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A B S T R A C T

This paper provides an in-depth review of the advancements and challenges associated with Ti-
tanium Matrix Composites (TMCs) in Selective Laser Melting (SLM). Material selection, SLM
processing parameters, and their influence on the microstructure and properties of TMCs are
discussed. The relationship between processing parameters, material characteristics, and the
development of defects such as balling, porosity, and cracking is examined. Critical factors
influencing the evolution of microstructure and defect formation in TMCs processed by SLM are
highlighted. Strengthening mechanisms such as dislocation movements, grain refinement, the
Orowan process, and load-bearing capacity are analyzed, and their roles in enhancing hardness,
tensile strength, corrosion resistance, and wear resistance are explored. It is indicated by key
findings that less than 5 % reinforcement content by volume can significantly enhance me-
chanical properties, achieving maximum hardness values of approximately 1000 HV and tensile
strength close to 1500 MPa. However, this improvement is accompanied by a notable decrease in
elongation. The importance of optimizing SLM parameters such as laser power, scan speed, hatch
distance, layer thickness, and particle contents to minimize defects and enhance material per-
formance is underscored. Existing research gaps in defect management and material distribution
are identified. Future research directions on improving TMCs performance through advanced
SLM techniques are suggested.

1. Introduction

Titanium and its alloys have attracted significant interest in various industries, such as aerospace [1], automotive [2], biomedical
[3], and defense [4,5]. While these materials exhibit excellent properties like corrosion resistance [6], low density [7], high fatigue
resistance [8], reasonable strength [9], and outstanding biocompatibility [10], they fall short in hardness, wear resistance, and heat
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resistance compared to steel and nickel-based alloys [11,12]. These limitations have restricted their wider applicability in certain
demanding applications [13–15].

Titanium matrix composites (TMCs) have emerged as a significant area of research in recent years, offering an effective way to
enhance the performance of Ti-based alloys [16]. Their superior physical and mechanical properties position TMCs as promising
materials for aircraft engine and airframe applications [17]. If further optimized for performance and cost, TMCs have the potential to
replace other metallic materials in a wide range of applications. Numerous manufacturing techniques for TMCs exist today [18,19].
However, traditional methods like powder metallurgy and in-situ casting face challenges such as high interfacial reactivity and poor
matrix wettability [20–22]. High interfacial reactivity can result in the formation of cracks or pores, which, in turn, may cause pre-
mature failure of the composite material under tensile stress. Current strategies to mitigate this issue primarily involve the imple-
mentation of advanced additive manufacturing techniques, optimization of processing parameters, enhancement of reinforced
materials, and application of heat treatment to improve interfacial bonding and overall performance, thereby minimizing interface
defects [23–25]. Poor wettability can result in the aggregation of reinforcement powders into coarse clumps, which impedes their
uniform dispersion throughout the matrix and degrades the surface quality [26]. To address this issue, existing processing methods
have devoted substantial efforts to enhancing the wettability between the matrix and reinforcement phase. These strategies include
applying metallic coatings to the reinforcement particles, preheating them before their dispersion into the molten matrix, and
incorporating reactive components into the melt [27]. The high chemical activity of titanium materials can lead to chemical reactions
during processing, potentially affecting material properties and component performance [28,29]. Moreover, the strong van der Waals
forces between particles, which are intermolecular forces, become significant when ceramic particles such as TiB, Mo2C, B4C, and
graphene are incorporated into the titanium matrix and reduced to nanoscale. The increased specific surface area amplifies van der
Waals forces, leading to the easy agglomeration of the reinforcement phase [30,31]. This makes it challenging to achieve a uniform
distribution of reinforced particles in the matrix, particularly for nanoparticles [27,32].

These challenges underscore the need for alternative manufacturing strategies that can circumvent these issues without adding
complexity or cost [29,33,34]. Consequently, the development of additive manufacturing technology has emerged as a promising
replacement for producing TMCs [35,36]. This technology provides several benefits, such as the capability to fabricate intricate ge-
ometries, minimize material waste, and facilitate customization [37,38]. Furthermore, it enables precise control over the distribution
of reinforcing particles within the matrix, resulting in improved material properties and overall performance. For example, a uniformly
distributed mixed powder can be achieved by adjusting process parameters, optimizing the mixing time with a planetary ball mill, and
employing dynamic imaging techniques [39,40]. In summary, additive manufacturing technology is a promising approach to over-
come the limitations of traditional manufacturing methods in producing titanium-based composites [41].

Selective Laser Melting (SLM) is an advanced additive manufacturing process designed for rapid and efficient production of
complex-shaped components, minimizing the need for excessive post-processing (Fig. 1) [42]. SLM has become popular in the additive
manufacturing of TMCs, offering several advantages: (1) it eliminates the need for special molds or fixtures; (2) it achieves high
manufacturing precision; (3) it can produce components with functionally graded materials, allowing for varying material properties
within a-single component; and (4) it facilitates the integration of complex structural sections into the manufacturing process [43–45].
The principle of forming is that the scraper scrapes the metal powder onto the substrate in the processing room, and then the laser beam
selectively melts the metal powder onto the substrate. After the current layer is completed, the horizontal scraper lays a new layer of
metal powder, and the laser beam and scraper repeatedly move until the entire component is manufactured. The size and shape of the

Fig. 1. Process schematics for Selective Laser Melting (SLM) [47,48].
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Fig. 2. Summary of the manufacturing techniques for TMCs.
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melt pool can be adjusted by controlling laser processing parameters [46].
Existing literature review on SLM of metal matrix composites or pure metals [24,49–51] only provides a brief introduction to

particle-reinforced titaniummatrix composites (TMCs) produced by SLM and lacks a comprehensive analysis of particle types, defects,
properties, and reinforcement mechanisms. This paper addresses these gaps by offering a systematic and detailed analysis of recent
advancements and challenges in the field of TMCs, with a particular emphasis on their development through SLM. This paper
significantly differs from previous studies by thoroughly collating and discussing critical aspects, ranging from the selection of base
and reinforcement materials to the intricate processes involved in SLM. It examines the microstructural characteristics of TMCs and
explores the influence of factors such as mechanical milling, reinforcements, SLM parameters, and heat treatment on the micro-
structures. A significant portion of this review is dedicated to understanding the defects that can arise during the SLM process, such as
balling, porosity, cracking, and their impacts on material properties. Furthermore, the paper explores various strengthening mecha-
nisms in TMCs, including dislocation, fine grain, Orowan mechanism, and load-bearing strengthening, and their contributions to the
overall mechanical performance of the composites. The review also provides a detailed evaluation of the properties of TMCs, including
hardness, tensile properties, corrosion resistance, and wear resistance, offering a comprehensive view of their performance metrics.
Finally, the paper concludes with a summary of the current state of the art, outlines prospects, and explores potential research di-
rections in the field of TMCs, aiming to bridge the gap between current challenges and future applications.

The primary novelty of this review lies in its systematic and comprehensive approach to collating and analyzing the multifaceted
aspects of TMCs fabricated via SLM. This review provides a cohesive understanding of the state of the art in this field by addressing the
selection of materials, SLM process parameters, microstructural characteristics, defect formation, and mechanical performance. This
research directly addresses the main question of how various factors influence the properties and performance of TMCs produced
through SLM, thereby offering insights that can guide future research and application. The critical analysis and identification of current
challenges and potential research directions are intended to inspire further advancements and practical solutions in the development
of high-performance TMCs.

2. Materials and processes

TMCs are recognized as cutting-edge materials with substantial potential for a wide range of applications. These composites
effectively integrate the superior properties of titanium with those of other reinforcing materials [52]. An overview of the most widely
used methods for manufacturing TMCs is provided in Fig. 2. SLM has emerged as a breakthrough method for creating metal matrix
composites due to its high material utilization rate and the availability of various material options. Discussing the types and processes
of materials and reinforcements is crucial, as they directly impact the performance of laser-fabricated composite materials.

Strict attention to detail is required when selecting reinforcing elements compatible with titanium and its alloys for synthesizing
TMCs [20]. Selecting the appropriate reinforcement and matrix materials and optimizing various other factors are crucial steps in the
manufacturing process. The procedure for making strategic decisions has an important effect on the composites’ overall quality and
performance [53,54].

Additionally, Nagarajan et al. (2020) classified the methods affecting SLM products and identified 18 factors that impact perfor-
mance, including the building chamber atmosphere, powder bed temperature, spot size, support structures, and others. Although these
factors affect mechanical properties, there is a lack of studies specifically addressing TMCs produced using the SLM approach.
Consequently, this paper examines the current influencing factors [50].

Fig. 3 shows a schematic illustration of the machining principle. Composite materials are composed of a matrix material and a
reinforcing material. After ball milling, they are printed layer by layer using SLM equipment and subsequently undergo heat treatment
and processed to become ideal products [55].

Fig. 3. Processing schematic diagram involved in SLM [55].
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2.1. Based materials

In recent research, SLM technology has become widely used in the fabrication of titanium-based composites. Extensive in-
vestigations have been conducted on four main categories of substrate materials: pure titanium (Ti) [56], titanium alloy Ti6Al4V [57],
Ti–24Nb–4Zr–8Sn, and Ti-6Al-7Nb [58]. The properties of these substrates are meticulously described in Table 1. These materials have
received significant attention and scrutiny in the field of SLM, which has profound implications for the advancement and practical
application of these advanced materials [59,60].

The Ti6Al4V alloy is widely regarded as the top choice for substrate in SLM research. It possesses exceptional strength and hardness
properties, making it highly valued in aerospace, biomedical, and engineering applications [65]. The precision of the SLM technique
has played a crucial role in fabricating Ti6Al4V-based composites, leading to extensive research on various aspects such as densifi-
cation kinetics, microstructural intricacies, and mechanical properties. Apart from the commonly used Ti6Al4V alloy, attention has
also been directed towards other titanium-based alloys like Ti-6Al-7Nb and Ti-24Nb-4Zr-8Sn [27,61,66]. These alloys have garnered
significant interest in medical applications due to their superior biocompatibility compared to Ti6Al4V and better elongation prop-
erties than SLM Ti materials [61]. Furthermore, researchers have conducted extensive studies on the mechanical properties, micro-
structural evolution, and densification behavior of titanium substrate composites. This comprehensive study has provided valuable
insights into the functionality of these substrate materials in composite applications [67].

2.2. Reinforcement materials

SLM must enhance the physical and mechanical properties of titanium-based composites to demonstrate their viability [42]. An
appropriate reinforcement phase can improve the composite’s overall performance, including its modulus, strength, hardness, lower
coefficient of thermal expansion compared to the base material, and thermodynamic stability [68]. However, the large range of
possible reinforcing materials may make it difficult to distribute the reinforcing phase evenly throughout the titaniummatrix. Unequal
temperature gradients could arise from the unequal distribution, and these could ultimately lead to residual stresses and fractures [51].
The most typically used reinforcing phases are TiB [69], TiC [70], B4C [59], TiB2 [71], and carbon nanotubes (CNTs) [72]. To mitigate
microcracking, trace amounts of impurity elements (Mn and C) and solid solution elements (Co, W, and Mo) have been employed as
reinforcements. These additives, which dissolve into the metal matrix, help prevent the formation of undesired pores and cracks [73].
Additionally, dissolved additives can modify ceramic dissolution-enriched regions, thereby reinforcing the matrix and enhancing
mechanical properties [62]. Table 2 provides an overview of the characteristics of frequently used and examined reinforcing materials.

Ex-situ methods comprise the independent synthesis or preparation of materials that are then incorporated into the main raw
materials in the material synthesis process [89]. This method preserves the powder’s original form inside the final composite material
without the need for chemical reactions. The performance properties of these composite materials can be finely controlled by
meticulously manipulating the amount and mixing method of varied elements [90].

Ceramic materials such as TiB [91], TiC [92], TiN [81], SiC [93], Mo2C [62], and rare earth elements are commonly used in the
ex-situ growth of titanium-based composites using SLM. These materials exhibit thermodynamic stability, with their particles
refraining from undergoing chemical reactions and forming new substances during the SLM sintering process [94–96].

Table 1
Comparison of tensile mechanical properties and Vickers hardness of various base materials subjected to SLM.

Based Materials Condition Vickers hardness [HV] Yield strength
σ0.2 [MPa]

Ultimate tensile strength
σUCS [MPa]

Fracture strain
εmax [%]

Ref.

Ti SLM 261 ± 13 555 757 19.5 [61]
Ti6Al4V SLM 409 1110 1267 7.28 [59]
Ti–24Nb–4Zr–8Sn SLM 220 ± 6 563 ± 38 665 ± 18 13.8 ± 4.1 [62,63]
Ti-6Al-7Nb SLM 395 ± 10 1029 ± 27 – – [64]

Table 2
Characteristics of TMCs reinforcing materials.

Material Density (g/cm3) Melting point (◦C) Coefficient of thermal expansion (*10− 6 K− 1) Young’s modulus (GPa) Ref.

Ti 4.57 1668 8.8 105 [63,74]
TiC 4.99 3433 7.4–8.8 440 [75,76]
B4C 2.51 2720 4.78 445 [31,77]
TiB 4.57 2473 8.6 550 [78,79]
TiB2 4.52 3253 4.6–8.1 500 [71,80]
TiN 5.40 3290 9.3 250 [81]
AlN 3.30 2800 5.6 343 [82]
Ti5Si3 4.32 2130 9.7 225 [83,84]
Graphene 1.70 - 2.00 ~3852 – 1000 [72]
CNTs 2.00 ~3379 – 1000 [85]
Rare earth elements – – – – [86,87]
Mo2C 9.18 2690 7.0 380–400 [62,88]
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The in-situ approach is a promising way to create reinforced particles through chemical reactions within the matrix. At the
microstructural level, the limitations imposed by the in-situ production process improve the interaction between the reinforced
particles and the matrix [76]. Furthermore, there is improved bonding and increased purity at the interface where the reinforced
particles and matrix meet. Finer reinforcing effects are produced by the more uniform dispersion of the reinforced particles within the
matrix. Several ceramic particles, as well as B4C [97], TiB2 [98], SiC [93], and TiN [81], are frequently utilized as in-situ self-generated
reinforced particles. Materials incorporating in-situ produced TiBW and TiCp particles have exhibited higher overall performance [99].
In addition, carbon materials, such as carbon nanotubes, graphite, and carbon fibers, can react with titanium (Ti) to produce titanium
carbide (TiC) reinforced particles, which have found extensive application in the field of titanium-based composites [100].

2.3. Processes

The irregular microstructure of powder particles, including spherical voids, cracks, and surface roughness, can be significantly
influenced by the adjustment of process parameters, affecting the overall material properties. A comprehensive understanding and
analysis of this phenomenon from an academic perspective are essential [59]. Researchers frequently use laser energy density (Ed) as a
fundamental concept to examine the effects of different properties on the material. The impact of process variables, such as laser power
(P), scan speed (v), hatch distance (h), layer thickness (d), and scan strategy, on microstructure and process defects is analyzed using
this metric [101]. The energy density measurement provides insight into the energy consumption per unit volume of powder material
and the influence of process variables on SLM processing [102]. Some examples of popular SLM processing TMCs with optimal
processing parameters and maximum densities are provided in Table 3.

Ed =
P

h× v× d
(1)

Where v represents scanning speed, h represents the hatching distance, d represents the layer thickness, P represents the laser power
and Ed is the laser energy density [102].

Additive manufacturing such as SLM, has changed the part-making process [108]. The creation of high-density (>99.5 %) parts, as
indicated in Tables 3 and is a crucial objective for process optimization since porosity in SLM parts can result in a decline in mechanical
qualities [109]. Energy density is a crucial SLM element because it influences the creation of voids and pores. Low-energy densities
lead to hole development, while high-energy densities generate spherical pores and decreased density [110].

To achieve high-density materials, it is essential to control the energy density, maintaining it close to the lower threshold of the
powder melting energy. Studies indicate that the optimal energy density range for titanium and its composites in the SLM process is
between 50 and 200 J/mm³. Consequently, experimental investigations are necessary to determine the optimal energy density value
[23]. Recent studies have demonstrated that SLM may create nearly flawlessly dense components in titanium or pure titanium
composites by adjusting the process parameters [111,112]. Several studies have confirmed the existence of small pore effects, indi-
cating that process parameter optimization is required to achieve high-density parts [113,114]. It is important to note that small pore
effects can occur if the energy density is higher than required, leading to closed pores.

Table 3
Maximum densification and ideal machining parameters for a few common SLM-machined TMCs.

Materials Rotation speed
(rpm)

Ball-to-powder
weight ratio

Milling
time (h)

P (W) v (mm/s) h
(μm)

d (μm) Maximum densification
obtained

Ref.

Ti-5wt.%TiC 300 8:1 4 100 200 70 50 98.20 % [23,
76]

Ti-7.5 wt%TiC 200 5:1 4 90 300 50 50 >98.3 % [23,
83]Ti-12.5 wt%TiC 200 5:1 4 90 300 50 50 98.30 %

Ti-15 wt%TiC 200 5:1 4 90 100–400 50 50 >97 % [84]
Ti-17.5 wt%TiC 200 5:1 4 90 300 50 50 97.20 % [23,

83]
Ti-22.5 wt%TiC 200 5:1 4 90 300 50 50 94.70 % [23,

83]
Ti6Al4V-3wt.%

TiC
200 1:1 4 200–400 800–1600 120 30 98.7 % [103]

Ti6Al4V-(0–3)
wt.% Mo2C

30 – 24 250 1500 120 40 >0.999 % [62]

Ti6Al4V-5wt.%
TiC

– – – 130–250 300–1500 80 30 99.70 % [104]

Ti-23.8 wt%SiC 300 – 15 80 100–400 50 50 96.90 % [105]
Ti-5wt.%TiB2 200 5:1 2 165–185 118–154 100 100 >99.5 % [71]
Ti-50 wt%TiB2 – – 2 36–84 80–500 60 25 92 [106]
Ti-(0–5) wt.%B4C – – 24 250 1500 85 40 >97.8 % [31]
Ti6Al4V-0.5 wt%

B4C
200 5:1 – 95–260 330–900 60 40 ≥99 % [107]

Ti-24.55 wt%
Si3N4

250 10:1 8 1000 100–400 150 100 97.70 % [23,
81]
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In conclusion, the matrix materials affect the qualities of TMCs and titanium-based metals are well-liked due to their strength.
Various TMCs are produced by incorporating titanium-based metals with different types of reinforcement powders. One important
technique is SLM printing, which requires exact conditions for the best mechanical andmicrostructural results. Heat treatment is one of
the post-processing methods that improves the material characteristics. SLM presents a viable path for producing TMCs and provides a
variety of applications by refining the technique and selecting the appropriate materials. To advance the performance of SLM-printed
TMCs, further research is required to overcome existing challenges.

3. Microstructure of TMCs

The mechanical properties of TMCs are significantly impacted by their microstructural features. The high strength and hardness of
the composite are attributed to the small ceramic particles that are present in the matrix, which inhibit dislocation movement and
prevent cracking [70]. Moreover, the interface between the matrix and reinforcements is crucial for load transfer; a strong interfacial
connection guarantees efficient stress transfer, improving the composite’s overall mechanical performance [54,115]. Interfacial
strength can be indirectly assessed by using nanoindentation to measure hardness and elastic modulus, along with microstructure
analysis to evaluate interface defects between the matrix and reinforcement [116].

3.1. Influence of mechanical milling

High-energy ball milling is a popular and cost-effective method for producing composite powders [117]. In a high-energy ball mill,
the powder particles go through many grindings, cold fusion, and regrinding stages. The ball-powder-ball collision causes the ground
composite powder to deform significantly on a macroscopic and microscopic level, which presents a great chance for the production of
nanostructures between the metal matrix and the ceramic reinforcement [118]. It is anticipated that the final mechanical properties of
the nanocomposites made by the additive manufacturing method will be enhanced by the uniform distribution of reinforcing particles
and the creation of ultra-fine nanocrystalline structures [119]. High sphericity, homogeneous reinforcement distribution, and
excellent flow characteristics are required for composite powders used in SLM processing, as evidenced by previous research [120,
121]. Moreover, studies have demonstrated that ball-milled composite powders show enhanced performance over directly mechan-
ically mixed nanocomposite parts in terms of densification behavior [92]. However, to attain optimal results, variables such as the
ball-to-powder ratio and ball-milling time require adjustment. These factors have a direct impact on the mechanical properties and
relative density of SLM parts, thus being crucial for ensuring part quality. Table 4 is a list of commonmaterials used in ball milling [23].

Table 4 displays the Ti-TiB2 TMCs that were milled for varying durations, whereas Fig. 4 illustrates the shape of the milled Ti-TiB2
powder combination. Images of the microstructure of Ti-TiB2 composites after SLM treatment of the Ti-TiB2 powder combination are
shown in (Fig. 4c) 2h and (Fig. 4d) 4h, respectively. The Ti-TiB2 powders from the 2 h of ball milling exhibited a nearly spherical shape
because of the homogeneous dispersion of the TiB2 powders in the titanium matrix and their nearly spherical morphology (Fig. 4c).
After 4 h of grinding, the TiB2 particles were not equally spread around the Ti powder particles and the Ti-TiB2 powder particles
exhibited irregular morphologies (Fig. 4d) [123]. As a result, it was determined that near-spherical powder mixes could be produced
and that extending the grinding time would not improve the mechanical properties of Ti-TiB2 [71]. The primary cause is that milling
time alters the uniform distribution of particles, and as milling time increases, the spherical shape of the powder may transform into an
irregular shape [119].

Different milling periods resulted in the formation of TiN/Ti5Si3, with nanocomposite powders generated in-situ through high-

Table 4
Common ball milling parameters for TMCs powders prepared by SLM.

Materials Grain Particle
Sizes (μm)

Rotation speed
(rpm/min)

Blending time
(h)

Ref.

Ti-5wt.%TiC – 200 4 [84]
Ti-7.5 wt%TiC – 200 4 [83]
Ti-2.5 wt%TiB2 – – 5 [122]
Ti-5wt.%TiB2 – 200 1 [71]
Ti-5wt.%TiB2 – 200 2 [123]

4
Ti-2.5 wt%SiC 10 200 4 [124]
Ti–10 wt%Si3N4 12.1

12.1
12.1
12.1

350
350
350
350

5 [125]
10
15
20

Ti6Al4V-0.5 wt%B4C 30.4 200 3 [107]
Ti6Al4V-2wt.%Gr 26.16 300

300
300
300

0 [72]
29.04 5
30.10 10
32.80 20

Ti6Al4V-1wt.%MWCNTs – 300
300
300

2 [126]
– 4
– 6
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energy mechanical alloying of Ti and Si3N4 powders. The powders’ constituent phases and microstructural properties varied
depending on the milling periods (Fig. 4i - l). Fine particles are formed by continuously breaking the powdered powder. Pre-refining,
coarsening, and refining were the three stages in which the structure of the TiN/Ti5Si3 composite powders changed as the ball milling
time increased. The Ti5Si3 and TiN phases in-situ usually display a coherent interfacial structure with grain sizes ≤15 nm [125].

The effects of different grinding times on TMCs and graphite are shown in Fig. 4e–h. Due to the strong van der Waals interaction
between the nanosheets and the high-density difference between graphite and the metal matrix, graphite tends to agglomerate and not
fully attach to the substrate powder [72]. The ball milling procedure can disperse the graphite clusters, but it can also lessen the matrix
powder’s sphericity, which could have an impact on the composite powder’s flowability [127]. To ensure optimal performance during
SLM processing, it is crucial to adjust the ball milling parameters to attain a uniform distribution of graphite within the TMCs

Fig. 4. The particle shape of the starting (a) CP-Ti and (b) TiB2 powder, and the Ti–TiB2 powder mixture milled for (c) 2 h and (d) 4 h [123], the
graphene powder–TC4 powder mixture milled for (e) 0 h; (f) 5 h; (g) 10 h; (h) 20 h [123], the Si3N4–Ti powder mixture milled for (i) 5 h; (j) 10 h; (k)
15 h; (l) 20 h [125].

Table 5
A summary of the microstructural traits of the several TMCs made using SLM.

Material Microstructural features and remarks Ref.

Ti The Ti parts underwent a successive change as the applied scan speeds increased: relatively coarse lath-shaped α→refined needle-
shaped martensitic α′→ further refined zigzag-structured martensitic α′.

[130]

Ti-TiC The TiC exhibited two typical morphologies: nanoscale lamellar and submicron stripe structures, and showed a uniform network
distribution.

[76]

Ti-TiB2 Both Ti and TiB2 react chemically with each other, resulting in the formation of Ti-TiB composites. [98]
Ti-B4C The reinforced B4C particles react with CP-Ti to form prismatic TiB, whisker-like TiB, and granular TiC. [131]
Ti-Si3N4 The in-situ synthesis reaction 9Ti + Si3N4 = 4TiN + Ti5Si3. The in-situ TiN reinforcing phase had a refined granular morphology

and uniform distribution.
[132]

Ti-SiC The uniformly dispersed TiC reinforcing phase has a unique network distribution and submicron dendritic morphology. [105]
Ti-GNPs TiC particles were formed in the SLM GNPs/Ti. [133]
Ti6Al4V The higher the temperature, the more metastable the fine acicular is in the reheating cycle. The fine acicular martensite changes

completely to a Widmannstetter structure.
[134]

Ti6Al4V-TiB2 The distribution of TiB whisker clusters in primary β-Ti grains is not consistent with a complete dissolution mechanism. [135]
Ti6Al4V-TiC Unique nanoscale lamellar and acicular eutectic TiC reinforcement phases. [103]
Ti6Al4V-LaB6 TiB and La2O3 with particle-like shapes formed uniformly after the in-situ reaction. [136]
Ti6Al7Nb-TiB2 in situ formation of fine TiB phase. [64]
Ti6Al4V-Cr The increase in Cr content increases the amount of β-phase. [137]
Ti6Al4V-Gr The composites were mainly composed of α, α′ martensite, and α+β structures, TiC was formed. [138]
Ti6Al4V/

MWCNTs
TiCx is formed via an in-situ reaction. [38]

Rare-earth
metals

– [98,
101]
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composite powder, while preserving adequate powder flowability.
The primary reason for these variations is that differences in milling time can significantly affect the morphology of powder

materials, including their particle shape and size [125]. For instance, after 0 h of ball milling, Ti6Al4V matrix powder maintains its
original spherical shape. However, after 5 h of ball milling, some fines are also seen, and the surface becomes rougher. Deformed
particles also appear. The average particle size of the composite powder grows somewhat rather than decreases. There is considerably
more surface roughening, more distorted particles developed, and the number of fines increases significantly when the ball milling
time is extended to 10 h. When the ball milling duration is extended to 20 h, there is a significant increase in the quantity of flattened
particles [72]. Additionally, the optimum nanocomposite powder for SLM processing was obtained by ball milling at 300 rpm for up to
4 h after studying the dispersion of multi-walled carbon nanotubes in the matrix powder [126]. In conclusion, various composite
materials andmixes react and generate diverse results when subjected to varying ball milling times. The ideal powder mixture is almost
spherical and has good mechanical qualities; lengthening the ball milling period has the opposite impact of what is desired. Attar et al.
(2017) mixed commercially pure titanium (CP-Ti) with TiB₂ powder and milled them for 2 h and 4 h, respectively. The maximum
tensile strength values were 1421 MPa and 883 MPa respectively, and the compressive strain decreased from 17.8 % to 5.5 % [123].

3.2. Influence of the reinforcements

Key microstructural features such as particle distribution, particle-matrix interface, grain size, and phase composition significantly
influence mechanical properties [55,128]. Uniform particle distribution enhances strength and ductility, while a strong particle-matrix
bond ensures effective load transfer. Grain refinement and preferred grain orientation can affect strength and anisotropy, respectively
[24]. Additionally, the secondary phase can impact hardness, toughness, and wear resistance. To optimize mechanical properties and
microstructure, careful selection of reinforcement type and volume fraction is essential [25]. Ceramic particles like TiC or SiC are
commonly used for their stability and compatibility with the matrix. Typically, a volume fraction of 10–30 % balances strength and
ductility. Processing parameters, including laser power and scan speed in SLM, should be optimized to control microstructure evo-
lution [51]. Post-processing treatments can further enhance properties. Experimental validation through techniques like SEM and
mechanical testing is necessary to refine and optimize the composite design [129]. Table 5 summarizes the different microstructures
formed by various types of reinforcement.

A distinct microstructure will arise from the variations in matrix and reinforcing materials [69]. The selection of these combi-
nations influences the materials’ chemical characteristics and performance in addition to their physical characteristics [55]. The
microstructure of composites is significantly impacted by the volume proportion of reinforcement, as has been thoroughly investigated
and documented in the pertinent literature [124]. Table 6 provides a summary of the impact of varying reinforcement volume per-
centages on the composite microstructure.

Two primary factors led to this development. First, the effective crystallinity of the TiC nuclei is severely limited by the lack of time
for grain formation, which preserves the beneficial nanoscale structure of the TiC reinforcement phase (Fig. 6a and b). Second,
Marangoni convection in the pool is the source of the liquid capillary force [141]. Homogenizes the dispersion of the nanoscale TiC
reinforcement in the finally formed matrix by acting on the precipitated TiC and speeding its rearrangement in the melt (Fig. 5a and b)
[83], In thermal convection, circular velocity patterns refer to the ring-like flow within a melt caused by temperature gradients and
density differences [142]. These include Marangoni convection, which arises from surface tension gradients, creating a ring-shaped
flow that enhances mixing and material transfer around the heat source [143]. Temperature gradient convection, driven by ther-
mal differences, results in circular flow from hot regions near the heat source to cooler areas, forming multiple ring-shaped patterns.
These circular velocity patterns significantly influence the formation of cellular structures by enhancing uniformity and promoting
cellular development, thereby determining the microstructure and properties of the final material [115]. Thus, the creation of the
cellular structures was determined by circular thermal convection [31].

In the micrometer range, ceramic particles like SiC [144], TiB [145], and WC [146] are frequently utilized for traditional
particle-reinforced TMCs. These particles range in size from a few microns to tens of microns. During typical processing, these very
large ceramic reinforcing particles either remain partially fused or unfused [50]. Unfortunately, the restricted wettability of ceramics
and metals hinders the interfacial interaction between the ceramic particles and the metal matrix, particularly when bigger ceramic
particles are utilized. TMCs may fail early because of fractures in the weak ceramic/metal contacts under mechanical stress [49].

A high relative density (>95 %) from the TMCs is needed [147]. However, due to strong van der Waals interactions, uncontrolled

Table 6
Effect of varied volume fractions of reinforcement on the organizational structure of composites.

Material Microstructural features and remarks Ref.

Ti-TiC nanoscale lamellar shape Ti (TiC 7.5 wt%)→ nanoscale lamellar shape (TiC 12.5 wt%)→ coarsened, feathery (TiC 17.5 wt%)→ different
dendritic morphology (22.5 wt%)

[83]

Ti-TiB2 phase of α′ - Ti (0 wt%) → the mixed phases of α′-Ti, TiB and TiB2 (7.5 wt%) [122]
Ti-B4C a lath-shaped structure (0 wt%) → a dendritic structure (1 wt%) → a cellular + dendritic structure (2–5 wt%) [31]
Ti-SiC acicular α-Ti forms a basketweave structure (0 wt%) → similar columnar structure (2.5 wt%) → columnar grain structure disappears, a

network architecture (5 wt%).
[124]

Ti6Al4V
-TiB2

a quasi-continuous distribution (2 vol % TiB) →full-continuous distribution (5 vol % TiB) [139]

Ti6Al4V-TiC α grains and longitudinal-sectional β columnar grains (0.5 wt% SiC) → equiaxed grains (1 wt% SiC) [140]
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aggregation of nanoparticles in bulk portions of ultrafine nanoparticle powders can lead to structural abnormalities or even loss of the
original nanoparticle structure [55]. To ensure uniform distribution throughout the matrix and meet higher microstructure standards,
nanoceramic reinforcing particles must avoid grain coarsening during processing [84]. Higher microstructure standards refer to the
stringent requirements set to optimize the microstructural characteristics and uniformity of these components within composite
materials. These standards specifically aim to achieve a uniform grain size distribution, which is essential for maintaining the desired
mechanical performance and properties. Inconsistencies in grain size can lead to material performance inhomogeneities [50,55].
Additionally, minimizing grain growth is crucial, as controlling grain growth during processing helps prevent grain coarsening, which
can reduce the material’s strength and performance. To adhere to these higher microstructure standards and prevent grain coarsening,
specific measures such as selecting appropriate reinforcement particle sizes, optimizing ball milling time, and fine-tuning process
parameters can be implemented [140,148].

Fig. 5. The state of dispersion of reinforcing components in TiC/Ti nanocomposite parts with different TiC concentrations subjected to SLM pro-
cessing. (a) 7.5 wt%, (b) 12.5 wt%, (c) 17.5 wt%, (d) 22.5 wt% [83].

Fig. 6. Typical growth morphology of TiC reinforced material in TiC/Ti parts processed by SLM. (a) 7.5 wt%, (b) 12.5 wt%, (c) 17.5 wt%, (d) 22.5
wt% TiC [83].
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3.3. Influence of the SLM parameters

Numerous studies have demonstrated that the parameters of the particle addition process have a substantial effect on the formation
of reinforced phase microstructures. Lower energy densities lead to the formation of nanoscale punctate or sheet-like structures
(Fig. 7d) [84,149], whereas higher energy densities induce the reinforced phase to coarsen (Fig. 7a, b, c). For example, during the SLM
process used to produce TiC/Ti composites, energy density significantly influences the shape of TiC particles. As the energy density
drops, coarse columnar crystals transition to mixed forms with dendritic layers, and then to uniformly distributed TiC layers [76].

Furthermore, other research has indicated that a major aspect of defining the material properties of TiC/Ti nanocomposites is their
nanoscale layered structure. Process optimization has produced dense TiC/Ti6Al4V composites with typical coarse columnar grains
and ultrafine layered α+β microstructures dispersed internally. The needle-shaped nanoscale TiC present in the sub-columnar crystals
effectively alters the microstructure and fine-tunes the matrix grain [104]. The issue of coarse columnar grains can be solved by

Fig. 7. The characteristic morphologies of TiC reinforcement at different energy densities (a) Ed = 360 J/mm3, (b, c) Ed = 180 J/mm3, (d) Ed = 120
J/mm3, (e) Schematic of microstructural developments of TiC, (f) Crystal structure of TiC and projection of Ti–C atoms along [109] direction [84].
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adjusting the amount of reinforcing agent and improving the process parameters to create ultra-high strength TMCs with
near-equiaxed grain shapes and nanoscale composition without fracture [125]. In summary, the development of reinforced phase
microstructures is largely determined by the particle addition process parameters, with important consequences for material per-
formance and application.

Studies have indicated that process parameters can play a crucial role in the mechanical properties and microstructure of composite
materials. Improved strengthening mechanisms have been achieved, for instance, when Ti-based nanocomposites have been created
and reinforced with TiBw or TiCp ceramic particles [107,150]. B4C/Ti6Al4V composite produced by SLM increased Vickers micro-
hardness by up to 45 % and compressive strength by 26 % [89]. Examined the use of SLM in the in-situ TiB2/Ti6Al4V composites’

Fig. 8. The relationship between relative density and energy density of in-situ TiC/Ti5Si3 composites [105].

Fig. 9. Relationship between laser power and relative density for TMCs manufactured at different scanning rates (a) 400 mm/s, (b) 600 mm/s, (c)
800 mm/s, (d) 1000 mm/s; The insets in (c) and (d) display images of cracked samples [139].
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manufacturing, discovering parallel ribbon-like structures with sections that are TiB-rich and TiB-poor [149,151]. SLM has also been
successfully used to create carbon nanotube-reinforced composites, which have relative densities of more than 99 % [152].

SLM has demonstrated potential in creating pure titanium powder and CrB2 to create high-performance, tailored composite ma-
terials. However, when the relative density grows with increasing laser energy density, further work is required to improve the me-
chanical characteristics of these materials and optimize process parameters [153].

Components produced with the same energy density but various printing conditions might have varying degrees of porosity.

Fig. 10. Influence of powder scanning speeds on porosity (a) v = 0.4 m/s, g = 2.5 kJ/m, (b) v = 0.3 m/s, g = 3.33 kJ/m, (c) v = 0.2 m/s, g = 5 kJ/m,
(d) v = 0.1 m/s, g = 10 kJ/m [81].

Fig. 11. Influence of powder layer thickness on porosity [155].
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Researchers investigated Ti6Al4V and B4C titanium-based nanocomposites with the same Ed but distinct printing conditions and
discovered that the spheroidization effect andmicrocracks varied, and there were notable variations in the relative densities among the
samples (Fig. 8) [107]. This implies that, within some parameter ranges, Ed is unable to effectively depict the link between print
parameters and component melt pool shape. This indicates that there are still important variables that affect these fundamental
constituents and that the effects of laser power, scan distance, and scan speed on melt pool shape are not the same. Incomplete melting
of the powder material due to low laser power might result in flaws and a weaker printed object. Conversely, thermal stress and
material deformation might result from high laser power’s excessive heat generation (Fig. 9) [139].

Relevant research in the field of SLM technology indicates that individual process parameters, including laser power, scanning
speed, powder layer thickness, and scanning spacing, are insufficient for evaluating the overall quality of produced titanium-based
composite materials [53]. Therefore, for efficient and effective manufacturing, a more comprehensive strategy that considers
numerous interdependent aspects is needed. According to reports, a scanning speed range of 100–400 mm/s is ideal for the SLM of
titanium (Ti) and Ti-based metal composites. Speeds exceeding or falling below this range can lead to a decline in the composite
material’s performance (Fig. 10) [154]. This range is not without exceptions. The final product may also be affected by additional
factors like the powder ratio and energy density (Ed) [106,149].

Another important factor in the material’s creation during SLM is the thickness of the powder layer. A thinner powder layer results
in higher energy density per unit volume, causing the powder to melt completely and improving surface quality. On the other hand,
more unmelted powder particles and a lower density of the generated product are produced by a thicker powder layer because it has a
lower energy density per unit volume (Fig. 11) [155].

Table 7
Current relevant literature on heat treatment of SLM titanium composites.

Material Process Microstructure Ref.

Ti6Al4V [165]

Ti6Al4V-TiB [163]

Ti6Al4V-TiB [168]

Ti6Al4V-TiB [169]

Ti6Al4V-TiB [170]

Ti6Al4V-B4C [171]
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The size, stability, and behavior of the melt pool significantly impact the porosity of the final product. A larger melt pool may lead
to increased porosity if it cools too quickly, trapping gas bubbles within the solidifying material. Stability is crucial because an unstable
melt pool can cause turbulence, leading to irregular solidification and the formation of pores. The behavior of the melt pool, including
its flow dynamics, influences the uniformity of material fusion; inadequate flow can result in a lack of fusion defects, while excessive
penetration can cause keyhole porosity. These defects are intrinsically linked to the dynamics of the melt pool, affecting the overall
porosity and quality of the final product [156,157]. Thus, it can be concluded that laser power and scan speed have the greatest effects
on porosity [154]. Process variables can also have an impact on surface roughness. Higher scanning speeds can lead to
Plateau-Rayleigh instability, which elongates melt pools and provides rougher surfaces, while lower energy densities can contribute to
balling phenomena [158,159]. A crucial component is the SLM scan spacing, which is the distance between laser scans during each
layer of laser scanning. The laser scan spacing significantly affects the surface quality of the product. However, there is currently
limited research available in the literature [160,161].

In summary, these results suggest that optimizing process parameters for the SLM of titanium-based composite materials neces-
sitates a holistic approach. Achieving high-density, low-porosity, and smooth-surfaced products requires considering a combination of
factors, including powder layer thickness, laser power, scanning speed, energy density, and powder ratio. For instance, Du et al. (2021)
employed a combination of machine learning, mechanical modeling, and experimental data to mitigate common defects and improve
the mechanical properties of materials [162].

3.4. Influence of heat treatment

In recent years, extensive research has focused on the globularization of the α phase in SLM-processed Ti6Al4V alloy using heat
treatments to enhance the mechanical properties and microstructure of the alloy [163,164]. The annealing temperature
(800 ◦C–900 ◦C) was below but close to β transition temperature for Ti6Al4V. Lamellar and bimodal microstructures are the two main
types found in conventionally treated Ti6Al4V. It is composed of interlayer β regions and alternating α layers [165]. After β ho-
mogenization (1080 ◦C, 0.5 h), the equiaxed αp and βt bimodal microstructure, which is a finely layered α+β combination, is renowned
for having a favorable balance between strength and ductility [166]. When annealing above the β transus temperature (~1000 ◦C), it
can result in age hardening and embrittlement, significantly increasing β grain size [167].

For SLM-processed TMCs, only a limited number of works on subsequent heat treatment have been reported. Table 7 summarizes

Fig. 12. Surface patterns of laser sintered samples at different scanning speeds (a) 320 W, 1200 mm/s, (b) 320 W, 1000 mm/s, (c) 320 W, 800 mm/
s, (d) 320 W, 600 mm/s, (e) 320 W, 400 mm/s and (f) density and exposed porosity of multiple samples [183].
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recent literature on SLM TMCs Researchers successfully adjusted the mechanical and microstructural properties of Ti6Al4V-TiB
composites by chilling the samples in a furnace at varied temperatures.

The literature summarized in Table 7 reveals that several researchers have conducted in-depth studies on the microstructure of
titanium-based composites produced by SLM and the impact of heat treatment on their properties. After aging and solubilization
treatments, the microstructure of Ti6Al4V-TiB composites generated by SLM remained primarily lamellar α [169]. On the other hand,
SLM-processed Ti6Al4V-5vol. %TiB composites that underwent air cooling following isothermal annealing developed a bilayer
microstructure at 800 ◦C and 900 ◦C [163,171]. Moreover, these additional nucleation sites may facilitate the formation of globular
α-phase at 950 ◦C and 1050 ◦C [163,171]. The creation of the bimodal microstructure βt was hindered by the sluggish cooling of the
furnace, which caused αp to grow at the expense of parent β. Therefore, adequate rapid cooling is essential for the complete solidi-
fication process before final cooling, rather than solely depending on the nucleation effect of TiB [168,170]. To the best of our
knowledge, there have been no reports of the formation of a bimodal microstructure in SLM-processed Ti-based composites [163,171].

Additionally, the high cooling rates inherent in the SLM process can result in a high level of residual stress within the components,
leading to non-equilibrium and highly textured microstructures. This significantly reduces the machinability and mechanical prop-
erties of the components. In general, slower cooling rates are preferable. For instance, Zhou et al. (2022) designed a cooling scheme at
1 K/min. The cyclic thermal treatment (CTT) technique can effectively produce a bimodal microstructure in Ti6Al4V-5vol. %TiB
composites produced by SLM. The CTT process involving thermal cycling between 875 and 975 ◦C resulted in significant changes in the
proportions of α and β phases. Prior annealing of the β region at 1050 ◦C for 1 h was performed to facilitate liberalizations. The CTT-
treated sample showed increased plasticity (12.3 %–27.3 %) with a slight reduction in yield strength (from 1743 MPa to 1392 MPa),
making it suitable for structural applications [168].

These investigations illustrate that heat treatment methods, such as solid solution treatment and cyclic thermal processing,

Fig. 13. The microstructure of TiC/Ti components subjected to SLM processing with (a) 7.5 wt%, (b) 12.5 wt%, (c) 17.5 wt%, (d) 22.5 wt%, (e)
surface morphologies and densification rates of SLM parts containing TiC [83].

J. Fang et al. Heliyon 10 (2024) e40200 

16 



substantially influence the mechanical properties and microstructure of composite materials. These findings are pivotal in the
development of heat treatment strategies designed to optimize the properties of composite materials for diverse applications [48]. In
summary, heat treatment, mechanical milling, reinforcing phases, and SLM parameters each play a multifaceted role in shaping the
microstructure of SLM-printed titanium matrix composites (TMCs). Mechanical milling improves powder distribution, hardness, and
interfacial bonding. The distribution and characteristics of reinforcing phases significantly influence mechanical behavior. SLM pa-
rameters, including layer thickness and laser power, affect grain size and composite density. Heat treatment modifies the crystal
structure and phase composition, thereby enhancing mechanical properties by mitigating residual stresses. Assessing and optimizing
these variables is essential for improving the overall performance and quality of SLM-printed TMCs.

4. Defects

SLM is a highly effective technique for fabricating complex and precisely accurate titanium-based composite materials [49]. During
the SLM process, the cooling conditions at the bottom of the melt pool predominantly occur within the columnar region of the grain
refinement diagram. These conditions frequently result in grain elongation along the grain direction [172]. However, defects in the
fabricated components are prevalent due to the sensitivity of titanium-based composites and the non-equilibrium solidification
characteristics inherent to additive manufacturing [173]. Drawing from a recent review of the literature, this section aims to provide a
comprehensive examination of the microstructural properties of titanium-based composites produced by SLM. This research considers
several phenomena, including balling, the presence of small porosity defects, and cracking in the printed components.

4.1. Balling

Balling is a common problem with SLM metal components. The surface quality and densification of components are significantly
affected by balling [174,175]. The formation of spherical aggregates on the surface of SLM metal components is referred to as balling
[176,177]. Metal powder absorbs energy and rapidly melts when a high-intensity laser beam passes over it. The powder then shrinks
into discontinuous spherical particles due to surface tension, gravity, and surrounding media, a process known as balling [49]. SLM
spheres are divided into two categories: a larger, predominantly elliptical type with a diameter of 500 μm and a smaller, predominantly
spherical type with a diameter of 10 μm. Poor wettability leads to the development of the first type of balling particle, which causes
more severe balling in SLM; the second type of balling particle has no discernible effect on SLM sample performance [175]. The
majority of research today is focused on the management of balling particles from an SLM processing standpoint, for example by
modifying process parameters. It is thought that changing the process parameters may affect surface tension and flow stability, which
in turn may alter the balling phenomenon [178]. For example, balling is severe when the energy density is below the optimum range.
Balling improves as the energy density increases. The sample aperture shrinks but the surface roughness increases above the optimum
range [179,180].

Changes in surface tension and viscosity have little effect on balling, whereas process parameters have a large effect on balling. In
addition, process variables have a greater influence on SLM metal processes than material properties [181]. The smooth and dense

Fig. 14. The micropores in various TMCs samples (a) Ti6Al4V, (b) Ti6Al4V -TiB (2 vol %), (c) Ti6Al4V -TiB (5 vol %) as examples; schematic
illustration of pore formation (d) irregular holes, (e) keyhole pores [139].
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surface formed under relatively low scanning speeds (v) and the resulting high energy densities (Ed). At low Ed and higher v, large-sized
balls appeared (Fig. 12b). This is mainly due to the extreme instability of the melt, caused by high melt viscosity at a comparatively low
energy density. This causes balling, which reduces surface quality and densification behavior [182]. Meanwhile, increasing v tends to
increase the local instability of the melt. To reach a balanced state, the unstable liquid paths split into several globular clusters. These
results are comparable to those studied by Chen et al. (2020). The temperature of the melt pool is comparatively low due to the limited
energy input (Fig. 12a–c). The trajectory of the molten material breaks and accumulates instead of spreading when the surface tension
is high. The molten material builds up to form a rough surface with uneven pores and a balling phenomenon. The balling diminishes
and the surface of the sample becomes smooth (Fig. 12d–f) [183].

The balling phenomenon is significantly influenced by the physical properties of the particles (Fig. 13a and b). Cross-sections of
SLM components with 7.5 wt% and 12.5 wt% TiC shows a homogeneous microstructure consisting of metallurgical bonding layers
without any layer porosity. As a result, the densification rate exceeds 98.3 % of the theoretical density. The cross-section shows a
heterogeneous layered microstructure (Fig. 13c) with increasing TiC addition up to 17.5 wt%, and the SLM component density in-
creases to 97.2 %. The balling effect in this case is responsible for the formation of several spheres on the surface with diameters
ranging from 20 to 140 μm (Fig. 13e). A significant decrease in densification to 94.7 % occurs when the TiC addition is increased to
22.5 wt%. Layer porosity with diameters as small as 100 μm is seen in the cross-section (Fig. 13d) and ball clusters and interval pores
form on the surface (Fig. 13e). The Marangoni force, which causes the TiC/Ti melt with higher TiC content to tend to flow radially
inwards towards the center of the laser beam instead of spreading outwards at the lower surface, is the primary cause of this phe-
nomenon (Fig. 13e) [83]. The other contributing factor is the limited rheological properties of the high melt viscosity resulting from
the addition of high TiC content. Microstructure-reinforced TMCs show that defects such as balling can be influenced by particle size.
At present, experiments are the principal method for observing balling phenomena, however, machine learning and finite element
simulations are increasingly employed to predict balling defects [184]. For example, Raju et al. (2022) employed various machine
learning algorithms to predict densification based on prior experimental results with different process parameters. Experimental
validation demonstrated that the neural network-based model accurately predicted densification [157]. Ansari et al. (2022) developed
a finite element model for SLM of AlSi10Mg to simulate and predict optimal processing parameters. The experimental results were
consistent with the simulation predictions [185].

4.2. Porosity

A prevalent defect in all SLM components is porosity, which significantly affects their mechanical properties. Gases within the melt

Fig. 15. Densification map: (a) SLM-ed Ti6Al4V; (b) SLM-ed 5%-TMCs. g: (c)–(g) SLM-ed Ti6Al4V; (h)–(l) SLM-ed TMCs [104].
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pool play a critical role in the formation of porosity, particularly in TMCs that are easily vaporizable (Fig. 14d and e). Post-processing is
generally less effective at reducing porosity compared to improving surface quality and addressing microstructural flaws [170].
Porosity in SLM components can be categorized into two types: metallurgical porosity, which results from the absorption of specific
alloying elements (e.g., Mg) or ambient gases (e.g., N, O, or H) [43]; and parameter-based porosity, which primarily arises from process
errors.

Fluid flow behavior studies have observed that as the surface temperature approaches the boiling point, the liquid is expelled from
the center due to an exponential increase in back pressure perpendicular to the surface [66]. This phenomenon leads to the formation
of a keyhole in the center of the melt. Multiple laser reflections within the keyhole accelerate the metal’s absorption of the laser,
causing metal evaporation and gas formation at the bottom of the keyhole. During solidification, porosity defects result from gas
entrapment in the molten pool as the keyhole collapses [186]. Generally, variations in porosity can also arise from different amounts of
reinforcement (Fig. 14a, b, c) [139].

Most studies on reducing porosity in SLMmaterials have concentrated on process parameters, with a particular emphasis on energy
density. The two most significant factors affecting porosity levels are laser scan speed and laser power. High laser energy increases the
absorption rate of the metal to the laser. When there is an inconsistency in cooling rates between the interior and exterior of the molten
pool, bubbles may become trapped inside, forming closed pores. High laser energy also increases vapor pressure and recoil pressure,
which forces the molten pool liquid to flow downward, resulting in pore formation [24,55]. Adjusting these parameters can enhance
the flowability of the melt pool. As the Marangoni effect becomes active, liquid flow in the melt pool intensifies, increasing the rate of
gas escape and reducing porosity defects. High laser energy density and low scan speed can induce vaporization by causing the melt
pool to contract [187].

For instance, when energy density was increased from 0.2 to 0.267 kJ/m³, the degree of densification improved from 91.6 % to
95.7 %, reaching a maximum of 96.9 % at a higher energy density of 0.4 kJ/m³. Conversely, applying a relatively high energy density
of 0.8 kJ/m³ resulted in a dramatic decrease in densification to 87.2 %. At a low energy density of 0.2 kJ/m³, the cross-sectional
microstructure revealed numerous small interlayer pores with an average size of approximately 20 μm. No visible pores or cracks
were observed in the relatively dense SLM layer when the energy density was increased to ≥0.267 kJ/m³ [105]. Samples of
Ti6Al4V-2.5B₄C-2.5BN produced at an energy density of 41.9 J/mm³ exhibited slight fusion porosity, whereas the
Ti6Al4V-2.5B₄C-2.5BN composite produced at 31.5 J/mm³ showed a higher porosity rate in the microstructure [188].

At the same energy density, more severe pore defects were found in the III and IV regions of SLM TMCs compared to SLM Ti6Al4V as
shown in Fig. 15. In addition, the relative density (RD) decreased with increasing Ed due to the introduction of larger holes (Fig. 15a
and b). The failure of powder dispersion was driven by large surface protuberances that accumulated with increasing sample height
under high heat input, as evidenced by the opposite trend when Ed exceeded 180 J/mm3 for both materials. All samples exhibit
interlayer cracking in this location, even though the Ed is high above 65 J/mm3 [104].

Fig. 16. The compressive samples’ typical fracture surfaces at various magnifications (a, d) Ti6Al4V, (b, e) 0.5 wt% B4C, (c, f) 1 wt% B4C. At greater
magnifications, the insets display intricate dimple morphologies [107].
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As Ed increases, most samples in region II exhibit no cracks (Fig. 15i). Compared to SLM-ed Ti6Al4V synthesized under the same Ed
conditions, a more severe drop in RD was observed in SLM-ed Ti6Al4V due to the presence of more severe pore defects in the III and IV
regions of Ed TMCs (Fig. 15k and l). A work on TiC/Ti5Si3 produced by SLM revealed similar results [105].

Boron carbide (B₄C) particles are resistant to evaporation from the melt during the SLM process due to their extraordinarily high
boiling point of 3500 ◦C. The formation of pores occurs because the liquid cannot effectively flow toward microscopic voids caused by
the B₄C particles trapped in the melt. When the B₄C content is increased to 5 % by weight, there is a significant decrease in relative
density, and macroscopic fissures emerge. Therefore, to improve the densification of (TiB+ TiC)/Ti composites produced by SLM, it is
essential to adjust the B₄C content [31].

4.3. Cracking

In addition, overheating and overcooling can occur due to the rapid melting and cooling of metal powders in SLM. This phe-
nomenon is primarily caused by solidification shrinkage and internal tensions that develop during the SLM process [189]. Cracking is a
major factor in material failure and notable performance deterioration [190,191].

The mechanism of thermal cracking can be attributed either to embrittlement, resulting from the inability of brittle hard phases to
tolerate thermal stress, or to solidification deceleration, caused by the low melting point eutectic phase during rapid solidification,
which weakens intergranular bonds. Similar to issues of spheroidization and porosity, optimizing critical process parameters is the
most effective strategy for preventing cracking [43]. Similarly, The hydroxyapatite ratio was positively correlated with the increase in
crack density, which increased from 1.5× 10− 4 μm/μm2 to 2.7× 10− 3 μm/μm2 [192]. The typical fracture surfaces of the Ti6Al4V and
TMCs specimens were smooth shear surfaces and ductile indentations, as shown in Fig. 16. This indicates a mixed mode of brittle and
ductile fracture. Larger dimple diameters generally indicate greater flexibility and resistance to local instability under the same
fracture conditions [107].

By optimizing the SiC content and SLM process parameters, the production of in-situ Ti5Si3-reinforced titanium-based nano-
composites utilizing SLM resulted in considerable improvements in fracture propagation [124]. The densification rate is often reduced
by the formation of spherical phenomena at low laser energy density combined with high scanning speed and by the generation of
thermal cracks at excessive laser energy input [81].

Reducing the size of the ceramic particles can also significantly increase particle cracking [193]. Additional investigation has
revealed that the addition of B in Ti6Al4V alloys tends to produce elongated needle-like TiB, whereas the addition of C produces
large-sized TiC, which tends to fracture first when exposed to an external force [194]. As a result, altering the optimal process pa-
rameters and material composition design will address the cracking faults.

Since the powder exhibits a cyclic and unstable thermodynamic history, residual stresses inherently emerge during the melting and
solidification in SLM due to the extraordinarily complex phase transition field. This has been one of the primary obstacles to the
industrialization of SLM. In the SLM process, alloy components may undergo warping and cracking due to localized variations in
thermoplastic properties, phase transformations, and microstructural inhomogeneity. These issues stem from the complex behavior of
materials during high-temperature processing, including the development of thermal stresses, internal stresses resulting from phase
changes, and heterogeneous microstructures. To mitigate these issues, it is imperative to optimize laser processing parameters, refine
material formulations, and apply effective post-processing techniques to improve the overall performance and stability of the alloy
components [109,195].

In summary, spherical stacking, pores, cracks, and residual stresses are frequently observed in TMCs fabricated via SLM. Excessive
laser energy density leads to overheating, which impacts the microstructure by accelerating melting and material accumulation.
Various conditions can cause pore defects, compromising material reliability. Due to rapid solidification, uneven shrinkage, and
thermal stresses, cracking remains a prevalent issue. Rapid cooling generates residual stresses that undermine stability. Enhancing the
microstructural integrity of TMCs necessitates careful control of temperature gradients, residual stresses, and material behavior during
the SLM process.

5. Strengthening mechanisms

Titanium-based composites made using SLM have special qualities not present in materials made with other methods [70]. We can
gain further insight into the mechanisms underlying the strengthening of these composites by examining the relationship between
their overall characteristics and microstructure, as well as how their structures change [49]. Dislocation strengthening, load transfer

Fig. 17. (a) showing arrays of dislocations, (b) bright-field images of TiC/Ti6Al4V composites [138].
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strengthening, Orowan strengthening, and fine grain strengthening owing to the Hall-Petch effect are the primary strengthening
techniques used in titanium-based composites made by SLM [139]. This review intends to provide a comprehensive overview of SLM
particle-reinforced metal matrix nanocomposites, focusing on the most recent research on their strengthening mechanisms [27].

5.1. Dislocation strengthening

The dislocation strengthening mechanism is crucial in the reinforcement of particle-reinforced titanium-based composites. The
increased density of dislocations within the matrix results from localized plastic strain induced by the mismatch between the thermal
expansion coefficients of the particles and the matrix [196]. The frequency of dislocation contacts during movement is increased due to
the higher dislocation density, which impedes dislocation movement and prevents the matrix from continuously deforming plastically.
As a result, the strength of the material increases. For example, in TiC/Ti6Al4V composites produced by SLM, high-density dislocations
are close to the TiC/Ti contact [138]. Dislocation strengthening is observed in the graphene/matrix composite, with high dislocation
density acting as an efficient strengthening mechanism. The increase in strength is caused by the coherent elastic strain transfer
mechanism, which is described mathematically (Fig. 17a and b) [197–199].

ΔσCTE =
̅̅̅
3

√
βGb

̅̅̅ρ√
CTE (2)

ρCTE =
BΔαΔTvp
bdp

(
1 − vp

) (3)

Where β is the dislocation strengthening coefficient, G is the shear modulus of the Ti matrix and Δ ρCTE is the increase in strength (in
MPa) due to dislocation strengthening. Where ρCTE is the dislocation density (4.3 × 104 MPa). The difference between the coefficients
of thermal expansion of the matrix phase and the strengthening phase is denoted by Δα [200].

The purpose of this work is to investigate the effect of particle size and volume fraction on the strengthening stress of particle-
reinforced metal matrix composites. The results show that a decrease in particle size and an increase in volume fraction cause
more dislocations at the particle-metal matrix interface, which increases the strengthening stress [201,202]. On the other hand, for
metal matrix composites supplemented with micron-sized particles, the strengthening stress induced by the change in thermal
expansion coefficient at the interface position is quite minimal. In addition, particle agglomeration reduces the dislocation-induced
strengthening stress, which reduces the yield strength of the composite. It is important to note that when subjected to external
loading, uneven deformation occurs between the matrix and reinforcement phases due to their different elastic moduli. To maintain
the coordination of the deformation, this non-uniform deformation creates a deformation gradient in the metal matrix, which induces
the creation of geometrically necessary dislocations surrounding the reinforcement particles. The increase in strength of the composite
material due to geometrically necessary dislocations can be represented as follows:

ΔσEM =
̅̅̅
3

√
αGb ̅̅̅ρ√

EM (4)

Where α is a constant, usually taken as 0.5, ρEM is the dislocation density formed by a mismatch in elastic modulus, which can be
expressed as [202].

ρEM =
6vp
πd3P

ε (5)

Where ε is strain, which is caused by work hardening.

5.2. Fine grain strengthening

An important element affecting the strength of titanium composites produced by SLM is the refinement of grain size by the addition
of reinforcing particles. Grain growth can be inhibited by the aggregated particles acting as anchor points at grain boundaries. The
Hall-Petch relationship states that finer reinforcing particles produce more internal grains and more tortuous grain boundaries. This
makes them more effective at preventing dislocation motion, which causes dislocation pile-ups at grain boundaries and ultimately
increases the strength and flexibility of the material. The yield strength in this case is represented by σy and the material constants are
Ky and σ0. In addition, d represents the average grain size [196].

σy = σ0
Ky
̅̅̅
d

√ (6)

The size of the reinforcing phase affects the recrystallization and strength properties of laser-heated Ti-based composites. While
larger reinforcing particles significantly increase recrystallization nucleation, smaller reinforcing particles can pin grain boundaries.
While excessive B4C inclusion can reduce the strength and ductility of Ti-based composites, TiC particles can minimize internal stresses
in the Ti matrix and prevent grain formation [203]. Heterogeneous Si4Ti5 nucleation and TiC nanoparticles limit the formation of α(Al)
grains in Al-Si-Mg-Ti/TiC materials produced by the SLM technique, thereby increasing tensile strength and elongation. TiB2 particles
can superimpose multiple strengthening mechanisms and increase the overall yield strength of the material when added to Ti-TiB
composites [91,204].
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5.3. Orowan strengthening

SLM process is capable of in-situ generation of small and dispersed reinforcing phases within the titanium matrix, effectively
impeding dislocation movement, promoting dislocation pinning, and increasing the deformation resistance of the material. In SLM-
formed particle-reinforced titanium-based composites, the addition of ceramic reinforcement is equivalent to the introduction of a
large number of second-phase particles into a single base metal. The strengthening effect of non-deformable particles can be explained
by the Orowan mechanism [17]. According to this mechanism, when a dislocation moves towards a hard-strength particle, it bypasses
the particle and forms a dislocation loop near the particle. There is a relationship between the shear stress required for dislocation
bypass and the distance between the disperse phase and the reinforcement particle [198,202].

σOrwan =M
0.4Gmb

π(1 − v)
1
2

In
(

d
b

)

λ
d=

̅̅̅
2
3

√

d (7)

Table 8
Mechanical properties of particulate-reinforced TMCs fabricated by SLM.

Materials Ed (J/
mm3)

Er (GPa) Wear rate (mm3/
Nm)

HV (MPa) Tensile strength
(MPa)

σus
(MPa)

σys
(MPa)

εf (%) Ref.

CP-Ti 120 107 2.8 × 10− 6 261 757 582.39 499.05 19.5 [23,
31]

Ti-5wt.%TiC 142 – – – 914 – – 18.3 
Ti-7.5 wt%TiC 120 – 2.6 × 10− 7 553 – – – – [76]
Ti-12.5 wt%TiC 120 – 2.3 × 10− 7 577 – – – –
Ti-15 wt%TiC 90–360 179–256 1.8 × 10− 7-7.0

× 10− 7
487 – – – –

Ti-17.5 wt%TiC 120 – 3.75 × 10− 7 – – – – –
Ti-22.5 wt%TiC 120 – 6. 5 × 10− 7 412 – – – –
Ti-0wt.%TiB2 –

40
–
–
–

104.5 × 10− 3 258 – – – – [122]
Ti-2.5 wt%TiB2 91.26 × 10− 3 333 – – – –
Ti-5.0 wt%TiB2 82.51 × 10− 3 392 – – – –
Ti-7.5 wt%TiB2 70.76 × 10− 3 435 – – – –
Ti-5wt.%TiB2(2 h milling) – – – – 779 – – – [123]
Ti-5wt%TiB2(4 h milling) – – – – 1103 – – –
Ti-5wt.%TiB2 120–185 – – 402 – – 1103 – [71]
Ti-1wt.%B4C –

49
127.69 – 275 – 945.99 761.77 26.37 [31]

Ti-2wt.%B4C 114.42 – 320 – 834.14 744.66 4.75
Ti-3wt.%B4C 96.10 – 343 – – 627.96 1.19
Ti-5wt.%B4C – – 424 – – – 0.56
Ti-2wt.%CrB2 – – 7.5 × 10− 4 -13.3

× 10− 4
320–380 – – – – [209]

Ti6Al4V-2.5 wt%SiC 400 – 1.42 × 10− 4 980.3 – – – – [105]
Ti6Al4V-1wt.%SiC – – – 588 – – – – [124]
Ti6Al4V-2wt.%SiC – – – 617 – – – –
Ti6Al4V-5wt.%SiC – 231 – 706 – – 2.39 GPa –
Ti-23.8 wt%SiC 80–320 – 1.42 × 10− 4 906–980 – – – – [105]
Ti-Si3N4 167–666 – 6.84 × 10− 5 1083–1358 –    [48]
Ti-GNPs – – – 503 – – – – [133]
Ti-AlN 70–140 – – 919 – – – – [210]
Ti-2wt.%Re 80 – – 956 961  956 1.0 [87]
Ti-4 wt.%Re – – 965 971 – 965 1.0
Ti6Al4V-5vol. % TiC 152 – – – 1365.83 – 1257.40 1.27 [104]
Ti6Al4V-5vol. % TiC 101 – – – 1424.16 – 1284.29 1.47
Ti6Al4V-5vol. % TiC 76 – – – 1538.98 – 1364.42 2.92
Ti6Al4V-5vol. % TiC (850 ◦C) –

104–187
– – – – 1600 2230 18.8 [170]

Ti6Al4V -5vol. % TiC (900 ◦C) – – – – 1548 2211 20.7
Ti6Al4V -5vol. % TiC (950 ◦C) – – – – 1486 2200 23
Ti6Al4V -5vol. % TiC (975 ◦C) – – – – 1602 2176 17
Ti6Al4V-5vol. %TiC furnace

cooling (950 ◦C)
– – – – 1395 2090 18.6

Ti6Al4V − 0.05 wt% B4C 64.8 – – 375.1 1225 – – 14.17 [48,
151]Ti6Al4V − 0.3 wt% B4C – – 399.8 1207 – – 7.71

Ti6Al4V − 0.5 wt% B4C – – 410.1 1047 – – 5.67
Ti6Al4V -0wt.% Mo2C 34.7 – – 420.9 – – – – [62]
Ti6Al4V − 1 wt.% Mo2C – – 445.1 1383.7  – 7.0
Ti6Al4V − 2 wt.% Mo2C – – 452.3 1499.2  – 4.2
Ti6Al4V -3wt.% Mo2C – – 368.4 – – – –
Ti6Al4V -LaB6 – – – 477.62 1337.1 – – 5–6 [136]
Ti6Al4V − 0.5 wt%GNS –  – – 1517 – – 1.3 [211]
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√

(8)

Gm =
E

2(1+ v)
(9)

Where M is the average orientation factor, and the face-centered cubic metal matrix is taken as 3.06, Gm is the shear modulus of the
metal matrix, v is the Poisson’s ratio, E is the elastic modulus of the metal matrix, λ is enhanced particle spacing.

SLM technology has been successfully used to produce Al-Si-Mg-Ti/TiC material. The resulting material exhibits heterogeneous
nucleation and growth restriction due to TiC nanoparticles, together with finely equiaxed α(Al) grains with nano-sized Si4Ti5 particles
and Mg segregation along grain boundaries. The reported strengthening effect of the Orowan mechanism is partly explained by the
rapid diffusion of Ti in the superheated Al liquid and its high chemical reactivity with Si during the solidification process [204].

Similarly, composite powder with good homogeneity and is made by combining graphene nanoplatelets (GNPs) with TC11 tita-
nium alloy powder. Grain refinement, dislocation strengthening, Orowan strengthening, and load transfer strengthening are the
reasons why the inclusion of GNPs greatly improved the mechanical properties of the composite, such as hardness, tensile strength, and
fracture toughness [205].

5.4. Load-bearing strengthening

The transfer of external loads from the metallic matrix to the reinforcing phase, uniformly distributed among the reinforcing
particles, is facilitated by the formation of a strong metallurgical bond between the two phases [206]. The Nardone-Prewo modified
shear-lag model has been widely used in load transfer strengthening models related to the reinforcing phase. The basic idea of this
concept is that loads propagate between the metallic matrix and the reinforcing phase interface, strengthening the metallic matrix
through the presence of a strong interfacial bond. The yield strength of titanium composites can be expressed in this model as follows
[74,207].

σyc = σym[0.5Vm

(

2+
1
d

)

+ (1 − VW) (10)

σyc = σymVp[1+
(L+ t)
4L

+ σym
(
1 − Vp

)
(11)

Fig. 18. (a) Effect of reinforcement content on microhardness [31,122,124,151]; (b) Effect of excessive addition of content on microhardness [83];
(c) The effect of laser power on the microhardness of LaB6/Ti6Al4V composite parts processed by SLM [136].
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In the context of composite materials, the yield strength of the material (σyc) is a critical parameter that characterizes its mechanical
properties. In the case of isotropic particles, this parameter can be expressed as a function of the yield strength of the unreinforced
matrix (σym), as well as the volume fraction (VW), length (L), and diameter (d) of the particles, along with the volume fraction of the
particles themselves (VP). Additionally, for particles oriented perpendicular to the loading direction, the length of the particles (L)
plays a key role in determining the overall mechanical response of the composite. Conversely, for particles oriented parallel to the
loading direction, the aspect ratio of the particles (A) must also be considered alongside their length (t) to accurately characterize the
composite’s mechanical behavior [27].

σyc =0.5σymVp (12)

The linear relationship between composite strength and reinforcing phase volume fraction fails to account for critical factors like
matrix and reinforcing phase properties, reducing the accuracy of yield strength predictions. A deeper understanding of reinforcement
mechanisms and the macro-micro relationship is essential, highlighting the need for further research on parameter optimization and
strengthening mechanisms. Investigating interfaces, phases, crystal grain structures, and post-processing applications is crucial for
improving titanium-based composite performance and realizing its full potential. Bridging these knowledge gaps will significantly
advance composite material technology.

6. Overall performances

SLM has the potential to be an effective technique for creating titanium-based composites with enhanced mechanical properties
[108]. The composition and microstructure of the matrix, as well as the size, content, and interaction between the reinforcing particles
and the matrix, significantly influence the performance of these composites. Compared to traditional mechanical alloying methods,
SLM offers the advantage of incorporating a higher volume of reinforcing particles into the material [208]. Consequently,
titanium-based composites exhibit notable improvements in strength and hardness but also reduced tensile ductility and fracture
toughness. Because of these composites’ enhanced resistance to corrosion and wear, they are also a popular option for many industrial
applications. The mechanical characteristics of the chosen particle-reinforced TMCs made using SLM are displayed in Table 8 [61,71].

Fig. 19. Part hardness versus laser energy density (a) linear (b) laser energy density and general trend as energy input is increased [31,149,152], (c)
and (d) Vickers hardness values of heat-treated SLM under different conditions [163,169].
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6.1. Hardness

Themilling time and particle size significantly impact the strength of composites. Within the field of SLM, nanoparticles are utilized
to inhibit grain growth, facilitating structural fine-tuning and enhancing the microhardness of titanium-based composite materials
[212]. The microhardness values of various titanium-based composites fabricated via SLM, as shown in Table 8, exhibit notable
improvements over pure titanium. When B4C particles are incorporated, in-situ formation of needle-shaped and whisker-shaped TiB
and particle-shaped TiC occurs. These products serve as α-phase nucleation sites, promoting grain refinement and reinforcing the
fine-grain structure.

Higher B4C concentrations, however, have been shown to promote the aggregation of in-situ reaction products, which reduces
hardness [48]. In SLMGNPs/Ti composites, TiC and residual GNPs are uniformly spread across the Ti matrix, and the inclusion of GNPs
impedes grain formation, resulting in a decrease in grain size and an augmentation of the fine-grain structure’s effect [213].
Furthermore, the hardness of composites based on titanium is enhanced by the addition of rare metals [87]. According to certain
research, grinding composite materials at the appropriate moment can increase their strength [72].

The addition of reinforcing elements to ceramic matrices usually causes the microhardness to rise [62,116,214]. The reduction in
matrix particle size with increasing concentrations of reinforcement (Fig. 18a) and the hard phase contribution of the reinforcement
are credited for this result [31,122,124,151].

However, an excessive addition of the reinforcement phase can lead to a decrease in the hardness of the composite material, For
example, the addition of 22.5 wt% TiC notably decreases the hardness due to the net-like distribution and dendritic morphology of TiC
reinforcement, which leads to coarsening of the grain size and weakening of the nanostructure of the composite material (Fig. 18b)
[122]. Similarly, the nanoneedle-shaped T particles induced high hardness, resulting in the hardening effect and ultimately enhancing
the hardness of titanium-based composite materials [151]. Moreover, the synergistic effects of variations in grain size and the different
morphologies and distributions of TiB phases initially increase, followed by a subsequent decrease inmicrohardness due to the increase

Fig. 20. Properties of composite samples at different conditions [48,123,136,169,219].
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in energy density. These findings demonstrate the importance of careful consideration of the type, concentration, and morphology of
the reinforcement phase for achieving optimal hardness in ceramic matrix composites [149].

The microhardness of SLM titanium-based composite materials is influenced by the SLM process parameters [54]. The variation in
microhardness of in-situ LaB6/Ti6Al4V composites prepared under different laser powers directly affects the energy density (Fig. 18c)
[136]. Generally, below the optimal laser process parameters, the microhardness increases with an increase in laser process parameters
[106]. However, due to the synergistic influence of grain size and TiB phase shape and distribution, the microhardness declines with a
rise in laser process parameters once a specific value is exceeded. Relevant research has confirmed similar findings [215]. Never-
theless, as the energy density increases, the trend of microhardness variation for TiB/Ti6Al4V composites differs from that of Ti6Al4V
specimens. The microhardness value of Ti6Al4V specimens decreases with a decrease in energy density, which is consistent with
previous research findings (Table 8). The main reason for this is the significant decrease in microhardness due to the significant growth
and coarsening of the in-situ phase as the laser power is increased [215,216].

The impact of laser energy density on the hardness of selectively laser-melted reinforced titanium composites has been investigated
[54]. In cases of insufficient energy density, a substantial melted pool failed to form, resulting in a gradient structure that was partially
melted, partially solidified, and porous (Fig. 19a). Elevated energy density, however, induced a higher temperature gradient, reducing
porosity and increasing density. This transition from α to α′ Ti contributed to heightened composite hardness [209]. Excessive energy,
on the other hand, destabilized the melt pool, elevating porosity and ultimately reducing hardness (Fig. 19b) [152]. This nuanced
understanding provides valuable insights into optimizing energy parameters for enhanced composite properties, essential for the
advancement of manufacturing techniques in titanium composites.

The use of scanning techniques in SLM can result in uneven particle distribution and anisotropy in the microstructure of the
generated material [147]. Studies on the Ti6Al4V alloy have shown that, despite the lack of research on composite materials,
SLM-produced samples with a 0◦ scanning approach exhibit the most pronounced anisotropy. The top surface has a microhardness
approximately 30 % higher than the front surface, and the first columnar crystals on the front surface (158–173 μm) are approximately
1.8–3.2 times larger than those on the top surface (54–88 μm) [217]. The effect of heat concentration on the properties of GO/Ti6Al4V
nanocomposites produced by SLM using numerical simulations of four different scanning techniques is investigated. Their results
showed that of all the samples studied, those produced using the C-scanning approach performed best [218].

It has been shown that the strength of composites is influenced by the type of heat treatment [219]. The relevant current literature
on the heat treatment of SLM titanium composites is summarized in Table 8. Despite this, the hardness values of the heat-treated TMCs
specimens were greater than those of the corresponding Ti6Al4V specimens, suggesting that the in-situ produced TiB ceramics had a
significant strengthening effect (Fig. 19c) [163]. This could be due to certain α′ phases breaking down in-situ into smaller α-Ti grains.
This is consistent with findings from previous research on Ti6Al4V alloys produced by heat-treated stress-relieved SLM [220].

Grain coarsening causes hardness to decrease as the heat treatment temperature increases. The hardness growth trend of TMCs is
comparable to that of Ti6Al4V alloy (Fig. 19d). However, heat treatment of these composites should not be carried out at temperatures
that are too high in solution [163,169].

6.2. Tensile properties

High-strength structural materials produced by additive manufacturing are increasingly noted for their ability to create complex
components, especially in the aerospace and transportation industries [221]. Studies have shown that incorporating ceramic phases
into titanium alloys enhances their strength but reduces their ductility. Recent advancements in SLM technology have significantly

Fig. 21. Graphical summary of results from several studies on the relationship between strain and ceramic volume fraction of SLM-fabricated
particle-reinforced TMCs [23,31,48,76].
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increased the strength of titanium-based composites. For instance, CP-Ti nanocomposites produced by SLM exhibit higher yield
strength compared to pure CP-Ti, with an elongation of 19.57 ± 1.8 % and a compressive strength of approximately 555 MPa [76].
SLM titanium-based composites are generally stronger but exhibit reduced ductility. TiB+ TiC reinforcement enhances the strength of
the titaniummatrix but significantly reduces its ductility, as observed in the Ti-1wt.% B4C composite, which shows a tensile strength of
762 MPa but a reduction in ductility from 26.4 % to 0.6 % upon adding 1 wt% B4C powder (Fig. 20a) [31,48].

Reinforcement content significantly affects both the tensile strength and elongation of composites. The in-situ formation of ul-
trafine TiC particles and local reactions with GNSs primarily account for the excellent mechanical properties of SLM GNSs/Ti com-
posites (Table 8). The application of SLM technology has introduced new opportunities for improving the mechanical properties of
titanium-based composites, though adding ceramic phases requires careful management of the trade-off between strength and ductility
[211]. Additionally, nanoscale TiB whiskers provide a second-phase strengthening effect, leading to Ti grain refinement and enhanced
strength. Solid-solution strengthening from interstitial carbon in the titanium matrix also contributes to increased strength, while
nanoscale granular TiC particles further enhance tensile properties [107,222].

Fig. 22. XPS spectrum of passivation film on the surface of the samples (a) CP-Ti and Ti-5 wt.% TiN, (b) Ti2p spectrum in CP-Ti, (c) O1s spectrum in
CP-Ti, (d) Ti2p spectrum in Ti-5 wt.% TiN composite, (e) O1s spectrum in Ti-5 wt.% TiN composite [234]; SLM-processed Ti-25Ta alloy for Ti 2p, Ta
4f and O1s [237].
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Milling time during powder preparation is a key factor influencing grain size (Fig. 20b). Studies indicate that TMCs prepared from
powders ground for 2 h versus 4 h exhibit different shapes and densities. The latter shows higher porosity and lower relative density
but increased ultimate strength. Excessive reinforcement may lead to spheroidization, which decreases material strength [123].
Achieving optimal TMCs requires careful consideration of the reinforcing agent’s properties, grain refinement, and other relevant
factors. For example, incorporating nanoscale BN particles promotes grain refinement, creating ultrafine-grained structures that
improve both strength and ductility. Similarly, TiB nanocrystalline whisker-reinforced TMCs exhibit high strength and favorable
ductility [126].

Moreover, processing conditions significantly impact the tensile properties of Ti-based composites [223]. Higher laser power in-
creases melt temperature and heat input, thereby enhancing material strength. Conversely, excessive laser power can cause localized
overheating, leading to cracks and other defects that weaken the material (Fig. 20c) [136]. Increasing scan speed reduces heat ab-
sorption time, accelerates cooling rates, decreases grain size, and strengthens the material [224]. However, excessively high scanning
speeds can lead to uneven melt pool formation, resulting in defects and reduced strength [48,212]. Optimal energy density ensures a
fully melted pool and uniform distribution, thereby enhancing material strength. Excessive energy density may cause insufficient

Fig. 23. Composite wear properties under conditions (a, b) different reinforcements content [122], (c) Friction coefficients of SLM-processed Ti and
TiC/Ti parts at different energy densities [124], (e) Ed = 90 J/mm3, (f) Ed = 120 J/mm3, (j) Ed = 360 J/mm3 [84].
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melting, leading to porosity and inclusions that reduce material strength, while insufficient energy density can result in a small melt
pool, instability, and decreased material strength [104].

Heat treatment has an important effect on the tensile properties of selective laser-melted TMCs (Table 8) [225]. Annealing, a
prevalent heat treatment method, plays a crucial role in enhancing the strength of TMCs [226]. By heating the material to a specific
temperature and subsequently cooling it slowly, internal stresses are relieved, and crystal rearrangement is promoted, which improves
crystallinity and material strength (Fig. 20d). Additionally, annealing enhances the material’s hardness, plasticity, wear resistance,
and toughness [170]. Another important heat treatment method for some TMCs is solid solution treatment [227]. This involves heating
the material to its solution temperature, allowing the solid solution elements to dissolve into the titaniummatrix, and thenmaintaining
this temperature for a suitable duration to form a uniform solid solution [228]. Solution annealing can increase hardness, strength, and
corrosion resistance. However, careful control of temperature and time during this process is essential to prevent excessive grain
growth and the precipitation of solution elements, which could adversely affect the material’s strength and properties. Additionally,
the selection of appropriate heat treatment time is a critical factor (Fig. 20e) [168–170].

Elongation, a key mechanical characteristic of particle-reinforced TMCs, is extensively evaluated during tensile testing [23]. This
metric is often used to assess the plasticity of engineering materials [48]. Ceramic particles, being brittle and having limited
malleability, influence the elongation behavior. When stress concentrations occur, a plastic zone forms at the crack tip, blunting the
fissure and inducing ductile behavior [76]. As illustrated in Fig. 21, elongation at fracture typically decreases with increasing ceramic
volume fraction [48]. This reduction is attributed to the increased likelihood of ceramic particles acting as crack initiation sites,
leading to premature failure and reduced elongation [55]. In addition, considerable efforts have been made to improve the elongation
at fracture [104]. Efforts to enhance elongation at fracture have focused on heat treatment and process parameter optimization. For
instance, optimizing parameters such as energy density has been shown to improve elongation at fracture in TiC/Ti6Al4V composites
[170].

However, achieving high strength in the Ti matrix does not necessarily mean compromising its ductility [36]. In some cases, both
strength and ductility can be enhanced simultaneously [229]. For example, Ti-based composites reinforced with TiC and TiB have been
produced with refined structures that effectively suppress microcracks and improve both strength and ductility [148].

Overall, careful consideration of some variables such as reinforcement properties, grain refinement, and processing techniques is
required to achieve the appropriate mechanical properties of TMCs. It is conceivable that further research could produce TMCs with
high strength and ductility, making them suitable for a range of industrial applications.

6.3. Corrosion

Titanium-based composites are widely used in marine and aerospace industries for their superior strength-to-weight ratio and
corrosion resistance [230]. Manufactured typically via SLM, these composites are the focus of research aimed at improving corrosion
and wear resistance [231,232].

One approach involves incorporating nanoparticles into the titanium matrix to enhance mechanical properties [233]. TiN particles
added to the Ti-5wt% composite enhance corrosion resistance by forming a protective TiO2 layer on the surface (Fig. 22a–e). A stable
passivation layer on Ti-2.5TiN can be achieved with a finer grain size in the δ-TiN phase and higher relative density [234,235].
Incorporating elements like tantalum (Ta) into titanium alloys is another effective method [236]. The in-situ production of Ti-Ta alloys
by SLM, involving grain refinement, solid solution strengthening, and formation of TiO, Ti2O3, and Ta2O5, improves corrosion
resistance (Fig. 22f) [237]. Surface modifications, such as hydrofluoric acid (HF) etching, can also improve the corrosion resistance of
SLM-produced titanium alloy [231].

SLM is a viable technique for producing titanium-based composites with enhanced mechanical and corrosion properties. Further
research is needed to optimize processing parameters and post-treatment processes to fully realize their potential for various
applications.

6.4. Wear resistance

The remarkable mechanical and physical properties of ceramic particle-reinforced composites have garnered growing attention in
recent years [238]. Reinforcing particles facilitate microstructural refinement and enhancement, thereby improving the wear resis-
tance of composites (Fig. 23a and b) [122].

Energy density significantly influences the wear of selectively laser-melted TMCs [239]. Energy density critically affects the
melting and solidification of the material surface during the SLM process. Low energy density can cause partial, shallow melting,
leading to surface defects such as holes and cracks, which reduce the wear resistance of the materials (Fig. 23c) [124]. High energy
density can lead to excessive melting and rapid cooling, causing large grain sizes and an uneven structure that degrades wear prop-
erties (Fig. 23d) [240]. Wear mechanisms are closely related to energy density (Fig. 23d). Ti-based composites melted with a selective
laser at high energy densities can form a glassy or amorphous structure, which generally exhibits higher hardness and wear resistance
(Fig. 23f–j) [241]. At low energy densities, the material forms a crystalline structure with larger grains and poorer wear properties
(Fig. 23e) [242]. To improve wear properties, controlling the microstructure and physical properties through appropriate energy
density management is essential [105].

Following an in-situ reaction between TiB₂ and Ti, TiB grains are formed. The formation of α′martensite and the addition of TiB₂ can
induce fine grain strengthening in SLM-produced composites (Fig. 24a, b, c). This results in increased wear resistance, with higher TiB₂
contents leading to the formation of protective zones [122]. Similarly, reinforcing particles significantly enhance the wear resistance of
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alloys, with hardness and grain refinement contributing to improved wear resistance [151]. Incorporating TiB₂ into Ti6Al4V resulted
in the complete transformation of TiB₂ into the desired nanoscale TiB phase and near-α phase. This resulted in the formation of a
composite material with parallel strip structures, significantly enhancing wear resistance (Fig. 24d) [81]. A protective oxide layer was
also observed, further enhancing the wear resistance of the composite material (Fig. 24e) [209]. The uniform distribution of the phase
within the matrix enhances microhardness, further improving wear resistance [243]. Overall, the addition of TiB₂ particles to
titanium-based composites significantly enhances their wear resistance through microstructural refinement, strengthening effects, and
protective mechanisms (Fig. 24f) [149].

Recently, there has been increasing interest in the development of high-strength and high-ductility composite materials [244]. One
promising approach is to incorporate nanoparticles into the matrix material to trigger nucleation events and induce grain refinement
[245]. For example, researchers investigated the reinforcement and toughness of Ti-based composites using nanoscale BN particles. As
TiB forms, it provides nucleation sites and creates ultrafine grain structures, maintaining up to 10 % tensile ductility [148]. Similarly,
Yang et al. (2022) employed laser melting to reinforce Ti6Al4V composites with nanoscale SiC whiskers, resulting in a 19.4 % increase
in ultimate tensile strength while retaining good ductility, primarily due to grain refinement [140,213]. These studies demonstrate the
potential of using nanoparticles to enhance the mechanical properties of composite materials through grain refinement and nucleation
events.

The heat treatment behavior, fatigue performance, and tribological properties of titanium-based composites forged via SLM [246].
The research findings establish that annealing prompts a complete phase transformation of pure Ti6Al4V alloy into lamellar α phase
and spherical β phase, and that incorporating graphene notably bolsters the mechanical properties of the SLM-processed tita-
nium-based composites [164,171]. Additionally, the study highlights that material properties and porous structure have a significant
bearing on fatigue crack initiation time and fatigue life, but microstructure refinement has a marked impact on the development of
tribological properties. These outcomes furnish valuable insights for optimizing the performance of SLM titanium-based composites [8,
72].

In summary, the mechanisms of hardness in SLM-treated TMCs are not yet fully understood, underscoring the need for compre-
hensive research to optimize these materials on fracture mechanics in Ti-based composites is currently limited, underscoring the need
for further investigation to deepen understanding and optimize the design of TMCs for improved toughness. Beyond hardness, it is
essential to study fatigue properties, high-temperature hardness, and corrosion resistance in SLM-treated Ti-based composites for
practical applications. Additionally, adopting post-processing methods to enhance surface quality and developing effective techniques
are crucial for ensuring the production of high-quality components. Acknowledging the current limitations in research highlights the
ample opportunities for further exploration in these critical areas, which will contribute to the advancement and practical application
of SLM-prepared TMCs.

7. Conclusions

This study offers an in-depth examination of the microstructure, mechanical properties, and wear behavior of ceramic particle-
reinforced TMCs produced by SLM. Results indicate that the performance of SLM-produced particle-reinforced TMCs is signifi-
cantly affected by the type of ceramic particles, related to their intrinsic properties. A homogeneous dispersion of ceramic particles is
crucial for achieving a synergistic combination of strength and flexibility in these TMCs. Altering the spatial distribution of ceramic

Fig. 24. Addition of reinforcing particles changes the schematic diagram of the composite structure [31,48,76,151].
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particles in the titanium matrix can enhance performance. SLT process parameters strongly influence the microstructure and me-
chanical properties of particle-reinforced TMCs, with performance further improved by optimizing the interfacial bonding between
ceramic particles and the titanium matrix. This work offers a detailed analysis of mechanisms improving mechanical properties,
emphasizing Orowan strengthening, load transfer effects, and grain refinement. Future studies should investigate additional factors
and develop theoretical models to elucidate these mechanisms. Further research will enhance understanding of particle-reinforced
TMCs performance, providing better theoretical guidance for automotive, aerospace, and other applications. Extensive research
confirms the unique properties of particle-reinforced TMCs as advanced materials suitable for diverse applications. However, further
work is needed to optimize these materials for commercial use.

The size of reinforcing particles is a critical factor affecting the mechanical properties of particle-reinforced TMCs. Nanometer-sized
particles show superior yield strength, tensile strength, and ductility compared to micrometer-sized particles, though particle ag-
gregation can cause premature material fracture. Developing multi-scale particle-reinforced TMCs holds promise for high-performance
materials.

Particle-reinforced composites are highly engineered due to their complex interactions and precise design requirements. Factors
such as matrix alloy composition and reinforcement particle size, morphology, and type significantly influence performance, form-
ability, and processability. Ongoing studies have focused on deformation behavior, but results have been mainly anecdotal. Future
work should create a deformation and processing database and develop simulation methods to model microstructural changes during
deformation and accelerating development.

Addressing technological bottlenecks requires focusing on processing and controlling microstructure, laying the foundation for
practical applications. Load transfer strengthening, achieved by introducing reinforcing particles into the matrix, is a direct form of
reinforcement. Controlling phase transformation behavior during SLM by adjusting parameters such as material composition, heating
rate, and cooling rate is essential for optimizing crystal structure and microstructure. Research should focus on the formation
mechanisms of grain boundaries, dislocations, and twinning, and controlling their distribution and morphology to enhance perfor-
mance. Additionally, applying multi-scale modeling and simulation techniques to understand microstructural changes, phase trans-
formations, and texture during SLM is key, involving solidification, solid-state transformations, and accurate simulation models for
predicting properties.
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[164] X.-Y. Zhang, G. Fang, S. Leeflang, A.J. Böttger, A.A. Zadpoor, J. Zhou, Effect of subtransus heat treatment on the microstructure and mechanical properties of
additively manufactured Ti-6Al-4V alloy, J. Alloys Compd. 735 (2018) 1562–1575, https://doi.org/10.1016/j.jallcom.2017.11.263.

[165] R.M. Baitimerov, P.A. Lykov, L.V. Radionova, Influence of heat treatment on microstructure and mechanical properties of selective laser melted Ti6Al4V alloy,
Solid State Phenom. 284 (2018) 615–620, https://doi.org/10.4028/www.scientific.net/SSP.284.615.

[166] C.V. Funch, A. Palmas, K. Somlo, E.H. Valente, X. Cheng, K. Poulios, M. Villa, M.A.J. Somers, T.L. Christiansen, Targeted heat treatment of additively
manufactured Ti-6Al-4V for controlled formation of Bi-lamellar microstructures, J. Mater. Sci. Technol. 81 (2021) 67–76, https://doi.org/10.1016/j.
jmst.2021.01.004.

[167] E. Sallica-Leva, R. Caram, A.L. Jardini, J.B. Fogagnolo, Ductility improvement due to martensite α′ decomposition in porous Ti–6Al–4V parts produced by
selective laser melting for orthopedic implants, J. Mech. Behav. Biomed. Mater. 54 (2016) 149–158, https://doi.org/10.1016/j.jmbbm.2015.09.020.

[168] Z. Zhou, Y. Liu, X. Liu, Constructing a bimodal microstructure via cyclic thermal treatment in selective laser melted Ti6Al4V-5vol%TiB composite, Mater. Sci.
Eng. A 861 (2022) 144354, https://doi.org/10.1016/j.msea.2022.144354.

[169] J. Zhang, B. Song, C. Cai, L. Zhang, Y. Shi, Tailorable microstructure and mechanical properties of selective laser melted TiB/Ti–6Al–4V composite by heat
treatment, Adv. Powder Mater. 1 (2022) 100010, https://doi.org/10.1016/j.apmate.2021.10.001.

[170] Z. Zhou, Y. Liu, X. Liu, Constructing targeted bi-lamellar microstructure via heat treatment for high compressive strength and plasticity in selective laser melted
Ti6Al4V-5vol%TiB composite, Mater. Sci. Eng. A 844 (2022) 143173, https://doi.org/10.1016/j.msea.2022.143173.

[171] H. Li, D. Jia, Z. Yang, Y. Zhou, Achieving near equiaxed α-Ti grains and significantly improved plasticity via heat treatment of TiB reinforced titanium matrix
composite manufactured by selective laser melting, J. Alloys Compd. 836 (2020) 155344, https://doi.org/10.1016/j.jallcom.2020.155344.

[172] Z. Zhao, C. Dong, D. Kong, L. Wang, X. Ni, L. Zhang, W. Wu, L. Zhu, X. Li, Influence of pore defects on the mechanical property and corrosion behavior of SLM
18Ni300 maraging steel, Mater. Charact. 182 (2021) 111514, https://doi.org/10.1016/j.matchar.2021.111514.

[173] J. Lu, L. Zhuo, Additive manufacturing of titanium alloys via selective laser melting: fabrication, microstructure, post-processing, performance and prospect,
Int. J. Refract. Met. Hard Mater. 111 (2023) 106110, https://doi.org/10.1016/j.ijrmhm.2023.106110.

[174] X. Zhang, C.J. Yocom, B. Mao, Y. Liao, Microstructure Evolution during Selective Laser Melting of Metallic Materials: A Review, Laser Appl., 2019.
[175] S. Liu, H. Guo, Balling Behavior of Selective Laser Melting (SLM) Magnesium Alloy, 2020.
[176] D. Gu, Y. Shen, Balling phenomena in direct laser sintering of stainless steel powder: metallurgical mechanisms and control methods, Mater. Des. 30 (2009)

2903–2910, https://doi.org/10.1016/j.matdes.2009.01.013.
[177] X. Zhou, X. Liu, D. Zhang, Z. Shen, W. Liu, Balling phenomena in selective laser melted tungsten, J. Mater. Process. Technol. 222 (2015) 33–42, https://doi.

org/10.1016/j.jmatprotec.2015.02.032.
[178] R. Li, J. Liu, Y. Shi, L. Wang, W. Jiang, Balling behavior of stainless steel and nickel powder during selective laser melting process, Int. J. Adv. Manuf. Technol.

59 (2012) 1025–1035, https://doi.org/10.1007/s00170-011-3566-1.
[179] K. Wei, M. Gao, Z. Wang, X. Zeng, Effect of energy input on formability, microstructure and mechanical properties of selective laser melted AZ91D magnesium

alloy, Mater. Sci. Eng. A 611 (2014) 212–222, https://doi.org/10.1016/j.msea.2014.05.092.
[180] C. Liu, M. Zhang, C. Chen, Effect of laser processing parameters on porosity, microstructure and mechanical properties of porous Mg-Ca alloys produced by

laser additive manufacturing, Mater. Sci. Eng. A 703 (2017) 359–371, https://doi.org/10.1016/j.msea.2017.07.031.
[181] M. Boutaous, X. Liu, D.A. Siginer, S. Xin, Balling phenomenon in metallic laser based 3D printing process, Int. J. Therm. Sci. 167 (2021) 107011, https://doi.

org/10.1016/j.ijthermalsci.2021.107011.
[182] D. Dai, D. Gu, Q. Ge, Y. Li, X. Shi, Y. Sun, S. Li, Mesoscopic study of thermal behavior, fluid dynamics and surface morphology during selective laser melting of

Ti-based composites, Comput. Mater. Sci. 177 (2020) 109598, https://doi.org/10.1016/j.commatsci.2020.109598.
[183] G. Chen, R.Z. Liu, Y.-D. Qiu, Y. Yang, J.M. Wu, S.F. Wen, J. Liu, Y.S. Shi, H.B. Tan, Effect of laser parameters on microstructure and phase evolution of Ti-Si-C

composites prepared by selective laser melting, Mater. Today Commun. 24 (2020) 101114, https://doi.org/10.1016/j.mtcomm.2020.101114.
[184] A. Reinhart, T. Ansell, W. Smith, A. Nieto, Oxide reinforced Ti64 composites processed by selective laser melting, J. Mater. Eng. Perform. 30 (2021)

6949–6960, https://doi.org/10.1007/s11665-021-06077-5.
[185] P. Ansari, M.U. Salamci, On the selective laser melting based additive manufacturing of AlSi10Mg: the process parameter investigation through multiphysics

simulation and experimental validation, J. Alloys Compd. 890 (2022) 161873, https://doi.org/10.1016/j.jallcom.2021.161873.
[186] S.A. Khairallah, A.T. Anderson, A. Rubenchik, W.E. King, Laser powder-bed fusion additive manufacturing: physics of complex melt flow and formation

mechanisms of pores, spatter, and denudation zones, Acta Mater. 108 (2016) 36–45, https://doi.org/10.1016/j.actamat.2016.02.014.
[187] A.A. Martin, N.P. Calta, S.A. Khairallah, J. Wang, P.J. Depond, A.Y. Fong, V. Thampy, G.M. Guss, A.M. Kiss, K.H. Stone, C.J. Tassone, J. Nelson Weker, M.

F. Toney, T. Van Buuren, M.J. Matthews, Dynamics of pore formation during laser powder bed fusion additive manufacturing, Nat. Commun. 10 (2019) 1987,
https://doi.org/10.1038/s41467-019-10009-2.

[188] K.D. Traxel, A. Bandyopadhyay, Selective laser melting of Ti6Al4V-B4C-BN in situ reactive composites, J. Mater. Res. Technol. 18 (2022) 2654–2671, https://
doi.org/10.1016/j.jmrt.2022.03.092.

[189] Y. Zheng, K. Zhang, T.T. Liu, W.H. Liao, C.D. Zhang, H. Shao, Cracks of alumina ceramics by selective laser melting, Ceram. Int. 45 (2019) 175–184, https://
doi.org/10.1016/j.ceramint.2018.09.149.

[190] C. Rans, J. Michielssen, M. Walker, W. Wang, L.T. Hoen-Velterop, Beyond the orthogonal: on the influence of build orientation on fatigue crack growth in SLM
Ti-6Al-4V, Int. J. Fatigue 116 (2018) 344–354, https://doi.org/10.1016/j.ijfatigue.2018.06.038.

[191] N. Kalentics, N. Sohrabi, H.G. Tabasi, S. Griffiths, J. Jhabvala, C. Leinenbach, A. Burn, R.E. Logé, Healing cracks in selective laser melting by 3D laser shock
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