially leading to defects such as local
overheating, un-melted regions, or porosity, thereby diminishing the beneficial effects of
CNTs and affecting the uniformity and reliability of the material properties.
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4.2. Load Transfer Effect

The load transfer theory was initially proposed by Kelly and Tyson, who suggested
that the applied stress is transmitted to the reinforcement phase through the interface
shear stress generated by the matrix, thereby enabling load transfer within the material.
When the structure of CNTs is relatively intact and well-dispersed in the titanium alloy
powder matrix and can be preserved during the AM process, CNTs, as one-dimensional
nanoreinforcements, are able to effectively transfer the load from the titanium matrix due to
their high elastic modulus and strength. When the composite material is loaded, the stress
is transferred from the matrix to the CNTs through interface shear, thereby bearing the load
and improving the overall strength. The load transfer effect can be quantitatively described
by the Shear-Lag Model. When the composite material is subjected to tensile loading, the
shear stress (τ) between the matrix and CNTs is transmitted through the interface, causing
the CNTs to bear the main load. The stress distribution along the length of the CNTs varies,
with the maximum stress occurring at the center. The critical length (Lc) is defined as the
minimum length required to achieve maximum tensile strength:

Lc =
σCNT ·d

2τ
(3)

where σCNT is the tensile strength of CNTs, (d) is the diameter, and τ is the interface shear
strength. If the actual length of CNTs (L) is greater than the critical length (Lc), the load
transfer efficiency is high; otherwise, it weakens the reinforcement effect. For CNTs that are
either grown in situ or added with an average aspect ratio greater than 200, calculations
show that L ≫ Lc, which results in significantly enhanced load transfer efficiency. Moreover,
the bent morphology of CNTs forms mechanical anchoring with the matrix, enhancing
pull-out resistance and creating a mechanical interlocking effect. This effect is particularly
pronounced for in situ grown CNTs, which have a strong bonding with the matrix and good
van der Waals forces and wettability. As shown in Figure 7a–c [98], the presence of CNTs
in SLM-fabricated TMCs was confirmed. The CNTs retained a well-defined crystalline
structure, indicating good chemical stability and demonstrating that a portion of the CNTs
was successfully embedded in the TC4 matrix. During tensile loading, CNTs acted as
bridging reinforcements that impeded crack propagation. At the fracture surface after
tensile failure, CNT pull-out and fracture were also observed. Under these conditions,
CNTs were able to carry part of the load and exploit their high strength and elastic modulus,
leading to a significant increase in tensile strength. In Ref. [93], the tensile strength of the
metal matrix increased from 1078 MPa to 1255 MPa.

 

Figure 7. Tensile curves and fracture morphology of TC4 alloy and CNTs/TC4 composites: (a) tensile
engineering stress-strain curves; (b) typical fracture morphology of CNTs/TC4 composites; (c) high-
magnification image of (b) (Adapted with permission from Ref. [98]. Copyright 2023, Elsevier).
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In additively manufactured composites, however, the effectiveness of load transfer is
further influenced by the evolution of interfacial bonding during complex thermal cycles.
In TMCs, effective load transfer depends critically on the interfacial bonding strength
between CNTs and the matrix. For additively manufactured composites, however, this
interfacial bonding should not be regarded as static, because it evolves continuously under
the complex thermal cycles associated with rapid heating, melting, solidification, and cyclic
reheating during layer-by-layer deposition. Moderate interfacial reactions, particularly the
formation of a thin TiC interfacial layer, can improve metallurgical bonding and thereby
promote stress transfer from the titanium matrix to CNTs [123]. In contrast, excessive
thermal exposure may lead to partial CNT degradation, overgrowth of brittle interfacial
products, which may deteriorate interfacial stability [124]. Therefore, the load-transfer
efficiency in additively manufactured CNT-reinforced titanium composites is governed
by the dynamic evolution of interfacial bonding strength during AM thermal cycles. An
optimized interface should be sufficiently strong to ensure effective stress transfer, while
avoiding excessive reaction-induced embrittlement.

In conclusion, to ensure that CNTs fully exert their load transfer enhancement effect, it
is crucial to maintain their structural integrity. The intact structure of CNTs is the foundation
for bearing high loads and achieving efficient stress transfer. If structural damage such as
fracture occurs during preparation or processing, their high strength and high modulus
advantages will be severely weakened, directly affecting load transfer efficiency and the
final performance of the composite material. Therefore, throughout the entire process,
from composite powder preparation to AM shaping, it is essential to focus on mild and
controllable process parameters to maximize the protection of the CNTs’ morphology and
structure. This ensures that their reinforcement mechanisms are fully realized, ultimately
resulting in composite materials with excellent performance.

4.3. Solid Solution Strengthening and Dispersion Strengthening

Solid solution strengthening and dispersion strengthening are among the core re-
inforcement mechanisms of CNTs-enhanced TMCs. First, consider the solid solution
strengthening effect, particularly the influence of impurity interstitial elements such as
C, O, and N on the strength of TMCs. This is mainly due to the partial decomposition of
CNTs at high temperatures, where carbon atoms enter the titanium matrix, forming an
interstitial solid solution [125]. Titanium (Ti) has a hexagonal close-packed (HCP) structure,
and carbon atoms occupy the interstitial positions, leading to lattice parameter changes
and reinforcing effects. The rapid cooling rate in AM helps retain the supersaturated solid
solution, enhancing the strengthening effect. In previous studies, the solubility of carbon
atoms in α-Ti was found to be 0.05 wt% [101], and beyond this concentration, the solid
solution strengthening effect of carbon is significant [126]. Research has shown that for
every 0.01 wt% of interstitial carbon, the strength is enhanced by 7 MPa [127,128].

Additionally, in terms of dispersion strengthening, when CNTs exceed the limit of solid
solution concentration, they chemically react with the titanium matrix at high temperatures
to form TiC nanoparticles. The Gibbs free energy (∆G) of the reaction is negative, indicating
that the reaction occurs spontaneously at high temperatures. The calculation formula is as
follows:

∆G = ∆H − T∆S (4)

where ∆H and ∆S represent the enthalpy change and entropy change in the reaction, and
(T) is the temperature. For example, at 1073 K, ∆G ≈ −176 kJ/mol [129], which indicates
a spontaneous reaction at this temperature. The higher the temperature, the greater the
driving force for the formation of TiC, and the more intense the reaction between the CNTs
and the Ti interface. As the temperature increases, the reaction between the CNTs and
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titanium becomes more vigorous, leading to more significant formation of TiC nanoparticles.
These nanoparticles play a crucial role in strengthening the material through dispersion
strengthening mechanisms.

When CNTs are evenly dispersed and the temperature is high, as revealed by finite
element model analysis [130], the maximum temperature in the metal matrix composite
melt pool can reach 3273 K under the same L-PBF conditions. CNTs directly react with
the molten titanium matrix at the interface, forming equiaxed nanoparticles. From the
perspective of the Ti-C binary phase diagram, TiC is the thermodynamically stable carbide
phase in Ti-C systems, indicating a strong tendency for Ti-C reaction under laser process-
ing conditions. In AM, the fast-moving laser beam causes a large temperature gradient
and chemical concentration difference at the solid-liquid interface, generating Marangoni
flow [131], which promotes the homogenization of TiC particle distribution [132,133]. In
addition to direct interface reaction, a dissolution-precipitation mechanism has also been
proposed [133]. In this process, CNTs may first dissolve partially into the titanium matrix,
and during cooling, TiC precipitates in the form of nanosheets or nanorods. Moreover, laser
power has a pronounced influence on the growth behavior and interfacial characteristics
of the TiC reinforcing phase, as illustrated in Figure 8 [64]. Under appropriate energy
input, the combined effects of recoil pressure and melt-pool surface tension may suppress
excessive thickening of TiC and favor the formation of refined reaction products. However,
with further increase in energy density, continued deposition of carbon and titanium atoms
on pre-existing TiC nuclei may promote the morphological transition of TiC from lamellar
structures to whisker-like morphologies [134]. It should be emphasized that such interfacial
reaction is not invariably beneficial. Although a limited amount of fine and well-dispersed
TiC can enhance dispersion strengthening, excessive reaction may lead to substantial CNT
consumption, TiC coarsening, and the accumulation of whisker-like or clustered carbide
phases. These microstructural changes may reduce the retained reinforcing contribution
of CNTs, impair microstructural uniformity, and increase the likelihood of local stress
concentration and embrittlement. Therefore, the strengthening effect associated with TiC
formation should be understood as reaction-dependent: controlled interfacial reaction is
beneficial, whereas over-reaction may become detrimental to the overall strength–ductility
balance of the composite.

The size of TiC nanoparticles is specifically dependent on the preparation process,
the initial dispersion state of the CNTs, and the local thermal history during addictive
manufacturing. In general, relatively low CNT contents favor a more homogeneous carbon
distribution and promote the formation of fine TiC particles, whereas excessive CNT
addition tends to aggravate agglomeration, local carbon enrichment, and non-uniform
TiC precipitation. In the study by Li et al. [135], it was found that, when ball milling was
used for CNT addition, the composite containing 1.0% CNTs exhibited higher hardness
than that containing 1.5% CNTs, indicating that plastic deformation became more difficult
in the composite material. In the work of Kondoh [79], by contrast, a CNT content of
0.35% was considered appropriate when a wet coating process was employed. These
results suggest that the optimum threshold content of CNTs is not fixed, but rather depends
on the incorporation process used. TiC is uniformly dispersed within the matrix and
impedes dislocation motion through the dispersion strengthening mechanism, thereby
enhancing the material’s strength and hardness [136]. The formation of well-dispersed TiC
nanoparticles and CNT networks not only contributes to dispersion strengthening but also
improves wear behavior by enhancing load-bearing capacity and increasing microstructural
resistance to material removal. For instance, the addition of CNTs to titanium alloys has
been reported to reduce the coefficient of friction and wear loss by 21.8% and 17.6%,
respectively [137]. Similarly, in the study by Xi et al. [134], the incorporation of 1% CNTs
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markedly improved the wear resistance of SLM-fabricated TMCs, with both the depth
and width of wear tracks being smaller than those observed in the original Ti6Al4V alloy.
This dislocation strengthening mechanism is mainly achieved through Orowan Looping
and thermal mismatch. Orowan Looping [138,139] refers to the process where, when
a dislocation encounters an immobile nanoparticle (TiC particle), it cannot directly cut
through it and must bypass the particle, forming a dislocation behind it. This mechanism
obstructs dislocation motion. The smaller the nanoparticle size, the more significant the
strengthening effect.

 

Figure 8. Growth Mechanisms and Resultant Interfacial Microstructures of In Situ TiC Reinforcing
Phase in SLM-Processed Ti-Based Nanocomposites Using Different Laser Powers: (A,D) TEM images
showing the formation of dendritic TiC at laser power of 150 W (A) and lamellar TiCat laser power
of 350 W (D). The arrows in (A,D) indicate the positions for the analysis of reinforcement/matrix
interfaces. (B,C) HR TEM images revealing a limited interfacial continuity (B) and atomic coherence
between dendritic TiC and Ti matrix (C) at a laser power of 150 W. (E,F) HR-TEM images showing
coherent interface (E) and atomic structure between lamellar TiC and Ti matrix (F) at a laser power of
350 W (Adapted with permission from Ref. [64]. Copyright 2020, Elsevier).

The thermal mismatch strengthening mechanism arises from the difference in the
coefficient of thermal expansion between CNTs, TiC, and the matrix, which induces dislo-
cation entanglement during the cooling process, further hindering crystal slip. The thermal
expansion behavior of CNTs is highly anisotropic, meaning it behaves differently along
the axial and radial directions [140]. When CNTs are used as a reinforcement phase and
dispersed in the matrix, their thermal expansion behavior becomes complex. Typically,
we focus on the axial behavior, which exhibits a negative thermal expansion coefficient at
low temperatures, ranging from −1.0 × 10−6/K to −1.5 × 10−6/K. As the temperature
increases, it becomes more positive, which is a unique characteristic of negative thermal
expansion [141–143]. The CTE of titanium and its alloys at room temperature is approxi-
mately 8 × 10−6/K to 10.5 × 10−6/K. Due to the large difference in the CTE between CNTs
(axial direction) and titanium alloys, internal stresses develop during the cooling process
from high-temperature processing to room temperature when preparing CNTs/TMCs.
This results in the generation of high-density dislocations [144], which increases the yield
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strength of the composite material. In CNT-reinforced TMCs fabricated by AM, the high-
density dislocations are located near the TiC/Ti interface [145], indicating the presence
of internal stresses between the reinforcement and the matrix. TiC effectively pins the
dislocations, and the grain boundaries enhance the mechanical properties of the composite.

In summary, the strengthening effect of CNTs in TMCs results from the combined
contributions of interstitial solid-solution strengthening and TiC-mediated dispersion
strengthening. Under AM conditions, this effect is governed by thermodynamic–kinetic
coupling rather than by equilibrium thermodynamics alone. Although the Ti–C binary
phase diagram provides the thermodynamic basis for TiC formation, the actual extent,
morphology, and distribution of TiC are controlled by the CNT dispersion state, local carbon
availability, and rapid solidification behavior. Accordingly, the reinforcing role of CNTs is
both process- and reaction-dependent: controlled interfacial reaction is beneficial, whereas
over-reaction may lead to carbide coarsening, CNT depletion, and local embrittlement.
These considerations underscore the importance of optimizing CNT content, powder-scale
dispersion, and interfacial reactivity to maximize the strengthening efficiency of additively
manufactured CNT-reinforced TMCs.

4.4. Grain Refinement

When carbon nanotube -reinforced TMCs are prepared using AM techniques, CNTs
not only act as the reinforcement phase directly bearing the load but also suppress grain
growth through a pinning effect, leading to grain refinement and significantly enhancing the
mechanical properties of the composite material. Grain refinement is a classic mechanism
for strengthening metallic materials, as it increases the number of grain boundaries, thereby
improving the mechanical performance of the composite. Grain refinement strengthening
is often described by the Hall-Petch relationship, which indicates that the yield strength is
inversely proportional to the grain size:

σy = σ0 + kd−1/2 (5)

where σy is the yield strength, σ0 is the intragranular resistance, (k) is the strengthening
coefficient, and (d) is the average grain size. In CNT-reinforced TMCs, by reducing (d), the
yield strength σy increases. The high specific surface area and one-dimensional structure of
CNTs allow them to effectively pin grain boundaries when they are uniformly dispersed in
the titanium matrix, thereby suppressing grain growth during high-temperature processing.
Additionally, the TiC nanoparticles mentioned earlier can also refine the grains and enhance
the strengthening effect through bridging action [146]. Figure 9 [72] compares the grain
boundary maps of SLM-fabricated TA15 and TMCs. A quantitative analysis of grain size
shows that the average grain size of the TMCs containing TiC is significantly refined
from 1.726 µm to 1.117 µm, indicating that the introduction of TiC particles can effectively
strengthen grain boundaries [108,147].

The grain refinement induced by CNTs is one of the key mechanisms for strengthening
TMCs. From the perspective of grain refinement, the critical step in composite powder
preparation is to transform CNTs into effective pinning points that can efficiently suppress
grain boundary migration and promote nucleation in the subsequent melt pool. This
requires that CNTs be uniformly dispersed in the titanium-based powder while controlling
their interface state to guide the formation of TiC particles, thereby maximizing the pinning
effect and achieving grain refinement. This process works synergistically with load transfer,
dispersion strengthening, and other mechanisms to enhance the overall performance. These
findings provide a theoretical basis for designing high-performance AM TMCs.
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Figure 9. (a) IPF diagram and grain size distribution diagram of TA15. (b) IPF diagram and grain size
distribution diagram of TMCs. (c) Grain morphology of primary β of TA15. (d) Grain morphology of
primary β of TMCs (Adapted with permission from Ref. [72]. Copyright 2025, Elsevier).

5. Conclusions
This review systematically summarizes recent research progress in the AM of CNTs-

reinforced TMCs, with particular emphasis on powder preparation strategies, reinforcement
mechanisms, and performance enhancement. Three major approaches for composite pow-
der preparation have been identified and critically compared: mechanical mixing, chemical
coating, and in situ growth. Mechanical mixing methods, such as ball milling, offer simplic-
ity and scalability but suffer from the inherent trade-off between dispersion efficiency and
structural damage to CNTs. Chemical coating techniques improve CNT dispersion and
interfacial bonding while preserving powder morphology and CNT integrity, although
challenges remain regarding impurity introduction and powder flowability. In contrast,
in situ growth methods, especially fluidized-bed chemical vapor deposition, demonstrate
significant advantages by enabling uniform CNT distribution, strong interfacial bonding,
and high powder sphericity, making them a promising direction for future development.

The performance enhancement of CNT-reinforced TMCs arises from multiscale syner-
gistic reinforcement mechanisms. The high laser absorption capability of CNTs improves
energy utilization during AM, promoting melt pool stability and densification while re-
ducing defects. Structurally intact CNTs contribute to efficient load transfer, whereas
interfacial reactions between CNTs and titanium can generate TiC nanoparticles, resulting
in dispersion strengthening and grain refinement. Additionally, dissolved carbon atoms
may provide solid-solution strengthening effects. The effectiveness of these mechanisms
strongly depends on achieving homogeneous CNT dispersion, maintaining nanostructural
integrity, and constructing robust interfacial bonding within the titanium matrix.

Despite substantial progress, several challenges remain unresolved, including scalable
preparation of high-quality composite powders, precise control of CNT distribution and in-
terface evolution, and insufficient understanding of CNT behavior under the rapid thermal
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cycles characteristic of AM processes. Future research should focus more specifically on
the optimization and integration of powder coating strategies for additively manufactured
CNT-reinforced TMCs. Based on the coating approaches discussed in Section 3, future work
may proceed along several practical directions. For mechanical mixing, greater attention
should be given to the design of energy-controlled and multi-step milling routes that can
improve CNT dispersion while minimizing structural damage to both CNTs and metal
powders. For chemical coating methods, future studies should focus on developing cleaner
and more controllable surface-functionalization routes, especially coating processes that
enable stronger CNT anchoring, higher coating uniformity, and better preservation of
powder sphericity and flowability. For in situ growth strategies, further efforts should be
directed toward catalyst optimization, lower-temperature growth routes, and more precise
control of CNT morphology, coverage, and structural quality on powder surfaces. More
importantly, these coating technologies should be systematically linked to downstream
additive-manufacturing responses, including laser absorption, melt-pool behavior, inter-
facial reaction, TiC evolution, and final mechanical performance. From this perspective,
future progress in CNT-reinforced TMCs will depend not only on the selection of a feasible
coating route, but also on establishing clear links between coating quality, processing
behavior, microstructure, and final performance, thereby guiding application-oriented
powder design. Overall, the development of CNT-reinforced TMCs for AM is advancing
toward refined powder engineering, intelligent interface regulation, and multifunctional
performance optimization. With continued advances in fundamental understanding and
key technological breakthroughs, these composites are expected to play an increasingly
important role in aerospace, biomedical, and other high-end engineering applications.
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