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Preface 

This Ph.D. thesis is an integrated article thesis, also known as sandwich thesis, which has 

been composed of seven main chapters all focusing on the laser powder bed fusion additive 

manufacturing of metal matrix composites, specifically titanium matrix composites. The 

chapters represent papers which are either published or under consideration for publication 

in authentic international journals. 

Chapter 1 provides a comprehensive literature review on the process-structure-property 

relationships in additive manufacturing of metal matrix composites. This chapter is 

reprinted from the chapter published in the book entitled “Additive Manufacturing of 

Emerging Materials” as “Process-structure-property relationships in additively 

manufactured metal matrix composites” by Eskandar Fereiduni, and Mohamed Elbestawi. 

It is of note that a few revisions have been made to the published chapter mainly to update 

the acronyms of the additive manufacturing processes. These revisions have been added to 

Chapter 1 as footnotes where applicable.    

Chapter 2 is focused on the preparation and characterization of composite powders 

meeting the requirements of the laser powder bed fusion process. The work presented in 

this chapter was previously published in the “Materials” journal as “Characterization of 

Composite Powder Feedstock from Powder Bed Fusion Additive Manufacturing 

Perspective” by Eskandar Fereiduni, Ali Ghasemi, and Mohamed Elbestawi. 

Chapter 3 deals with a fundamental understanding of the laser/material interactions and 

the subsequent microstructural evolutions associated with the laser powder bed fusion 

processing of composite systems. The work presented in this chapter was previously 

published in the “Materials and Design” journal as “Selective laser melting of hybrid ex-

https://link.springer.com/chapter/10.1007/978-3-319-91713-9_4
https://link.springer.com/chapter/10.1007/978-3-319-91713-9_4
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situ/in-situ reinforced titanium matrix composites: Laser/powder interaction, 

reinforcement formation mechanism, and non-equilibrium microstructural evolutions” by 

Eskandar Fereiduni, Ali Ghasemi, and Mohamed Elbestawi. 

Chapter 4 is concerned with identifying the role that the location of the starting reinforcing 

agent plays in the laser powder bed fusion processing of ball milled composite powders. 

The work presented in this chapter was previously published in the “Materials Letters” 

journal as “Laser Powder Bed Fusion Processability of Ti-6Al-4V Powder Decorated by 

B4C Particles” by Eskandar Fereiduni, Ali Ghasemi, Mohamed Elbestawi, Suraj Dinkar 

Jadhav, and Kim Vanmeensel.  

Chapter 5 discusses the processability, microstructure evolution, and mechanical 

properties of the laser powder bed fusion fabricated titanium matrix composites and 

provides a detailed comparison between the composites and non-reinforced counterparts 

in the as-build condition. The work presented in this chapter is currently under 

consideration for publication in the “Journal of Alloys and Compounds” as 

“Microstructural characterization and mechanical properties of nano-scale/sub-micron 

TiB-reinforced titanium matrix composites fabricated by laser powder bed fusion” by 

Eskandar Fereiduni, Ali Ghasemi, and Mohamed Elbestawi.  

Chapter 6 explores the influence of different heat treatment strategies on the 

microstructure and mechanical properties of the laser powder bed fusion fabricated 

titanium matrix composites and their non-reinforced counterparts. The work presented in 

this chapter is currently under consideration for publication in the “Additive 

Manufacturing” journal as “Unique opportunities for microstructure engineering via trace 
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B4C addition to Ti-6Al-4V through laser powder bed fusion process: As-built and heat-

treated scenarios” by Eskandar Fereiduni, Ali Ghasemi, and Mohamed Elbestawi.  

Chapter 7 deals with evaluating the short-term creep performance of the laser powder bed 

fusion fabricated composite and non-reinforced parts in the as-built and heat-treated 

scenarios. The work presented in this chapter was previously published in the “Journal of 

Manufacturing Processes” as “TiB reinforced Ti-6Al-4V matrix composites with 

improved short-term creep performance fabricated by laser powder bed fusion” by 

Eskandar Fereiduni, Ali Ghasemi, and Mohamed Elbestawi.  

Chapter 8 summarizes the main conclusions and contribution of the thesis, highlights the 

strength and limitations, and presents some suggestions for future work.  

I declare that this thesis is an original report of my research, has been written by me and 

has not been submitted for any previous degree. 

Eskandar Fereiduni 

October 2021 
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Abstract 

Laser powder bed fusion (L-PBF) is an additive manufacturing (AM) process in 

which an object is manufactured in a layer-by-layer manner from a batch of loose 

powder using a mobile laser beam as the heat source. Due to the layer-wise nature 

of the L-PBF process, it is capable of producing objects with complex shapes and 

unique geometries in bulk, porous, or cellular forms with potential applications in 

various industries, including aerospace, biomedical, and automotive, among others. 

The AM technology has recently attracted a great deal of attention in fabricating 

metal matrix composite (MMC) components with improved mechanical and 

functional properties than the non-reinforced metallic counterparts. However, full 

implementation of this promising technology in manufacturing high-quality MMCs 

is rather challenging in many aspects, such as preparing the starting material, 

obtaining defect-free parts, and finding suitable post-processing treatments.  

This research deals with the fabrication of high-performance titanium matrix 

composites (TMCs) by L-PBF processing of the B4C/Ti-6Al-4V(Ti64) composite 

powders. Results revealed that almost fully dense TMC samples could be achieved 

by optimizing the process variables. To tailor the mechanical properties of the 

fabricated TMCs, various heat treatment cycles were employed for both TMC and 

monolithic Ti64 parts. The microstructures of the as-built and heat-treated TMC 

and Ti64 samples were thoroughly examined and correlated to the microhardness, 

nanohardness, wear, scratch, compression, and short-term creep properties. In 
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addition, the strengthening mechanisms were investigated, and each mechanism's 

contribution to the compressive yield strengths was identified. Results revealed that 

the optimum heat treatment cycle for the fabricated TMC samples differs from that 

of the Ti64 alloy. 
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During the past few decades, there has been a significant interest in developing and 

fabricating near-net-shape and complex parts made from novel materials such as bi-

materials, composites, and complex materials. The parts produced from these materials 

could have outstanding combinations of properties, introducing them as potential 

candidates meeting the requirements of automotive, aerospace, rapid tooling, and 

biomedical industries.  

Thanks to the significant advances in additive manufacturing (AM) of single materials and 

the optimized process parameters prescribed for fabrication of parts made of commercially 

available materials, near-net-shape components with high qualities could be fabricated 

from these materials using AM processes. However, the processing of composites and 

complex materials is rather challenging in some of the AM techniques. Moreover, AM 

processing of these materials is relatively new and needs extensive research to be fully 

explored.  

Besides the flexibility in fabricating the components with complex geometries, recent 

advances in AM technology have paved the way for the design and manufacturing of parts 

with tailored properties, including composites, functionally graded materials (FGMs), and 

multifunctional materials. When combined with the basics of composite fabrication, AM 

technology can open new opportunities to develop composites with outstanding properties.  

The ASTM-recognized AM methods involve materials extrusion, material jetting, sheet 

lamination, vat-photo-polymerization, binder jetting, directed energy deposition (DED), 

and powder bed fusion (PBF) [1]. Among various AM technologies available, only a few 

of them have shown their capability in composite fabrication. While major efforts have 

been made focusing on the fabrication of polymer matrix composites using AM 
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technology, limited research has been performed employing this technology to produce 

metal matrix composites (MMCs).  

Although the electron beam has been used in a few works to fabricate MMCs, most AM 

processed coatings or three-dimensional (3D) MMC structures have been manufactured by 

employing laser beam as the heat source. The AM processes most widely used to fabricate 

MMCs are DED and PBF. Depending on whether the heat source in the PBF is a laser or 

an electron beam, the process is called laser powder bed fusion (L-PBF) or electron beam 

powder bed fusion (E-PBF), respectively. The L-PBF process is also called SLM1 and 

DMLR2. It is worth noting that other terms may also be found in the literature for the DED 

process, including DMD3, LENS4, DLF5, and DLD6.   

In the PBF processes, the powder is spread on a bed before the laser scanning process. 

However, in the DED processes with a powder-fed nature, the powder is coaxially blown 

with synchronous laser scanning. The schematic illustrations of the L-PBF and DED are 

provided in Figure 1-1, respectively.   

 

 

1 Selective laser melting 
2 Direct metal laser remelting 
3 Direct metal deposition 
4 Laser engineered net shaping 
5 Direct laser fabrication 
6 Direct laser deposition 
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Figure 1-1 Schematic of: (a) L-PBF and (b) DED processes [2]. 

In the L-PBF process, a uniform layer of powder is first deposited on the base plate. Then, 

the predefined regions of this layer are melted by the laser beam, resulting in the formation 

of a single layer of the desired part. Next, the powder bed is lowered, and a new layer of 

deposited powder is subjected to the laser beam. These powder deposition and laser melting 

procedures are repeated, leading to the fabrication of parts layer-by-layer. Unlike the L-

PBF, the DED process combines material delivery and laser systems to simultaneously 

deposit the material and fabricate the part in the same region.   

When it comes to the fabrication of MMCs using AM processes, the desired powder blends 

are mixed using powder pre-processing techniques. While the pre-mixing of powder blends 

prior to the process is essential for fabricating MMCs using PBF-AM processes, quite 

different techniques may be employed in DED processes to manufacture such components. 

Because of benefitting from several nozzles (up to four or more), the existing DED systems 

facilitate the feeding of different powders to produce MMC structures. The DED systems 

could also be used to combine wire feeder and powder delivery nozzle to fabricate MMC 

structures (Figure 1-2). It is worth noting that the freedom in the feeding rate of powder 

and/or wire in DED processes provides the opportunity to fabricate functionally graded 
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composite materials (FGCMs) having varying contents of reinforcements and 

consequently mechanical properties along the building direction (Figure 1-3).              

 

Figure 1-2 Schematic illustration of a DED system with simultaneous powder and wire feeding 

[3]. 

 

Figure 1-3 Typical structure of a DED processed functionally graded composite material (FGCM) 

[4]. 

 

1.1 Why AM instead of conventional manufacturing for MMC 

fabrication? 

By integrating various fields, including engineering design, laser technology, materials 

science, and mechanical engineering, AM technology is regarded as a major revolution in 

manufacturing, introducing it as a “next-generation” technology. AM technology competes 

with conventional manufacturing processes in many aspects such as fabrication cost and 

time, design freedom, component accuracy, and part quality. The most significant 
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advantages of AM technology over conventional manufacturing techniques employed to 

fabricate MMCs components are as follows:   

o Because of the need for expensive and dedicated tools such as molds and dies, 

most conventional manufacturing processes are not suitable candidates for small 

volume production and fabricating components with complex geometries. 

However, besides the capability for small volume production, the unique features 

associated with AM processes enable the technological opportunities to 

manufacture small quantities of near-net-shape custom-designed components 

rapidly and efficiently. 

o The need for processing temperatures significantly higher than the melting point 

of the matrix combined with the relatively slow cooling rates involved in most 

conventional manufacturing processes may lead to noticeable grain growth and 

inversely affect the mechanical properties of fabricated MMCs. However, the 

extremely high cooling rates of AM processes result in substantially refined 

microstructures and improved mechanical properties compared with the 

conventionally processed counterparts. It is worth noting that the outstanding 

features of AM technology can also provide the fabrication of metal matrix nano-

composites (MMnCs) with significantly improved mechanical properties.   

o Fabrication of MMCs with conventional processing techniques has always been 

encountered with some major processing problems such as gas entrapment, 

reinforcement/matrix interfacial cracking, limited densification levels and non-

uniform size distribution of reinforcements their segregation at the grain 

boundaries. Combinations of these phenomena result in premature failure, reduced 

strength, and decreased ductility of parts. The outstanding properties associated 
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with AM processes can significantly improve the performance of MMCs by 

reducing the porosity and developing larger numbers of fine precipitates with more 

homogenous distribution throughout the matrix.  

o While some conventional manufacturing processes need additional steps to 

fabricate MMCs with in-situ synthesized reinforcements, AM technology 

facilitates the fabrication of these composites in a single step. 

 

1.2 Additively Manufactured MMCs (Challenges, Opportunities, 

and Existing Literature) 

1.2.1 Aluminum-Matrix Composites (AMCs) 

The poor wear resistance and low hardness of aluminum (Al) is a serious impediment that 

limits its further development in industrial applications [5, 6]. Because of their outstanding 

combination of properties, including low density, low coefficient of thermal expansion 

(CTE), high hardness, improved wear resistance, and comprehensive mechanical 

properties, Al matrix composites (AMCs) reinforced with ceramic particles can meet most 

of the industrial requirements. Accordingly, these materials are considered promising 

candidates to be used widely in automotive, aerospace, microelectronics, and other related 

industries [7-9].       

Manufacturing of Al alloy parts by AM processes is challenging due to three major reasons: 

(i) high laser reflectivity of the Al powder, (ii) high heat conductivity away from the melt 

pool through the already solidified material, and (iii) elevated affinity to oxygen, resulting 

in the formation of oxide layers on top of the melt pool [10, 11].  
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Among different Al alloys used as the matrix in AM processed AMCs, the most frequently 

investigated Al-Si alloys (especially Al-Si-Mg) because of their unique properties such as 

high fluidity and high weldability, low CTE, and good corrosion resistance. The binary Al-

Si system is a eutectic system with eutectic composition at ~12 wt.% Si. By adding other 

alloying elements such as Mg (e.g., AlSi10Mg) and Cu, the Al-Si alloys can be 

strengthened either through heat treating or by employing rapid solidification techniques 

(e.g., melt spinning or AM), which leads to microstructural refinement. In the case of 

AlSi10Mg alloy, the formation of fine Mg2Si precipitates can further improve the hardness 

and strength.  

Among various AMCs systems (Table 1-1), those containing TiC and SiC as the starting 

ceramic reinforcing particle have attracted great attention in recent years. Table 1-1 

summarizes the works performed to fabricate AMCs using AM processes. 

Table 1-1 Mixed powder systems and AM techniques employed to fabricate various types of 

AMCs. 

Ref. Mixed Powder System Matrix Reinforcement Process 

[12] 

TiC/AlSi10Mg AlSi10Mg TiC SLM 

[13] 

[14] 

[15] 

[16] 

[17] 

SiC/AlSi10Mg AlSi10Mg 

Hybrid (Al4SiC4+SiC) 
SLM 

[18] Al4SiC4 

[19] Al4C4 DMLS 

[20] 

[21] 
SiC/A356 A356 Al4SiC4 LS 

[22] 
SiC/Al-4.5Cu-3Mg 

Al-4.5Cu-

3Mg 
SiC DMLS 

[23] 

[24] Al2O3/Al Al Al2O3 

SLM 

[25] Al2O3/AlSi10Mg AlSi10Mg Al2Si4O10 

[26] AlN/AlSi10Mg AlSi10Mg AlN 

[27] Al-20Si-5Fe-3Cu-1Mg 
Al-20Si-5Fe-

3Cu-1Mg 
Al4FeSi2 
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[28] Al-12Si -TNM 
AlSS-Si-Ti solid 

solution 
Al6MoTi 

[29] Al85Nd8Ni5Co2 Al 

AlNd3, 

Al4CoNi, 

AlNdNi4 

[30] 

Fe2O3/Al Al 
Al-Fe intermetallics, 

α-Al2O3 

Fe2O3/AlMg1SiCu AlMg1SiCu 
Al-Fe intermetallics, 

α-Al2O3 

Fe2O3/AlSi10Mg AlSi10Mg 
Al-Fe intermetallics, 

Al0.5Fe3Si0.5 

 

1.2.2 Titanium-Matrix Composites (TMCs) 

Because of having high specific strength, sufficient stiffness, elevated high-temperature 

application, good fatigue and wear behavior, and outstanding corrosion resistance, titanium 

(Ti) and its alloys are widely used in various industrial sections such as chemical, 

aeronautical, and defense, among others [31, 32]. A major concern with Ti alloys is their 

limited wear performance, especially in applications demanding high resistance to abrasion 

and erosion. Accordingly, noticeable research has been performed in recent decades to 

incorporate ceramic reinforcing particles into the matrix for fabricating TMCs parts with 

improved mechanical properties and wear resistance [33-36]. These attempts include 

highly efficient surface modification techniques such as laser melt injection [34], laser 

cladding [37], and laser surface alloying [38], as well as manufacturing techniques like 

casting, powder metallurgy, and combustion synthesis [39] to fabricate bulk-form TMCs 

parts. 

Due to their high modulus, high thermal stability, and having densities and thermal 

expansion coefficients close to those of Ti alloys, TiC and TiB are generally known as the 

most appropriate reinforcements for TMCs. TiC reinforced TMCs, and Ti matrix nano-

composites (TMnCs) have been fabricated in recent years from different powder mixtures 
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such as TiC/Ti, SiC/Ti, and Ti/Al/graphite using various AM processes (Table 1-2). 

However, TiB reinforced ones have been manufactured mostly using LENS and SLM 

processes (Table 1-2). The TiB reinforcement is formed in these composites through the 

in-situ reaction between Ti and B elements in various mixed powder systems. 

Table 1-2 Mixed powder systems and AM techniques employed to fabricate various types of 

TMCs. 

Ref. Mixed Powder System Matrix Reinforcement Process 

[40-43] 
TiC/Ti Ti 

TiC 

SLM 

[44] LPD 

[45] 
Ti, Al, Graphite 

elemental powder 

Ti(Al) 

solid 

solution 

SLM 

[46] SiC/Ti 

Ti 

SLM 

[47] 
TiB2/Ti 

TiB 

SLM 
[48] 

[49] Elemental B/Ti LENS 

[50] 
Elemental B/Ti6Al4V Ti6Al4

V 

DLD 

[51] LENS 

[36] TiB2/Ti6Al4V DLF 

[52] 
TiB2/TNZT(elemental 

Ti+Nb+Zr+Ta) 
TNZT LENS 

[53] B4C/Ti 

Ti 

TiB+TiC DLD 

[54] 

SiC/Ti 

(unmelted 

SiC+TiC+TiSi2+T

i5Si3) 

LENS 

 [55] 

[56] Si3N4/Ti TiN SLM 

 [57] TiB2/Ti TiB 

[58] TiN/Ti6Al4V 
Ti6Al4

V 

TiN 

LENS [59] 
BN/Ti6Al4V (TiB+TiN) 

[60] 

[61] Ta+Ti Ti Ta 

SLM 
[62] Mo+Ti6Al4V 

Ti6Al4

V 
Mo 

 

1.2.3 Nickel-based Matrix Composites 

Because of having outstanding combinations of high-temperature workability and 

mechanical properties, high fatigue strength, and good oxidation and corrosion resistance, 

high-performance nickel-based superalloys are noticeably used in power generation, 
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aerospace, marine, chemical, and petrochemical industries [63-67]. Inconel series of Ni-

based superalloys, both the precipitation and/or solution-hardened, are the most widely 

known ones with a fantastic combination of properties, introducing them as excellent 

choices for miscellaneous industrial applications. The high hardness, low thermal 

conductivity, and high work hardening rates associated with the nickel-based superalloys 

are the most important features introducing them as “difficult to machine” alloys [68]. Due 

to their tool-less nature, their ability to fabricate net or near-net-shape components, and 

their noticeably high freedom in geometry design, AM processes are considered fascinating 

processing routes for the fabrication of superalloys.  

Most of the superalloys desired for high-temperature applications are in a precipitation 

hardened state in which the gamma prime (𝛾′) phase consisting of Ni3Al or Ni3Ti 

precipitates is formed by Ti and/or Al in the alloy [69]. The increasing of Ti and Al 

concentration in the superalloy is one of the approaches for the enhanced content of 𝛾′ 

phase and consequently the improved high temperature properties of nickel-based 

superalloys. However, this technique is believed to be detrimental to the 

weldability/printability of the superalloy, since it increases the susceptibility to cracking 

[70], as shown in Figure 1-4. There exists a limit of weldability beyond which the superalloy 

is considered as “unweldable.” The sum of Al, Ti, and Nb elements of this limit is ~4 at.%. 

The alloys exceeding this limit suffer from strain age cracking during the welding/AM 

process or when subjected to post-processing heat treatment cycles [71]. Accordingly, 

fabrication of high-quality parts from such alloy systems with AM processes would be 

challenging or impossible.  
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Figure 1-4 Cross-sectional view of SLM processed Waspalloy showing the formation of cracks 

[72]. 

To avoid cracking and further enhance the high-temperature performance of nickel-based 

superalloys, hard and temperature-resistant ceramic reinforcing particles can be 

incorporated into the nickel-based matrix to produce MMCs.  

Because of having promising properties such as high hardness, outstanding thermal 

stability, and good wear and corrosion resistance [73, 74], TiC is the most frequently used 

ceramic reinforcing particle incorporated into the nickel-based superalloys to fabricate 

MMCs employing AM processes. Table 1-3 summarizes the works performed on AM 

processing of nickel-based superalloy matrix composites. 

Table 1-3 AM techniques employed to fabricate various types of nickel-based matrix composites. 

Ref. Matrix Reinforcement Applied AM process 

[75] Inconel 625 

Al2O3 

LM SiC 

TiC 

[4] Inconel 690 

TiC 

DLD 

[76] Ni DLF 

[77] 

Inconel 718 
SLM 

[78] 

[79, 80] 

LMD 

[81] 

Inconel 625 [82, 83] 

[84] 
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[85] Inconel 625 

LENS [86] NiTi TiC 

[87] Ni CNT 

[88] 
Inconel 718 

WC 
SLM 

[89] BN 

 

1.2.4 Copper-Matrix Composites 

Because of benefiting from outstanding combinations of high electrical and thermal 

conductivity and high resistance to fatigue and corrosion, copper (Cu) is extensively used 

in many applications, especially in electrical contacts [90, 91]. However, the limited wear 

resistance of pure Cu restricts its application in environments demanding high wear 

resistance [92, 93]. To overcome this imperfection, secondary hard reinforcing particles 

could be incorporated into the Cu matrix to develop Cu-matrix composites with 

significantly enhanced mechanical properties (e.g., improved wear resistance).  

Cu-matrix composites have found their applications in many industrial parts such as high 

voltage electrical applications, arcing tips, current-carrying contacts, and electrodes of 

electric discharge machining (EDM) machines, among others [92, 94]. These components 

are conventionally fabricated by various processes, including powder metallurgy [91], 

squeeze casting [95], infiltration [92], and self-propagating high-temperature synthesis 

(SHS) [96].  

Table 1-4 summarizes the works performed to fabricate Cu-matrix composites with various 

ceramic reinforcing particles using AM processes. Tungsten (W) is a refractory metal that 

has been widely incorporated into the Cu matrix to produce composites. However, the 

mutual insolubility of Cu and W and the poor wettability of W particles with the Cu melt 

are the major concerns with these MMCs, limiting their densification response [97]. 
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Because of having a lower density, higher hardness, and higher stability than W, tungsten 

carbide (WC) could be considered as substituting reinforcement to W. To further improve 

the mechanical properties; i.e., hardness, strength, wear-resistance, and fracture toughness, 

the well-known WC-Co hard metal is also used as reinforcement to the Cu matrix in AM 

processed composite [98-103]. Rare earth (RE) elements have also been added in small 

amounts to AM processed Cu-matrix composites to improve processability, control the 

microstructural evolution, and enhance the mechanical properties of fabricated Cu matrix 

composites [103, 104]. 

Table 1-4 Mixed powder systems and AM techniques employed to fabricate various types of Cu-

matrix composites. 

Ref. 
Mixed Powder 

System 
Matrix Reinforcement Reinforcement Content Process 

[105] 
Cu/Ti/C, 

Cu/Ni/Ti/C 
Cu, CuNi In-situ TiC 10 vol.% SLM 

[97, 

106] 
W/Cu 

Cu 

W 28, 40, 52 wt.% 

DMLS 

[104] WC/Cu WC 60 wt% 

[100, 

102] 

WC-Co/Cu WC-Co 

30 wt.% 

[101, 

107] 
20, 30, 40 wt.% 

[103] 50 wt.% 

[108] CNT/Cu-10Sn Cu-10Sn CNT 0-20 vol.% LENS 

 

1.2.5 Iron-based Matrix Composites 

As far as AM technology has come into existence, iron-based alloys have been among the 

most investigated materials due to their wide range of applications in various industries. 

For example, tool steels and stainless steels are two categories of iron-based alloys which 

have attracted great attention in the field of AM, especially when it comes to the fabrication 

of MMCs having these materials as the matrix.  
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H13 is a hot work tool steel with a medium carbon content that is extensively used to make 

tools for cutting, forming and shaping purposes because of outstanding properties such as 

high strength, high wear resistance, and sound stability at high temperatures [109]. 

However, when needing materials capable of withstanding harsh environments with 

extremely high loads and temperature gradients, they may not be the best candidates. 

Because of improved strength, wear resistance, reduced cost, and lower density, MMCs 

are believed to be the materials to serve in these environments [110].  

Using AM processes, especially SLM, TiC, and TiB2 have been used recently as 

reinforcing particles to fabricate H13 matrix nano-composites. Due to their high elastic 

modulus (EM), high thermal stability, low density, and high thermodynamic stability with 

the matrix, these reinforcing particles are among the best ceramic materials used as 

reinforcements to the steels matrices [111, 112]. While SiC has also been used as 

reinforcement to iron-based composites, its strong reactivity with the transition metals of 

the matrix may lead to the formation of detrimental phases at high temperatures and 

deteriorate the mechanical properties [113].  

Stainless steels are also an important grade of iron-based alloys with many applications in 

many industrial fields, especially those needing materials with good mechanical properties 

and excellent corrosion resistivity. However, one of the major problems associated with 

stainless steel is its limited hardness and wear resistance.  

Incorporating reinforcing particles into the stainless steel matrix to form MMCs has been 

considered an effective approach to produce parts with enhanced physical and mechanical 

properties that meet the requirements of high-tech industries (e.g., aerospace and 

biomedical) [114, 115]. Among various types of reinforcements (e.g., carbides, nitrides, 
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borides, and metal oxides) incorporated into steel by conventional processes, TiB2, TiC, 

and hydroxyapatite (HA) are added to the stainless steel matrices using AM processes. The 

main purpose behind the addition of HA to stainless steel is to combine the relatively high 

strength of stainless steel with the outstanding biocompatibility of HA, leading to MMCs 

with excellent load-bearing and bioactive properties. These MMCs could be employed as 

internal, hip, and maxillofacial implants in the human body. Because finer HA particles 

have higher surface-to-volume ratios and are associated with higher bioactivity [117], 

attempts have also been made to replace the micro-sized HA particles with nanoparticles 

[116, 117]. Compared to the significantly sharp change in mechanical properties at the 

interface of coated implant parts, the uniform metallurgical bonding between the matrix 

and the reinforcements in MMCs can provide much more functional parts in biomedical 

applications. Table 1-5 presents the iron-based matrix composites made using AM 

technology. 

Table 1-5 Mixed powder systems and AM techniques employed to fabricate various types of iron-

based matrix composites. 

Ref. Mixed Powder System Matrix Reinforcement Process 

[118] TiC/H13 steel MMnC H13 steel 

TiC 

SLM 

[119] 

TiC/316L SS* 

MMnC 
316L SS 

[120] 

[121] 
TiB2/316L SS MMnC 316L SS 

TiB2 [122] 

[123] TiB2/H13 steel MMnC H13 steel 

[124] TiC/Invar 36 Invar 36 TiC DMLS 

[125] HA/316L SS MMC and 

MMnC 
316L SS Hydroxyapatite (HA) 

SLM 

[117] 

[126] SiC/iron MMnC 

Iron SiC 
[127] 

SiC/iron (with hybrid 

micro- and nano-size 

SiC) 
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* SS refers to stainless steel 

1.3 Pre-Processing of Mixed Powder System 

Since the powder is used as the starting material to fabricate parts in most AM processes, 

its prerequisite conditions are crucial and significantly affect the quality of AM processed 

parts. The morphology of powder particles (e.g., size and shape) defines the extent of 

particle packing and consequently influences the thickness of deposited layers and the 

surface roughness. Due to the improved flowability and enhanced quality of parts 

fabricated by spherical powder particles, the gas atomized powders having such 

morphology are widely used in AM processes, especially the powder bed ones [128]. 

However, the limited flowability and mechanical interlocking and entangling of irregular-

shaped powder particles limits the powder flow, makes the melt pool tracks non-

homogeneous, and favors the formation of porosities in the solidified part. Figure 1-5 

clearly compares the surface of selective laser sintered parts fabricated using irregular-

shaped water atomized high-speed steel powders with spherical gas atomized powders.     
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Figure 1-5 Scanning electron microscopy (SEM) images of (a) water atomized and (b) gas 

atomized high speed steel powder particles. (c) and (d) SEM micrographs of laser sintered 

powders shown in (a) and (b), respectively [128]. (Please see the footnote7 [129]) 

Despite the noticeable technological advances in AM technology, there are still some 

limitations on the compositions of available powders. Accordingly, when MMCs are 

considered, desired powders should be blended, pre-processed, and then fed to fabricate 

parts.  

Besides the direct mechanical mixing, ball milling has been regarded as one of the most 

applicable processes for mixing powders. During this process, the powder particles are 

imparted to tremendous energy induced by the balls, leading to fragmentation of brittle 

 

 

7 It is worth noting that not all powders produced by the water atomization (WA) process are 

irregular in shape. The powders fabricated by this method may also be quasi-spherical.  



 

 

 

Ph.D. Thesis – Eskandar Fereiduni          McMaster University - Mechanical Engineering 

19 

 

powder particles and induction of severe deformation or even fragmentation in the ductile 

ones [130].  

The milling time significantly affects the morphology and distribution pattern of particles 

during the powder pre-processing stage. Figure 1-6 shows the spherical commercially pure 

(CP)-Ti and irregular-shaped TiB2 starting powders used for fabricating TiB reinforced 

TMCs.  

 

Figure 1-6 SEM micrographs of: (a) CP-Ti and (b) TiB2 powder particles [48]. 

The morphology of these powder mixtures ball milled for 1-4 h are provided in Figure 1-7. 

As observed, relatively short milling time of 1 h led to the inhomogeneous distribution of 

TiB2 powder particles in the mixture with their limited connectivity to the Ti particles 

(Figure 1-7 (a)). Enhancement of milling time to 2 h provided the improved dispersion of 

TiB2 ceramic particles around the Ti particles uniformly (Figure 1-7 (b)). Although the 

prolonged milling time could further improve the distribution of fragmented TiB2 particles, 

it may transform the desired spherical shape of the mixed powder system to a flattened and 

irregular shape. This morphological change may not be of interest in the PBF-AM 

processes (Figure 1-7 (c) and (d)).  

 



 

 

 

Ph.D. Thesis – Eskandar Fereiduni          McMaster University - Mechanical Engineering 

20 

 

 

Figure 1-7 SEM images of CP-Ti and TiB2 powders in Figure 1-6 mixed using ball milling for 

different times of: (a) 1 h, (b) 2 h, (c) 3h and (d) 4 h [48]. 

The applied milling time can also affect the chemical reactions activated in the powder 

system during mixing. Due to the short-term action of mechanical force and the resultant 

decreased energy subjected to the powder particles at relatively short milling times, the 

system may not undergo solid-state chemical reactions between the elements to form new 

phases. For instance, ball milling of the Ti and TiB2 powder mixtures for as long as four 

hours does not activate the metallurgical bonding between the powders to form in-situ TiB 

phase from the reaction between Ti and B elements [48, 57]. However, the prolonged and 

continuous microscopic action of the mechanical force by ball-powder-ball collisions may 

favor such chemical reactions. For example, ball milling of Ti+SiC powder mixture for a 

relatively long milling time of 15 h favors the formation of TiC and Ti5Si3 phases [46]. 

In addition to the synthesis of new phases, the ball milling process may also provide some 

systems with solid solution formation. For example, mechanical alloying of Ti, Al, and 

graphite elemental powder mixtures before the SLM process reveals that while the TiC 
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phase forms in-situ within a short milling time due to its large negative enthalpy and Gibbs 

free formation energy, the Ti(Al) solid solution appears gradually with increased milling 

time [45].  

The size of powder particles during ball milling is determined by the competition between 

two mechanisms of fracturing and cold-welding. While the fracturing mechanism tends to 

decrease the particle size, the cold-working mechanism favors the attachment of powder 

particles to form larger-sized particles. Therefore, the refining or coarsening of powder 

particles depends on whether the fracture mechanism or the cold-welding is predominant. 

The category of mixed powder system is an important issue influencing the microstructural 

evolution and mechanical properties of fabricated MMCs parts. By changing the milling 

time from 4 to 10 h, Gu et al. [41] prepared two different TiC/Ti powder blends named 

directly mixed and ball milled, respectively. The mechanism of laser interaction with two 

different categories of powder blends is schematically presented in Figure 1-8. While the 

direct action of the laser beam on TiC particles for the directly mixed system results in 

simultaneous melting of TiC and Ti powder particles, the TiC particles in the ball-milled 

category are not directly exposed to the laser irradiation. Accordingly, TiC powder 

particles' dissolution occurs after the Ti's melting in the ball-milled system. These 

differences in the laser interaction affected the dissolution and re-precipitation of TiC 

particles and the microstructural evolution of laser processed MMCs.  
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Figure 1-8 Schematic illustrations of laser beam interaction with two different categories of TiC/Ti 

mixed powder system [41]. 

In addition to the direct mechanical mixing and ball milling processes, blending of powders 

in some systems may be performed using dilute solutions followed by drying. To prepare 

suitable premixed composite powder, Das et al. [59] blended Ti6Al4V and BN powders 

with dilute polyvinyl alcohol solution in a tubular mixer for 24 h and then dried the mixed 

powders. The obtained mixture of powders in  

Figure 1-9 reveals that the fine BN particles are uniformly coated on the surface of 

Ti6Al4V alloy powder particles. This type of rearrangement can facilitate the homogenous 

distribution of reaction products in the solidified microstructure. 

 

Figure 1-9 SEM image of Ti6Al4V and BN powder particles premixed with diluting followed by 

drying [59]. 
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1.4 Microstructural Evolution in Additively Manufactured 

MMCs 

As the laser beam interacts with a mixed powder system containing ceramic and metallic 

constituents, part of the mixed powder with a lower melting point melts first, while the part 

with noticeably higher melting point (usually ceramic reinforcing particles) may remain 

mostly unaffected and partially and/or completely melted. Therefore, the system may 

contain solid reinforcements distributed in a molten matrix.  

Microstructural evolution in MMCs fabricated by AM processes is affected by several 

factors. Depending on the applied AM technique, selected process parameters (laser and 

scanning parameters), characteristics of mixed powder system, and the chemical affinity 

between the elements existing in the system, a part or all of the primarily added reinforcing 

particles may react with the surrounding liquid metal. 

The laser and scanning parameters involve laser power, scanning speed, hatch spacing, 

layer thickness, and scanning strategy. To specify the amount of energy delivered to a unit 

volume of powder system during processing, the energy density has been defined by 

combining some important laser and scanning parameters as [131]:    

𝐸𝜌 =
𝑃

𝜋𝑟2

2𝑟

𝜐

2𝑟

ℎ
                                                                                                                    [1]  

where 𝑃 is the laser power (W), 𝑟 represents the beam radius (mm), 𝜐 is the scanning speed, 

ℎ signifies the hatch spacing, and 𝐸𝜌 is the energy density (J/mm2).     

Referring to Eq. 1, the energy density has three terms. The first term is related to the laser 

intensity. The second term signifies the time a circle of radius 𝑟 is exposed to the beam, 

while the third term indicates the number of laser exposures received by any point on the 
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surface [131]. The volumetric energy density is the most commonly used energy density 

in the literature, defined as the energy delivered to a unit volume [132]: 

𝜂 =
𝑃

𝜐ℎt
                                                                                                                                  [2] 

where t is the layer thickness, and 𝜂 signifies the energy density per volume (J/mm3).   

The characteristics of the mixed powder system include the features of powder particles 

before and after the pre-processing stage. When the mixed powder system contains ceramic 

reinforcing particles added to the metallic powder, the size and volume fraction of these 

ceramic particles have major effects on the laser absorptivity of the system and 

consequently the quality and mechanical properties of AM processed MMCs parts. The 

applied procedure employed to mix the powder particles may also influence the size, 

morphology, and distribution pattern of powder particles and consequently play a role in 

the properties of fabricated parts.   

Generally, the microstructural features of AM processed MMCs can be categorized as: 

(i) Characteristics of reinforcements distributed in the matrix, 

(ii) Reinforcement/matrix reactions, and 

(iii) Microstructural evolutions in the matrix induced by the presence of 

reinforcements. 

These microstructural features have been discussed in the following for various AM 

processed MMCs systems. 

1.5 Characteristics of Reinforcements Distributed in the Matrix 
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1.5.1 Size and Morphology of Reinforcements 

The applied energy density and the characteristics of the mixed powder system are the two 

parameters playing the most important roles in the size and morphology reinforcements 

have in AM processed MMCs. Effects of these parameters on the features of 

reinforcements can be discussed in terms of the ex-situ or in-situ reinforced nature of 

MMCs. 

1.5.1.1 Ex-Situ Reinforced MMCs 

For the ex-situ reinforced MMCs where the primarily added reinforcing particles play the 

reinforcing role to the matrix in the solidified MMC structure, the elevated melt pool 

temperature and the reduced cooling rate associated with the enhanced energy density can 

lead to partial melting or dissolution of reinforcing particles and consequently decrease 

their size in the solidified MMC microstructure [18]. Moreover, the applied energy density 

may affect the shape of primarily added reinforcing particles in ex-situ reinforced MMCs. 

The research performed by Gu et al. [76] indicated that enhancement of energy density in 

LMD processed TiC reinforced Inconel 718 matrix composites changed the shape of TiC 

particles from primary irregular polyangular to near round shape with some degrees of 

smoothening and refinement. The improved wettability of reinforcing particles by the 

surrounding melt induced at elevated temperatures is believed to dissolve the edges of 

reinforcing particles and result in their smoothening [80]. It is worth noting that although 

the elevated energy density could make the ex-situ reinforcements smooth and homogenize 

their distribution in the microstructure [80, 81], the excessive energy density applied to the 

system may coarsen the microstructure of matrix [81].    
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1.5.1.2 In-Situ Reinforced MMCs 

Based on the type of MMC system under investigation, the elements of reinforcing 

particles dissolved into the matrix may precipitate as a newly developed in-situ synthesized 

phase during solidification. When it comes to such systems, the used mixed powder system 

and the applied process parameters need to be thoroughly examined to control the 

characteristics of reinforcements (i.e., size and morphology). 

By having the following consequences, the enhanced energy density may change the size 

and morphology of in-situ synthesized reinforcements: 

(i) The elevated temperature and increased thermalization in the melt pool [40, 

42, 82] which favours the coarsening of in-situ reaction products.  

(ii) The intensified surface tension and resultant Marangoni flow in the melt pool. 

(iii) The improved wettability of solid reinforcements by the surrounding melt [56]. 

(iv) The reduced cooling rate and prolonged lifetime of the liquid molten material, 

facilitating the growth of reinforcements. 

The research performed by Li et al. [76] on DLF of Ni/Ti/C mixed powder system reveals 

a strong relationship between the size and volume fraction of in-situ synthesized TiC 

precipitates in the microstructure. As well-known, ceramic reinforcements usually have 

higher laser absorptivity than the metallic powder acting as the MMC matrix in MMCs. 

The enhanced volume fraction of in-situ synthesized TiC reinforcements is believed to 

increase the melt pool temperature, favoring the coarsening of in-situ synthesized 

reinforcements (Figure 1-10). Moreover, the increased content of solid reinforcements 

reduces the amount of molten material in the system and encourages the coalescence of 

reinforcements to form larger-sized precipitates.   
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Figure 1-10 Microstructures of DLF processed TiC reinforced Ni matrix composites containing: 

(a) 20 and (b) 60 vol.% in-situ synthesized TiC [76]. 

Among various features of the mixed powder system, the size of starting powder particles 

is greatly important in the obtained MMCs structures. Because of benefiting from a higher 

surface-to-volume ratio, the finer primarily added reinforcing particles can enhance the 

laser absorptivity of the system and induce much more heat in the melt pool. This may 

affect the melting efficiency of starting reinforcing particles and the characteristics of 

subsequent in-situ synthesized precipitates.  

1.5.2 Distribution Pattern of Reinforcements  

The distribution pattern of reinforcements in AM processed MMCs is generally controlled 

by the mutual interaction between reinforcements and the solidification interface. 

Accordingly, the features of reinforcements and the properties of the solidification 

interface are the main factors affecting the distribution pattern of reinforcements. The 

solidification mode and growth velocity are two features of the interface having major 

effects on the distribution pattern of reinforcements in MMCs. The growth velocity (𝑉𝑠) of 

the solidification interface is mainly determined by the applied scanning speed. However, 

the solidification mode is affected by several factors, including the processing parameters 
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and alloy type. Microstructural characterization of the AM processed MMCs reveals a non-

planar solidification mode in most of these materials due to the following reasons: 

(i) The solid reinforcements incorporated into the system may have different 

thermal conductivity and specific heat from the matrix. This may locally 

destabilize the planar solidification interface, 

(ii) The laser-induced turbulence in the melt pool may demolish the planar 

solidification interface, 

(iii) The dissolution of reinforcements into the surrounding melt may provide 

constitutional undercooling for the matrix. This can change the solidification 

mode of the matrix from planar to non-planar. 

Therefore, the distribution pattern of reinforcements in the matrix of MMCs needs to be 

discussed in terms of the interaction between the reinforcements and the non-planar 

solidification interface (usually dendritic).  

The following describes the most important factors affecting the distribution pattern of 

reinforcements in AM processed MMCs. 

1.5.2.1 Effect of Scanning Speed  

At relatively low solidification velocities (low scanning speeds), the reinforcements are 

pushed by the dendrite tips (solidification interface) into the adjacent melt, resulting in 

local pile-up of the majority of reinforcements and their aggregation along the boundaries 

of the solidified MMC structure (Figure 1-11 (a) and (b)) [100]. While most of the 

reinforcements may be located at the boundaries, a few may also be found within the grains 

[118, 122]. When the particle pushing mechanism is dominant, the reinforcements cannot 

restrict the crystal growth to a great extent [133].  
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In the case of particle engulfment mechanism where the solidification velocity (𝑉𝑠) exceeds 

a critical velocity (𝑉𝑐𝑟), the solid reinforcements are kept stationary and are entrapped in 

the growing dendrites, bringing about a uniform distribution pattern of reinforcements in 

the matrix (Figure 1-11 (c) and (d)) [100]. 𝑉𝑐𝑟 is defined as [134]: 

𝑉𝑐𝑟 =
𝛥𝜎𝑜𝑑0

6(𝑛−1)𝜂𝑟
(2 −

𝑘𝑝

𝑘𝑙
)                                                                                                      [3]                                

in which 𝑑0 is the interatomic distance of the matrix alloy, 𝑛 = 2 to 7, 𝜂 is the melt viscosity, 

𝑟 is the radius of solid reinforcement which is assumed to be spherical, and 𝑘𝑝 and 𝑘𝑙 refer 

to thermal conductivities of reinforcement and liquid, respectively. 𝛥𝜎𝑜 = 𝜎𝑝𝑠 −

(𝜎𝑝𝑙 + 𝜎𝑠𝑙), in which 𝜎𝑝𝑠, 𝜎𝑝𝑙 and 𝜎𝑠𝑙 are reinforcement-interface, reinforcement-liquid 

and interface-liquid surface energies, respectively.  

 

Figure 1-11 The reinforcement/dendrite interactions in: (a) particle pushing and (b) particle 

engulfment mechanisms [100]. 
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1.5.2.2 Effect of Energy Density 

The amount of energy density applied to the system is greatly important in determining the 

distribution pattern of reinforcements. Generally, relatively low energy densities are 

associated with the clustering of reinforcements and their inhomogeneous dispersion [79, 

82]. However, the appropriate selection of energy density results in much more 

homogenous microstructures in terms of the distribution pattern of reinforcements due to: 

(i) decreased melt viscosity, (ii) improved wettability of reinforcements, and (iii) the 

intensified convective flow in the melt pool.  

1.5.2.3 Effects of Size and Volume Fraction of Reinforcements 

The size and volume fraction of reinforcements also play important roles in their 

distribution pattern and the crystal growth of the obtained microstructures. Using two 

different starting micro- and nano-sized TiC powder particles, AlMangour et al. [119] 

found the noticeable effect of reinforcement size on microstructural features of SLM 

processed TiC reinforced 316L stainless steel matrix composites. While the fabricated 

MMCs both showed cellular dendritic structures containing TiC reinforcements aggregated 

along the cell boundaries, those with nano-sized TiC particles had thinner walls of cellular 

structure.   

In the case of MMCs with large-size reinforcements, the solidification interface may not 

push the particles, leading to their engulfment in dendrites or their entrapment into inter-

dendritic regions. When the diameter of reinforcements is larger than a critical value (𝜆𝑐𝑟), 

they are capable of avoiding crystal growth. The critical diameter of reinforcements is 

defined as [135]: 

𝜆𝑐𝑟 = 2𝜆1𝑅𝑑                                                                                                                      [4] 
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where 𝜆1 refers to the primary dendrite arm spacing while 𝑅𝑑 represents the radius of the 

dendrite tip.  

Although high volume fractions of reinforcements enhance the chance for restriction of 

crystal growth and the subsequent grain refinement of the matrix, the particle pushing 

mechanism activated at low solidification velocities may promote the clustering of 

reinforcements to form agglomerates with larger effective sizes or greater effective 

thicknesses. For example, microstructural characterization of the SLM processed TiB2 

reinforced 316L stainless steel matrix nanocomposites presented in Figure 1-12 reveals 

that by the increased volume fraction of TiB2 reinforcements from 2.5 to 15 vol.%, 

clustering of much more reinforcements along the cell boundaries leads to coarsening of 

walls of cellular structure [121].  

 

Figure 1-12 SEM micrographs of SLM processed TiB2 reinforced 316L stainless steel matrix 

composites containing: (a) 2.5 and (b) 15 vol.% reinforcement [121]. 

1.6 Reinforcement/Matrix Reactions 

1.6.1 Reaction Mechanisms 

Generally, in-situ reaction products in MMCs are formed through five different 

mechanisms as the following: 
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(i) Solute precipitation: The in-situ formation of precipitates from the saturated 

solution through nucleation and the subsequent growth. 

(ii) Solid-liquid interfacial reaction: The reaction between the melt and outer 

surface of solid particles dispersed in it. This mechanism results in the 

formation of a reaction layer around the solid particles. The reaction progress 

dictates the thickness of this reaction layer. 

(iii) Combined solute precipitation and solid-liquid reaction: The existence of both 

solution precipitation and solid-liquid interfacial reaction for some systems. 

(iv) Solid-solid interfacial reaction in the melt: The interfacial in-situ reaction 

between solid phases existing in a melt which leads to the formation of new 

phase.   

(v) Solid diffusion reaction: The in-situ formation of new phase from the induced 

solid state diffusion reaction between solid particles.  

Among different mechanisms discussed above, due to the presence of melt in the system, 

the in-situ reaction between the solid reinforcing particles and the molten material in AM 

processing mainly follows the first three mechanisms and is affected by the following 

factors: 

(i) The amount and temperature of molten material formed during processing, 

(ii) The solid solubility of particles in the melt, 

(iii) Wettability of the particles with the molten material, and 

(iv) Solid-phase diffusion in the melt. 

1.6.2 Reinforcements/Matrix Interfacial Reaction 

The physical and mechanical properties of the interface between the reinforcements and 

the matrix are the parameters playing significant roles in densification level and mechanical 
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properties of AM processed MMCs. Generally, the interfaces between the ceramic 

reinforcements and the metallic matrix in particulate reinforced MMCs are weak, 

introducing them as sensitive and potential locations for crack nucleation and propagation 

during sliding. However, the researches have recently shown the formation of good 

interfacial bondings between the reinforcements and the matrix in AM processed TiC 

reinforced Ni matrix [76], TiB2 reinforced 316L stainless steel matrix [121], TiC reinforced 

Al matrix [27], and TiC reinforced titanium matrix [44] composites.  

While the formation of interfacial reaction layers between reinforcements and matrix in 

some systems can modulate the difference between the deformation behaviors, improve 

the bonding coherence, and improve the mechanical properties of the fabricated MMCs, 

they may be detrimental to the mechanical properties in some other systems. Therefore, 

thorough efforts have been allocated in recent years for determining the characteristics of 

reinforcement/matrix interfaces in AM processed MMCs. 

In addition to the powder particles considered to be melted and solidified as the metallic 

matrix, the high amount of energy associated with the AM processes can lead to the 

partial/complete melting and dissolution of the primarily added ceramic reinforcing 

particles with high melting points. The extent of these melting and dissolution is dictated 

by the energy density [136, 137]. In cases where a chemical potential exists for the reaction 

between the solid reinforcing particles and the molten matrix, reaction layers may be 

formed at the particle/matrix interfaces. 

Depending on the elements existing in the mixed powder system, the in-situ reaction 

between elements may lead to a new or the same phase as the starting ceramic reinforcing 

particle. The in-situ reaction between the solid reinforcing particles and the melt for two 
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AM processed MMCs showing combined solution precipitation and solid-liquid reaction 

mechanisms are provided in Figure 1-13 and Figure 1-14. Figure 1-13 shows the 

microstructures for LENS processed TiN/Ti6Al4V mixed powder system with 10 and 20 

wt.% TiN, respectively. Microstructural observations around a relatively large-sized SiC 

particle in LENS processed SiC/Ti powder mixture is also presented in Figure 1-14. The 

reaction layers around the TiN particles are believed to be TiN. However, that surrounding 

the SiC particles is detected as TiC, confirmed by energy-dispersive X-ray spectroscopy 

(EDS) line scan and compositional EDS map analysis results. The higher affinity of Ti to 

C compared with Si is the main driving force for the formation of TiC through 

SiC+Ti→TiC+Si exothermic reaction [138]. 

 

Figure 1-13 SEM micrographs showing reaction layers between: (a) coarse TiN particle and the 

matrix in 10 wt.%+Ti6Al4V and (b) finer TiN particles and the matrix in 20 wt.%+Ti6Al4V 

TMCs fabricated by LENS process [58]. 
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Figure 1-14 (a) SEM micrograph showing an undissolved SiC particle in the matrix of LENS 

processed SiC/Ti system. (b) EDS line scan and (c) EDS elemental map analysis results from the 

reaction layer surrounding SiC particle in (a) [55]. 

The features (e.g., thickness and chemical composition) of reaction layers around the 

reinforcing particles are affected by the applied processing parameters and the size of 

starting reinforcing particles. Referring to Figure 1-13, it can be found that reaction layers 

are thinner around the coarser TiN particles. The solubility of a solid particle in the 

surrounding liquid is negatively dependent on its size. Therefore, compared with the larger 

particles, the smaller ones have higher energy and solubility in the liquid. This size-

dependency in solubility can generate a concentration gradient in the liquid during which 

the materials migrate from the small particles to the larger ones through diffusion in the 

liquid.  
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Figure 1-15 reveals the effect of laser energy density on the characteristics of the reaction 

layer formed at the interface of WC reinforcements and the Inconel 718 matrix. In this 

case, the strong carbide forming elements (e.g., Ni, Cr, Fe) existing in the molten matrix 

come into reaction with W and C elements on the surface of WC particles, leading to the 

formation of graded (W, M)Cx (M=Ni, Cr, Fe) interfacial layers. The melt pool's higher 

working temperature and the accelerated diffusivity of elements induced at higher energy 

densities are the main driving forces for the increase in the thickness of reaction layers [79, 

80, 88].  

 

Figure 1-15 SEM micrographs showing the characteristics of reinforcement/matrix interfacial 

reaction layer formed in WC reinforced Inconel 718 matrix composites at linear laser energy 

densities of: (a), (b) 173 and (c), (d) 303 J/m [88]. 

Coating primarily added reinforcing particles could be considered one of the strategies to 

promote the wettability of reinforcing particles and simultaneously restrict, modify, or 

avoid unwanted interfacial reactions between the reinforcing particles and the matrix [85, 



 

 

 

Ph.D. Thesis – Eskandar Fereiduni          McMaster University - Mechanical Engineering 

37 

 

137, 139]. Using two different Ni-coated and uncoated TiC particles as starting reinforcing 

particles, Zheng et al. [86] employed the LENS process to fabricate TiC reinforced Inconel 

625 matrix composites. Microstructural observations revealed that while a part of Ni 

coating on TiC particles melted and dissolved into the matrix due to the convective flow in 

the melt pool, TiC particles remained unaffected, with a thin layer of well-bonded Ni still 

remaining on their surface. On the other hand, uncoated TiC particles experienced partial 

melting when subjected to the same processing parameters (Figure 1-16).  

 

Figure 1-16 SEM images of LENS processed TiC reinforced Inconel 625 matrix composites 

having: (a) Ni-coated and (b) un-coated TiC as the starting reinforcing particle [85]. 

Despite the high energy delivered to the mixed powder system during AM processes, the 

starting reinforcements in some systems may experience partial melting or even remain as 

unmelted particles in the solidified microstructure. The interfacial region of reinforcements 

and the matrix in these kinds of MMCs may be almost free of reaction products. The 

transmission electron microscopy (TEM) characterization of the reinforcement/matrix 

interface in SLM processed ex-situ BN reinforced Inconel 718 matrix composites in Figure 

1-17 indicated that while no reaction layers were formed at the interface, some small-sized 

particles of Inconel 718 matrix with spherical morphology existed at the interfacial regions. 
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The same kind of interface has also been observed in SLM processed TiC reinforced H13 

matrix [118] and TiB2 reinforced 316L stainless steel matrix nanocomposites [121].  

The formation of reinforcement/matrix interface free of reaction layers may be ascribed to 

the following phenomena: 

(i) The high activation energy barrier for breaking the bonds in the primarily 

added reinforcements [89, 140]  

(ii) The combined effects of high diffusion and sudden cooling rates induced at 

the reinforcement/matrix interface of AM processed MMCs 

(iii) The insufficient energy imparted to the powder system which may not be high 

enough for breaking the bonds in primarily added reinforcements  

(iv) The limited solubility of reinforcements into the matrix [141]  

(v) The minimized diffusion of matrix alloying elements into the solid 

reinforcements [89, 141].  
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Figure 1-17 (a-c) TEM images of the reinforcement/matrix interface in SLM fabricated BN 

reinforced Inconel 718 matrix composites and (d) line scan EDS analysis results showing the 

distribution of elements along the line in (a) [89]. 

1.6.3 Formation of In-Situ Reaction Products 

The part of primarily added powder particles melted and dissolved into the matrix can 

enrich and saturate the surrounding melt from the elements existing in the reinforcing 

particles. These elements may react with the elements existing in the molten matrix to form 

in-situ reaction products through the solution-precipitation mechanism. For instance, N 

atoms dissolved or diffused into the surrounding melt during laser processing of TiN/Ti 

system reprecipitated as in-situ TiN particles during solidification, especially in parts of 

the matrix where higher supersaturation of N was formed due to the closer spacing among 
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TiN particles (Figure 1-13). Another common mixed powder system showing solution 

precipitation mechanism is SiC/Al system. The in-situ reaction between the Al melt and 

SiC ceramic reinforcing particles (4Al(l)+4SiC(s)→Al4SiC4(s)+3Si) results in the 

formation of plate-like Al4SiC4 phase adjacent to the SiC particles.  

The Si released from this reaction combined with the Si came from the fully dissolved 

small-sized SiC particles and enhanced the Si content of the surrounding melt. If the Si 

content of the melt exceeds the equilibrium eutectic composition of Al-Si binary phase 

diagram, pro-eutectic silicon will be formed, followed by transformation of the remaining 

melt to Al+Si eutectic as the final solidification product [135]. The microstructure of laser-

sintered 20 wt.%SiC/Al7Si0.3Mg powder mixture in Figure 1-18 contains unmelted SiC 

particles as well as pro-eutectic Si and in-situ synthesized plate-like Al4SiC4 precipitates. 

 

Figure 1-18 Microstructure of AMC fabricated by laser sintering of 20 wt.%SiC/Al7Si0.3Mg 

powder mixture [21]. 

The amount of in-situ reactions in AM processes is controlled by the characteristics of the 

mixture powder system (e.g., size, shape, and volume fraction of the constituents), the 

employed AM technique, and the applied processing parameters.  
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Microstructures of TiC reinforced Inconel 718 matrix composites presented in Figure 1-19 

clearly shows the effect of energy density on microstructural evolution of the 

reinforcements. At relatively low energy density, the primarily added TiC particles are 

remained unmelted, bringing about an ex-situ reinforced structure (Figure 1-19 (a)). 

Enhancement of the applied energy density forces the TiC particles to melt ad dissolve into 

the matrix. The Ti and C elements dissolved into the matrix reprecipitate again as in-situ 

synthesized TiC phase in the microstructure (Figure 1-19 (b)). At relatively high energy 

densities, full melting of primarily added TiC particles might lead to the formation of 

MMCs containing only in-situ synthesized TiC precipitates, which are noticeably finer than 

the ex-situ particles (Figure 1-19 (c)). Compared to the ex-situ added TiC particles, the 

superior interfacial bonding of in-situ ones with the matrix can contribute more to the 

strength of MMCs [58, 76]. 

 

Figure 1-19 Microstructures of LMD processed TiC reinforced Inconel 718 matrix composites 

processed with energy densities of: (a) 80, (b) 120 and (c) 160 kJ/m [80]. 

When employing excessive energy densities, higher amounts and coarser reaction products 

may be formed in the MMCs. This could be attributed to the combinations of: (i) enhanced 

melting and dissolution of primarily added reinforcing particles, (ii) increased diffusion 

rate of alloying elements in the system, and (iii) elevated heat accumulation and significant 

internal energy around the in-situ synthesized precipitates.  
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1.7 Microstructural Evolutions in the Matrix Induced by the 

Presence of Reinforcements 

1.7.1 Microstructural Refinement of the Matrix 

Compared to the conventional manufacturing methods such as casting, the higher 

solidification and cooling rates associated with the AM processes lead to more significant 

microstructural refinement. The rapid solidification nature of AM processes is due to the 

very local heat input and noticeably small volumes of the molten material.  

When using AM processes to fabricate MMCs, even finer microstructures can be achieved 

due to the presence of reinforcements in the system. Like other processing techniques such 

as casting and welding, solid reinforcing particles incorporated into the melt can promote 

heterogeneous nucleation during solidification and lead to grain refinement of the matrix. 

Therefore, the size, weight fraction, distribution pattern, and melting efficiency of these 

particles directly affect the solidification process and microstructural evolution of the 

matrix. For the ex-situ reinforced MMCs, the un-melted solid particles act as preferential 

sites for heterogeneous nucleation of grains. This is while for the in-situ ones, the newly 

developed precipitates formed at higher temperatures and distributed in the molten matrix 

play this role. The TEM image in Figure 1-20 shows an in-situ synthesized TiB precipitate 

acting as a nucleation site for the α phase in the Ti6Al4V matrix of LENS processed TiB 

reinforced TMC structure. Besides the role reinforcements play as nucleation sites, their 

grain growth-inhibiting effects caused by grain boundary pinning can also lead to matrix 

grain refinement.  
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Figure 1-20 TEM image indicating the growth of α phase from in-situ synthesized TiB precipitate 

in LENS processed TiB reinforced Ti6Al4V matrix composite [50]. 

As an example of the matrix refinement, microstructural observations revealed that while 

the SLM processed CP-Ti had grains with average width and length of 2.1 and 15.3 µm, 

respectively, those for the matrix grains of TiB reinforced TMCs processed with the same 

parameters were noticeably decreased to 0.6 and 1.1 µm, respectively [49, 142]. In addition 

to the microstructural characterizations, the grain refinement of the matrix can also be 

identified by broadening, and decreased intensity of the matrix peaks in X-ray diffraction 

(XRD) patterns of the AM processed MMCs [80, 81, 119, 126].  

The applied energy density is one of the major factors controlling the degree of 

microstructural refinement in AM processed MMCs. For example, while maintaining the 

columnar dendritic structure, enhancement of energy density from 30 to 100 kJ/m 

decreased the width of matrix dendrites from 3.8 to 1.3 µm in LMD processed TiC 

reinforced Inconel 625 matrix nano-composites. Such microstructural refinement was 

ascribed mainly to the increased dissolution of TiC particles and the subsequent larger 
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degrees of constitutional undercooling provided for the melt at elevated energy densities 

[82].  

In cases where the dissolved elements have limited solubility in the matrix (e.g., B in Ti or 

Si in Al), the increased constitutional undercooling induced by partitioning of rejected 

solutes in front of the solid/liquid interface can make the solidification interface unstable 

and consequently give rise to the driving force for nucleation of much more grains at the 

solid/liquid interface. The rejected atoms segregated in front of the solidification interface 

can restrict the growth of nuclei and act as grain refiners as well [48]. In addition to the 

matrix grain refining, alloying elements existing in the system may also help refine in-situ 

synthesized precipitates. For instance, much finer Si precipitates have been achieved for 

SLM processed Al-20Si-5Fe-3Cu-1Mg alloy compared with Al-20Si [27, 143]. This has 

been attributed to the hindering effects of Fe, Cu and Mg alloying elements on growth of 

Si phase by two possible mechanisms: (i) a portion of Fe atoms are dissolved into Si 

precipitates, leading to the reduced activation of Si, and (ii) the Al4FeSi2 phase formed in 

the microstructure due to the presence of Fe retards the coarsening of Si precipitates by 

acting as barriers to the diffusion of Si atoms [27].  

By increasing the number of nucleation sites for the matrix, higher amounts of 

reinforcements existing in the system can intensify the level of grain refinement 

experienced by the matrix [84, 121]. Figure 1-21 shows the microstructures for SLM 

processed pure 316L stainless steel and TiB2 reinforced 316L stainless steel matrix 

composites containing 2.5 and 5 vol.% reinforcement, respectively. While the addition of 

2.5 vol.% TiB2 had a negligible effect on grain refinement of the matrix (Figure 1-21 (a)), 

a remarkable decrease in the grain size was observed for the MMCs containing a higher 

amount of TiB2 (5 vol.%) (Figure 1-21 (c)).  



 

 

 

Ph.D. Thesis – Eskandar Fereiduni          McMaster University - Mechanical Engineering 

45 

 

 

Figure 1-21 The microstructures of SLM processed: (a) non-reinforced 316L stainless steel, and 

TiB2 reinforced 316L stainless steel matrix composites containing: (b) 2.5 and (c) 5 vol.% TiB2 

[121]. 

Since powder mixtures with a different arrangement of particles have quite different 

interactions with the laser/electron beam, the category of mixed powder system can 

significantly affect the microstructural characteristic of the matrix in AM processed 

composites. Figure 1-22 (a) and (b) show the microstructures for the SLM processed 15 

vol.% TiB2/316L stainless steel mixed powder systems prepared by direct mixing and ball 

milling, respectively. As being observed, the ball-milled powder category shows relatively 

finer cells of cellular structure.  

 

Figure 1-22 Microstructures of SLM processed TiB2 reinforced 316L stainless steel composites 

with starting: (a) directly mixed and (b) ball milled powder systems [122]. 
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1.7.2 Texture of the Matrix  

One of the most notable features of AM processed parts is the anisotropy of the 

microstructure. This phenomenon is due to the large directional thermal gradients or high 

values of thermal gradient (G) to solidification rate (R) ratio (G/R) generated by the 

characteristic layer-by-layer nature of AM processes. Since the heat conduction in the 

building direction is typically higher than in other directions, the crystals grow 

preferentially along this direction. The anisotropy in microstructure can be associated with 

the anisotropy in mechanical properties [144-146]. The anisotropy in microstructure has 

been reported in the literature for many materials fabricated by AM processes [144, 146-

148]. Figure 1-23 shows the optical micrographs, and electron backscattered diffraction 

(EBSD) orientation maps of SLM processed Inconel 738LC alloy obtained from sections 

perpendicular and parallel to the building direction. The grain shape anisotropy is obvious 

in the micrographs, with the long axis of grains oriented along the building direction. 
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Figure 1-23 (a, c) Optical micrographs and (b, d) EBSD crystallographic orientation maps of SLM 

processed Inconel 738LC alloy. (a) and (b) are sections perpendicular to the building direction, 

while (c) and (d) are parallel to the building direction [148]. 

Application of scan strategies with rotating scan directions is an applicable technique 

employed to break up such anisotropic microstructures in AM processed parts. While the 

rapid solidifications rates associated with the AM processes enhance R, the basic concept 

behind most of these scan strategies is shortening of scan tracks to decrease the thermal 

gradient (G) and consequently decline the G/R ratio [149]. Incorporation of reinforcements 

into the melt pool may also affect the texture of the matrix in AM processed MMCs parts. 

Besides acting as preferential sites for the nucleation of grains, these reinforcements can 

retard the directional growth of grains during the solidification process [81, 127, 146, 150, 

151]. As shown in SEM and EBSD micrographs in Figure 1-24, the TiC reinforcements 
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refined the microstructure and ceased the directional growth of the matrix, and led to much 

more isotropic structures. Thus, both the grain refining and directionality prohibiting were 

much pronounced for the MMCs containing nano-scale reinforcements.        

  

Figure 1-24 SEM images (first row) and EBSD crystallographic orientation maps (second row) of 

SLM processed: (a, d) non-reinforced 316L stainless steel; and TiC reinforced 316L stainless steel 

matrix composites with: (b, e) micro-scale and (c, f) nano-scale TiC reinforcements [151]. 

1.7.3 Microstructural Evolution and Phase Transformation 

Due to the variations in multiple modes of heat, mass, and momentum transfer and the 

probable chemical reactions, the addition of reinforcements to the system may activate 

different consolidation mechanisms and microstructural evolutions in the matrix of AM 

processed MMCs [121]. The microstructures obtained from laser remelting of pure A356 

powder and A356/SiC powder mixture in Figure 1-25 reveal the major roles reinforcements 

play in the matrix structure. While the laser-sintered pure A356 part shows a directional 
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solidification of columnar grains, incorporation of SiC reinforcements into the system leads 

to an equiaxed grain structure.  

 

Figure 1-25 Optical micrographs of laser processed: (a) non-reinforced A356 Al alloy and (b) SiC 

reinforced A356 matrix composites [152]. 

The transition in grain growth mode by adding reinforcements has been reported in the 

literature for various systems. Even if the volume fraction of reinforcements is not as high 

enough to completely transit the solidification mode, such transition can be induced at least 

in reinforcement-containing regions [153]. Using the LENS process to fabricate 

functionally graded metal matrix composites (FGMMCs), Wilson and Shin [4] studied the 

effect of TiC content on the microstructural evolution of the Inconel 690 matrix. When the 

TiC content was less than 15 vol.%, the matrix was mainly composed of a columnar 

dendritic structure. However, a transition from columnar dendritic structure to finer 

elongated grains occurred for the MMCs with 15-30 vol.% TiC, leading to the 

microstructure having groups of elongated grains as its major fraction (Figure 1-26).  
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Figure 1-26 Microstructures of LENS processed TiC reinforced Inconel 690 matrix composites 

containing: (a) less than 15 and (b) 15-30 vol.% TiC as reinforcement [4]. 

For the composite systems in which the reinforcements do not act as heterogeneous 

nucleation sites for the matrix, the grain boundary pinning and grain growth restriction 

caused by reinforcements may create sufficient undercooling and provide enough time for 

new grains to develop. Besides grain refinement, this mechanism also contributes to 

structural transition [154]. By acting as barriers to solute diffusion and heat transfer, the 

solid reinforcements can cause disturbance in the solute field and temperature field in the 

solidification front [155]. As a consequence, irregular growth modes may be activated for 

the matrix of MMCs during solidification.  

The reinforcements can also influence the phase transformation in the matrix of AM 

processed MMCs. Microstructural characterizations of the non-reinforced Ti6Al4V alloy 

fabricated by AM processes indicates that the fast cooling rates associated with these 

processes favor the transformation of β phase to α' martensite, leading to microstructures 

containing Widmanstatten laths of martensitic α' phase in a β phase matrix [50, 62]. When 

considering TMCs having Ti6Al4V alloy as the matrix, microstructural features of the 

matrix may differ from the non-reinforced Ti6Al4V fabricated with the same process and 

similar processing parameters. For instance, as shown in Figure 1-27, the formation of 

primary TiB precipitates in TiB reinforced Ti6Al4V matrix composites refines the α/β 
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microstructure of the matrix and changes the morphology of α precipitates to an equiaxed 

or globular type [36, 50]. This could be due to the roles TiB precipitates play as additional 

heterogeneous nucleation sites for the α phase in the β matrix. In addition to the changes 

in morphology, the volume fraction of phases formed in the matrix can be affected by the 

reinforcements. As reported by Balla et al. [58], although having the same acicular 

morphology, the matrix of TiN reinforced Ti6Al4V matrix composites contained larger 

amounts of α phase than the non-reinforced LENS processed Ti6Al4V alloy.  

  

Figure 1-27 Microstructures of LENS processed: (a) non-reinforced Ti6Al4V alloy and (b) TiB 

reinforced Ti6Al4V composite [50]. 

The elements dissolved into the matrix in AM processed MMCs can change the 

microstructural evolution and phase transformation of the matrix. For instance, the 

stabilizing effect of dissolved N atoms in the matrix and the rapid cooling rates associated 

with the AM processes are the main reasons responsible for the formation of needle-like 

martensitic α phase in TiN reinforced Ti6Al4V matrix composites [58, 156]. The 

dissolution of SiC reinforcements into the surrounding melt during SLM processing of 

SiC/iron mixed powder system also resulted in a major microstructural transition in the 

matrix [126, 127]. Due to the extremely low content of carbon in the iron powder (~0.03 

%), a ferritic (α-Fe) microstructure was obtained for the non-reinforced parts even at 
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extremely high cooling rates of the SLM process (Figure 1-28 (a)). However, the partial 

melting and dissolution of SiC particles to C and Si in the SiC reinforced iron-based MMCs 

led to the increased carbon content of the melt and paved the way for the formation of 

pearlite and martensite constituents in the matrix (Figure 1-28 (b)). 

 

Figure 1-28 SEM micrographs of SLM fabricated: (a) non-reinforced pure iron and (b) SiC 

reinforced iron matrix composite [127]. 

1.7.4 Formation of Supersaturated Matrix 

The rapid solidification rates of the AM processes can extend the solid solubility limit of 

alloying elements in the matrix and cause some distortions in its lattice structure. These 

distortions can be identified by the shift that occurred in the position of XRD peaks 

corresponding to the matrix phases [80, 81]. The supersaturation of matrix from alloying 

elements may contribute to enhancing mechanical properties through the solid solution 

strengthening mechanism [47, 157-160]. As reported by Prashanth et al. [28], in addition 

to the in-situ synthesized high strength Al6MoTi reinforcement phase formed in an Al12Si-

TNM system, the development of an Al matrix supersaturated with both Ti and Si elements 

was responsible for further improvement in the hardness of SLM fabricated composites. 

The same phenomenon has been observed by Gopagoni et al. [86] when using the LENS 

process to fabricate in-situ synthesized TiC reinforced Ni matrix composites from a mixed 
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elemental powder system of Ni-10Ti-10C. Despite the negligible solid solubility of C in 

Ni, the rapid solidification rates led to diffusion-limited trapping of C in Ni to form a 

saturated solid solution matrix, as confirmed by high-resolution Auger electron 

spectroscopy (AES) analysis of the fabricated MMCs (Figure 1-29).  

 

Figure 1-29 (a) SEM image of LENS processed TiC reinforced Ni matrix composite and (b) AES 

analysis map of C in the microstructure shown in (a). The thermal pseudocolor reveals the relative 

amount of C element [86]. 

1.7.5 Formation of Dislocations in the Matrix 

To accommodate the misfit in CTE and EM induced between the reinforcements and the 

matrix during rapid melting and cooling, a large amount of thermal stresses are formed in 

the matrix of AM processed MMCs. These stresses may be high enough to cause plastic 

deformation, which is inclined to be portioned more toward the substantially softer phase 

(the metallic side of the interface), especially adjacent to the reinforcements/matrix 

interface. For instance, when cooled down from laser processing to room temperature, the 

difference between average CTEs of TiC reinforcement and Inconel 625 matrix can 

generate thermal stress over 500 MPa, which is beyond the yield strength of Inconel 625 

in the annealed form [85]. The strains induced by these stresses are partially relieved by 

the formation of misfit dislocation network substructures at the interface known as 
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geometrically necessary dislocations (GNDs). High-resolution TEM (HRTEM) 

observation of the TiC/Ni interface in AM processed TiC reinforced Ni matrix composites 

provided in Figure 1-30 indicates the formation of dislocations that separate coherent 

regions of perfect lattice matching at the TiC/Ni interface. The intensity of the thermal 

stress and consequently the density of GNDs are reduced by moving away from the 

reinforcement/matrix interface.  

 

Figure 1-30 (a) HRTEM image of the TiC/Ni interface in LENS processed composites and (b) 

higher magnification image indicating a semi-coherent interface containing dislocations [86]. 

In addition to the reinforcement/matrix interfacial regions, misfit dislocation substructures 

can also be generated at the interface of different phases existing in the matrix. For instance, 

as revealed by TEM analysis, both the β/TiB and α/β interfaces in AM processed TiB 

reinforced Ti6Al4V matrix composites contain misfit dislocation substructures [50]. These 
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dislocations could be beneficial to the enhancement of strength based on the dislocation 

strengthening mechanism discussed.  

It is worth noting that the fast cooling rates (in the order of ~106-108 K/s), as well as the 

multiple reheating cycles associated with the AM processes, can also lead to the generation 

of dislocations in the matrix of MMCs, as shown in Figure 1-31.  

 

Figure 1-31 TEM image showing high density of dislocations in the matrix of LENS processed 

TiC reinforced Inconel 625 matrix composites [85]. 

1.8 Part Quality and Surface Integrity of AM Processed MMCs 

Generally, the most important defects in AM processed parts limiting the densification 

level are porosities and cracks. The porosity in AM processed parts is originated mainly 

from the melt pool behavior and the quality of the starting powder particles. Several 

resources are responsible for forming porosities in AM processed parts, including gas 

voids, solidification shrinkage, lack of melting, and local evaporation of some elements 

when subjected to temperatures exceeding their boiling point [123, 125].  

The bonding performance between the adjacent tracks and subsequent layers plays a 

significant role in the densification level of parts [81]. A good bonding between the tracks 

and layers can guarantee the fabrication of parts with sound densification levels. This can 
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be achieved by good wetting and effective contribution of previously solidified materials 

in the freshly deposited molten material. Moreover, the wetting behavior of solid 

reinforcements with the surrounding molten material affects the porosity level in AM 

processing of MMCs.   

If the process parameters are not correctly chosen, the instability of the laser track can 

generate high surface roughness or even cause balling effect. In addition, the incorrect 

overlapping of adjacent tracks and/or layers caused by inappropriate selection of hatch 

spacing and/or layer thickness may also leave the inter-track and/or inter-layer regions 

unmelted, leading to the formation of porosities. The following describes the effects of 

applied energy density and the characteristics of mixed powder systems as two major 

factors influencing the part quality and surface integrity of AM processed MMCs. 

1.8.1 Applied Energy Density 

The applied processing parameters (energy density) play significant roles in the part quality 

and surface integrity of AM processed parts. Figure 1-32 presents the surface morphology 

for SLM fabricated TiC reinforced TMCs processed with varying energy densities by 

changing the scanning speeds. The fabricated part showed a dense surface with no pores 

and spherical balls at relatively high energy density. However, the decrease in the applied 

energy density (increasing the scan speed) enhanced the surface roughness by the 

formation of larger balls as well as porosities among neighbor balls or adjacent tracks. The 

formation of balls on the surface is due to the occurrence of balling effect, where the fresh 

molten material cannot wet the underlying substrate. Under this condition, the continuous 

melt track transforms to several spherical-shaped agglomerates to obtain the equilibrium 

state.  
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Figure 1-32 SEM images of the surface morphology for SLM fabricated TiC reinforced TMCs 

processed with energy density of: (a) 360, (b) 180, (c) 120 and (d) 90 J/mm3 [42].  

The poor surface integrity and quality of AM processed MMCs parts obtained at relatively 

low energy densities could be discussed in terms of the melt pool features under this 

condition which favor the formation of less dense parts. These features involve: 

(i) The low working temperatures, decreased volume of melt pool and limited 

amount of molten material [78, 125] 

(ii) The shortened lifetime of the molten material induced by higher solidification 

rates [78, 88]  

(iii) The enhanced viscosity, limited convective flow and reduced liquid-solid 

rheological performance in the melt pool [118, 123] 

(iv) The decreased wettability of solid reinforcements with the surrounding melt 

[77, 82, 123]  
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The reduced wettability and limited spreading of molten material to the outward combined 

with the poor dilution between the fresh depositing track and the previously deposited 

track/layer leads to a weak interfacial bonding and consequently results in the formation of 

porosities in inter-layer/inter-track locations [77, 81, 82, 88], as shown in Figure 1-33. 

However, the increased volume of melt and the decreased melt viscosity obtained at 

sufficient energy densities can enhance the wettability and improve the bonding between 

the tracks and/or layers. In addition, the high stirring in the melt pool caused by intensified 

Marangoni flow could also assist the melt with better wetting of previously solidified layers 

and/or tracks. Accordingly, MMCs with better surface integrities and higher densification 

levels could be achieved.  

 

Figure 1-33 Cross-sectional optical micrograph of SLM processed SiC/AlSi10Mg mixed powder 

system showing the formation of inter-layer porosities [17]. 

The high-temperature gradients induced at excessive energy densities may enhance the risk 

of balling and lead to the accumulation of stress in parts of the previously deposited 

material experiencing remelting. These stresses may be responsible for the delamination of 

layers, distortion of parts, or even the appearance of cracks [78]. Moreover, excessive 

energy density may result in interfacial microscopic shrinkage porosities, and thermal 

micro-cracks at the reinforcement/matrix interface in AM processed MMCs [18, 24]. 
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Figure 1-34 (a) shows such porosities at the reinforcement/matrix interfaces in SLM 

processed SiC/AlSi10Mg powder mixture, while Figure 1-34 (b) indicates thermally 

induced interfacial micro-cracks formed in AM processed Al2O3 reinforced AMCs.   

 

Figure 1-34 SEM micrographs showing: (a) microscopic shrinkage porosities at the 

Al4SiC4/matrix interface of SLM processed AMCs, and (b) interfacial micro-cracks at the 

Al2O3/Al interface of SLM fabricated AMCs [24]. 

1.8.2 Characteristics of Mixed Powder System 

The characteristics of mixed powder systems affecting the densification level of AM 

processed MMCs include the type, size, and volume fraction of reinforcements and the 

category of the mixed powder system.  

For a given volume fraction of reinforcements, the limited wettability of larger reinforcing 

particles leads to higher amounts of larger-sized porosities in the solidified MMCs parts.  

Cross-sectional optical micrographs of AM processed Inconel 625 matrix composites in 

Figure 1-35 (a) reveal the significant influence of reinforcement type on the defects. As 

observed, the SiC reinforced MMCs contain a large volume of porosities and 

interconnected macro-cracks propagated both vertically and horizontally. Compared with 

the SiC reinforced MMCs, the Al2O3 reinforced ones had much lower porosities and fewer 

cracks. The formation of porosities in this type of MMCs was attributed to the thermal 
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destruction of Al2O3 during the process, leading to the release of oxygen and their 

subsequent capturing to form bubbles. This is while the enrichment of edges of cracks from 

Nb and Mo elements gave evidence of liquation cracking (Figure 1-35 (b)). Despite the 

SiC and Al2O3 reinforced MMCs, those reinforced with TiC were almost free of defects.  

 

Figure 1-35 (a) Cross-sectional micrographs of additive layer manufactured Inconel 625 matrix 

composites with different types of reinforcements, and (b) SEM micrograph illustrating cracking 

in Al2O3 reinforced composites shown in (a) [75]. 

The enhanced volume fraction of reinforcements is generally associated with worsening of 

the densification level mainly due to: (i) the increased melt pool viscosity, which results in 

decreased wettability and favored spheroidization of melt pool, (ii) the elevated melt pool 

instability, and (iii) the occurrence of balling effect [119, 121].  

Due to the higher brittleness of ceramic reinforcements compared to the metallic matrix, 

the enhanced volume fraction of reinforcements and their probable agglomeration may 

favor the formation of cracks in the AM processed MMCs. For example, aggregation of 

Ca and P elements (formed by dissolution of HA) along the boundaries of laser tracks in 

SLM processed HA reinforced stainless steel matrix composites introduced the boundaries 

as potential locations for crack nucleation and propagation when subjected to the residual 

stresses of the process. While the enhanced volume fraction of HA promoted this 

mechanism and led to the formation of larger and higher amounts of cracks, the elevated 
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scanning speeds declined the amount of aggregation and reduced the risk of cracking 

(Figure 1-36). The decrease in the melt pool size caused by the elevated scanning speeds 

may also lead to insufficient overlapping of tracks and consequently increase the porosity 

level (Figure 1-36) [117]. However, it should be noted that the local accumulation of 

residual stress caused by the application of relatively high scan speeds (high cooling rates) 

can enhance the crack formation susceptibility in some systems [78, 161].  

 

Figure 1-36 SEM micrographs of SLM fabricated HA reinforced stainless steel matrix composites 

with HA content and scanning speed of: (a) 𝐻𝐴 = 5 vol. %, 𝜐 = 250 𝑚𝑚/𝑠, (b)  𝐻𝐴 = 15 vol. %, 

𝜐 = 250 𝑚𝑚/𝑠 and (c) 𝐻𝐴 = 5 vol. %, 𝜐 = 400 𝑚𝑚/𝑠 [117]. 

The category of mixed powder systems can also affect both the type and amount of defects. 

For example, using two different powder categories; i.e., directly mixed and ball milled 

TiB2/316L stainless steel mixed powder systems, AlMangour et al. [122] indicated that 

while the porosities were more evident in the directly mixed powder system, larger and 

more severe cracks were characterized for the ball-milled powder category (Figure 1-37). 

The formation of cracks was related to the liquation cracking at the boundaries, 

solidification shrinkage, and the limited wettability caused by the application of 

inappropriate processing parameters.  
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Figure 1-37 SEM micrographs indicating TiB2 reinforced 316L stainless steel matrix composites 

fabricated by SLM processing of (a) directly mixed and (b) ball-milled powder systems [122]. 

1.9 Mechanical Properties of AM processed MMCs 

As far as the AM technology has been considered, it has been revealed that it provides the 

fabrication of parts with superior mechanical properties, including higher hardness, 

improved strength, and comparable ductility than those manufactured by conventional 

processing techniques. While the addition of reinforcements to the matrix to form MMCs 

structures helps to enhance the hardness, strength, and work hardening compared to the 

non-reinforced parts, they may render the fabricated MMCs parts extremely brittle (Figure 

1-38) [28, 48, 49]. As shown in compressive stress-strain curves in Figure 1-38 (a), Al-

12Si-TNM AMCs fabricated by SLM showed yield and ultimate strengths of ~420 and 

~636 MPa, respectively, which were higher than those for the non-reinforced Al-12Si 

samples having yield and ultimate strengths of ~283 and ~475 MP, respectively. However, 

the AMCs broke at ~6% total strain while the non-reinforced parts did not experience 

fracture until 60% of deformation. Toughness measurements of the CP-Ti and TiB 

reinforced TMCs fabricated with the same SLM processing parameters also show a ~50% 

decrease for the composites than the non-reinforced part [49]. The decreased ductility and 

toughness of MMCs compared to the non-reinforced structures can be ascribed to the 

insufficient ductility, the high brittleness, and limited ability of the hard and brittle 
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reinforcements to accommodate the plastic deformation [47, 49]. The increase in the 

content of these reinforcements can make the fabricated MMCs less ductile [44].  

  

Figure 1-38 Compressive stress-strain curves of SLM processed: (a) non-reinforced Al-12Si and 

Al-12Si-TNM composite; and (b) non-reinforced CP-Ti and TiB reinforced TMC [48]. 

1.9.1 Strengthening Mechanisms 

Generally, the strengthening of MMCs is determined by the contribution of direct and 

indirect strengthening mechanisms. Direct strengthening is also known as “classical” 

strengthening and is concerned with the load transfer from the softer matrix to the harder 

reinforcements. However, the indirect strengthening is based on the matrix strengthening 

induced by the presence of reinforcements. 

1.9.1.1 Direct Strengthening  

Based on the simple rule of mixture, incorporation of reinforcements into the matrix to 

form MMC structures is almost associated with the improved hardness and strength since 

a fraction of the matrix is substituted by harder phase(s) [4, 47, 85, 121, 160, 162, 163]. 

The rapid solidification rates associated with the AM processes result in inherently strong 

bonding coherence between the reinforcements and the matrix. Based on the interfacial 

strengthening mechanism, such kind of interface aids to the effective load transfer from the 
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matrix to the reinforcement and consequently improves the flow stress and strength of AM 

processed MMCs [29, 44, 47, 126, 127]. The formation of graded interfacial layers at the 

interface of ceramic reinforcements and the metallic matrix in some systems can also 

enhance the interfacial bonding strength and increase mechanical properties [88]. By 

hindering the movement of dislocations, the reinforcements distributed in the matrix can 

restrain its local micro-deformation and improve the strength [81, 126, 127, 164].  

The amount of increment in the strength of discontinuously reinforced MMCs is affected 

by some variables, including the type, size, shape, distribution state, and volume fraction 

of reinforcements and their orientation with the applied loading direction. For example, for 

MMCs containing short whisker-shaped reinforcements aligned in the tensile loading 

direction, the shear-lag model developed by Nardone and Prewo predicts the increase in 

yield strength as [165, 166]: 

𝛥𝜎 = 𝜎𝑦𝑚𝑉𝑟 [
(𝑙+𝑡)𝐴

4𝑙
]                                                                                                          [5] 

where 𝜎𝑦𝑚 is the yield strength of the matrix, 𝑉𝑟 represents the volume fraction of 

reinforcements, 𝑙 is the size of reinforcement parallel to the loading direction, 𝑡 is the 

thickness of reinforcement, and 𝐴 =  𝑙
𝑡⁄  signifies the aspect ratio of reinforcements. Based 

on Eq. 5, those MMCs containing reinforcements with larger aspect ratios are associated 

with higher strengths for a given volume fraction of reinforcements. This reveals the 

importance of reinforcement shape and morphology on the strength of MMCs. Figure 1-39 

shows the variation in yield strength of LENS processed CP-Ti and TiB reinforced TMCs 

as a function of the applied laser power. As being observed, the obtained MMCs had higher 

strengths than the non-reinforced parts. The main reason for the improvement in the 

strength of MMCs was the increase in the aspect ratio of TiB precipitates caused by the 
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elevated laser power (e.g., change in aspect ratio from 8.35 to 13.32 for laser powers of 

125 to 200 W, respectively).    

 

Figure 1-39 Variation of yield strength for LENS processed CP-Ti and TiB reinforced TMCs as a 

function of applied laser power [49]. 

The following describes the effects some other reinforcement features have on the 

mechanical properties of AM processed MMCs.    

Reinforcement Volume Fraction 

When the MMCs contain equiaxed particulate shaped reinforcements with an aspect ratio 

of 1, Eq. 5 is simplified as: 

𝛥𝜎 =
1

2
𝜎𝑦𝑚𝑉𝑟                                                                                                                     [6] 

Accordingly, the increase in yield strength of MMCs could be linearly correlated with the 

volume fraction of reinforcements distributed in the matrix. The significant improvement 

in mechanical properties of AM processed MMCs with the enhancement of reinforcement 

volume fraction has been reported in several research studies [30, 44, 55, 58, 76, 119, 167]. 
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For instance, the increase in volume fraction of in-situ synthesized TiC reinforcements 

from 20 to 60 vol.% led to the significant enhancement of hardness from 365 to 1898 HV 

in TiC reinforced Ni matrix composites [76]. In another research, the increase in TiB2 

content from 5 to 10 wt.% resulted in noticeably high hardnesses of 560 and 750 HV, 

respectively, for the obtained in-situ TiB reinforced Ti6Al4V matrix composites. The non-

reinforced Ti6Al4V parts processed with the same parameters had a hardness of 340 HV 

[36]. The research performed by Balla et al. [58] to fabricate TiN reinforced Ti6Al4V 

composite coatings using the LENS process revealed an increasing trend in hardness from 

527 to 1138 HV with the enhancement of TiN content from 10 to 40 wt.%. However, the 

LENS processed pure Ti6Al4V in their research had a hardness of 394 HV.  

Recently, the concept of improvement in mechanical properties due to the enhancement of 

reinforcement volume fraction has been applied to develop AM processed FGCMs. These 

materials benefit from varying content of reinforcements and consequently gradient 

mechanical properties along the building direction [4, 44, 168, 169].  

Reinforcement Type 

Due to the differences in characteristics of reinforcements (melting point, hardness, EM, 

CTE, etc.), the mechanical properties of AM processed MMCs are strongly dependent on 

the type of reinforcement. Using three different ceramic particles of Al2O3, SiC, and TiC 

as reinforcement to Inconel 625 matrix, Cooper et al. [75] indicated that while the addition 

of Al2O3 did not have a notable influence on hardness, major ~130% and 32% 

improvements in the mean hardness were obtained for the SiC and TiC reinforced MMCs, 

respectively, compared to the non-reinforced part. In another research, Oh and Lee [170] 

found that while the Ti6Al4V substrate had a hardness of 320 HV in their study, different 

levels of hardening (520, 715, and 728 HV for TiC, SiC, and hybrid SiC+TiC reinforced 
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MMCs, respectively) were achieved for the deposited coatings containing different 

reinforcements.  

When it comes to high-temperature applications, the reinforcement type plays a crucial role 

in MMC structure. Using various ceramic reinforcements (TiC, TiN, and TiC+TiN) added 

to the Ti6Al6V matrix, Yun et al. [160] found the highest hardness of 937 HV for TiN 

reinforced composite, and the lowest hardness for the TiC reinforced one (554 HV). The 

hardness of the hybrid reinforced composite was 726 HV, located between those having 

either TiC or TiN as reinforcement. The high-temperature hardness measurements of the 

fabricated MMCs revealed a gradual decrease from room temperature to 450 °C, followed 

by a rather rapid decline to 900 °C. To the same feature as the room temperature hardness, 

the TiN and TiC reinforced MMCs had the highest and lowest hardness values, 

respectively. Even at a temperature as high as 450 °C, the TiN reinforced specimen showed 

a hardness 3.5 times greater than that of the substrate, introducing TiN as an appropriate 

reinforcement for Ti matrix at high-temperature applications. In cases where there exists 

no intermediate phase between the reinforcement and the matrix (e.g., TiB and Ti), the 

reinforcements are stable and in equilibrium with the matrix, leading to the extended high-

temperature application of the MMC structure. 

Reinforcement Size 

As well-known, one of the major concerns with conventionally processed particle 

reinforced MMCs is the limited interfacial wetting and bonding coherence between the 

reinforcements and the matrix, making the large-sized ceramic reinforcements prone to 

cracking when subjected to external loading. This consequently results in poor ductility as 

well as premature failure of MMCs parts [171]. Both the strength and ductility of MMCs 

are noticeably influenced by the size of reinforcements [172]. Generally, the MMCs 
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containing finer reinforcements are associated with higher hardness and strength and 

improved ductility. The improvement in strength due to the reinforcement refinement can 

be described based on the Orowan mechanism. This mechanism accounts for the 

interaction of dislocations with reinforcements and is active when the non-shearable 

reinforcements act as pinning points for dislocations. It should be noted that this 

mechanism is effective when the size of reinforcements is smaller than 1 µm [173]. The 

Orowan-Ashby equation defines the Orowan stress as [174]: 

𝛥𝜎𝑜𝑟 =
0.13𝐺𝑏

𝜆
 ln

𝑑

2𝑏
                                                                                                            [7] 

in which 𝑏 and 𝐺 are the Burger’s vector and shear modulus of the matrix, respectively. 𝑑 

represents the equivalent diameter of reinforcement, and 𝜆 is the inter-particle spacing.     

For a given volume fraction of reinforcements, the decrease in the size of reinforcements 

(𝑑) is associated with the declined inter-particle spacing (𝜆). Accordingly, the pinning 

effect of particles for mobile dislocations becomes more pronounced, leading to higher 

Orowan stresses required for further deformation and enhanced strength. It is worth noting 

that the unpinning of dislocations caused by bowing leads to dislocation loops around the 

reinforcements. This also decreases the effective inter-particle spacing and elevates the 

required bypassing stress for the next dislocations encountering the reinforcements, leading 

to higher work hardening rates and strengthening the MMCs structure [175, 176]. 

In addition to the enhanced hardness, strength, and even ductility, the refining of 

reinforcements can significantly affect the toughness of MMCs. For example, the 

decreased size of TiB precipitates combined with their improved distribution pattern along 

the grain boundaries of the Ti matrix (3D quasi-continuous network microstructure 

(3DCQN)) led to the significant increase in toughness of TMCs from 201 to 320 J/mm3 for 
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parts processed with laser powers of 125 and 200 W, respectively [49]. As schematically 

illustrated in Figure 1-40, this finding was ascribed to: (i) the refinement of TiB 

precipitates, (ii) crack propagation along both the TiB-rich regions (grain boundaries) and 

TiB-lean areas (within grains) of the 3DQCN structure, and (iii) the crack tip blunting and 

deflection by the ductile matrix of the 3DQCN structure. 

 

Figure 1-40 Schematic illustrations of failure modes in compression test for SLM fabricated CP-Ti 

and TiB reinforced TMCs. (Fig. 9 paper 39 Ti [49]) 

The effect of reinforcement refining on the improvement of mechanical properties could 

be even more effective when the size of reinforcements is further reduced from micrometer 

to nanometer scale. This can further intensify the interaction of dislocations with the 

reinforcements and result in more remarkable improvements in mechanical properties 

[177, 178].  

1.9.1.2 Indirect Strengthening 

As thoroughly described in Section 1.7.3, the incorporation of reinforcement into the 

system to fabricate MMCs structures is associated with some microstructural changes in 
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the matrix. These changes can affect the mechanical properties of the matrix and 

consequently the MMCs parts. To gain a better insight into the effect of reinforcements on 

matrix strengthening, Table 1-6 provides some comparisons between the hardness of 

Ti6Al4V alloy in a non-reinforced state and the Ti6Al4V matrix of AM processed TMCs 

reinforced with various types of reinforcements. As being observed, the Ti6Al4V matrix 

in TMCs shows considerably higher hardness values than that of the non-reinforced 

Ti6Al4V alloy. However, the amount of improvement in hardness varies depending on the 

employed reinforcement.  

Table 1-6 A comparison between the hardness of AM processed Ti6Al4V alloy in non-reinforced 

state and in MMCs containing different types of reinforcements. 

Mixed Powder System 
Matrix Hardness in 

MMC 

Hardness of Non-reinforced 

Ti6Al4V 
Ref. 

TiC/Ti6Al4V 340 

320 

[170] [160] 

SiC/ Ti6Al4V 415 [170] 

(TiC+SiC)/Ti6Al4V 460 [170] 

TiN/Ti6Al4V 412 [160] 

(TiC+TiN)/Ti6Al4V 434 [160] 

 

The mechanisms involved in matrix hardening of AM fabricated MMCs are known as 

indirect strengthening mechanisms and include: 

Grain Refinement of the Matrix  

As discussed in Section 1.7.1, the reinforcements incorporated into the matrix of AM 

processed MMCs refine the microstructure by acting as preferential grain nucleation sites 

and grain growth inhibitors. Because of the significant role grain boundaries play in 

hindering the movement of dislocations, the increased volume of grain boundaries caused 

by grain refinement enhances the microstructure resistance to plastic deformation during 
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loading and consequently improves the strength of the material. Hall-Petch effect is a well-

known strengthening mechanism that considers the effect of grain size on material strength. 

Based on this mechanism, the effect of reinforcement-induced grain refinement on the 

enhancement of strength can be expressed as [179]: 

𝛥𝜎𝐻𝑃 = 𝑘𝐻𝑃 (
1

√𝑑2
−

1

√𝑑1
)                                                                                                  [8] 

in which 𝑘𝐻𝑃 is the Hall-Petch constant for the matrix while 𝑑2 and 𝑑1 represent the 

average grain sizes of the matrix in MMC structure and non-reinforced specimen, 

respectively. As discussed previously, the incorporation of reinforcements into the system 

led to the microstructural refinement of the matrix than that of the non-reinforced state. 

This refining was more severe for MMCs containing higher volume fractions and/or finer 

reinforcements. The relationship among matrix grain size, reinforcement size and 

reinforcement content has been demonstrated by the Zener equation as [180]: 

𝑑𝑚 =
4𝛼𝑑𝑝

3𝑣𝑝
                                                                                                                         [9] 

where 𝑑𝑚 represents the matrix grain size, 𝛼 is a proportionality constant, 𝑑𝑝 signifies 

the reinforcement size and 𝑣𝑝 is the reinforcement volume fraction.    

Increased Density of Dislocations in the Matrix 

Based on discussions in Section 1.7.5, a noticeable density of dislocations can be generated 

in the matrix of AM processed MMCs. These dislocations are believed to have various 

resources, including multiple reheating cycles induced in parts due to the nature of AM 

process and the difference between the CTE and EM of reinforcements and the matrix. 

While the generation of dislocation by repeated reheating cycle is common in all AM 

processes, those induced by CTE and EM differences are limited to the composite 
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structures. GNDs are formed adjacent to the reinforcement/matrix interface (in the matrix) 

to accommodate these mismatches. This phenomenon increases the work hardening rate 

and strengthens the MMCs. The increase in the yield strength of MMCs caused by both the 

CTE and EM mismatches can be expressed as [181]: 

𝛥𝜎𝑑𝑖𝑠 = √(𝛥𝜎𝐶𝑇𝐸)2 + (𝛥𝜎𝐸𝑀)2                                                                                     [10]  

where 𝛥𝜎𝐶𝑇𝐸 and 𝛥𝜎𝑔𝑒𝑜 represent the stress increment caused by CTE and EM mismatch 

between the reinforcement and the matrix, respectively. The effects of CTE and EM 

mismatches on the strength of MMCs can be expressed by the Taylor relationship as Eqs. 

11 and 12, respectively [166, 182]: 

𝜎𝐶𝑇𝐸 = 𝑀𝛽𝐺𝑏√𝜌𝐶𝑇𝐸                                                                                                      [11]    

 𝜎𝐸𝑀 = √3𝛼𝐺𝑏√𝜌𝐸𝑀                                                                                                      [12]  

in which 𝑀 is the Taylor factor, 𝛽 and 𝛼 are constants in the order of 1.25 and 0.5, 

respectively.  𝜌𝐶𝑇𝐸 and 𝜌𝐸𝑀 represent the density of dislocations induced by CTE and EM 

mismatches, respectively, and are defined as [177, 183]: 

𝜌𝐶𝑇𝐸 =
𝐴𝛥𝛼𝛥𝑇𝑉𝑟

𝑏𝑑𝑝(1−𝑉𝑟)
                                                                                                             [13] 

𝜌𝐸𝑀 =
6𝑉𝑟

𝜋𝑑3 휀                                                                                                                     [14] 

where 𝐴 is a geometric constant varying between 10-12 based on the geometry of 

reinforcement, 𝛥𝛼 represents the difference in CTE, 𝛥𝑇 is the temperature change from the 

processing to testing temperature, and 휀 signifies the plastic strain of the matrix.  
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As the deformation proceeds, the increase in dislocation density results in the reduced 

space between them, which elevates the load required for further deformation. 

The Matrix Strengthening Caused by Microstructural Modifications  

As previously discussed, microstructural modifications of the matrix induced by the 

presence of reinforcements include: 

(i) The transition in the solidification mode 

(ii) The change in the morphology of phases(s) 

(iii) The change in the volume fraction of phase(s)  

(iv) The phase transformation  

Each of these microstructural modifications can lead to the improvement in the mechanical 

properties of fabricated MMCs. For instance, while the additively manufactured pure iron 

yields a ferritic matrix, the SiC/pure iron composite system shows a pearlitic and/or 

martensite matrix. The change in the microstructure of the matrix caused by the addition 

of SiC leads to the enhanced strength of SiC-reinforced iron matrix MMCs compared to 

the non-reinforced parts [126, 127]. Moreover, the formation of the martensitic α' phase in 

TMCs caused by the dissolution of reinforcements in the matrix well assists the improved 

mechanical properties of AM processed parts [160, 170]. While the general concept behind 

the fabrication of most MMCs is the improvement in hardness and strength, the outstanding 

properties of AM technology combined with the microstructural engineering of the matrix 

have recently led to the development of MMCs with excellent ductility [61, 62]. 

Figure 1-41 illustrates the stress-strain curves of SLM processed non-reinforced Ti6Al4V 

alloy and 10 wt.% Mo/Ti6Al4V powder mixture. In case of MMC containing Mo as 

metallic reinforcement, the partial dissolution of Mo particles into the matrix changed the 

fully α' martensitic microstructure of the matrix to a β phase one. Because of the lower 
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strength and higher ductility of β phase compared to α', fabricated composites showed 

lower Young’s modulus, lower yield, and ultimate tensile strengths, and noticeably higher 

elongation than the non-reinforced Ti6Al4V parts made by the same processing 

parameters.  

 

Figure 1-41 Stress-strain curves of SLM produced Ti6Al4V and Ti6Al4V+10Mo parts [62]. 

Solid Solution Strengthening of the Matrix  

Solid solutions can be formed in both equilibrium and non-equilibrium states. For any 

rational concentration of solutes, the spacing between the solute atoms will be noticeably 

less than even the grain sizes in nanoscale. The non-equilibrium alloys fabricated by non-

equilibrium processing routes can contain solid solutions with much larger size misfit than 

the equilibrium alloys. AM processing techniques, due to their extremely rapid cooling 

rates and non-equilibrium nature, can significantly extend the solution limit of alloying 

elements into the matrix and consequently favor the solid solution strengthening 

mechanism. It is worth mentioning that the ball milling process used as a promising 

technique to mix the powders before the AM processing of MMCs can also extend the 

equilibrium solid solubility limit of solute elements into the matrix [130]. The mechanical 
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alloying provides the synthesis of metastable (non-equilibrium) supersaturated solid 

solutions from blended elemental powders in binary or higher-order systems and ceramic-

metallic powder mixtures.    

The contribution of solid solution strengthening mechanism to the strength can be 

expressed as [174]: 

𝛥𝜎𝑠𝑠 = 𝛽𝐺𝛿𝑝𝑐𝑞                                                                                                              [15]       

where 𝛽 is a constant, 𝛿 = |(𝑟𝑚𝑎𝑡𝑟𝑖𝑥 − 𝑟𝑠𝑜𝑙𝑢𝑡𝑒) 𝑟𝑚𝑎𝑡𝑟𝑖𝑥⁄ | is the misfit strain, and 𝑐 

represents the atomic fraction of the solute. 𝑝 and 𝑞 values are dependent on solute spacing 

and the dislocation-solute interactions [184]. The solute atoms entrapped in the lattice sites 

of the matrix make some distortions to the lattice structure. Accordingly, higher amounts 

of stress will be required for the movement of dislocations in the distorted structure, leading 

to enhanced strength. The larger the misfit strain, the higher the supersaturated solid 

solution strengthening. 

1.9.2 Weakening Mechanisms 

While several strengthening mechanisms can enhance mechanical properties in AM 

processed MMCs, there are some other factors inversely affecting these properties. The 

weakening mechanisms can lead to the fabrication of MMCs having even inferior 

mechanical properties than the non-reinforced state [19, 89]. Moreover, these mechanisms 

may intensify the degrees of fluctuations in the mechanical properties of fabricated MMCs 

[121]. The most important weakening mechanisms which may be active in AM processed 

MMCs include: 
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1.9.2.1 Decreased Densification Level  

As discussed in Section 1.8, the decreased densification level in AM processed MMCs 

mostly involves the formation of porosities and micro-cracks. When existing in the 

structure, these defects may act as stress concentrating regions, favoring the initiation and 

propagation of cracks during loading. Moreover, their growth or coalescence by 

mechanical or thermal stresses may result in catastrophic failure of engineering MMCs 

components [185].    

1.9.2.2 Microstructure Coarsening 

The microstructural coarsening in the AM processed MMCs may include the coarsening 

of matrix structure and/or the reinforcements. The major reason for such a phenomenon is 

the excessive energy density applied to the system during processing [18, 24, 125]. The 

coarsening of reinforcements may also lead to the microstructural inhomogeneity in MMCs 

and deteriorate the mechanical properties [28].  

1.9.2.3 Microstructural Inhomogeneity  

The inhomogeneity in the distribution state of reinforcements in AM processed MMCs is 

due to the application of inappropriate processing parameters. Compared with the MMCs 

possessing a homogeneous distribution pattern of reinforcements, those containing non-

homogeneous distribution states are generally associated with decreased strength and 

ductility. When having a non-homogenous distribution of reinforcements, some regions of 

the matrix are left non-reinforced, making them weaker than the reinforced areas. 

Moreover, if the MMC microstructures with inhomogeneous distribution pattern of 

reinforcements contain clusters or agglomerates of hard and brittle reinforcements, the 

parts may be much more prone to cracking when subjected to external loading.   
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1.10 Wear Behavior 

Wear is defined as the progressive material loss caused by the relative motion of contacting 

substance and the surface [77]. Wear is regarded as a complex phenomenon during which 

the real contact area between contacting surfaces is consistently smaller than the apparent 

contact area, leading to relatively high localized load transfer through the contact points. 

Abrasive, erosive, adhesive, surface fatigue, cavitation, and tribo-chemical are the 

classifications presented for wear. Pin-on-Disc is one of the most common tests used for 

measuring the sliding friction and wear characteristics of materials. The coefficient of 

friction (COF) and wear rate obtained from the wear test are employed to study the wear 

behavior of materials. The lower the COF and wear rate, the higher the wear resistance of 

the material. Microstructural observation of the wear surface is a helpful tool for 

characterizing the wear properties. 

Besides the extrinsic factors (e.g., applied load, sliding velocity and distance, surface 

finish, environment, and temperature), the intrinsic properties of MMCs (e.g., 

characteristics of reinforcements and the matrix as well as the reinforcement/matrix 

interface) play significant roles in wear performance of MMCs. The effects of 

reinforcement feature and applied energy density on the wear behavior of AM processed 

MMCs have been discussed in the following.  

1.10.1 Effect of Size and Volume Fraction of Reinforcements 

For a given MMC system, the volume fraction of reinforcements is known as the parameter 

playing the most important role in wear resistance [186, 187]. However, when investigating 

the change in wear resistance as a function of reinforcement volume fraction, the size and 

morphology of reinforcements need to be considered. The effect of size and volume 
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fraction of reinforcements on wear resistance of MMCs could be discussed in terms of 

inter-particle spacing (λ), which is defined as [111]: 

𝜆 ∝
𝑑

√𝑓
                                                                                                                              [16] 

where 𝑑 represents the size, and 𝑓 signifies the volume fraction of reinforcements. The 

decrease in size and increase in volume fraction of reinforcements is believed to improve 

the wear resistance of composites. The enhanced content of reinforcements in MMCs 

provides the matrix with higher amounts of reinforcements protecting the plastic flow of 

the ductile matrix. This enhances the hardness and strength of the composite. In addition, 

it may lead to the formation of larger areas of stain-hardened tribo-layer on the wear surface 

during sliding [121]. Moreover, in some cases where the reinforcements have lubricating 

behavior (e.g., BN ceramic reinforcements in Inconel 718 matrix composites [89]), MMCs 

containing higher amounts of them may show improved wear behavior. It should be noted 

that the improving trend in wear resistance achieved with the increased content of 

reinforcements is valid as long as the spalling of reinforcements is avoided, and they are 

remained in the matrix during wear sliding [111]. This reveals the supporting ability of the 

matrix to the reinforcements as an important point in the wear resistance of MMCs. 

In addition to the improvement in wear resistance, the increase in reinforcement volume 

fraction may change the wear mechanism. For instance, as shown in Figure 43, the increase 

in TiC content from 2.5 to 15 vol.% in SLM processed TiC reinforced 316L stainless steel 

matrix nanocomposites changed the wear mechanism from abrasive to adhesive [119]. In 

another study on DLF processing of TiC reinforced Ni matrix composites, the increase in 

volume fraction of in-situ synthesized TiC precipitates from 20 to 60 vol.% changed the 

morphology of worn surfaces from gross grooves to fine scratches [76].       
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Figure 1-42 SEM micrographs of the worn surface for SLM processed TiC reinforced 316L 

stainless steel matrix nano-composites having: (a) 2.5 and (b) 15 vol.% TiC [119]. 

The improved wear resistance of AM processed MMCs obtained by the decrease in size of 

reinforcements could be attributed to the following reasons: 

(i) The increased densification level and improved microstructural 

homogeneity which both decrease the preferential locations for crack 

nucleation [17] 

(ii) Compared with the coarser reinforcements, the stronger interfacial 

bonding of finer ones with the matrix lowers their protrusion and 

separation when subjected to the shear stress during sliding  

(iii) The enhanced hardness and strength of MMCs  

(iv) The restricting actions that fine reinforcements play in plastic deformation 

and flow of surface material during sliding. Compared with the rough 

surface containing deep and irregular grooves showing severe surface 

plowing during sliding for MMCs with relatively coarse reinforcements, 

those with finer ones may lead to narrower and shallower grooves 
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(v) The elevated grain refinement of the matrix which leads to much more 

severe plastic deformation of the wear surface and paves the way for the 

formation of strain-hardened tribo-layer [17]. 

1.10.2 Effect of Applied Energy Density           

The amount of energy density subjected to the system during AM processing significantly 

influences the wear resistance of fabricated MMCs parts. Several parameters have been 

reported in the literature for the weak wear resistance of AM processed MMCs fabricated 

by relatively low energy densities. The appropriate selection of process parameters can 

provide the powder system with sufficient energy density. This consequently results in the 

production of MMCs with sound wear resistance due to the following phenomena: 

(i) The improvement in densification level [24, 79, 82] 

(ii) The formation of microstructures with much uniform and homogenous 

distribution pattern of reinforcements [14, 24, 79, 82] 

(iii) The enhanced microhardness [24, 77, 82] 

(iv) The improvement of reinforcement/matrix interfacial bonding or the formation 

of a more effective graded interfacial reaction layer between the 

reinforcements and the matrix in some systems. These layers can effectively 

transfer the load from the softer matrix to the harder reinforcements and 

provide the MMCs parts with less wear.         

When employing excessive energy density, the coarsening of microstructure (both the 

reinforcement ad the matrix) and the microscopic shrinkage porosities and micro-cracks 

formed, especially at the reinforcement/matrix interface, may weaken the wear 

performance of MMCs [13, 24, 81].      
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Abstract 

This research aims at evaluating the characteristics of the 5 wt.% B4C/Ti-6Al-4V 

composite powder feedstock prepared by two different categories of mechanical mixing 

for powder bed fusion (PBF) additive manufacturing (AM) of metal matrix composites 

(MMCs). Microstructural features, particle size, size distribution, sphericity, conditioned 

bulk density and flow behavior of the developed powders were examined. The flowability 

of the regularly mixed powders was significantly lower than that of the Ti-6Al-4V powder. 

However, the flowability of the ball milled systems was a significant function of the milling 

time. The decrease in the flowability of the 2 h ball milled powder compared to the Ti-6Al-

4V powder was attributed to the mechanical interlocking and the entangling caused by the 

B4C particles fully decorating the Ti-6Al-4V particles. Although the flattened/irregular 

shape of powder particles in the 6 h milled system acted to reduce the flowability, the 

overall surface area reduction led to higher flowability than that for the 2 h milling case. 

Regardless of the mixing method, incorporation of B4C particles to the system decreased 

the apparent density of Ti-6Al-4V powder. The composite powder obtained by 2 h of ball 

milling was suggested as the best possible condition meeting the requirements of PBF-AM 

processes.                  

Keywords: Additive manufacturing; Powder bed fusion; Selective laser melting; Regular 

mixing; Ball milling; Flowability; Ti-6Al-4V 
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2.1 Introduction 

Metal matrix composites (MMCs) are outstanding materials bilaterally benefitting from 

the properties of at least two constituents: the metal matrix (usually an alloy), and the 

reinforcement (in general, an oxide, an intermetallic compound, a carbide or a nitride) [1-

3]. Incorporation of reinforcements into the metallic matrix is generally associated with the 

improvement in hardness, specific strength, wear resistance, fracture toughness, and 

stiffness compared to the monolithic counterparts [4-7]. Owing to their desired structural 

and functional properties, MMCs have found their application in numerous technological 

fields including automotive, aerospace and biomedical industries [8, 9]. 

Several conventional manufacturing processes already exist for incorporating 

reinforcements into the metallic matrices to produce a wide variety of MMCs [10-14]. 

However, it is rather challenging to fabricate geometrically complex parts using these 

processes. Additive manufacturing (AM) is regarded as a major revolution in the 

manufacturing technology which competes with conventional manufacturing processes in 

many aspects including but not limited to the design freedom, fabrication cost and time, 

accuracy and the part quality [15, 16]. 

Powder bed fusion (PBF) refers to the AM processes in which an object is manufactured 

layer-by-layer from a batch of loose powder using a mobile heat source. During this 

process, a thin layer of powder is deposited on the building platform by the recoater. The 

powder flow behavior during the recoating process plays a critical role on the uniformity, 

surface roughness and the thickness of the deposited powder layer and consequently the 

dimensional accuracy of the final part [17, 18]. On the other hand, the powder bed packing 

density directly affects the density and mechanical properties of the additively 
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manufactured components [19, 20]. Therefore, the flowability and the packing density of 

the powders need to be investigated prior to the AM process to ensure the soundness of the 

final parts [21-24].  

The desired properties of MMCs are achieved when the reinforcements are homogeneously 

distributed throughout the matrix with a strong reinforcement/matrix interfacial bonding 

[25, 26]. Conventional MMC fabrication methods generally yield inhomogeneous 

microstructures, making it rather difficult to fully exploit the strengthening potentials of 

reinforcements. Therefore, it is of crucial importance to develop new fabrication routes 

providing more homogenous distribution of reinforcements within the matrix [16]. The 

noticeably localized melt pool and the extremely high solidification rates associated with 

the PBF-AM technology can lead to MMC structures which are much more homogenous 

than the conventionally processed parts [27]. However, there are still some challenges with 

the PBF-AM processing of MMCs for achieving highly uniform microstructures due to the 

following reasons [3, 28]: 

i. In nano-composites, reinforcing particles tend to agglomerate and form coarsened 

clusters in the matrix due to the presence of van der Waals attraction forces 

among them.  

ii. A large difference between the densities of the reinforcing particles and the liquid 

matrix encourages the non-uniform distribution of reinforcements in the 

microstructure. 

iii. The convection flows (i.e., Marangoni effect) induced in the melt pool may not 

be sufficient to disperse the reinforcing particles throughout the system.  
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Therefore, when it comes to the PBF-AM of MMCs, particular emphasis should be placed 

on pre-processing of the composite powder feedstock in order to achieve parts with 

homogenous microstructures and consequently uniform mechanical properties. 

Development of a suitable composite powder feedstock with uniform distribution of 

reinforcing particles is the first step to mitigate the mentioned challenges. 

Since the feedstock of MMCs is not commercially available for the AM processing [29], 

several techniques have been employed in recent years to prepare these powders. The 

mechanical routes such as regular mixing [30-32] and ball milling [33-39], and non-

mechanical methods including gas atomization of a pre-alloyed system [40, 41], agent-

assisted deposition [42, 43] and electrodeposition [44, 45] are among these methods. 

Compared to the mechanical mixing routes which have attracted a great deal of attention 

in recent years, the non-mechanical methods have been rarely adopted to prepare composite 

powder feedstocks for AM purposes. Although the non-mechanical methods can probably 

produce composite powder systems with a better flowability and a more uniform 

distribution state of powder constituents compare to the mechanical routes, they are much 

more complex and expensive. Due to their low cost as well as their applicability to many 

powder systems, the mechanical routes are the most frequently used methods in powder 

feedstock preparation for the PBF-AM of MMCs [29, 46].   

Incorporation of the guest powder particles (e.g., ceramic particles) in the host powder 

particles (usually metallic particles) leads to the production of composite powder 

feedstocks with different characteristics from the individual constituents. The particle size, 

particle size distribution, and distribution state of the guest powder particles are among 

these features which dictate the apparent density, flowability, and laser absorptivity of the 

composite powder [15, 16]. The laser absorptivity influences the heat absorption, and the 
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melt pool size [44, 47, 48] while, the flowability and the apparent packing density of the 

powder play crucial roles in layer thickness (dimensional accuracy) and density of the final 

part [17, 49-52]. A literature review of the AM processing of MMCs reveals that the mixing 

of powders in most cases has been performed to achieve a distribution of free (non-

attached) guest particles throughout the mixed powder system [30-39, 53-55]. On the other 

hand, preserving the spherical shape of metallic powder particles has been considered in 

some of these studies [36, 53, 55, 56]. However, the effect of powder preparation routes 

and process variables on the composite powder features affecting the quality of AM 

processed parts is still unclear and needs in-depth analysis and characterization from the 

AM perspective to obtain high-quality MMCs. 

The present research aims to study the characteristics of the mechanically mixed 5 wt.% 

B4C/Ti-6Al-4V (Ti64) composite powder feedstock from the PBF-AM viewpoint. For this 

purpose, the regular mixing and the ball milling methods were employed with different 

mixing times to prepare a wide variety of mixed powder systems. The effects of the mixing 

method and the mixing time on size, size distribution, sphericity, shape, distribution state 

of guest particles, phase formation, plastic deformation, apparent density, and flow 

behavior of the prepared composite powder systems were studied. Moreover, the 

mechanisms involved in the flow behavior of the developed feedstocks were identified, 

and the best possible powder feedstock meeting the requirements of PBF-AM processing 

of MMCs was proposed.    

2.2 Materials and Methods  
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2.2.1 Powder Preparation 

The powders used in this research were Ti64 (15-45 µm) and B4C (1-3 µm) named as “host” 

and “guest” powders, respectively. The nominal chemical composition of these powders is 

provided in Table 1. For preparing the composite powder feedstock, the regular mixing and 

the ball milling processes were employed, which are schematically shown in Figure 2-1. 

In both cases, the mixed powder systems contained 5 wt.% B4C (guest), and the powders 

were mixed under a protective argon gas atmosphere to avoid oxidation. The mixing 

process was performed using a high-performance planetary Pulverisette 6 machine at a 

fixed rotational speed of 200 rpm and mixing times in the range of 1 -6 h. The 

regularly mixed and the ball milled samples have been marked as R(1-6) and B(1-

6), respectively, depending on their mixing time. In the regular mixing, the powders 

were mixed without balls. However, stainless steel balls with a diameter of 10 mm were 

added to the system in the ball milling process. The ball-to-powder ratio was selected to be 

5:1, and every 30 min. of the milling was followed by a 15 min. pause in order to avoid the 

temperature rise during the process [57]. For each composite powder system, the mass was 

measured after the mixing to find the material loss. 

 

Figure 2-1 Schematic illustration of: (a) ball milling and (b) regular mixing processes. 
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Table 1. Nominal chemical composition of the starting Ti-6Al-4V and B4C powders. 

Powder Elements (wt.%) 

Ti-6Al-4V (host) 

Ti Al V Fe O N C H B 

Bal. 6.3 4.0 0.03 0.1 0.01 0.01 <0.1 - 

B4C (guest) 

B4C Al V Fe O N Free C H 

Free 

B 

Bal. <0.001 - <0.001 <0.04 <0.001 3 - 4 

   

2.2.2 Powder Characterization 

2.2.2.1 Microstructure and XRD Analysis 

The morphology of the starting Ti64 (host) and B4C (guest) powders, as well as the 

composite powder systems, were studied using Vega Tescan scanning electron microscopy 

(SEM) operating at an accelerating voltage of 20 kV. The X-ray diffraction (XRD) analysis 

was employed to study the effect of the mixing method and the mixing time on the phase 

formation and the plastic deformation of the developed composite powder feedstocks. This 

analysis was performed at ambient temperature over a wide range of 2𝜃 = 20-80ᵒ using a 

PANalytical X'Pert powder X-ray diffractometer (Cu Kα target, operating at the voltage 

and the current of 45 kV and 35 mA, respectively, with a step size of 0.0167ᵒ) equipped 

with X-ray monochromator. In order to have a better understanding of the microstructural 

features, the starting Ti64 and composite powders were also sectioned and characterized 

using SEM. 

2.2.2.2 Particle Size, Size Distribution and Sphericity 

A Retsch Camsizer X2 machine was used to measure the particle size, size distribution and 

sphericity of the Ti64 and the developed 5wt.% B4C/Ti64 composite powder systems 
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fabricated through the regular mixing and ball milling methods. This equipment utilizes a 

high-resolution dual-camera system to characterize fine and agglomerating powders 

ranging from 800 nm to 8 mm in diameter [58]. The reported results are the average of 

three measurements. The sphericity of the powder particles was calculated based on the 

equation suggested by ISO 9276-6 standard [59]: 

 𝑆𝑝ℎ𝑒𝑟𝑖𝑐𝑖𝑡𝑦 =
4𝜋𝐴

𝑃2                                                                                                                            [1]                                                            

where 𝑃 and 𝐴 are the measured circumference and area covered by a particle projection, 

respectively. Given the fact that the sphericity of an ideal sphere is unity, deviation from 

the ideal spherical shape results in lower sphericities.  

2.2.2.3 Flow Characteristics 

The flow behavior of powder particles could be characterized using different techniques 

such as ring shear cell tester, Hausner ratio (HR), angle of repose (AOR)/Hall flowmeter, 

avalanche angle and Freeman Technology 4 (FT4) powder rheometer [60-62]. When 

deciding to choose one of these techniques, characteristics of both the technique and the 

process need to be considered since the selected flowability measurement technique should 

be as close to the employed process as possible. In recent years, the FT4 Powder Rheometer 

has emerged as a unique technology to measure the flow behavior of the powder, whilst 

the powder is in motion. In this device, a precision ‘blade’ is rotated and moved downwards 

through the powder bed through a fixed mass of powder to establish a flow pattern. The 

work required to drive the rotating impeller a certain distance into the powder bed yields 

the flow energy. Due to its dynamic nature, this technique is capable of differentiating the 

flowability of powders that exhibit similar behavior under other flow measurement 

techniques [63]. The FT4 powder rheometer technique provides measurement of several 

parameters related to the process performance of powders. The interaction of the precision 
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blade with the powder in this technique resembles that of recoater/powder in PBF-AM 

process. It is worth noting that the control over the speed of the blade provided by this 

technique enables the characterization of powder sensitivity to the changes in flow rate. 

This unique feature also facilitates analysis of the powder flowability for different PBF-

AM machines having different recoater speeds.  

The flow characteristics of the host powder as well as the developed composite powder 

feedstocks in the present study were measured using a FT4 powder rheometer. In order to 

study the powder rheological properties using this technique, the standard "Stability and 

Variable Flow Rate (SVFR)" method was employed, which consists of a stable tip speed 

zone with seven test cycles followed by a variable tip speed zone having four test cycles. 

During each test cycle, the precision blade rotated downwards and upwards through the 

fixed mass of powder to establish a flow pattern, where the powder resistance to the blade 

yielded the flow properties. During the stability part, the blade operated with a tip speed of 

-100 mm/s (anti-clockwise) and a helix angle of 5ᵒ. For the variable flow rate zone, the tip 

speed varied as -100, -70, -40 and -10 mm/s for the test cycles eight, nine, ten and eleven, 

respectively, with the same helix angle of 5ᵒ. The upward speed remained constant at 40 

mm/s, and the helix angle was -5ᵒ upwards throughout the experiment. It is noteworthy that 

before all tests, a conditioning cycle was performed which involves the downward and then 

upward movement of the blade into the powder bed to gently slice the powder and provide 

a reproducible, uniform and low stress packing state, allowing an objective comparison of 

samples. For each sample in this study, three tests were run to ensure consistency of the 

results. The flow characteristics of the samples were studied by analyzing the variation in 

the flow energy as well as by measuring the basic flowability and specific energy (SE). 
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Besides, the conditioned bulk density (CBD) of the samples was examined to study the 

powder bed density.  

The basic flowability, defined as the ability of the powder to flow when forced, is 

qualitatively measured as the basic flow energy (BFE). The BFE represents the energy 

required for the rotation of the blade for the seventh test cycle (𝐵𝐹𝐸 = 𝐸𝑡𝑒𝑠𝑡 7,𝑑𝑜𝑤𝑛) of the 

stable tip speed part. 

The SE shows the energy required to establish a particular flow pattern in a precise volume 

of conditioned powder and is defined as the average energy of the upward blade rotation 

for the 7th and 8th test cycles divided by the mass of the remaining powder in the vessel 

(Eq. 2). By gently lifting the powder, the upward motion of blade generates a low stress 

and unconfined flow mode in the powder. 

𝑆𝐸 =

𝐸𝑡𝑒𝑠𝑡 7,𝑢𝑝+𝐸𝑡𝑒𝑠𝑡 8,𝑢𝑝

2

𝑚𝑠𝑝𝑙𝑖𝑡
                                                                                                      [2]                                              

   

where 𝑚𝑠𝑝𝑙𝑖𝑡 is the mass of the powder after the excess powder is removed. 

The CBD describes the packing state or the density of the powder in its reference state. In 

order to measure the CBD, each powder system was gently filled in a 25 ml volume 

splitting cylindrical vessel having a diameter of 25 mm. The conditioning process was 

performed with a conditioning blade, which slices the powder bed to remove the excess air 

and create a uniform powder bed having a low stress packing state. After conditioning, the 

vessel was split in order to remove the excess mass of powder, so that the remaining powder 

has a volume of 25 ml. For each sample, three measurements were performed, and the 

average value was reported as the CBD, based on Eq. 3: 
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𝐶𝐵𝐷 =
𝑚𝑠𝑝𝑙𝑖𝑡

𝑣𝑠𝑝𝑙𝑖𝑡
⁄                                                                                                          [3]  

in which 𝑣𝑠𝑝𝑙𝑖𝑡 signifies the volume of the powder (the vessel volume), after the excess 

powder is removed. 

2.3 Results and Discussions 

2.3.1  XRD Analysis: Plastic Deformation and Phase Formation 

Figure 2-2(a) presents the XRD patterns of the starting host and guest powders as well as 

the developed composite powder systems subjected to the regular mixing and the ball 

milling for different mixing times. The diffraction peaks of Ti64 in the R6 system had 

almost the same position and intensity as that of the starting Ti64. However, those for the 

B2 and the B6 systems exhibited the Ti64 diffraction peaks with the decreased intensity 

and increased width. The observed phenomenon was more pronounced for the B6 sample 

than for the B2 system. Moreover, a close examination of the Ti64 peaks in the ball milled 

systems revealed that the severe plastic deformation induced in the ball milling process led 

to the shift in the peaks position due to the structural changes such as the crystallite 

refinement and the accumulation of micro-strain [64, 65]. The lattice micro-strain of the 

Ti64 constituent in the composite powder systems were determined using the standard 

Williamson-Hall analysis as follows [66]: 

 βcos 𝜃 = [
𝑘𝜆

𝑡
] + 4휀 sin 𝜃                                                                                                  [4] 

where 𝑘 is the shape factor (0.9), 𝜆 represents the wavelength of the X-ray (1.5406), 𝜃 

signifies the diffraction angle, 𝑡 is the effective crystallite size, β is the full width at the 

half maximum of the XRD peak, and 휀 is the micro-strain. By constructing a linear plot of 

(βcos 𝜃) against (4 sin 𝜃), the slope gives the strain (𝜺). According to the micro-strain 

results provided in Figure 2-2 (b), the B2 and B6 systems showed increased lattice strain 
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compared to the regularly mixed feedstocks. Also, longer milling times led to higher lattice 

strain (B6 compared to B2) due to the higher levels of plastic deformation imparted to the 

powder particles.  

 

Figure 2-2  (a) XRD patterns of starting Ti-6Al-4V (Ti64) and B4C powders as well as composite 

powder systems prepared by regular mixing and ball milling, and (b) The microstrain of Ti64 

constituent in the developed composite powder systems derived from the XRD patterns.  

Referring to Figure 2-2(a), all the peaks obtained for the composite powder feedstocks 

corresponded to those for the Ti64 and B4C powders due to two probable scenarios: (i) no 

in-situ reaction has been activated in the system during the applied range of mixing times, 

or (ii) if formed, the amount of in-situ synthesized phases is below the detection limit of 

the XRD analysis. As indicated in Figure 2-2(a), the intensity of the B4C peaks in the R6 

composite powder system decreased compared to those for the starting B4C powder. When 

employing the ball milling method, the intensity of these weak peaks further decreased for 

the B2 sample and finally disappeared in the B6 system.  

2.3.2 Microstructural Characterization 

Figure 2-3 presents SEM micrographs of the starting host Ti64 and the guest B4C powders 

used in this research. As observed in Figure 2-3(a), (b), the starting host powder particles 

had an almost spherical morphology and a very smooth surface, which are both 
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characteristics of the gas atomized Ti64 powders [17]. However, B4C particles exhibited 

an irregular morphology (Figure 2-3(c)). Despite their smooth surface, some of the Ti64 

particles have satellites. These satellites are formed when the finer solidified particles stick 

to the molten or semi-molten surface of the coarser ones as a result of the in-flight collisions 

before the solidification of the coarser molten droplets [67].  

 

Figure 2-3 SEM micrographs of starting: (a, b) Ti-6Al-4V (host) and (c) B4C (guest) powder 

particles. (b) Higher magnification micrographs of the selected region in (a). The circles in (b) 

indicate the satellites.  

The micrographs of the regularly mixed and the ball milled composite powders subjected 

to various mixing times are provided in Figure 2-4 and Figure 2-5, respectively. 
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Figure 2-4 SEM micrographs of 5wt.% B4C/Ti-6Al-4V mixed powder systems subjected to 

regular mixing for: (a), (b) 1 h (R1); (c), (d) 3 h (R3); and (e), (f) 6 h (R6). The ellipses in (a), (c) 

and (e) indicate the free B4C (guest) particles which are not attached to the Ti-6Al-4V (host) 

particles and are agglomerated. 
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Figure 2-5 SEM micrographs of 5wt.% B4C/Ti-6Al-4V mixed powder systems subjected to ball 

milling for: (a), (b) 1 h (B1); (c), (d) 3 h (B3); and (e), (f) 6 h (B6). The ellipses in (a) show the 

free B4C (guest) particles which are not attached to the Ti-6Al-4V (host) particles. 

The cross-sectional SEM micrographs of the starting Ti64 powder as well as the B2 and 

the B6 powder systems are presented in Figure 2-6.   

As can be observed in Figure 2-4, the Ti64 host particles maintained their spherical 

morphology when employing the regular mixing method even with mixing times as long 

as 6 h (R6).  However, even after a long mixing time of 6 h (R6), many of the guest particles 

were not attached to the host powder particles (Figure 2-4(e)), meaning that noticeably 

longer mixing times may be still required to provide more guest-to-host attachment. The 

guest particles which are not attached to the host powder particles tend to form 

agglomerates (as depicted in Figure 2-4(a), (c) and (e)). Despite this fact, the regular mixing 
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method has been adopted in numerous studies to produce composite powders due to its 

relative simplicity [30-32, 68, 69]. 

Depending on the employed mixing time, the host powder particles experienced different 

levels of plastic deformation during the ball milling process (Figure 2-5 and Figure 2-6). 

At relatively short milling time of 1-2 h, the host power particles preserved their spherical 

shape (Figure 2-5 (a) and Figure 2-6 (b), (c)). Higher amounts of plastic deformation 

imparted to the system by longer milling time of 3 h (B3) resulted in some spherical to 

quasi-spherical/irregular shape change (Figure 2-5(c)). Also, due to the extended time that 

the hard guest particles were hitting their surface, the enhanced milling time increased the 

surface roughness of the host powder particles. In the prolonged milling time of 6 h (B6), 

the desired spherical shape of the host particles altered to a flattened/irregular shape (Figure 

2-5(e), (f) and Figure 2-6(d)-(f)). Microstructural observations also revealed the cold-

welding of the ductile host powder particles during the ball milling process. Longer mixing 

times were found to cause intensified cold-welding in the applied range of ball milling time 

(Figure 2-5 and Figure 2-6). Even at relatively short mixing time of 1 h, a significant guest-

to-host attachment was obtained in the ball milling process, while still a few free B4C 

particles could be observed in the composite powder (Figure 2-5(a), (b)). Increasing the 

mixing time to 3 h eliminated the non-attached B4C particles and led to the host particles 

fully decorated by the guest ones (Figure 2-5(c), (d)). Further enhancement of the mixing 

time to 6 h caused the embedment of the guest particles into the host powder particles 

(Figure 2-5(e), (f) and Figure 2-6(d)-(f)).  

The observed shape change and the agglomeration of the particles both observed at 

relatively long milling times are known as the main issues limiting the application of such 

composite powder systems in PBF-AM processes [29, 36]. Sieving has been suggested as 
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one of the strategies that could be employed to tailor the particle size in the powder systems 

subjected to the extended milling times [70]. While being successful with particle size, this 

technique does not control the particle shape. Therefore, depending on the ductility of the 

host powder particles, appropriate milling times need to be found for each system to control 

the final shape of the particles.  

 

Figure 2-6 Cross-sectional SEM micrographs of: starting Ti-6Al-4V powder showing a martensitic 

microstructure after etching (a); 5wt.% B4C/Ti-6Al-4V system subjected to ball milling for: (b), 

(c) 2 and (d)-(f) 6 h. (c) and (e) are higher magnification micrographs of the regions shown in (b) 

and (d), respectively. 

2.3.3 Particle Size, Size Distribution and Sphericity 

Figure 2-7 presents the results of particle size distribution for the starting Ti64 powder as 

well as the developed 5wt.% B4C/Ti64 powder feedstocks prepared by the regular mixing 

and ball milling methods for 2 and 6 h of mixing. As being observed in Figure 2-7(b), (c), 

the regularly mixed powder systems have a bimodal size distribution, while the ball milled 
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composite powders show a mono-modal size distribution (Figure 2-7(d), (e)). This can be 

attributed to the non-attached B4C particles in the regularly mixed cased as opposed to the 

full attachment of the guest particles to the host powder particles in the ball milled powder 

systems. It is worth noting that even a relatively long mixing time of 6 h in the regular 

mixing method was not successful in full guest-to-host attachment (Figure 2-4(e), (f)). 

However, relatively short mixing time of 1 h in the ball milling method led to the B4C 

particles well-attached to the host powder particles (Figure 2-5(a), (b)). The enhanced 

milling time provided attachment of more guest particles to the surface of the host particles, 

eliminating the free guest particles in the composite powder (Figure 2-5(c), (d)). 

Application of longer milling times (B6) resulted in the embedment of B4C particles into 

the host powder particles (Figure 2-5(e), (f) and Figure 5(f)). The severe weakening (or 

even disappearance) of the B4C diffraction peaks in this system (B6 powder in Figure 

2-2(a)) may be attributed to their embedment into the ductile host powder particles.            
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Figure 2-7 The particle size distribution curves of: (a) starting Ti-6Al-4V (Ti64); (b) 2 h (R2) and 

(c) 6 h (R6) regularly mixed; (d) 2 h (B2) and (e) 6 h (B6) ball milled 5wt.% B4C/Ti64 composite 

powder feedstocks. 

The D10, D50, and D90 of the powder systems derived from the cumulative frequency 

shown in Figure 6 are provided in Table 2. Referring to Figure 2-7 and Table 2, the 

regularly mixed composite powders showed almost the same particle size and particle size 

distribution as that of the starting Ti64 powder. The slight deviation in D10 and D50 of R2 

and R6 systems from those for Ti64 is caused by the presence of free guest B4C particles 
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with a significantly smaller particle size compared to the host Ti64 particles (Figure 2-4). 

Due to its non-equilibrium nature, the ball milling process involves persistent deformation, 

cold-welding, and fracture of powder particles [71, 72]. The size of the powder particles 

subjected to the ball milling process is determined by the competition between two major 

mechanisms, namely, cold-welding and fracture [71]. While the cold-welding mechanism 

facilitates the formation of larger-sized particles by attachment of the host powder particles, 

the fracture mechanism favors the decrease in particle size. Hence, the refining or 

coarsening of powder particles during the ball milling process depends on whether the cold-

welding or the fracture mechanism is dominant [73]. For the applied range of milling times, 

the particle size showed an ascending trend with enhancing the mixing time as a result of 

the cold-welding mechanism being dominant (Figure 2-5(e) and Figure 2-6(b), (c), (e)). 

For instance, D90 for the B2 and B6 samples is 12 and 35% higher than that of Ti64 

powder, respectively. The particle coarsening in the ball milled composite samples is 

caused by the guest-to-host attachment as well as the cold-welding of host particles. The 

decoration of host particles is the dominant factor in increasing the particle size in the B2 

sample due to the limited cold-welding caused by the relatively short mixing time (Figure 

2-5 and Figure 2-6). However, the significant cold-welding induced by the prolonged 

mixing time in the B6 sample is the main factor governing the particle coarsening, since 

the guest particles are embedded into the host Ti64 powder (not decorating the host 

particles). Based on the D90 of the B6 sample (Table 2) and Figure 2-7, 10% of particles 

have sizes in the range of 62-275 µm. These particle sizes are noticeably larger than the 

starting Ti64 powder particles having 0.3% of particles exceeding 62 µm in size.    
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Table 2. The particle size distribution results presenting the cumulative distribution of D10, D50, 

and D90 for the Ti-6Al-4V (Ti64) and the developed composite powders. 

Sample D10 (µm) D50 (µm) D90 (µm) 

Ti64 23.39±0.515 35.04±0.360 45.71±0.878 

R2 18.81±0.564 33.91±0.420 45.24±0.497 

R6 20.12±0.070 33.92±0.310 45.49±0.570 

B2 22.89±0.061 37.01±0.362 51.28±0.210 

B6 25.20±0.207 40.30±0.221 61.94±1.437 

Figure 2-8 shows the sphericity of the powder particles with respect to their size for the 

starting Ti64 powder as well as the developed composite powders. In the regular mixing 

case shown in Figure 2-8 (a), the sphericity of the host powder particles is the same as the 

starting Ti64 particles (18-50 µm). This can be ascribed to the absence of plastic 

deformation in the regular mixing method as well as the limited attachment of the guest 

B4C particles to the host ones (Figure 2-4). The non-attached B4C particles existing in the 

R2 and R6 samples showed particle sizes in the range of 3-18 µm, representing the 

formation of agglomerated guest particles (Figure 2-4). The relatively low sphericity of 

these agglomerates originates from their irregular shape (Figure 2-3(c)). According to 

Figure 2-8(b), three different zones can be defined in the sphericity-particle size curves for 

the B2 and B6 samples. Zones (I), (II) and (III) refer to the particle sizes in the range of (5-

18), (18-65) and (>65) µm for B2, and (10-25), (25-80) and (>80) µm for B6, respectively. 

Since the B2 and B6 samples are free from non-attached B4C particles, Zone (I) signifies 

the fractured host powder particles showing lower sphericity than the starting Ti64 

particles. In zone (II), the deformation and cold-welding as well as the decoration of the 

host particles by the guest ones lead to the decreased sphericity compared to the Ti64 

powder. Since the short milling time of 2 h resulted in the limited cold-welding, the host 
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particles decoration and deformation are believed to be the dominant factors slightly 

decreasing the sphericity of the B2 sample. According to Figure 2-5(a), (b) and Figure 

2-6(b), (c), most of the host powder particles preserved their spherical shape at short 

milling times. However, due to the embedment of the guest particles into the host ones in 

the B6 sample (absence of decoration), deformation and cold-welding of the host particles 

are responsible for the sphericities lower than the B2 sample. Zone (III) which is mostly 

visible in the B6 sample represents the cold-welded quasi-spherical/irregular shape powder 

particles (agglomerates) with sizes much larger than the starting Ti64 particles (Figure 

2-5(e), (f) and Figure 2-6(d)-(f)). The sphericity of these agglomerates follows a decreasing 

trend by increasing their size.  

 

Figure 2-8 The sphericity of the particles as a function of their size for: (a) regularly mixed, and 

(b) ball milled 5 wt.% B4C/Ti64 composite powder feedstocks. In each case, the sphericity of the 

starting Ti-6Al-4V (Ti64) powder is provided as the reference. 

2.3.4 Flow behavior and conditioned bulk density (CBD) 

2.3.4.1 Flowability 

As can be observed in Figure 2-9(a) and (b), all of the developed composite powder systems 

showed lower flowability (higher BFE and SE) as compared to the host powder (Ti64). 

The flow response of the composite powders was found to be dependent on the blade 
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movement direction. In downward movement (BFE), the ball milled composite powders 

exhibited higher flow energy (lower flowability) compared to the regularly mixed 

composite systems (Figure 2-9(b)). However, considering the upward movement of the 

blade (SE), the ball milled powders showed better flowability (Figure 2-9(a)). The major 

difference between the BFE and SE is the confined flow of the powder in the former case 

due to the effect of the bottom of the vessel. Since the recoater interacts with powder in an 

unconfined state during the powder layer deposition process, the SE is a better 

representative of the powder flow in PBF-AM processes. 

As the microstructural and sphericity characterizations revealed in Figure 2-5, Figure 2-6, 

and Figure 2-8, the plastic deformation induced with longer milling times led to some 

degrees of shape change for the host powder particles from spherical to quasi-

spherical/moderately flattened. Besides, the surface roughness of the host particles 

increased. The surface roughening (not the shape change) of Ti64 particles in the ball 

milled composite powders subjected to relatively short mixing times (1-3 h) can be 

attributed mainly to the guest B4C particles hitting their surface due to two reasons: 

i. The guest B4C powder particles are noticeably harder than the host Ti64 powder 

particles [22, 74-76]. Accordingly, the noticeably harder B4C particles have a 

great potential to scratch, punch and roughen the surface of softer Ti64 particles. 

Since having the same hardness, the host-host inter-particle collisions might not 

affect the surface roughness of the host particles. 

ii. As the microstructural observations of the starting powders revealed (Fig. 3), the 

guest B4C particles have an irregular shape as opposed to the spherical shape of 

the host Ti64 particles. The collision of irregular-shaped B4C particles with the 
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spherical-shape Ti64 particles has a higher chance to make the surface of Ti64 

particles rough compared to the host-host collisions.  

It is worth noting that the guest B4C particles affect the surface roughness of the host Ti64 

particles only if the extreme guest-host collisions are provided by the metallic balls (ball 

milling). As the microstructural characterizations revealed, the regular mixing did not 

affect the surface roughness of Ti64 particles even at relatively long mixing times such as 

6 h (Fig. 4). 

The increase in the SE (decreased flowability) in the B2 feedstock compared to the Ti64 

reference sample may be attributed to the contribution of two different factors: (i) the 

change in the particle morphology [77], and (ii) the decoration of the host particles by the 

guest particles. The slight spherical to quasi-spherical shape change and the surface 

roughening of the host particles seem not to play major roles on the reduction of powder 

flowability of B2 sample. Therefore, the considerable increase in the SE for this system 

could be related to the presence of the decorating guest powder particles. Corresponding 

suggested mechanism is schematically illustrated in Figure 2-10. The guest-decorated host 

powder particles may experience two different interactions during their flow. While the 

“mechanical interlocking” mechanism decreases the flowability by resisting the free flow 

of the powder particles relative to each other (Figure 2-10(b)), the “contact surface 

reduction” mechanism may improve the flowability of the system [78] (Figure 2-10(c)). 

Compared to the non-decorated host powder system, the inter-particle tangling caused by 

the decorating guest particles leads to the enhanced flow resistivity. On the other hand, if 

not forming tangles, presence of the decorating guest particles lowers the contact surface 

area required for the movement of a guest-decorated host particle (particle 1) from position 

(I) to position (II) relative to another particle assumed to be fixed (particle 2) (as shown in 
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Figure 2-10(d)). By reducing the inter-particle friction and adhesion force, this mechanism 

can improve the flowability [78-80]. As mentioned earlier, although the slight change in 

the morphology of the host powder particles in the B2 case could have adverse effects on 

the flowability, these factors seem not to be predominant in the flowability reduction due 

to their negligible deviation from the starting host powder particles. Accordingly, the 

significant decrease in the flowability of the B2 powder system could be due to the 

dominance of the “mechanical interlocking” mechanism over the “contact surface 

reduction” mechanism. The contribution of the “mechanical interlocking” and the “contact 

surface reduction” mechanisms in the overall powder flowability is a major function of the 

guest particle size. When having nano-scale guest powder particles deposited on the surface 

of the primarily cohesive host powder particles, the artificially generated nano-scale 

roughness has been reported to enhance the flowability [79, 81-83]. Based on the 

mechanism provided in Figure 2-10, this could be attributed to the “contact surface 

reduction” combined with the lack of active "mechanical interlocking" sites in such 

composite powder systems, reducing the chance of particle entangling.  
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Figure 2-9 The flow behavior and conditioned bulk density results for 5wt.% B4C/Ti-6Al-4V 

systems prepared by regular mixing and ball milling methods with different mixing times: (a) 

specific energy (SE), (b) basic flow energy (BFE), and (c) conditioned bulk density (CBD) of the 

composite powder systems compared to the reference powder (Ti64). 

 



 

 

 

Ph.D. Thesis – Eskandar Fereiduni          McMaster University - Mechanical Engineering 

124 

 

 

Figure 2-10 Schematic illustration presenting: (a) an overview of composite powder system with 

guest-decorated host particles; (b) and (c) close view of the selected regions showing “Mechanical 

Interlocking” and “Contact Surface Reduction” mechanisms, respectively; and (d) the contact area 

of two host powder particles when flowing relative to each other. 

As indicated in Figure 2-9(a), the B6 sample showed lower SE (better flowability) than the 

B2 one. In order to describe this finding, the mechanisms influencing the flowability of B6 

sample need to be explored. Referring to Figure 2-11, the flowability of the B6 powder 

feedstock is determined by the contribution of three mechanisms. Although the significant 

spherical to flattened/irregular shape change as well as the inter-locking of the guest-

embedded host particles in such system act to decrease the flowability [84-86], the 

increased particle size caused by the dominancy of the cold-welding over the fracture 

mechanism may reduce the effective surface area of the powder particles and consequently 

favor higher flowability [86] (Figure 2-7(e) and Table 2). Therefore, the overall flow 

behavior of such composite powder system is governed by the competition among these 

mechanisms. The slight dominance of the inter-locking and shape change mechanisms over 
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the surface area reduction in the B6 system is believed to be the reason for the small 

increment in its SE compared to the Ti64 case (Figure 2-11). 

Referring to Figure 2-9(a), the regularly mixed powder systems depicted SEs about twice 

that of the host particles. The observed phenomenon can be discussed based on the 

microstructural characterization of the powder systems. As shown in Figure 2-4 and Figure 

2-8, the regularly mixed powder feedstocks had the guest particles almost non-attached to 

the completely spherical (non-deformed) host particles. Accordingly, neither the host 

particle shape change nor the decoration-induced tangling can be the reason behind the 

lower flowability of regularly mixed powders. However, the enhanced inter-particle 

friction caused by the presence of fine non-attached guest powder particles with extremely 

high surface-to-volume ratio can explain the drastic increase in the SE of these samples.  

 

Figure 2-11 Schematic view presenting: (a) an overview of composite powder system with guest-

embedded host particles; (b), (c) and (d) close view of the selected regions showing “Increased 
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Surface Area”, “Host Particles Mechanical Interlocking” and “Surface Area Reduction” 

mechanisms, respectively.    

2.3.4.2 Conditioned bulk density (CBD) 

The packing density of the powder as the starting material in the PBF-AM processes has a 

significant influence on the quality of the parts produced. The density of the powders in 

this study was analyzed by their conditioned bulk density (CBD). Referring to Figure 

2-9(c), regardless of the mixing method and time, incorporation of the guest powder 

particles to form composite powder feedstocks decreased the CBD compared to the starting 

host powder (Ti64). A portion of this decrease is due to the addition of less dense material 

(B4C) to the Ti64 powder. Moreover, the increased inter-particle friction arising from the 

irregular shape of the B4C particles combined with the large particle size distributions acts 

to reduce the packing density of the composite powder feedstocks compared to Ti64 

powder [83, 87, 88]. In general, the higher random loose packing provided by the lower 

friction among the powder particles results in higher CBD. In the case of starting host 

powder particles, there is only the host/host inter-particle friction which determines the 

powder density. However, the introduction of the guest particles into the host powder leads 

to the emergence of new friction sources, namely, host/guest, and guest/guest inter-particle 

frictions which could be responsible for the lower CBD of the composite powders as 

compared to the Ti64 host powder.  

Presence of free (non-attached) guest particles in the composite powder leads to the 

guest/host and guest/guest inter-particle frictions in addition to the host/host ones. 

According to Figure 2-9(c), the higher CBD of the R6 sample compared to the R2 one is 

due to the lower amounts of free B4C particles existing in the system (Figure 2-4). 

Attachment of the guest to the host powder particles eliminates the host/guest inter-particle 
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friction which leads to the decrease in the host/host inter-particle friction by reducing their 

contact surface area. The morphology of powder particles has also a significant impact on 

the packing density of the powder bed and consequently the density of the final component 

[89, 90]. While the full decoration of the host particles by the guest particles in the B2 

system promotes achieving higher CBD, the slight deviation of the host particles from 

spherical shape adversely influences the density (Figure 2-6(b), (c) and Figure 2-8(b)). 

Therefore, the same CBD as that of the R6 system was obtained for the B2 case. The 

significant morphological change of the host particles in the B6 sample could be the main 

reason behind its low CBD. The flattened/irregular shape of the powder particles in the B6 

system renders a poor packing due to the elevated inter-particle friction [87]. It is also 

worth noting that the formation of agglomerated guest particles in the regularly mixed 

composite systems adversely affects their potential in occupying the host particles 

interstices.      

2.3.5 Material Loss 

The mechanical mixing processes involve some material loss due to the cold-welding of 

the powder particles to the balls and/or jar. Therefore, the amount of the starting and final 

powder needs to be quantified. Figure 2-12 presents the variation in the powder mass for 

both the regularly mixed and ball milled composite powders as a function of the mixing 

time. The material loss for both the regularly mixed and ball milled cases is negligible 

(<1%). However, the regular mixing resulted in lower material loss than the ball milling 

method due to the absence of balls.  
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Figure 2-12 Material loss as a function of the mixing time for the regularly mixed and ball milled 

5wt.% B4C/Ti-6Al-4V composite powders. The starting powder mixture was 100 gr, and the ball-

to-powder ratio was 5:1. 

2.3.6 Selection of the best possible composite powder         

The ideal mixed powder system for the PBF-AM processing of MMCs needs to have: (i) 

non-free guest powder particles which are uniformly and homogeneously distributed 

throughout the system, (ii) host powder particles preserving their desired spherical shape, 

and (iii) the same flow behavior and apparent packing density as the starting host powder 

constituent. Although preserving the spherical shape of the host particles, the inadequate 

guest-host attachment associated with the regular mixing results in heterogeneous final 

MMC parts with improper distribution of the guest particles (or in-situ formed phases) or 

even their agglomeration. In addition, the regularly mixed composite powders showed 

noticeably lower flowability compared to the ball milled composite systems. These issues 

restrict the implementation of the regularly mixed (R2 and R6) powder feedstocks in the 

PBF-AM of MMCs. Ball milling of the powders for relatively long milling times (B6) 

significantly improves the distribution state of the guest particles throughout the system by 
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their embedment into the host powder particles. However, the significant spherical to 

flattened/irregular shape change and the particle coarsening are the main drawbacks of such 

powder feedstocks (Figure 2-7, Figure 2-8, and Table 2). While the particle coarsening 

issue can be solved by sieving, this strategy may not be cost-and-time effective, especially 

for high-priced materials. When employing shorter milling times (2 h), the composite 

powder system showed almost spherical host particles fully decorated by the guest powder 

particles, meeting some of the requirements mentioned for the ideal composite powder 

feedstock (best possible case). Although such a powder ensures achieving homogenous 

MMC parts due to the proper host/guest attachment and the lack of non-attached (free) 

agglomerated guest particles, the decorating guest particles act as obstacles to the free flow 

of host particles and consequently sacrifice the flowability. Proper selection of the recoater 

speed in PBF-AM processes could be a strategy to solve this issue when using such 

composite powder feedstocks [91]. Based on the above discussions, the composite powder 

system prepared by relatively short milling time of 2 h (B2) is suggested as the best possible 

case for PBF-AM processes.    

2.4 Conclusions 

The characteristics of the 5 wt.% B4C(guest)/Ti-6Al-4V(host) mixed powder systems were 

studied from powder bed fusion (PBF)- additive manufacturing (AM) perspective. For this 

purpose, the regular mixing and the ball milling methods were employed with a wide range 

of milling times (1-6 h) to produce composite powder feedstocks. The developed powders 

were examined using microstructural characterization, phase formation, particle size, size 

distribution, sphericity, apparent density, and flow behavior analyses. Moreover, the 

mechanisms playing role in the flowability of the mixed powder systems were analyzed 
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based on the microstructural observations and the flow measurement results. The main 

outcomes can be outlined as follows: 

1. With the regular mixing, the shape of the host powder particles remained 

unchanged until 6 h of mixing. The ball milling method led to the change in the 

shape of host powder particles from spherical to quasi-spherical and then to 

flattened/irregular shape by increasing the milling time, resulting in the decreased 

particle sphericity compared to the starting host particles.  

2. The regular mixing method did not provide acceptable attachment of the guest 

B4C particles to the host particles. However, milling times as short as 2 h in the 

ball milling case provided the host particles with a full decoration by the guest 

particles. Longer milling time (6 h) led to the guest particles embedded in the 

severely deformed host particles.  

3. Although the basic flow energy (BFE) results are in contradiction with specific 

energy (SE) measurements, the SE is believed to be a better representative of the 

powder layer deposition during PBF-AM process due to the unconfined and low-

stress state of the powder.   

4. Although being highly dependent on the mixing process variables, the flowability 

of the developed composite powders was lower than that of the reference Ti-6Al-

4V powder. The regularly mixed and ball-milled composite powders exhibited 

~110%, and 24–57% increase in SE compared to the Ti-6Al-4V powder, 

respectively. 
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5. The ball milled feedstocks showed lower SE (better flowability) than the 

regularly mixed powders. The flow behavior of developed composite feedstocks 

was discussed based on the underlying mechanisms.         

6. The produced composite powder systems showed 18-24% decrease in density 

compared to the reference Ti-6Al-4V powder.  

7. The composite powder benefitting from fully-decorated spherical-shape host 

particles is suggested as the best possible mechanically processed feedstock for 

PBF-AM processes. The relatively low flowability of this powder system should 

be considered when defining the recoater speed in PBF-AM processes. 
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Abstract 

Hybrid ex-situ/in-situ reinforced titanium matrix composites (TMCs) were fabricated by 

selective laser melting (SLM). The optimized pre-processed 5wt.% B4C/Ti-6Al-4V 

composite powder feedstock and the un-reinforced Ti-6Al-4V powder were consolidated 

using energy densities in the range of 50-75 J/mm3. Despite the full melting of the powder 

particles in the monolithic Ti-6Al-4V system, complete melting of the host Ti-6Al-4V 

constituent in the composite case took place by energy densities exceeding 62.5 J/mm3. 

Presence of the guest B4C particles surrounding the un-melted/partially melted host 

particles gave evidence of the non-efficient guest-to-host heat transfer. In-situ formation of 

(TiB+TiC) reinforcements was discussed based on a mechanism proposing dissolution 

rather than melting of the guest particles. The degree of dissolution was a significant 

function of the energy density and the guest particle size. Microstructural evolutions during 

SLM of 5wt.% B4C/Ti64 composite were studied, and the non-equilibrium solidification 

sequence was suggested based on the microstructural observations and the equilibrium 

solidification path. High cooling rates during SLM inhibited some of the liquid and solid-

state transformations in the TMCs. This was confirmed by microstructural observations of 

the arc-melted parts fabricated by the same composite feedstock. The SLM processed 

TMCs showed 30-80% enhancement in microhardness compared to the unreinforced Ti64.  

 

Keywords: Selective laser melting (SLM); Metal matrix composite (MMC); Ti-6Al-4V; 

In-situ and ex-situ reinforcement; Solidification path   
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3.1 Introduction 

Owing to their high specific strength, adequate stiffness, appropriate high-temperature 

stability and resistance, good fatigue behavior as well as outstanding corrosion resistance, 

titanium (Ti) and its alloys are widely used in various industries including chemical, 

aeronautical and advanced military [1-7]. While having many advantages, the limited wear 

resistance of Ti alloys is a major concern limiting their utilization in applications 

demanding high abrasion and erosion resistance [8]. Incorporation of reinforcements (e.g., 

oxides, intermetallic compounds, nitrides, carbides, and borides) into the metallic matrix 

leads to the fabrication of outstanding materials known as metal matrix composites 

(MMCs), which bilaterally benefit from the properties of the reinforcement(s) and the 

matrix [9, 10]. MMC fabrication is one of the most effective strategies to enhance 

mechanical properties such as hardness, strength, fatigue life, and wear resistance [11-15].  

Because of benefiting from high strength and elastic modulus, excellent thermal and 

chemical stability as well as close density and coefficient of thermal expansion (CTE) to 

that of Ti and its alloys, TiB and TiC are known as the most suitable reinforcements for the 

Ti alloy matrices [16-18]. The extremely low solubility of B and C elements in both α and 

β phases of the Ti alloy is the other issue introducing TiB and TiC as outstanding 

reinforcements for these alloys [19]. While the addition of noticeably hard particulate-

shape TiC reinforcement enhances the hardness and strength of the fabricated TMCs, the 

load-bearing capacity and high thermodynamic stability associated with the whisker-shape 

TiB reinforcement are believed to improve the ductility, strength and creep resistance  [20]. 

Therefore, synergistic effects of both TiB and TiC phases acting as reinforcements for the 

matrix result in TMC structures with excellent mechanical properties meeting the 

requirements of various applications [20, 21].   
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TMCs could have reinforcements incorporated into the matrix in an ex-situ manner or 

synthesized through in-situ reactions during the composite fabrication process. Moreover, 

careful control of the chemical reactions in the in-situ reinforced TMCs enables 

manufacturing of composites benefitting from both ex-situ and in-situ reinforcements, 

known as hybrid ex-situ/in-situ reinforced TMCs [22, 23]. Compared to the ex-situ 

reinforced TMCs having the primarily added reinforcing particles as the reinforcement in 

the final structure, the chemical reactions induced in the in-situ case results in the formation 

of reinforcements with higher thermodynamic stability within the metallic matrix. 

Accordingly, stronger reinforcement/matrix interfaces which are free of contamination 

could be achieved in hybrid and in-situ reinforced TMCs [20, 22, 23]. Therefore, the 

formation of TiB/TiC reinforcements through the in-situ reaction between the B4C 

precursor and Ti alloys is more desired than the ex-situ incorporation of the same 

reinforcing particles into the system.  

Selective laser melting (SLM) is a powder bed fusion (PBF)-AM process which uses a 

high-intensity laser beam as the energy source to completely melt selected areas of a 

powder bed [24, 25]. This process is performed within an enclosed chamber that is 

backfilled with an inert gas such as nitrogen or argon to lower the oxygen level. Once an 

adequate operating atmosphere is achieved, the first layer of the powder is deposited over 

the building platform by the recoating unit. The laser beam then scans the pattern defined 

for that layer based on the CAD model, inducing melting and fusion of the powder 

particles. Subsequently, the building platform is lowered for an amount which corresponds 

to the layer thickness, and a new layer of powder is deposited over the previous one. This 

new layer is then subjected to the laser beam, leading to the melting of powder particles in 

defined regions of that layer and their fusion to the previously deposited one. This trend is 
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replicated until the entire component is built [26-28]. The unique characteristics associated 

with SLM technology have recently opened a new window to fabricate geometrically 

complex-shaped, custom-designed, and cost-effective TMC parts with the desired 

functional and mechanical properties [29, 30]. On the other hand, the extremely localized 

melt pool and the significantly high cooling rates associated with this process has provided 

the opportunity to mitigate some of the drawbacks involved in conventional manufacturing 

of TMCs including segregation/agglomeration of reinforcing particles and coarse 

microstructure [23].  

The present research study employs SLM to fabricate TMCs reinforced by TiB/TiC phases 

by processing 5wt.% B4C/Ti-6Al-4V (Ti64) powder feedstock having spherical/quasi-

spherical host Ti64 particles fully decorated by the guest B4C particles produced through 

the ball-milling process. The laser energy densities applied in this study were selected 

based on the optimum conditions reported in the literature for SLM of Ti64 alloy (the host 

constituent in the studied TMC) [31-34]. The interaction of the laser beam with the 

composite powder feedstock was discussed, and the existing mechanisms were identified. 

Microstructural evolutions were thoroughly analyzed by exploring the guest/host 

interaction mechanism, following the solidification path, and comparing the 

microstructures of the SLM fabricated TMCs with those subjected to the arc melting 

process. Characterizing the nature of the in-situ reaction products formed during SLM 

through solidification path is of vital importance since the mechanical properties of the 

SLMed composite parts are directly dictated by the features of the in-situ formed 

reinforcements. The lessons learned from the solidification sequence can pave the way to 

manipulate the microstructure to tailor the mechanical properties. On the other hand, 

enhancing the robustness of the additively manufactured parts via application of a proper 
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post heat treatment process requires a deep understanding of the microstructural evolutions 

during SLM which can be enabled by detailed microstructural studies. The level of 

improvement in mechanical properties was investigated utilizing the microhardness test, 

and the results were compared with monolithic Ti64 samples SLMed with the same process 

parameters. 

3.2 Materials and Experimental Procedure  

3.2.1 Powder Preparation 

Figure 3-1 shows the micrographs of the starting Ti64 and B4C powders used as starting 

materials in this research study. The Ti64 powder particles are spherical with a smooth 

surface, which is the characteristic of the gas atomized Ti alloy powder particles. On the 

other hand, the B4C powder particles exhibit an irregular shape. The Ti64 and B4C powders 

have been named as “host” and “guest” throughout the paper, respectively.   

 

Figure 3-1 SEM micrographs of the starting: (a) Ti-6Al-4V (Ti64) and (b) B4C powder particles. 

In order to prepare the TMC powder feedstock, the regular mixing and the ball milling 

processes as the mechanical methods of MMC powder preparation were used. The mixed 

powder system contained 5 wt.% B4C, and the mixing process was performed by a high-
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performance planetary Pulverisette 6 ball milling machine at a fixed rotational speed of 

200 rpm under the protection of argon atmosphere to avoid oxidation. In the regular 

mixing case, the powders were mixed without balls. However, stainless steel balls with a 

diameter of 10 mm were added to the system in the ball milling method. The ball-to-powder 

ratio was 5:1, and every 30 min. of milling was followed by a 15 min pause to avoid 

temperature rise. To select the best possible composite powder system, the level of 

guest/host attachment and the sphericity of the host powder particles were taken into 

consideration. The guest/host attachment is required in SLM for the following two reasons: 

(i) Due to the significant difference between the densities of the two constituents 

(4.43 g/cm3 for Ti64 [35] compared to 2.52 g/cm3 for B4C [36]), their 

separation and non-uniform distribution may take place during the powder 

spreading process.  

(ii) The relatively high van der Waals attraction force between the B4C particles 

favors their clustering and agglomeration in the non-attached case, leading to 

the non-homogenous distribution state of the guest powder particles in the 

composite powder feedstock. The homogenous dispersion state of the guest 

particles provided by their attachment to the host particles can consequently 

result in the fabrication of TMCs benefiting from a uniform distribution of 

reinforcements in the final microstructure.  

Another desired feature of the selected composite powder system is the spherical/semi-

spherical morphology of the host powder particles. The tremendous energy imparted to the 

powder particles during the early stages of the ball milling process causes the fracture of 

the brittle powder particles and the severe plastic deformation of the ductile ones. 

Depending on the ball milling process parameters (ball-to-powder ratio, rotational speed 
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and milling time), the induced plastic deformation can cause variable degrees of 

morphological change, cold-welding or fracture, while the activated collisions may pave 

the way for guest/host attachment and chemical reactions. 

Based on the in-depth analysis of the mixed powder systems produced, 90 min of ball 

milling led to the desired TMC feedstock, in which the guest B4C particles were fully 

decorating the surface of the host spherical-shape Ti64 particles. This composite powder 

feedstock was utilized for fabricating TMC parts.   

3.2.2    SLM processing and arc melting 

The SLM machine used in this study was OmniSint-160 having a 400W Yb-fiber laser 

with a spot size of 100 µm. Cubic parts with the dimensions of 10×10×10 mm3 were 

printed on a 160 mm diameter Ti64 build plate under the protection of high-purity argon 

gas atmosphere. The most important parameters involved in the SLM process include laser 

power (P), scanning speed (v), hatch spacing (h), layer thickness (t), and scanning strategy. 

Table 1 lists the process parameters employed to fabricate Ti64 and 5wt.% B4C/Ti64 parts 

in this study. The volumetric energy density (𝐸𝑣), defined as the energy delivered to a unit 

volume of the powder bed, was 50, 62.5 and 75 J/mm3 for the processed parts based on Eq. 

1 [37-39]: 

𝐸𝑣 =
𝑃

𝜐ℎt
                                                                                                                             [1] 

As illustrated in Figure 3-2, scanning of layers was conducted using continuous laser mode 

according to a stripe hatching pattern alternating 67° between each layer, which has been 

reported to result in the smallest directional stress difference owing to the non-repeated 

scan vector feature. Moreover, this scanning strategy is believed to alleviate the formation 

of intense texture since the same pattern is repeated every 180 layers [40, 41].  
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Table 3-1 The processing parameters employed to fabricate 5wt.% B4C/Ti64 and Ti64 parts. 

Laser Power (P) Scanning Speed (V) Layer Thickness (t) Hatch Spacing (h) 

200, 250, 300 (W) 1000 (mm/s) 40 µm 100 µm 

 

 

Figure 3-2 Schematic view of the utilized stripe hatching scanning strategy which alternates 67ᵒ 

between the subsequent layers. 

Conventional arc melting resembling the quasi-equilibrium solidification condition was 

also utilized to fabricate parts from the same TMC powder feedstock. For this purpose, the 

arc melting process was conducted in graphite and water-cooled copper crucibles, 

indicating two different cooling rates close to the equilibrium and non-equilibrium 

conditions, respectively. 

3.2.3 Powder Characterization 

The morphology of the starting Ti64 and B4C powders, as well as the mixed powder 

feedstocks, were observed using a Vega Tescan scanning electron microscopy (SEM), 

operating at an accelerating voltage of 20 kV. The particle size and particle size distribution 

measurements were performed three times using a Retsch Camsizer X2 machine, which 
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utilizes a high-resolution dual-camera system to measure fine and agglomerating powders 

ranging from 800 nm to 8 mm in diameter. The X-ray diffraction (XRD) analysis was also 

employed for phase analysis both in the starting Ti64 and the developed 5wt.% B4C/Ti64 

powder system. This analysis was performed at ambient temperature over a wide range of 

2𝜃 = 20-80° using a PANalytical X'Pert powder X-ray diffractometer (Cu Kα target, 

operated at 45 kV and 35 mA with a step size of 0.0167°) equipped with X-ray 

monochromator. 

The sphericity of the starting Ti64 powder particles as well as the 5wt.% B4C/Ti64 

composite powder system was measured using a Retch Camsizer X2 facility based on the 

following equation suggested by ISO 9276-6 standard [42]: 

𝑆𝑝ℎ𝑒𝑟𝑖𝑐𝑖𝑡𝑦 =
4𝜋𝐴

𝑃2                                                                                                               [2] 

in which 𝑃 and 𝐴 are the measured circumference and area covered by a particle projection, 

respectively. The sphericity of an ideal sphere is unity. However, deviation from the ideal 

spherical shape leads to lower sphericities.  

3.2.4 Microstructural Characterization 

The SLM processed parts were sectioned, ground, and polished according to the standard 

metallography procedure and were etched chemically using Keller's Reagent. 

Microstructures of the fabricated parts were observed using a Nikon optical microscopy 

(OM) as well as Vega Tescan SEM operating at an accelerated voltage of 10 kV. The 

chemical composition of the phases was analyzed using energy-dispersive X-ray 

spectroscopy (EDS).    
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3.2.5 Mechanical Properties 

The mechanical properties of the SLM processed Ti64 and 5wt.% B4C/Ti64 parts were 

evaluated using microhardness test. These measurements were performed by employing a 

Matsuzawa microhardness testing machine with a load of 500 g being applied for 10 s. The 

reported microhardness represents the average of at least 5 measurements for each 

specimen. 

3.3 Results and Discussion  

3.3.1 B4C-decorated Ti64 composite powder feedstock 

Figure 3-3 shows SEM micrographs of the ball-milled 5wt.% B4C/Ti64 mixed powder 

feedstock chosen as the desired TMC powder system for SLM processing. As being 

observed, the host Ti64 powder particles are fully decorated by the guest B4C particles.  

Referring to Figure 3-3, most of the host powder particles preserved their spherical 

morphology after relatively short milling time of 90 min. However, some particles were 

showing spherical to quasi-spherical/flattened morphological change. Moreover, cold 

welding of the ductile host powder particles occurred for a few particles, as indicated in 

Figure 3-3(a). The particle size distribution for the starting host powder and the selected 

5wt.% B4C/Ti64 powder feedstock has been provided in Figure 3-4. Besides, the D10, D50, 

and D90 representing the particle diameters at 10, 50, and 90% in the cumulative 

distribution (Figure 3-4) are also summarized in Table 2 for both of the powder systems. 

Referring to Figure 3-4 and Table 3-2, the TMC power system has shown a slight increase 

in the particle size, which could be attributed to the host decoration and the cold welding 

of a few particles. The variation in the sphericity of the powder particles as a function of 

the particle size for both the starting host and the mixed powder feedstock has been shown 
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in Figure 3-5. The TMC powder particles showed slightly lower sphericity than the starting 

host system in the whole range of the particle size due to the: (i) surface roughening effects 

of the guest particles decorating the surface of the host particles, and (ii) the spherical to 

quasi-spherical morphological change of the host particles. As a result of severe plastic 

deformation and fracture of the starting host powder particles during the ball milling 

process, particles less than 20 µm in size with a lower degree of sphericity were introduced 

into the composite system. On the contrary, cold welding led to the appearance of coarse 

particles (exceeding 45 µm) deviating from spherical shape, which are responsible for the 

decreasing trend observed in the upper limit of the TMC sphericity curve provided in 

Figure 3-5. 

Referring to Figure 3-4 and Table 3-2, application of 90 min ball milling led to the 

fabrication of an MMC powder feedstock with a particle size distribution close to that of 

the starting Ti64 powder. Moreover, as shown in Figure 3-3, the developed MMC powder 

system benefits from the host powder particles preserving their spherical shape as well as 

complete guest/host attachment. These characteristics introduce the selected TMC powder 

system desired for the SLM process.    

The minimized inter-particle friction caused by the low surface area is the main reason 

behind the high flowability of the spherical-shape powder particles, making them 

interesting for PBF-AM processes [43]. Although the host powder particles have preserved 

their spherical shape to a large extent in the developed TMC powder system, the enhanced 

surface area and the increased inter-particle friction caused by the slight deviation in the 

particle shape from spherical to quasi-spherical/flattened  may lead to lower flowability 

compared to the starting Ti64 powder [44-46]. 
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Figure 3-3 SEM micrographs of the B4C-decorated Ti-6Al-4V powder particles obtained by 90 

min of ball milling. (b) Higher magnification micrograph of (a). (c) Enclosed view of the selected 

region in (b). 

 

Figure 3-4 The particle size distribution curves of: (a) starting Ti-6Al-4V (Ti64) and (b) 5 wt. % 

B4C/Ti64 TMC powder feedstock after 90 min of ball milling. 

Table 3-2 The particle size distribution results derived from the data in Figure 3-4, which present 

the cumulative distribution of D10, D50, and D90. 

Powder System D10 (µm) D50 (µm) D90 (µm) 

MMC Powder 22.8 ± 0.05 36.6 ± 0.27 50.9 ± 0.19 

Ti-6Al-4V Powder 23.4 ± 0.52 35.0 ± 0.36 45.7 ± 0.88 
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Figure 3-5 The sphericity of the particles as a function of their size for the starting Ti-6Al-4V 

(Ti64) as well as the 90 min ball-milled 5 wt.%B4C/Ti64 powder feedstock. 

The XRD patterns of the starting Ti64 and B4C powders as well as the developed 5wt.% 

B4C/Ti64 powder feedstock have been provided in Figure 3-6. As being observed, the 

diffraction peaks in the developed TMC powder system correspond to those for the starting 

materials, revealing that no in-situ reaction has been activated in the system to form new 

phases during the relatively short milling time of 90 min. Moreover, due to their relatively 

low content, the diffraction peaks related to the B4C powder particles in the 5wt.% 

B4C/Ti64 powder system showed decreased intensity compared to the starting B4C powder.          
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Figure 3-6 XRD patterns of the: (a) Ti-6Al-4V (Ti64), (b) B4C, and (c) 5 wt.% B4C/Ti64 systems. 

The rectangles indicate the diffraction peaks of the B4C constituent in the TMC powder feedstock.      

3.3.2 Laser/composite powder interaction  

Due to the noticeably high melting temperature of the guest particles as well as the 

extremely low laser/powder interaction time during SLM, complete melting of the guest 

constituent is rather difficult or impossible even at relatively high laser energy densities. 

Accordingly, fabrication of composite parts by SLM process requires a molten media to 

interact with the solid guest particles and result in the embedment of the non-reacted (ex-

situ), partially reacted (hybrid), or completely reacted (in-situ) reinforcement(s) in the 

matrix of the final composite. Full melting of the host metallic constituent with a lower 

melting point compared to the guest particles is essential to provide this molten media in 

the entire system to produce sound MMC parts. Microstructural observations of the 5wt.% 

B4C/Ti64 parts processed with relatively low laser energy densities revealed some host 

Ti64 particles which were not completely melted (Figure 3-7(a)). These particles were 

surrounded by the guest B4C particles to the same feature as the guest-decorated host 
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particles in the 5wt.% B4C/Ti64 powder feedstock shown in Figure 3-3. The un-

melted/partially melted Ti64 particles can provide valuable information about the 

mechanism taking place during the interaction of the laser beam with the TMC powder 

bed. This is an important point which needs to be taken into consideration when fabricating 

MMCs using PBF-AM processes. Addition of a guest constituent to the host metallic 

powder has been reported to enhance the laser absorptivity of the system due to the 

following reasons [22, 47, 48]: 

(i) In most cases, the incorporated guest powder particles are ceramics with higher 

laser absorptivity than the metallic host powder. By replacing a fraction of the 

metallic constituent, the developed MMC powder benefits from higher laser 

absorptivity than the individual metallic host powder system.  

(ii) The increased surface roughness and consequently the escalated laser/powder 

interactions caused by the decoration of the host particles by the irregularly-

shaped guest particles elevate the laser absorptivity of the MMC powder 

feedstock.   

Despite the higher laser absorptivity of the 5wt.% B4C/Ti64 powder system than the non-

reinforced host Ti64 powder, the SLM fabricated components contained un-

melted/partially melted Ti64 powder particles at 𝐸𝑣=50 J/mm3 (Figure 3-7(a) and (b)). 

However, the Ti64 parts manufactured with the same process parameters revealed full 

melting of the powder particles (Figure 3-7(c)). The observed phenomenon can be ascribed 

to the variations in thermal conductivity (k) and thermal diffusivity (α) of the MMC powder 

system compared to the non-reinforced case. The thermal conductivity of a composite 

system (𝐾𝑀𝑀𝐶) containing spherical-shape reinforcing particles dispersed in the matrix can 

be expressed as [49, 50]: 
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𝐾𝑀𝑀𝐶 =
𝐾𝑚[2𝐾𝑚+𝐾𝑟

𝑒𝑓𝑓
+2(𝐾𝑟

𝑒𝑓𝑓
−𝐾𝑚)𝑉𝑟]

2𝐾𝑚+𝐾𝑟
𝑒𝑓𝑓

−(𝐾𝑟
𝑒𝑓𝑓

−𝐾𝑚)𝑉𝑟

                                                                             [3] 

where 𝑉𝑟 is the volume fraction of the reinforcing particles in the system, 𝐾𝑚 signifies the 

thermal conductivity of the matrix and 𝐾𝑟
𝑒𝑓𝑓

 represents the effective thermal conductivity 

of the reinforcing particle which is defined as [50]: 

𝐾𝑟
𝑒𝑓𝑓

=
𝐾𝑟

1+
𝐾𝑟

𝑟ℎ𝑟𝑚

                                                                                                                                    [4] 

in which 𝐾𝑟 is the intrinsic thermal conductivity of the reinforcing particle, 𝑟 is the average 

radius of the reinforcing particles, and ℎ𝑟𝑚 stands for the interfacial thermal conductance 

of the interface between the reinforcing particle and the matrix.    

Referring to Eq. 3 and Eq. 4, for a given guest/host MMC powder system, the size of the 

guest powder particles and the thermal conductivity of the guest/host interface are 

important factors playing roles in the effective thermal conductivity of the system. As 

shown in Figure 3-3, the developed TMC powder system in this research has the host Ti64 

particles fully decorated by the guest B4C particles. The higher absorptivity of the laser 

beam enabled by the guest particles acts to enhance the total laser absorptivity of the TMC 

powder system and consequently provides the system with more absorbed energy. 

However, for the developed fully guest-decorated host powder particles, the interaction of 

the laser with the powder bed starts with the direct exposure of the guest particles to the 

laser beam. Due to the noticeably high melting point of B4C (3036 K [51]) as well as the 

extremely low interaction time associated with the SLM process, these particles do not 

experience melting. Therefore, the urgent need for the formation of melt during the process 

takes place if the absorbed heat is effectively transferred from the decorating B4C particles 

to the host Ti64 particles with a lower melting point of 1933 K. As the microstructural 



 

 

 

158 

 

observations revealed in Figure 3-7(a) and (b), there were un-melted/partially melted Ti64 

particles in some fabricated 5wt.% B4C/Ti64 parts, confirming the non-efficient transfer of 

the absorbed energy from B4C particles to the Ti64 particles. The enclosed view of a 

partially melted host particle in Figure 3-7(b) clearly shows the guest B4C particles 

decorating its outer surface. The interaction of the laser beam with this decorated particle 

caused partial melting of its surface. The formed melt subsequently came into reaction with 

the adjacent guest particles, as indicated in Figure 3-7(b). Figure 3-8 illustrates the variation 

of the thermal diffusivity as a function of temperature for both B4C and Ti64. Due to its 

noticeably low thermal diffusivity, B4C particles seem not to allow the absorbed heat to be 

easily transferred to the host powder particles. It is worth noting that even if having a guest 

constituent with a noticeably high thermal diffusivity (much more than the host 

constituent), full melting of the host powder particles may be a challenge in fully guest-

decorated MMC powder systems. The guest particles in such systems act as barriers to the 

direct interaction of the laser beam with the host powder particles. The elevated heat input 

provided by higher laser energy densities was found to enhance the melting efficiency of 

the host power particles, leading to the final TMC microstructures almost free of un-

melted/partially melted Ti64 particles. Referring to Eq. 4, the decrease in the size of the 

guest particles could also be employed as a strategy to enhance the melting efficiency of 

the host particles by increasing the effective thermal conductivity and thermal diffusivity 

through the guest particles.  
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Figure 3-7 SEM micrographs of the SLMed: (a), (b) 5 wt.%B4C/Ti64, and (c) Ti-6Al-4V (Ti64) 

systems processed with laser energy density of 50 J/mm3 (P=200 W, V=1000 mm/s, h=100 µm 

and t=40 µm). The micrograph in (b) provides an enclosed view of a partially melted Ti64 (PM 

Ti64) particle surrounded by the partially dissolved B4C guest particles. 

 

Figure 3-8 Thermal diffusivity of bulk Ti-6Al-4V (Ti64) and B4C as a function of the temperature 

[52, 53]. 

3.3.3 Guest B4C particles: melting or dissolution?  

Figure 3-9(a) schematically shows the thermal cycle of a single track during SLM process, 

in which TP represents the peak temperature of the thermal cycle, and λ signifies the period 

during which the melt pool temperature is higher than the melting point of the host powder. 

Both TP and λ play significant roles in evaluating the guest/host interactions during SLM 
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processing of MMCs. They are directly dictated by the AM process parameters, which can 

be summarized in terms of volumetric energy density (Eq. 1). According to the 

microstructural observations provided in Figure 3-10, residual B4C particles are visible 

within the composite, regardless of the employed process parameters. However, their 

volume fraction showed a descending trend with increasing the volumetric energy density. 

The presence of residual B4C particles in the final microstructure confirms that TP is lower 

than the melting point of B4C guest particles ((Tm)guest= 3036 K) but higher than the liquidus 

temperature of the host Ti64 alloy ((TL)host= 1933 K). While direct melting of Ti64 particles 

takes place during the SLM process, the disappearance of B4C particles occurs through the 

dissolution mechanism. Due to the large difference between the melting points of the host 

and the guest constituents (ΔT=1103 K), even high volumetric energy densities employed 

in this study were not successful in increasing the TP to the temperatures over the melting 

point of B4C particles. Debroy et al. [23] investigated the effect of laser power on TP of the 

melt pool during direct laser deposition of 316 stainless steel and reported only 200 K 

increase in TP by enhancing the laser power from 150 to 450 W. This can be attributed to 

the formation of the melt pool within a conductive media (metallic powder), in which the 

excessive heat provided by the increase in the laser energy density can be sunk by the 

metallic powder, leading more to the melt pool enlargement rather than the increase in the 

temperature of the molten material.   

Schematic illustration of the thermal cycles induced during SLM processing of the 5wt.% 

B4C/Ti64 system using various laser energy densities have been shown in Figure 3-9(b). 

In zones (I) and (II), the temperature is higher and lower than the melting point of the host 

constituent, respectively. Therefore, the host powder particles experience direct melting in 

zone (I) since the temperature exceeds their melting point. As indicated in Figure 3-9(b), 
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both the TP and λ follow an ascending trend by increasing the volumetric energy density. 

However, since the TP induced in all three cases is less than the melting point of the guest 

constituent, these particles do not experience direct melting but dissolution. 

 

Figure 3-9 (a) Schematic view of the thermal cycle during SLM processing of a single track. TP, 

(Tm)host and λ are the maximum temperature of the melt pool, the melting point of the host powder, 

and the period in which the temperature is higher than the melting point of the host powder, 

respectively. (b) Schematic illustration of the thermal cycle during SLM of a single track for the 

5wt.% B4C/Ti64 composite system. The temperature in zones (I) and (II) is higher and lower than 

(Tm)host, respectively. The thermal cycles (1), (2), and (3) all lead to the hybrid ex-situ/in-situ 

reinforced TMCs. (Tm)guest corresponds to the melting point of the guest particles. 

 

Figure 3-10 SEM micrographs of the 5wt.% B4C/Ti64 composites SLMed with different laser 

powers of: (a) 200 W (EV= 50 J/mm3), (b) 250 W (EV= 62.5 J/mm3), and (c) 300 W (EV= 75 

J/mm3). The scanning speed, hatch spacing, and layer thickness were 1000 mm/s, 100 µm, and 40 

µm, respectively. The volume fraction of the residual B4C particles (as represented by the dashed 

circles) decreased with increasing the laser power (volumetric energy density). 
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3.3.4 Dissolution Mechanism of guest B4C particles 

The fundamental concepts behind the dissolution of the guest powder particles can be 

discussed based on the schematic illustrations provided in Figure 3-11. Referring to Figure 

3-9(b), the temperature of the melt during heating and cooling in zone (I) varies between 

(Tm)host and TP. In the following discussion, the liquid phase is assumed to be in a constant 

temperature of Tave (the average temperature in zone (I)) for a λ period. At the early stage 

of the host particles melting, the molten Ti64 is in direct contact with the solid guest B4C 

powder particles (Figure 3-11(a)). However, the solid and liquid phases are not in 

equilibrium condition. In order to establish the thermodynamic equilibrium conditions at 

the solid/liquid interface, the chemical composition of the solid and liquid phases need to 

be CS (equilibrium Ti/Al/V/B/C concentrations in the solid phase at the interface) and CL 

(equilibrium Ti/Al/V/B/C concentration in the liquid phase at the interface), respectively. 

Therefore, dissolution of the solid B4C particles takes place to enrich the adjacent liquid 

layer by carbon (C) and boron (B) elements (Figure 3-11(b)). On the other hand, the 

enhanced concentration of Ti/Al/V in the solid phase provided by the diffusion of Ti64 

atoms from the liquid phase helps the solid phase to achieve the equilibrium composition 

at the interface. When the chemical composition of the liquid and solid phases at the 

interface reaches CL and CS, respectively, the interdiffusion between the molten Ti64 and 

the solid B4C particles terminates (Figure 3-11(c)). It is noteworthy that the thermodynamic 

equilibrium is established only at the solid/liquid interface. The achieved thermodynamic 

equilibrium condition is temporary since the concentration gradients existing between the 

interface and bulk of the liquid as well as the interface and bulk of the solid provide liquid 

state and solid-state diffusion of the B/C and Ti/Al/V atoms, respectively. Since the liquid 

state diffusion is much faster than the solid-state one, and the available time for diffusion 
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is extremely short during SLM process, the deviation from the thermodynamic equilibrium 

condition takes place only in the liquid phase. Diffusion of C and B atoms from the 

interface (with higher C and B concentration) towards the bulk of the liquid (C and B poor 

region) leads to the deviation from the equilibrium conditions due to the homogenization 

in the liquid phase (Figure 3-11(d)). In order to re-establish the equilibrium conditions at 

the solid/liquid interface, the remaining solid B4C particle again dissolves into the adjacent 

liquid to enrich the interfacial liquid layer from C and B to achieve CL (Figure 3-11(e)). To 

clarify, since the adjacent liquid layer deviated from the equilibrium condition, the solid 

particle dissolves to re-establish the equilibrium chemical composition (CL) at the interface. 

The repeated deviation and re-establishment of the thermodynamic conditions causes the 

dynamic dissolution of the B4C particles and is the driving force for the progress of 

dissolution (Figure 3-11(f)) [54].  

Considering the extremely short time available for dissolution during the SLM process with 

noticeably fast heating and cooling rate, it is interesting that a significant portion of the 

guest B4C particles could be dissolved within the molten Ti64. The convective flows in the 

melt pool, as well as the relatively small size of the guest B4C particles employed in this 

study, can explain this fast dissolution. The driving force for the dissolution of the guest 

particles is the diffusion of the B and C elements from the equilibrium liquid layer towards 

the bulk of the liquid phase. This results in the deviation from the equilibrium conditions 

and provides further dissolution of the guest particle to re-establish the equilibrium 

condition again in the system. The convective flows in the melt pool can significantly 

increase the dissolution rate of the B4C particles by (i) offering fresh Ti64 liquid phase at 

the S/L interface, and (ii) moving elements from the equilibrium liquid layer towards the 

bulk of the liquid. The degree of dissolution is also a major function of the particle size. 
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Finer B4C particles need less interaction time to be completely dissolved into the 

surrounding melt. In other words, the complete dissolution of small-sized B4C particles 

needs less diffusion and a shorter period.  

 

Figure 3-11 The schematic of the solid/liquid interaction between the B4C particles and the liquid 

Ti64, representing the mechanism of guest particles dissolution in the molten Ti64 during SLM 

processing of 5wt.% B4C/Ti64 powder system with direct melting of the host powder particles: (a) 

the solid B4C and the liquid Ti64 phases at the beginning of the host particles melting, (b) 

interdiffusion between the solid and liquid phases to establish the equilibrium condition at the 

interface, (c) formation of solid and liquid layers with equilibrium CS and CL concentrations, 

respectively at the solid/liquid interface, (d) deviation from equilibrium conditions caused by the 

diffusion of B and C atoms from the equilibrium liquid layer surrounding the B4C particles 

towards the bulk of the liquid, (e) re-establishment of the equilibrium conditions by further 

dissolution of the guest particles and enrichment of the adjacent liquid layer by B and C atoms, 

and (f) progression of the dissolution by deviation and re-establishment of equilibrium conditions 

at the interface until complete dissolution of guest particles. 

According to the dissolution thermodynamics, the guest B4C particles should be dissolved 

completely since they are surrounded by an infinite liquid media, in which the full 
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equilibrium conditions can never be established between the solid B4C particles and the 

bulk of the molten Ti64. However, from the kinetics point of view, the dissolution process 

of the B4C particles into the surrounding melt needs sufficient time to be accomplished. 

Therefore, when considering the dissolution of the guest powder particles, three different 

scenarios of (i) lack of dissolution (ii) partial dissolution, and (iii) complete dissolution 

may be possible based on the size of the guest powder particles, TP and λ. Longer λ, higher 

TP, and finer guest powder particles are the factors providing the guest powder particles 

with an increased chance of complete dissolution in the melt pool.  

The effect of volumetric energy density and particle size on the dissolution behavior of the 

B4C particles in the 5wt.% B4C/Ti64 composite system can be described based on Figure 

3-10 and Figure 3-12. Referring to Figure 3-10, the increase in the volumetric energy 

density from 50 to 75 J/mm3 led to a significant decrease in the amount of residual B4C 

particles in the final microstructure. This can be attributed to the longer λ and higher TP, 

leading to the complete dissolution of a more substantial fraction of the guest particles 

(Figure 3-9(b)). As shown in Figure 3-12, the size of the guest particles plays a crucial role 

in their level of dissolution. Microstructural observations revealed that the B4C particles 

ranging between 1-3 µm in this study were small enough to be partially or completely 

dissolved even during the extremely short interaction times provided by the SLM process. 

As indicated in Figure 3-12, coarse and medium-sized B4C particles experienced partial 

dissolution. However, with the same process parameters (the same energy density), the fine 

particles were able to be completely dissolved. Higher surface to volume ratio and shorter 

diffusion distance are the main reasons behind the faster dissolution of the fine guest 

particles.  
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Figure 3-12 The effect of B4C particle size on its dissolution progression in the 5wt.% B4C/Ti64 

sample processed by the energy density of 62.5 J/mm3 (P= 250 W, V= 1000 mm/s, h= 100 µm, t= 

40 µm). The smaller the size of the guest B4C particles, the higher the chance of complete 

dissolution. 

3.3.5 Microstructural evolutions and solidification path of the 5wt.% 

B4C/Ti64 composite system      

Figure 3-13(a) shows the microstructure of the SLM processed 5wt.% B4C/Ti64 system. 

The EDS chemical analysis results of the in-situ synthesized phases are provided in Figure 

3-13(b) and (c). Based on the morphology of the phases and the EDS results, it can be 

inferred that the microstructure consists of TiC (particulate-shape) and TiB (hollow 

whisker-shape) reinforcements synthesized through the in-situ reaction between the guest 

B4C particles and the molten Ti64. This is in agreement with the results reported on SLM 

processing of the same composite system [55]. Boron and carbon could be detected by the 

EDS analysis, though they could not be quantified due to the inability of the EDS system 

for the light elements [56-58] as well as their noticeably small size in the SLM fabricated 
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components. It is worth noting that the reinforcement characterized as TiB contains fine 

TiC precipitates, as shown in Figure 3-13(d) which resulted in detection of C during EDS 

analysis of this phase. However, the TiC phase was free from B element. The reaction 

products (TiB and TiC) with different size and morphology were observed not only in the 

matrix (Figure 3-13(a)) but also at the interface of the partially dissolved B4C particles 

(Figure 3-12). Therefore, the fabricated composite is reinforced by the in-situ synthesized 

TiB and TiC phases as well as the ex-situ residual B4C particles which did not find the 

chance to react with the melt (Figure 3-10 and Figure 3-12). Because of having both ex-

situ and in-situ reinforcements in the microstructure, hybrid composites were obtained. The 

extremely fast cooling rate associated with the SLM process (103-105 K/s) is much higher 

than the critical cooling rate for the martensite formation in Ti64 (410 K/s), leading to the 

martensitic phase transformation of the matrix (α′) [2].  
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Figure 3-13 (a) Overview of the 5wt.% B4C/Ti64 composite microstructure, (b) EDS analysis of 

the Point A, and (c) EDS analysis of point B. The detected phases are believed to be TiC (point A) 

and TiB (point B) as the products of the in-situ reaction between the solid B4C and the molten 

Ti64. Higher magnification micrographs showing the: (d) binary and (e) ternary eutectic reaction 

products and the martensitic matrix. 

In order to have a better understanding of the microstructural evolutions in the TMC 

structure, the solidification path of the 5wt.% B4C/Ti64 system was investigated. For this 

purpose, the multi-component liquid phase consisting of Ti-Al-V-B-C was reduced into a 

hypothetical Ti-B-C ternary system. In other words, the Al and V atoms were substituted 

by Ti atoms. Figure 3-14(a) shows the pseudo-binary equilibrium phase diagram of the Ti-

B4C system in the range of 0-10wt.% B4C. The solidification path of the studied composite 
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system with 5wt.% B4C shown in Figure 3-14(a) can be summarized in three stages as 

follows:  

• Stage I (formation of primary (P) TiB phase): The solidification starts with the 

formation of TiB as the primary phase solidified from the liquid phase: 𝐿 →

(𝑇𝑖𝐵)𝑃 + 𝐿 

• Stage II (formation of TiB-TiC binary eutectic (BE)): Formation of the (TiB)P is 

accompanied by the reduction of the B concentration and partitioning of C in the 

remaining liquid phase. The enrichment of the liquid from C shifts the composition 

of the melt toward the TiB-TiC binary eutectic reaction as: 𝐿 → (𝑇𝑖𝐵𝐵𝐸 +

𝑇𝑖𝐶𝐵𝐸) + 𝐿  

• Stage III (formation of TiB-TiC-β ternary eutectic (TE)): Depletion of the liquid 

phase from B and C elements during the formation of primary and binary eutectic 

products enriches the residual liquid from Ti and subsequently enables the TiB-

TiC-β ternary eutectic reaction as: 𝐿 → (𝑇𝑖𝐵𝑇𝐸 + 𝑇𝑖𝐶𝑇𝐸 + 𝛽𝑇𝐸) 

Based on the above discussions, the equilibrium solidification path in the 5wt.% B4C/Ti64 

system can be summarized as: 

𝐿 → (𝑇𝑖𝐵)𝑃 + 𝐿 → (𝑇𝑖𝐵)𝑃 + (𝑇𝑖𝐵𝐵𝐸 + 𝑇𝑖𝐶𝐵𝐸) + 𝐿 → (𝑇𝑖𝐵)𝑃 + (𝑇𝑖𝐵𝐵𝐸 + 𝑇𝑖𝐶𝐵𝐸) + (𝑇𝑖𝐵𝑇𝐸 +

𝑇𝑖𝐶𝑇𝐸 + 𝛽𝑇𝐸) 

The primary β then undergoes an equilibrium solid-state phase transformation to form 

(α+β) two-phase microstructure at ambient temperature. Accordingly, the final 

microstructure consists of: 

(𝑇𝑖𝐵)
𝑃

+ (𝑇𝑖𝐵𝐵𝐸 + 𝑇𝑖𝐶𝐵𝐸) + (𝑇𝑖𝐵𝑇𝐸 + 𝑇𝑖𝐶𝑇𝐸 + 𝛼 + 𝛽) 
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Figure 3-14(b) schematically shows the microstructural evolutions during equilibrium 

solidification followed by a diffusion-controlled solid-state transformation. According to 

the provided equilibrium solidification path, the in-situ precipitated (TiB)P, (TiB-TiC)BE, 

and (TiB-TiC)TE phases act as reinforcements to the (α+β) matrix of the fabricated 

composite. Since the formation and growth of the primary and binary eutectic products 

occurs in the liquid phase, they are larger compared to the ternary eutectic products. The 

(TiB)P can be detected as a coarse single phase while the binary and ternary eutectic 

products can be characterized by the relatively coarse two-phase and fine three-phase 

microstructures, respectively.  
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Figure 3-14 (a) Pseudo-binary phase diagram of Ti-B4C system in the range of 0-10wt.% B4C 

[59]; Schematic illustrations of: (b) equilibrium, and (c) non-equilibrium solidification path of the 

5wt.% B4C/Ti64 system. 

The microstructural details of the SLM processed 5wt. % B4C/Ti64 composite are shown 

in Figure 3-13(d) and (e). The single-phase (TiB)P was not detected in the microstructure. 

However, the coexistence of TiB-TiC and β-TiB-TiC is believed to be the result of the 

binary (Figure 3-13(d)) and ternary (Figure 3-13(e)) eutectic reactions, respectively. The 
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extremely high cooling rates associated with the SLM process caused the deviation of the 

solidification path from the proposed equilibrium solidification sequence. In fact, the rapid 

solidification depressed the appearance of (TiB)P as the primary solidification phase which 

was expected to be formed in the extremely narrow solidification range of 12 K based on 

the equilibrium phase diagram provided in Figure 3-14(a). Moreover, the high cooling rates 

after the solidification suppressed the diffusion-controlled solid-state transformation of 

primary β phase and led to the formation of αʹ through a diffusionless martensitic 

transformation. Therefore, the non-equilibrium solidification sequence and solid-state 

phase transformation during SLM of 5wt. % B4C/Ti64 can be summarized as: 

𝐿 → (𝑇𝑖𝐵𝐵𝐸 + 𝑇𝑖𝐶𝐵𝐸) + 𝐿 → (𝑇𝑖𝐵𝐵𝐸 + 𝑇𝑖𝐶𝐵𝐸) + (𝑇𝑖𝐵𝑇𝐸 + 𝑇𝑖𝐶𝑇𝐸 + 𝛽𝑇𝐸) → (𝑇𝑖𝐵𝐵𝐸 + 𝑇𝑖𝐶𝐵𝐸) +

(𝑇𝑖𝐵𝑇𝐸 + 𝑇𝑖𝐶𝑇𝐸 + 𝛼ʹ)   

Figure 3-14(c) schematically shows the evolutions of the microstructure for the non-

equilibrium scenario. Although the final microstructure is slightly different from the 

equilibrium microstructure proposed by the phase diagram, the equilibrium solidification 

sequence could provide valuable insight into the microstructural evolutions of the SLM 

processed composite parts with much more complex phase transformations.  

The microstructure of the graphite crucible-cooled composite revealed the formation of 

(TiB)P due to the low cooling rates involved in the solidification process (Figure 3-15(a)). 

Although still present in the microstructure, the increased cooling rate induced by the 

water-cooled copper crucible significantly decreased the volume fraction of the (TiB)P 

phase and made it rather difficult to find this phase in the microstructure (Figure 3-15(c)). 

Therefore, the absence of (TiB)P in the microstructure of the SLM fabricated TMCs is 

reasonable due to the extremely high cooling rates induced in the process. Regardless of 

the cooling rate, the arc melted composites contained binary and ternary reaction products, 
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as shown in Figure 3-15(b) and (d). It is noteworthy that the matrix in the conventional arc 

melted samples seems to be consisted of (α+β) lamellar microstructure (Figure 3-15(e)). 

However, the diffusionless transformation induced during the SLM process with extremely 

high cooling rates led to the formation of a fully martensitic α′ microstructure. Comparison 

of the microstructures for the arc melted, and SLM processed TMCs also revealed a 

significant correlation between the size of in-situ formed reinforcements and the cooling 

rate. The microstructure showed refinement from graphite crucible cooled system to the 

water-cooled copper crucible case and then to the SLM processed condition (Figure 3-13 

and Figure 3-15).      
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Figure 3-15 The microstructure of the 5wt.% B4C/Ti64 composite fabricated through conventional 

arc melting in: (a,b) graphite crucible, and (c,d) water-cooled copper crucible. (e) The 

microstructure of the matrix in the arc melted composites. 

3.3.6  Microhardness  

Figure 3-16 compares the microhardness of the SLM fabricated TMCs and the monolithic 

Ti64 parts generated using the same process parameters. Since the microhardness data are 

not influenced by the internal defects present in the additively manufactured parts, this test 
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can provide a useful criterion as a means of comparison of the mechanical properties [60]. 

The following points can be drawn from the microhardness results: 

(1)  The microhardness of the TMCs showed a relatively monotonic trend in the applied 

range of volumetric energy densities. The higher volume fraction of un-dissolved B4C 

particles in the 𝐸𝑣= 50 J/mm3 (587 HV) condition seems to have the same influence on the 

hardness as the higher volume fraction of in-situ precipitated reinforcements formed in the 

case of 𝐸𝑣= 75 J/mm3 (571 HV). 

(2)  In general, the microhardness of the TMCs was higher than the unreinforced Ti64 

samples regardless of the operating process parameters. Incorporation of B4C particles to 

the Ti64 matrix resulted in 30-80% improvement in the microhardness, showing an 

ascending trend with decreasing 𝐸𝑣. By considering the same microhardness values for 

TMCs under different process parameters, this can be attributed to the significant variation 

in the microhardness of Ti64 samples (120 HV) for the studied range of 𝐸𝑣. 

(3) The microhardness of Ti64 samples was a direct function of 𝐸𝑣, owing to the increase 

in the martensite lath size [35].        
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Figure 3-16 The variation of microhardness as a function of the volumetric laser energy density 

for the SLMed 5wt.% B4C/Ti64 composite and Ti64 parts fabricated by the same process 

parameters. 

3.4 Conclusions 

In this research, selective laser melting (SLM) process was employed to fabricate titanium 

matrix composites (TMCs) from 5wt.% B4C/Ti64 powder feedstock prepared by the ball 

milling process. For a better understanding of the microstructural evolutions in the SLM 

fabricated TMCs, the same powder system was subjected to the arc melting process with 

two different cooling rates. The main findings may be summarized as follows: 

(i) The powder feedstock developed by 90 min of ball milling was found to meet 

the characteristics desired for the SLM process. While the guest B4C particles 

were fully decorating the surface of the host Ti-6Al-4V (Ti64) particles, the 

original spherical shape of the Ti64 particles was preserved. 

(ii) Microstructural observations revealed the dissolution of B4C particles rather 

than melting. Higher laser energy densities led to the enhanced dissolution and 

elevated in-situ reaction between the B4C particles and the surrounding molten 
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Ti64. Moreover, for a given laser energy density, finer B4C particles 

experienced faster dissolution rate in the surrounding molten media.   

(iii) At relatively low laser energy density of 50 J/mm3, the TMC microstructure 

contained un-melted/partially melted host Ti64 particles surrounded by the 

partially dissolved guest B4C particles. This was attributed to the limited heat 

diffusivity from the decorating B4C particles towards the Ti64 powder 

particles. The elevated heat input provided by higher energy densities paved 

the way for the full melting of Ti64 particles.  

(iv) Although the arc-melted TMCs cooled in the graphite crucible (near-

equilibrium condition) contained coarse primary TiB phase, the SLM 

processed components were free from this type of TiB. Due to the noticeably 

narrow solidification range (12 K) for the formation of primary TiB in the full 

equilibrium condition, the SLM process with non-equilibrium nature inhibited 

the formation of this phase. The SLM processed microstructure was also 

extremely finer than the arc-melted cases. 

(v) Incorporation of B4C particles into the Ti64 matrix effectively enhanced the 

hardness of the fabricated composites through the in-situ formation of TiB and 

TiC reinforcements. Depending on the applied volumetric energy density, the 

TMCs showed 30-80% increase in the microhardness compared to the 

monolithic Ti64 parts processed with the same parameters.  
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Abstract 

Understanding the laser-powder interaction during laser powder bed fusion (LPBF) of 

composite systems is vital in producing robust parts. The currently existing mechanically 

mixed composite powders are unable to meet the requirements of an ideal powder for the 

LPBF process, even if the metallic particles remain highly spherical with a second 

constituent attached to them. It was found that the presence of a reinforcing agent (i.e., 

B4C) on the surface of metallic particles (i.e., Ti-6Al-4V), rather than its embedment, 

hinders the full melting of the metallic constituent and deteriorates the powder flowability 

by creating inter-particle tangling. Despite the significant improvement in the optical 

absorption caused by the incorporation of the reinforcing agent, the composite powder 

showed inferior processability compared to the monolithic system.   

Keywords: Laser powder bed fusion (LPBF); Metal matrix composite (MMC); Optical 

absorption; Unmelted/Partially melted Ti-6Al-4V; Effective powder layer thickness.    
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4.1 Introduction 

Metal matrix composites (MMCs) are known as outstanding engineering materials with 

tailorable properties, having a huge potential to be used in automotive, aerospace, 

biomedical, and defence industries [1]. Nevertheless, their application has been 

overshadowed by alloys and superalloys over the past few decades due to the difficulties 

associated with the processing of MMCs. Their conventional manufacturing methods 

including casting, pressure/pressureless infiltration, powder metallurgy, chemical, and 

physical vapor deposition [2] suffer from the inability to fabricate parts with complex-

shaped geometries, intricate features, and functionally graded microstructures and 

properties, which are of high demand in the abovementioned industries [3]. The emergence 

of the laser powder bed fusion (LPBF) technique as a promising additive manufacturing 

(AM) technology has recently resolved the difficulties associated with the fabrication of 

MMCs and renewed the interest in using them [4]. The main obstacle facing the 

implementation of this unprecedented technology is the lack of commercially available 

composite powders serving as the starting material. It has been recently shown that almost 

ideal composite powders (from the LPBF perspective) having spherical metallic powder 

particles uniformly decorated by the reinforcing agent are achievable through the ball 

milling process [5, 6]. However, there might be some other factors that need to be 

considered in the development of an ideal composite powder for the LPBF.  

This study realizes one of the major missing factors in developing ideal composite powders 

for LPBF process via the ball milling technique. For this purpose, 3wt.%B4C/Ti-6Al-4V 

composite powder with almost spherical Ti-6Al-4V (Ti64) particles decorated by irregular-

shaped B4C particles was prepared and subjected to laser processing. The results revealed 
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that the presence of reinforcing agent (i.e., B4C) on the surface of the metallic particles 

(i.e., Ti64), rather than its embedment, led to a significantly reduced melting efficiency of 

the composite powder compared to the monolithic Ti64. This observation unveils the 

significant contribution of the location of the reinforcing agent on the LPBF processability 

of MMCs. 

4.2 Materials and experimental procedure 

The starting materials were Ti64 and B4C powders with the morphology shown in Figure 

4-1(a,b) and a mean particle size of 35 µm and 2 µm, respectively. A composite powder 

containing 3wt.%B4C (Figure 4-1(c)) was developed by ball milling of powders at a 

rotational speed of 200 rpm and mixing time of 2 h. The optical absorption of Ti64, B4C, 

and the composite powder was measured by means of diffuse reflectance spectroscopy 

(DRS), as thoroughly explained in [7]. The flowability and packing density of Ti64 and the 

developed composite powders were assessed using the FT4 technique, as explained in [8]. 

An EOS-M280 machine was utilized to fabricate monolithic Ti64 and composite parts. A 

wide range of volumetric energy densities (
V

P
e

h t
=

 
) was employed to fabricate test 

samples on a Ti64 build plate preheated to 200 °C (30-300 J/mm3). The cut and polished 

sections were etched chemically using Keller's reagent and characterized by optical 

microscopy (OM) as well as scanning electron microscopy (SEM) equipped with energy 

dispersive X-ray spectroscopy (EDS) analysis. 
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Figure 4-1 SEM micrographs of: (a) Ti64, (b) B4C, and (c) developed 3wt.%B4C/Ti64 powders. 

(d) Optical absorption of powders vs. the wavelength. 

4.3 Results and discussions 

Referring to Figure 4-1(c), the B4C constituent has decorated the surface of the Ti64 

particles (a surface coverage percentage of ~10%) in the composite powder system. This 

is inevitably accompanied by the participation of B4C particles in the laser-powder 

interactions during the LPBF process. As shown in Figure 4-1(d), this decoration caused a 

significant increase in optical absorption from 66 to 78%. Although the literature suggests 

that the enhanced absorption results in better melting kinetics and improved processability 

[9], the contrary was observed in the 3wt.%B4C/Ti64 system. As shown in Figure 4-2(a,b), 

unmelted/partially melted (UM/PM)-Ti64 particles (confirmed by EDS analysis) are 
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perceptible in the microstructure of composite samples processed with Ve of 33 and 71 

J/mm3. However, these UM/PM particles are absent in monolithic Ti64 samples subjected 

to the same Ve levels (e.g., Ve of 71 J/mm3 in Figure 4-2(d)). Microstructural 

characterization revealed that a noticeably higher Ve  (e.g., 297 J/mm3 in Figure 4-2(c)) is 

required in the composite scenario for the complete melting of Ti64 particles. Therefore, 

although the decoration of Ti64 particles by B4C significantly increases the optical 

absorption, it surprisingly deteriorates the melting efficiency and processability.   

The presence of UM/PM-Ti64 particles in the LPBF-processed composite parts can be 

traced back to the following factors: 

I. Energy consumption by B4C particles: Due to their noticeably higher melting point 

of 3036 K, B4C particles do not experience melting but dissolution during the 

LPBF process [6, 10]. Although the incorporation of B4C into the Ti64 resulted in 

the enhanced optical absorption (Figure 4-1(d)) and heat input, a portion of this 

heat was absorbed by B4C particles which did not actively participate in the 

melting (as confirmed by EDS analysis in Figure 4-2(a)). In addition, the 

dissolution of solid B4C particles in the molten Ti64 occurs through an 

endothermic reaction, which further consumes the absorbed energy without 

assisting the melting. Therefore, higher Ve  are required for the complete melting 

of Ti64 particles and the dissolution of B4C particles in the composite system.  

II. Different heat inputs under the same process parameters: Application of 

V

P
e

h t
=

 
 for comparing the energy input of two different materials with 

different optical absorptions and powder bed packing densities can be misleading 
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since it ignores the effect of these two factors. This equation has been recently 

modified to take the effect of not only process parameters but also powder 

properties and laser-powder interactions into consideration. The modified equation 

is defined as v

eff

AP
E

v h t
=

 
, where 𝐴 signifies the absorption, and eff

bed

t
t


=  

denotes the effective powder layer thickness ( bed  is the powder bed packing 

density) [7]. 𝐴 can be found in Figure 4-1(d), and bed  is defined as / bulkCBD 

( bulk signifies the bulk density of the material which is assumed to be 4.43 g/cm3). 

According to the modified equation, the energy input in the composite case is 

slightly lower than that of the monolithic Ti64 under the same process parameters.   

The decorating B4C not only adversely affected the melting efficiency but also deteriorated 

the flowability of the composite powder by creating mechanical inter-locking among the 

particles. Referring to Figure 4-1, the composite powder showed ≈ 82% higher specific 

energy (SE) compared to the monolithic Ti64 powder, meaning a significant decrease in 

the flowability, and consequently the LPBF processability of the composite system. It is 

also worth noting that the addition of B4C to Ti64 has been shown to significantly decrease 

the fluidity of the melt even if fully dissolved [11]. This can also adversely affect the 

processability of the fabricated composites. 

Table 4-1 Flowability and packing density of powders. 

Powder 

Powder Flowability Powder Density 

Specific Energy, SE [mJ/g] Conditioned Bulk Density, CBD [g/mL] 

Ti64 2.1±0.09 2.7±0.02 

3wt.%B4C/Ti64 3.8±0.26  2.18±0.00 
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Figure 4-2 SEM micrographs of the LPBF processed: (a-c) 3wt.%B4C/Ti64 composite powder 

subjected to various Ve ; and (d) monolithic Ti64 system. “PD” in (a) refers to partially dissolved.  

The nature of the matrix and reinforcement(s) in the developed 3wt.%B4C/Ti64 is 

significantly dependant on the Ve . As shown in Figure 4-3(a,b), the composites processed 

at relatively low and medium Ve are both characterized by a cellular/columnar dendritic 

microstructure. The cores and boundaries are believed to be Ti64 and boron/carbon 

enriched Ti64, respectively. Although the reaction between the molten Ti64 and the solid 

B4C is expected to end up with the formation of TiB and TiC reinforcements [12], such 
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phases were absent in the microstructure. Since B4C particles do not find the chance to 

completely dissolve into the surrounding molten Ti64 in composite systems processed with 

low and medium Ve , the amounts of boron and carbon are not high enough to cause the 

formation of TiB and TiC phases. When employing a relatively high Ve of 297 J/mm3; 

however, B4C particles experience a full dissolution into the molten Ti64 during the heating 

stage. The boron and carbon levels in this scenario are high enough to result in the 

formation particulate-shape TiC and needle-shape TiB phases from the liquid through 

eutectic reactions (Figure 4-3(c)) during the cooling stage, as confirmed in [6]. Thus, it is 

fair to conclude that functionally graded microstructures and properties are achievable 

through the LPBF process by manipulating process parameters. It is worth noting that 

cracks were observed in all printed composite parts, examples of such cracks are shown in 

Figure 4-3(d), and (e). These thermally induced cracks are mainly attributable to the 

considerably reduced ductility of Ti64 due to the addition of 3wt.%B4C particles. 

Nevertheless, the cracking was more severe at low and medium Ve , where UM/PM Ti64 

particles existed in the microstructure (Figure 4-3(d)).   
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Figure 4-3. SEM micrographs of the LPBF-processed 3wt.%B4C/Ti64 composite powder 

subjected to Ve  of: (a) 33, (b) 71, and (c) 297 J/mm3. Optical microscopy images showing cracks 

in the systems processed by Ve of: (d) 33, and (e) 297 J/mm3. 

4.4 Conclusions 

The processability of 3wt.%B4C/Ti64 composite powder is determined not only by the 

sphericity of metallic constituent and B4C-to-Ti64 attachment but also by the location of 

B4C particles. Compared to the monolithic Ti64, considerably higher Ve  were required in 

the composite system to completely melt B4C-decorated Ti64 particles. The detrimental 

influence of surface-decorating B4C particles on the processability of the composite system 

has been attributed to: (i) the dissipation of heat input by B4C particles, (ii) larger effective 

powder layer thickness, and (iii) insufficient heat transfer from B4C to Ti64 particles. To 

fulfill the existing vacancies and take another step toward finding ideal mechanically-
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mixed composite powders, finer reinforcing agents and/or their embedment should be the 

subject of future studies.  
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5 Chapter 5 Microstructural characterization and 

mechanical properties of nano-scale/sub-micron 

TiB-reinforced titanium matrix composites 

fabricated by laser powder bed fusion
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Abstract 

A B4C/Ti-6Al-4V(Ti64) composite powder containing a minor B4C content (0.2wt.%) was 

developed by a novel technique and was subjected to the laser powder bed fusion (L-PBF) 

process within a wide range of laser powers and scanning speeds to fabricate titanium 

matrix composite (TMC) parts. The relative density measurement results revealed that 

almost fully dense TMC parts could be achieved by optimizing the process parameters. 

Compared to the Ti64 case, slightly higher 𝐸𝑣 values were required in the TMC system to 

achieve the highest relative density. Microstructural characterisation of the TMC parts 

revealed the formation of large columnar prior β grains containing in-situ formed nano-

scale/sub-micron TiB needles homogenously dispersed in a martensitic matrix. While 

having almost the same ductility, the fabricated TMC parts showed 25, and 8% higher 

nanohardness, and compressive yield strength, respectively, and 12% lower wear rate than 

the Ti64 sample. The improved mechanical properties of the TMC part were due to the 

contribution of several factors including the incorporation of nano-scale/sub-micron TiB 

reinforcement, the refinement of the martensite α՛ laths, and the solid solution strengthening 

effects of carbon atoms. The contribution of TiB presence and solid solution strengthening 

was found to be ~87.5%, and ~12.5% in the overall yield strength enhancement of the TMC 

parts, respectively. 

 

Keywords: Laser powder bed fusion; Titanium matrix composite; Ti-6Al-4V; TiB; 

Strength; Wear resistance 
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5.1 Introduction 

Ti-6Al-4V (referred to as Ti64 hereafter) is the most widely used titanium alloy with an 

(α+β) two phase microstructure, which makes of more than half the usage of titanium 

alloys. This alloy offers a good balance of properties such as high specific strength, 

adequate stiffness, appropriate high-temperature stability and resistance, good fatigue 

behavior as well as outstanding corrosion resistance, making it applicable in a wide range 

of industries such as aerospace, petrochemical, and biomedical [1, 2]. Among these 

industries, the aerospace sector accounts for >70% of the whole Ti consumption worldwide 

[3]. Other than these industries, Ti alloys are rarely used in other sectors due to their 

relatively high cost [4]. Although having numerous benefits, the limited wear resistance of 

Ti alloys is a major concern when high abrasion and erosion resistance is required [2]. 

Accordingly, a great deal of attempt has been made in recent decades toward adding 

alloying elements or incorporating reinforcing particles (ex-situ and in-situ) to/into Ti 

alloys to improve not only their hardness and strength, but also their wear resistance [5].  

In the as-cast condition, the microstructure of Ti64 alloy consists of very coarse prior β 

grains with sizes in the order of few mm, making it necessary to employ several thermo-

mechanical processing steps with the purpose of breaking these coarse grains down to sub-

mm or micron length scales [6]. The melting, thermo-mechanical processing and final 

machining stages employed to produce finished components of Ti alloys have been 

reported to be very expensive, accounting for approximately 60% of the total cost [7]. A 

vast majority of research has been carried out in recent decades to reduce the cost of 

finished Ti products and expand their usage to other industrial sectors. For this purpose, it 

has been tried out to decrease the number of processing steps of Ti alloys via adding 

alloying elements which are capable of refining the grain size of the as-cast microstructure. 
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The refined microstructures will no longer require a number of high-temperature 

processing steps, leading to a significant drop in the price of manufactured components. 

Among a wide variety of elements acting as grain refiner in Ti alloys, boron (B) has an 

incredible grain refining effect and can reduce the as-cast grain size of Ti alloys by an order 

of magnitude even when existing as minor amounts (e.g., 0.1wt.%) [8]. Although the 

reduced cost of Ti alloys obtained by the alloy design eliminates the high temperature 

processing steps, Ti alloy components obtained by conventional manufacturing processes 

are still expensive. Due to its numerous advantages over traditional manufacturing, additive 

manufacturing (AM) has become a direct manufacturing technology with applications 

across a variety of industries [9, 10]. This unprecedented technology provides fabrication 

of customized and near-net-shape parts with complex shapes, fine features, and unique 

geometries in one shot, making it economically attractive and of a high interest especially 

in applications demanding low volume production of relatively expensive materials such 

as Ti alloys [11-14]. Accordingly, there is a growing global interest in implementing AM 

technologies providing improved material efficiency and lower cost.  

Various AM processes have been emerged in recent decades in which the common theme 

is the consolidation of the feedstock material in a layer-by-layer manner through the 

localized melting and subsequent solidification, sharing similarities to the cast 

microstructures. Direct energy deposition (DED) and powder bed fusion (PBF) are the AM 

categories most frequently used to fabricate metallic parts. The microstructures of as-

deposited Ti64 alloy parts obtained by the DED processes are featured by large columnar 

prior β grains extended over multiple layers, surrounded by grain boundary α extended 

along the prior β grain boundaries [15, 16]. The grain boundary α is known as the major 
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impediment to the ductility by providing a continuous pathway for the crack propagation 

[17, 18].  

Recently, there has been a great interest toward engineering the microstructure via 

controlling the process parameters during the AM process. Although this strategy has been 

found to be successful in tailoring the microstructure within a single component in some 

alloys (e.g. Inconel 718) [19], the low thermal gradients needed for prior β grains of Ti64 

alloy to form in an equiaxed morphology is not feasible in the processing space of the DED 

and PBF techniques [20]. Also, the relatively narrow range of optimum processing window 

poses a great challenge to the microstructure tailoring through the engineering of process 

variables. Therefore, researchers have been seeking alternative ways of grain refinement 

in the AM-fabricated Ti64 alloy. Successful attempts have been made lately to refine the 

size of prior β grains in AM-fabricated Ti alloys via trace addition of B [16, 20], LaB6 [21], 

Si [22], and Be [23]. Due to its significantly high growth restriction factor [24, 25], B has 

attracted considerable attention for this purpose. In the DED-fabricated B-modified Ti64 

alloys, B has been shown to not only refine both the prior β and α grain size, but also 

eliminate the grain boundary α phase [16]. However, despite these favorable features, the 

presence of large TiB needles (> 50 µm) textured along the prior β grain boundaries in the 

B-modified Ti64 alloy subjected to the wire-arc AM process (with relatively lower cooling 

rate compared to other AM processes) has been shown to increase the anisotropy in the 

microstructure and mechanical properties, due to the large TiB needles being highly 

susceptible to cracking under tensile loading [21]. Since the size of TiB needles is 

dependent on the cooling rate, AM processes with higher cooling rates (e.g., laser powder 

bed fusion (L-PBF)) can lead to the formation of larger numbers of finer TiB precipitates 
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with more homogeneous distribution, and consequently reduced anisotropy in the 

microstructure and mechanical properties.  

B and C are known as the most effective grain refiners in Ti alloys. In addition, their 

presence in Ti alloys can lead to the formation of TiB and TiC phases, which can play a 

promising role in improving the mechanical properties of Ti alloys [5, 26]. Therefore, 

minor B4C (as the source of B and C elements) amount of 0.2wt.% was added to the Ti64 

powder in this study to produce the composite powder feedstock. The composite powder 

was produced by a novel mechanical mixing strategy, causing the flowability and apparent 

packing to be close to those of the monolithic Ti64 powder. A wide range of process 

parameters were utilized to fabricate parts out of the composite and monolithic Ti64 

powders. The process parameters leading to the highest densification levels were employed 

to fabricate compression, and wear test specimens. Addition of minor B4C to the Ti64 was 

found to improve the hardness, compressive strengths, and wear resistance.  

5.2 Materials and Experimental Procedure  

5.2.1 Starting materials and preparation of the composite powder feedstock  

The starting powders used in this research were gas atomized Ti64 alloy and B4C with the 

nominal chemical compositions reported in [27]. A composite powder feedstock 

containing 0.2 wt.%B4C (the rest is Ti64) as the starting reinforcing agent was developed 

using a novel approach benefitting from the advantages of both regular mixing and ball 

milling processes. Production of each 300 g of composite powder by this technique 

involved adding 20 g of 2 h-ball milled 3wt.%B4C/Ti64 composite powder to 280 g of 

monolithic Ti64 powder, followed by regular mixing for 2 h. The mixing of powders was 

performed using a high-performance planetary Pulverisette 6 machine operating at a fixed 
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rotational speed of 200 rpm. The ball-to-powder weight ratio in the ball milling process 

was set to be 5:1, while the regular mixing was free from balls. The metallic balls added to 

the system in the ball milling process were made of hardened stainless steel and had a 

diameter of 10 mm.  

5.2.2 Characterization of the powders 

The morphology of the starting powders and the produced composite powders were 

observed using a Vega Tescan scanning electron microscopy (SEM) operating at an 

accelerating voltage of 20 kV. The optical absorption of Ti64 and B4C powders as well as 

the developed composite powder was measured using diffuse reflectance spectroscopy 

(DRS) technique equipped with an UV-Visible-NIR LAMBDA 950 Perkin Elmer 

spectrophotometer. The integrating sphere had a diameter of 150 mm and was coated with 

Spectralon with a spectral resolution of 1 nm. A 100% reflectance standard was used as 

reference to remove the noise. In order to perform the test, each powder sample was placed 

in a quartz cuvette and sealed prior to mounting on a Teflon sample holder. The light 

sources were Deuterium (D2) and Tungsten with the wavelength ranges of 200-320 and 

320-2500 nm, respectively. Photon Counting photomultiplier tubes (PMT) and Lead 

Sulfide (PbS), applicable in the wavelength ranges of 200-860.8 and 861-2500 nm, 

respectively were used as detectors. The flowability and packing density of the Ti64 and 

composite powders were evaluated by the FT4 Freeman powder rheometer with the 

procedure thoroughly explained in [27, 28]. 

5.2.3 L-PBF processing 

An EOS M280 machine (EOS, Krailling, Germany) equipped with a Yb-fiber laser system 

delivering power levels of up to 400 W was used in this study. An atmosphere of high 
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purity Ar gas was applied to reduce the oxygen content in the build chamber and 

accordingly minimize the oxidation chance. Cubic parts with the dimensions of 10×10×10 

mm3 were printed on a 200 °C-preheated Ti64 build plate (Figure 5-1(a)). Using a fixed 

layer thickness (𝑡) of 30 µm, and a hatch spacing (ℎ) of 100 µm, varying laser powers (𝑃), 

and scanning speeds (𝜐) were employed to study the effect of process variables on the 

quality of the L-PBF fabricated Ti64 and TMC parts (Table 5-1). By considering the 

process parameters, the volumetric energy density (𝐸𝑣) is defined as follows [29]: 

𝐸𝑣 =
𝑃

𝜐ℎ𝑡
 [

J

𝑚𝑚3]                                                                                                                 [1] 

Scanning of layers was conducted using a zigzag scanning strategy, alternating 90° 

between two successive layers.   

Table 5-1 The laser powders and scanning speeds employed to fabricate cubic parts. 

Laser Power, 𝑷 [W] Scanning Speed, 𝝊 [mm/s] 𝑬𝒗 [J/mm3] 

100, 150, 200, 250 400, 600, 800, 1000 33-208 
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Figure 5-1. Schematic view of the fabricated: (a) cubic samples, (b) wear test specimen, and (c) 

compression test specimen. As shown in (c), the printed cuboid specimens were subjected to wire 

electric discharge machining (EDM) to extract cylindrical compression test samples, as per 

ASTM-E9-09 standard. (Note: The provided dimensions are not proportional to the actual size). 

The process parameters leading to the highest relative densities in each case (Ti64 and 

TMC) were employed to print parts for wear and compression tests (Figure 5-1(b), and 

(c)). The discs built for the wear test were cut off the plate via wire EDM, ground and then 

polished according to the standard metallography procedure before testing.       

5.2.4 Microstructural observations and oxygen/nitrogen (O/N) analysis 

Prior to the microstructural characterization, microhardness measurement and 

nanoindentation test, the cubic parts sectioned through the front plane (Figure 5-1(a)) were 

ground and polished according to the standard metallography procedure. The final stage of 

sample polishing was performed using colloidal silica with an average particle diameter of 

0.06 µm. The non-etched sections were observed using a Keyence (Osaka, Japan) VHX 

digital microscope to compare the defects of the parts qualitatively and quantitatively. The 

relative density of parts was measured using ImageJ software. The selection of image 
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analysis technique (instead of Archimedes method) for evaluating the density was due to 

the fact that the bulk density needed for relative density measurements of the TMC samples 

was unknown. The reported relative density for each sample represents the average of at 

least 12 measurements. For microstructural studies, the polished sections were chemically 

etched using Kroll’s Reagent and were observed using a Nikon optical microscopy (OM) 

as well as a Vega Tescan SEM operating at an accelerated voltage of 10 kV. Electron back-

scattered diffraction (EBSD) studies were also carried out to probe the effect of B4C 

addition on the grain size, and texture using hardware and software manufactured by FEI. 

Spatially resolved EBSD maps were acquired at the voltage of 20 keV using a step size of 

0.3 µm.  

The oxygen/nitrogen (O/N) content of both Ti64 and TMC samples was analyzed using an 

ON736 model LECO elemental analyzer. Both Ti64 and TMC samples used for this 

purpose were fabricated using the same process parameters (𝑃=100 W, 𝜐=600 mm/s, 

ℎ=100 µm, and 𝑡=30 µm). Prior to the analysis, calibration was performed using reference 

specimens.   

 

5.2.5 Mechanical testing 

The mechanical properties of fabricated parts were evaluated using microhardness and 

nanohardness measurements, as well as wear, and room temperature compression tests. 

Microhardness measurements were conducted using a Matsuzawa microhardness testing 

machine with a load of 500 g and a dwell time of 10 s. The reported microhardness value 

for each specimen represents the average of at least 5 distinct measurements. Nanohardness 

measurements were made using Oliver-Pharr method by utilizing an Anton Paar NHT3 

nano-indentation tester (Anton Paar, Graz, Austria) equipped with a Berkovich pyramidal-



 

 

 

Ph.D. Thesis – Eskandar Fereiduni           McMaster University - Mechanical Engineering 

207 

 

shaped indenter tip. Before conducting nanoindentation tests, calibration was performed 

by using a Fused Silica reference sample. Maximum load of 20 mN, and loading/unloading 

rate of 40 mN/min were applied on the polished surface of Ti64 and TMC parts in their 

front view plane. The pause at the maximum load was 10 s for all cases. Compression test 

was conducted at room temperature using an Instron tensile testing machine as per ASTM 

E9-19 standard. The strain rate was set to be 0.005 mm/mm/min. The wear performance of 

samples was evaluated using an Anton Paar standard TRB3 tribometer in accordance with 

the ASTM G99-95a standard [30] at room temperature. The employed ball was made of 

alumina, and had a diameter of 6 mm. The applied normal load was 20 N. The linear speed 

and acquisition rate were set to be 20 cm/s and 100 Hz, respectively. The tests were 

performed on three different radii of 4, 6, and 8 mm on the top surface of each sample. 

Three distinct spots of the worn track at each radius of each sample were analyzed with an 

Alicona microscope to quantify their depth and width and accordingly calculate the wear 

rate (𝑊) as follows [31]: 

𝑊 =
𝑉

𝐹𝑛×𝑙
                                                                                                                           [2] 

where 𝑉 is the wear volume, 𝐹𝑛 refers to the applied normal force, and 𝑙 represents the 

length.  

5.3 Results  

5.3.1  Composite powder feedstock 

Figure 5-2(a) shows the micrograph of the 3wt.%B4C/Ti64 composite powder prepared by 

the ball milling of powder constituents for 2 h [32]. As it is evident, Ti64 powder particles 

in the produced composite powder were either deformed or almost spherical. The 

morphological change (spherical to quasi-spherical/flattened) of the deformed Ti64 
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particles occurred during the ball milling process, in which the ductile Ti64 powder 

particles experienced severe plastic deformation and micro-forging induced by balls [27]. 

The ball milling process also provided the attachment of irregular-shape B4C particles to 

the surface of ductile Ti64 particles, leading to B4C-decorated Ti64 powder particles. The 

hard B4C particles hitting the surface of Ti64 ones during the ball milling stage also caused 

the roughening of their surface. The 3wt.%B4C/Ti64 composite powder presented in Figure 

5-2(a) was regularly mixed (balls were absent) with the monolithic Ti64 powder (Figure 

5-2(b)) to develop the desired composite powder feedstock containing 0.2wt.%B4C. Figure 

5-2(c) presents the micrograph of this composite powder, in which most of the Ti64 powder 

particles were fully spherical and free from B4C particles adhered to their surface since: 

(i) B4C particles were well bonded to the surface of Ti64 particles of the ball-

milled 3wt.%B4C/Ti64 composite powder. Accordingly, they did not find the 

chance to attach to the Ti64 powder particles added to the system in the regular 

mixing stage (second stage). 

(ii) The attachment of B4C particles to the Ti64 powder particles requires an 

external load which is the impact energy provided by the balls. Due to the 

absence of balls and consequently the ball-induced impacts in the regular 

mixing process, this adherence was not facilitated.    

The variation in the optical absorption of the Ti64 and B4C powders as well as the 

developed 0.2wt.%B4C/Ti64 composite powder is given in Figure 5-2(d) as a function of 

the wavelength. At 1070 nm, which is the wavelength of the L-PBF machine used in this 

work, Ti64 and B4C powders had optical absorptions of 66 and 83%, respectively [32]. The 

composite powder showed a laser absorption of 68%, which was slighly higher than that 

of the Ti64 powder. This can be ascribed to the contribution of two factors: 
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(i) Addition of only a low content (0.2wt.%) of a highly absorptive powder (B4C) 

to the Ti64 powder to produce the composite powder. Based on the mixture 

rule principle, this addition enhances the absorption of the composite powder 

since a fraction of the Ti64 powder constituent is replaced by a higher 

absorptive material [10, 33].    

(ii) The modest change in the morphology (shape and surface roughness) of Ti64 

powder particles in the portion of composite powder subjected to the ball 

milling process. This slight deviation in the morphology acted to increase the 

frequency of interactions and consequently the optical absorption [34].   
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Figure 5-2. SEM micrographs of: (a) 3wt.%B4C/Ti64 [32], (b) monolithic Ti64 [32], and (c) 

0.2wt.%B4C/Ti64 powders. (d) Optical absorption versus the wavelength for the Ti64 [32] and 

B4C [32] powders as well as the developed 0.2wt.%B4C/Ti64 composite powder. The wavelength 

of 1070 nm represents the laser wavelength of the L-PBF machine used in this study to fabricate 

parts. 

The results of the FT4 Freeman powder rheometer test for Ti64 and 0.2wt.%B4C/Ti64 

powders are listed in Table 5-2. As can be seen, incorporation of 0.2wt.%B4C powder to 

the Ti64 powder led to an increase in the specific energy and adversely affected the 

flowability (the higher the specific energy, the lower the flowability). Although B4C 

particles decorated the surface of only a minor fraction of Ti64 powder particles in the 
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developed composite powder, they reduced the flowability by increasing the inter-particle 

friction and acting as mechanical inter-locking sites during the flow of powder particles 

[27, 32]. However, it should be noted that since most of Ti64 particles maintained their 

desired spherical shape, the produced composite powder is believed to possess a superior 

flowability compared to the same composite powder that could be obtained by a single 

stage of ball milling for 2 h. The developed composite powder also showed a lower 

conditioned bulk density (CBD) than that of the monolithic Ti64 powder. This can be 

attributed to two factors: (i) addition of a less-dense material (B4C) to the Ti64 powder, 

and (ii) the increased inter-particle friction caused by the presence of irregular-shape B4C 

particles [27]. 

Table 5-2. Flowability and packing density of powders obtained by the FT4 Freeman powder 

rheometer technique. 

Powder 

Flowability Density 

Specific Energy, SE [mJ/g] Conditioned Bulk Density, CBD [g/mL] 

Ti64 2.1 ± 0.09 2.7 ± 0.02 

0.2wt.%B4C/Ti64 3.07 ± 0.05  2.38 ± 0.01  

 

5.3.2 Densification level and processability 

Figure 5-3 shows the variation in the density of the L-PBF fabricated Ti64 and TMC parts 

as a function of the 𝐸𝑣. In both cases, the density first increased, and then followed a 

decreasing trend by increasing the 𝐸𝑣, leading to the maximum densities being achieved 

within an optimum range of 𝐸𝑣. The measurements also revealed that a slightly higher 𝐸𝑣 

was required in the TMC case to obtain the maximum density (50 J/mm3 for the TMC vs. 

42 J/mm3 for the Ti64 system). To gain a better understanding of the effect of process 

parameters on the defect formation, non-etched cross-sections of the front view are 
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provided in Figure 5-4 and Figure 5-5 for Ti64 and TMC samples, respectively. The 

porosities observed in samples with relatively low 𝐸𝑣 are characterized by their irregular 

shape (Figure 5-4(g) and Figure 5-5(g)), and are known to be caused by the inter-track 

and/or inter-layer insufficient overlap. At the laser power of 100 W, the decrease in the 

scanning speed (increase in 𝐸𝑣) led to lower levels of porosity in both Ti64 and TMC parts 

(Figure 5-4(a), (d) and Figure 5-5(a), (d)). However, compared to the Ti64 case, the TMC 

system required a lower scanning speed (higher 𝐸𝑣) to yield an almost defect-free part (600 

mm/s vs. 800 mm/s in the case of Ti64). Referring to Figure 5-3, the onset of decreasing 

trend in the density started earlier in Ti64 compared to the TMC scenario (83 vs. 104 

J/mm3). Moreover, a wider range of 𝐸𝑣 led to parts with densities>99% in the TMC system. 

As can be discerned in Figure 5-3, at 𝐸𝑣 levels higher than the optimum range for each 

case, TMCs possessed relative densities higher than those of Ti64 counterparts at any given 

𝐸𝑣 (see Figure 5-4(f), and Figure 5-5(f)). This suggests that some of the 𝐸𝑣 values which 

are higher than the optimum value for Ti64, are still within the optimum processing 

window for the TMC system. The porosities formed at relatively high 𝐸𝑣 levels featured a 

spherical/semi-spherical shape (Figure 5-4(c), and Figure 5-5(c)), giving evidence of the 

keyhole mode as the defect formation mechanism under this condition [35, 36]. 
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Figure 5-3. The variation of relative density versus the volumetric energy density (𝐸𝑣) for Ti64 

and TMC parts. The designated regions refer to the 𝐸𝑣 range in which highly dense samples were 

achieved.    
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Figure 5-4. Non-etched OM images from the front view cross-sections of Ti64 parts fabricated by 

different sets of laser powders and scanning speeds.   

 

Figure 5-5. Non-etched OM images from the front view cross-sections of TMC parts fabricated by 

different sets of laser powders and scanning speeds. 
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5.3.3 Microstructure evolution and phase analysis 

Figure 5-6(a), and (f) show 3D view microstructures of the L-PBF processed Ti64 and 

TMC samples subjected to the same 𝐸𝑣 of ~83 J/mm3, respectively. Higher magnification 

micrographs of the selected regions from the front and top view sections of Ti64 and TMC 

parts are also presented in Figure 5-6(b, c), and Figure 5-6(g, h), respectively. Referring to 

Figure 5-6(a), and (b), the front and top sections revealed the formation of long (several 

millimeter) prior β grains extended over multiple layers along the building direction. The 

measurements showed two different size scales for the width of these prior β grains. 

Accordingly, they were labeled as “wide” and “narrow” prior β grains with a mean width 

of 86±5.9 µm, and 9.4±3.1 µm, respectively. The narrow grains were located between the 

wide ones. Microstructural observation of the top view showed that the wide prior β grains 

had a cubic section and were surrounded by the narrow ones. Figure 5-6(d) shows the 

EBSD orientation map, while Figure 5-6(e) presents the band contrast image from the front 

view section of the Ti64 sample. The microstructure was composed of colonies of α՛ 

martensite laths with different inclinations mainly at ~±45° relative to the building 

direction. Each colony represents several α՛ laths having the same variant. Based on the 

Burgers relationship, twelve different α/α՛ variants can be identified for Ti64, accounting 

for three α/α՛ variants for each of the four <111>β directions [37, 38]. The XRD analysis 

results of the Ti64 sample (Figure 5-7(c)) also featured a fully martensitic microstructure, 

similar to that of the starting Ti64 powder (Figure 5-7(b)). The formation of a fully 

martensitic microstructure in the L-PBF processed Ti64 alloy is due to noticeably high 

cooling rates of the L-PBF process which well exceeds the critical cooling rate for the 

martensitic phase transformation of this alloy (410 °C/s) [39, 40]. Referring to Figure 

5-6(d), the wide and narrow prior β grains were distinguishable since α՛ laths transformed 
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from each narrow prior β grain featured a different orientation and color pattern from those 

of the neighbor wide grains.  

Referring to front and side views of the TMC sample provided in Figure 5-6(f), and (g), 

typical semi-elliptical shape tracks were perceptible due to the employed scanning strategy 

alternating 90° between subsequent layers. It is worth noting that although the same etchant 

was used for both Ti64 and TMC samples, the consolidated tracks were not visible in the 

Ti64 part. Microstructural characterization of the TMC specimen also revealed the 

formation of elongated alternate wide and narrow prior β grains (Figure 5-6(f), (g), and 

(h)). However, compared to the Ti64 sample, narrow prior β grains showed a larger width 

in the TMC case, and were located along the center of the tracks (Figure 5-6(g)). The mean 

width for the wide and narrow prior β grains was measured to be 75.5±6.4 µm, and 

19.6±4.1 µm, respectively. The sum of the average width of the wide and narrow prior β 

grains was almost equal to the employed hatch spacing (100 µm) in both Ti64 and TMC 

cases. However, the narrow prior β grains surrounding the wide ones were more distinctive 

and had a greater width in the TMC sample compared to the Ti64 one. This can be ascribed 

to the slight difference between the heat input of the two samples caused by the difference 

in the optical absorption and the effective powder layer thickness of the powder systems. 

Referring to the top views presented in Figure 5-6, a chessboard pattern of wide square 

prior β grains surrounded by narrow β grains along their boundaries was obtained. The 

same chessboard pattern has been previously observed in several research studies dealing 

with the L-PBF processing of the Ti64 alloy. The formation of this pattern has been 

attributed to the employed scanning strategy in which the scan directions rotated 90° 

between subsequent layers [41, 42].  
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Similar to the Ti64 sample, a fully martensitic matrix was obtained in the L-PBF fabricated 

TMC system (Figure 5-6(i), (j)). However, the measurements gave evidence of finer α՛ 

laths in the TMC part. The mean α՛ lath width was 0.58±0.14, and 0.48±0.12 µm, while 

the mean length was 15.6±3.1 and 8.4±7.3 µm for the Ti64 and TMC samples, 

respectively. The size of the α/α՛ laths is an important microstructural feature which 

governs the mechanical properties of Ti alloys by defining the effective slip length. Smaller 

α/α՛ colonies generally bring about improved mechanical properties [43, 44]. The XRD 

phase identification of the TMC part indicated no peaks corresponding to the B4C phase 

(Figure 5-7(a), (d)). Given the fact that microstructure of L-PBF fabricated TMC was also 

free from B4C (Figure 5-6), it can be concluded that these particles have experienced 

complete melting/dissolution during the process. The XRD analysis of the TMC part also 

revealed a fully martensitic microstructure, the same as that of the Ti64 sample (Figure 

5-7(c), (d)). In addition, no peaks corresponding to the TiB and TiC phases were detected.  

Figure 5-8 shows SEM micrographs of the TMC part in which fine features are perceptible 

in the whole microstructure. Due to their needle-like morphology, these precipitates can be 

characterized as the TiB phase formed through the reaction between B and Ti elements. 

Higher magnification micrographs of the track interiors (Figure 5-8(c)) and boundaries 

(Figure 5-8(d)) revealed that the fine needle-shape TiB precipitates were slightly coarser 

and had a larger spacing in the boundaries than interiors. This microstructural difference is 

believed to be the main reason behind observing the tracks in the TMC part, as opposed to 

the Ti64 counterpart. Within the track interior, TiB needles were mainly oriented toward 

the center of the melt pool (Figure 5-8(c)). This directionality is known to be due the 

unidirectional heat flux occurring from center toward the boundaries of the melt pool [59, 

73, 74], allowing preferential growth of these needle-shape features opposite to the heat 
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flux direction. It is noteworthy that the absence of TiB phase in the XRD pattern of the 

TMC part (Figure 5-7) might be due to its noticeably small size.  

 

Figure 5-6. (a) OM 3D view of the microstructure of the L-PBF fabricated Ti64; (b), (c) higher 

magnification OM images of the selected areas of the front and top views shown in (a), 

respectively; (d) inverse pole figure (IPF-Z), and (e) band contrast EBSD maps of the front view 

of the Ti64 sample; (f) OM 3D view of the microstructure of the L-PBF fabricated TMC part; (g), 

(h) higher magnification OM images of the selected areas of the front and top views shown in (f), 

respectively; (i) inverse pole figure (IPF-Z), and (j) band contrast EBSD maps of the front view of 

the TMC sample. The employed laser powder, and scanning speed for both Ti64 and TMC 

samples were 250 W, and 1000 mm/s, respectively. 
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Figure 5-7. XRD patterns of the starting: (a) B4C, and (b) Ti64 powders, as well as the L-PBF 

fabricated: (c) Ti64, and (d) TMC parts. Both Ti64 and TMC samples were manufactured using a 

laser power of 250 W and a scanning speed of 1000 mm/s.  
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Figure 5-8. Secondary electron (SE)-SEM images from the front view of the L-PBF fabricated 

TMC part. (a) General view in which the cross-section of a track has been highlighted. Higher 

magnification micrograph of the selected dashed square in (a) is shown in (b). The square regions 

marked as “A” and “B” in (b) are shown in a higher magnification in (c) and (d), respectively.  

5.3.4 Mechanical Properties 

To gain insights into the level of improvement in the mechanical properties caused by the 

composite fabrication, the hardness, strength, ductility, and wear performance of L-PBF 

fabricated TMC was evaluated and compared to those of the Ti64 counterpart. As shown 

in Figure 5-9, the developed TMC showed 5% higher microhardness than that of the Ti64 

part. However, nanoindentation measurements revealed a greater difference between the 

nanohardness values (25%). It is worth noting that compared to the Ti64 part, a smaller 
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standard deviation was detectable in the nanohardness measurements of the TMC sample. 

This can be attributed to the enhanced microstructure homogeneity caused by the uniform 

distribution of fine TiB precipitates in the matrix of the TMC sample.  

The typical compressive stress-strain curves of the Ti64 and TMC parts are presented in 

Figure 5-9(b). Table 5-3 summarizes the most important properties of these two materials 

obtained from several tests performed on each material. As it is evident, both samples had 

almost the same ultimate strength (𝜎𝑢) and fracture strain (𝑒𝑓). However, the TMC sample 

possessed ~8% higher yield strength (𝜎𝑦) than the Ti64 counterpart. Therefore, although 

the incorporation of nano-scale/sub-micron TiB reinforcement into the Ti64 matrix brought 

about higher hardness, and strength, it did not have an adverse effect on the ductility.   

 

Figure 5-9. (a) The microhardness and nanohardness values, and (b) typical compressive 

engineering stress-strain curves of the L-PBF fabricated Ti64 and TMC parts. 

Table 5-3. Mechanical properties of the L-PBF fabricated Ti64 and TMC parts obtained by 

compression testing. 

Sample 𝜎𝑦 𝜎𝑢 Young’s Modulus, E [GPa] Fracture Strain, 𝑒𝑓 [%] 

Ti64 1190 1833 114.4 21 

TMC 1284 1850 119.3 20.6 
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Figure 5-10(a), and (b) shows the variation in the coefficient of friction (COF) for the L-

PBF fabricated optimum Ti64 and TMC parts along the sliding distance, respectively. The 

listed in Table 5-4, there was no significant difference between the COF for the Ti64 and 

TMC samples. However, the analysis of the wear tested samples revealed a noticable 

difference between the depth and width of the worn tracks left on the surface of Ti64 and 

TMC parts. Figure 5-10(c), and (d) illustrates representative depth profiles along the width 

of the worn tracks for Ti64 and TMC samples across the directions shown in Figure 

5-10(d), and (e), respectively. As observed, compared to the Ti64 sample, the TMC 

featured a shallower depth and a narrower width. The wear rate of samples was calculated 

by measuring the dimensions of the worn tracks at several spots of each radii and 

consequently calculating the wear volume. Referring to in Table 5-4, the TMC sample 

showed 15% lower wear rate than the Ti64 one. This reveals the remarkable influence of 

incorporated TiB reinforcements on the improved wear resistance of the L-PBF fabricated 

TMC. 
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Figure 5-10. (a), (b) the variation of COF versus sliding distance for Ti64 and TMC samples, 

respectively. Representative depth-width profile of the worn tracks for (c) Ti64, and (d) TMC 

samples obtained along the paths depicted in the 3D surface topography images in (e), and (f), 

respectively.   

Table 5-4. The coefficient of friction (COF) and wear rate of L-PBF processed Ti64 and TMC 

samples.  

System COF Wear rate [mm3/(N.m)] 

Ti64 0.4218 1.318×10-3 

TMC 0.4314 1.115×10-3 
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Figure 5-11 shows the SEM micrographs of the wear tracks for Ti64 and TMC samples. 

The wear tracks of both samples presented wear scars along the sliding direction which is 

typical of the wear surfaces. In addition, ploughing grooves were observed in both cases. 

As can be seen in the higher magnification micrographs in Figure 5-11(b), and (d), the wear 

surface contained delamination cracks in the Ti64 and TMC samples. These cracks are 

generated as a cause of the high strain levels experienced by the surface of the sample when 

being in contact with the pin during sliding. As indicated in Figure 5-11(b), and (d), such 

high strain levels can bring about the delamination of the material during the wear test. A 

close examination of the wear tracks at several spots of each radii (4, 5, and 8 mm) revealed 

that compared to the Ti64 sample, the delamination cracks and delamination layers were 

less intense in the TMC sample. This can be due to the higher hardness and plastic 

deformation resistivity of the TMC sample caused by the strengthening effects of TiB 

reinforcements. It has been shown that owing to its high modulus and hardness, 

incorporation of slight amount of TiB into the Ti alloy matrix can lead to a significant 

increase in the wear resistance [26]. 
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Figure 5-11. SEM images of the wear tracks after the sliding wear test for the L-PBF fabricated: 

(a), (b) Ti64; and (c), (d) TMC samples. Higher magnification micrographs of the selected regions 

in (a), and (c) and presented in (b), and (d), respectively. 

5.4 Discussions 

5.4.1 Processability 

As the density measurement results and microstructural observations revealed, addition of 

a minor amount of B4C (0.2wt.%) to the Ti64 powder changed its L-PBF processability 

(Figure 5-3, Figure 5-4, and Figure 5-5). This clearly reveals that not only the process 

parameters but also the powder characteristics and laser-powder interactions need to be re-

examined when dealing with a composite powder system containing even minor amounts 
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of a second constituent. As proposed in a very recent study on L-PBF processing of 

VC/H13 system [45], the volumetric energy density calculation equation most frequently 

used in L-PBF process needs to be revisited for composite powder systems by taking the 

laser absorptivity (𝐴) and relative powder bed packing density (𝜌𝑏𝑒𝑑) of the powder also 

into account as follows: 

𝑒𝑣 = (𝐴 × 𝜌𝑏𝑒𝑑)𝐸𝑣                                                                                                           [3] 

where 𝑒𝑣 represents the modified volumetric energy density, and 𝜌𝑏𝑒𝑑 is defined as 

𝐶𝐵𝐷/𝜌𝑏𝑢𝑙𝑘 (𝜌𝑏𝑢𝑙𝑘 signifies the bulk density of the material). This equation suggests that 

powders with higher (𝐴 × 𝜌𝑏𝑒𝑑) require lower 𝐸𝑣 to yield the optimum 𝑒𝑣. Referring to 

the CBD measurements results provided in Table 5-2, optical absorption values presented 

in Figure 5-2(a), and assuming 𝜌𝑏𝑢𝑙𝑘 to be 4.43 g/cm3 for both Ti64 and TMC bulk samples, 

the (𝐴 × 𝜌𝑏𝑒𝑑) term for the Ti64 and 0.2wt.%B4C/Ti64 systems is 0.4 and 0.36, 

respectively. This justifies the need for slightly higher 𝐸𝑣 in the composite system 

(compared to the Ti64) to reach the highest densification level.  

The observed increasing and then decreasing variation in the density of the Ti64 and TMC 

samples (Figure 5-3) is in agreement with the results reported in the literature for the L-

PBF processing of metallic materials [46, 47]. The decline in the relative density at 

relatively high 𝐸𝑣 values exceeding the optimum value has been well documented in the 

literature and has been shown to be due to the transition of melting mode from conduction 

to keyhole [29, 35, 48, 49]. During the keyhole mode of melting, the material evaporation 

caused by application of high 𝐸𝑣 leads to the development of a vapor cavity which further 

enhances the laser absorption and enables the laser beam to penetrate to a deeper depth. 

The collapse of the cavity can leave voids in the material which are known as the keyhole 
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porosities and are spherical in shape [48, 50]. As it is perceptible in Figure 5-3, the 

decreasing trend in the relative density occurred at a slightly lower 𝐸𝑣 in the Ti64 system 

compared to the TMC case (83 vs. 104 J/mm3). One of the most effective estimations for 

the criteria of keyhole threshold has been shown to be based on the normalized enthalpy 

(
𝛥𝐻

ℎ𝑠
) as follows [48]:       

𝛥𝐻

ℎ𝑠
=

𝐴𝑃√𝐷

𝑘𝑇𝑚√𝜋𝑣𝑑3
≥

𝜋𝑇𝑏

𝑇𝑚
                                                                                                 [4] 

in which 𝛥𝐻 is the specific enthalpy, ℎ𝑠 is the enthalpy at melting defined as 
𝑘𝑇𝑚

𝐷
, 𝑇𝑚 is the 

melting point, 𝑇𝑏 is the boiling point, 𝑑 is the laser beam size, 𝑘 is the thermal conductivity, 

and 𝐷 is the thermal diffusivity. Eq. 4 takes into account the effect of the applied 𝑃,  𝑣, and 

𝑑 on the threshold for the formation of keyhole melting mode. However, it fails to consider 

the influence of layer thickness as one of the important parameters playing role on the 

melting mode. Eq. 5 provides the modified threshold for keyhole mode of melting by taking 

the effective layer thickness also into account [51, 52].  

𝛥𝐻

ℎ𝑠
=

0.865𝐴𝑃𝐷

𝑘𝑇𝑚√𝜋 𝑑𝑡𝑒𝑓𝑓𝑣
≥

𝜋𝑇𝑏

𝑇𝑚
                                                                                         [5] 

Eq. 5 can be also rewritten as: 

𝑃

𝑣
≥

𝑘𝑑𝑇𝑏𝑡𝑒𝑓𝑓√𝜋3

0.865𝐴𝐷
                                                                                                                 [6] 

Assuming the same 𝑘, and 𝑇𝑏 for the Ti64 and TMC systems, and considering 𝑡𝑒𝑓𝑓 =

𝑡

𝜌𝑏𝑒𝑑
 [32]:  

𝑃

𝑣
 ∝ 

1

𝐴×𝜌𝑏𝑒𝑑
                                                                                                                          [7] 
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Referring to Eq. 7, the critical 
𝑃

𝑣
 for the keyhole threshold in the composite system is 

expected to be 10% higher than that of the Ti64 case. However, based on the experimental 

results, this difference was ~25%. Although a portion of this discrepancy may have raised 

because of assuming the same 𝑘, and 𝑇𝑏 for both systems, there are still other factors related 

to the composite systems which have not been considered in the currently existing keyhole 

threshold models. For instance, given the fact that the dissolution of B4C particles during 

the L-PBF processing of the composite system is an endothermic reaction, a part of the 

energy absorbed by the powder bed is consumed by their dissolution.    

 

5.4.2 Microstructure evolution 

As shown in Figure 5-6, the microstructure of both Ti64 and TMC parts contained 

elongated columnar prior β grains which were extended along the building direction. The 

formation of such columnar prior β grains is a major characteristic of the L-PBF processed 

Ti64 alloy parts caused by the combination of epitaxial and competitive growth during the 

solidification. The epitaxial growth deals with the solidification of the melt pool through 

the growth (rather than nucleation) of β crystals on the β grains of the adjacent 

track/underlying layer. Those prior β grains having their easy-growth crystallographic 

direction (<001> direction in cubic crystal structures) perpendicular to the fusion line 

(along the heat flux direction) experience a preferential growth, meaning that faster growth 

of these grains crowds out the β grains oriented in less favorable directions [53-55]. As a 

result, the final solidification structure consists of columnar prior β grains extended along 

the building direction.  
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As the laser beam interacts with the 0.2wt.B4C/Ti64 composite powder bed, Ti64 powder 

particles experience melting since their melting temperature is well below the temperature 

levels induced during the L-PBF process. However, owing to their noticeably high melting 

point of 3036 K [56] as well as the extremely fast cooling rates associated with the L-PBF 

process (104-106 K/s), complete melting of B4C particles is rather difficult or even 

impossible. As the microstructural characterizations (Figure 5-6 and Figure 5-8) and XRD 

analysis results (Figure 5-7) revealed, the fabricated TMC did not contain B4C constituent 

in the final microstructure. In fact, B4C particles fully reacted with the surrounding melt. 

This reaction is believed to occur through the dissolution of B4C particles rather than their 

melting. The full dissolution of B4C particles in the surrounding molten material is an 

interesting phenomenon which may not be expected to take place due to the extremely high 

cooling rate of the L-PBF process and consequently the noticeably short time available for 

diffusion-based dissolution mechanism. The fast and complete dissolution of high-melting-

point B4C particles in this study can be attributed to: (i) their relatively low fraction and 

small size, and (ii) convective flows (e.g., Marangoni flow, etc.) active within the melt pool 

during the L-PBF process which consecutively provide fresh molten material (not enriched 

from B atoms) adjacent to the solid B4C particles [40]. Based on the calculations, the 

molten material formed by complete dissolution of B4C constituent during the L-PBF 

processing of the 0.2wt.%B4C/Ti64 composite powder contains 0.156 and 0.039 wt.% B 

and C, respectively. 

Figure 5-12(a) shows the equilibrium phase diagram of the Ti64-B system where the 

isopleth for the Ti64-0.156wt.%B system is specified. The schematic illustration of the 

solidification sequence of this isopleth is also depicted in Figure 5-12(e)-(h), in which the 

solidification starts with the formation of β phase from the liquid and their subsequent 
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growth (Figure 5-12(e), and (f)). Due to the extremely low/negligible solubility of B and 

C in the β phase, they are rejected from the growing solidification interface upon cooling 

between the liquidus and eutectic temperatures (Figure 5-12(a), (f), and (g)), leading to the 

progressive enrichment of the liquid from B and C. Since the C in the investigated TMC 

system is noticeably lower than the equilibrium solubility limit of this element in Ti (0.039 

vs. 0.125 wt.%), the C content of the enriched liquid is still below this limit, causing C 

atoms to exist as solid solution in the Ti64 matrix. At the eutectic temperature, the 

remaining liquid enriched from B transforms to eutectic 𝑇𝑖𝐵+ 𝛽 (𝑇𝑖𝐵𝐸+𝛽𝐸) through a 

pseudo-eutectic reaction (Figure 5-12 (a), (g), and (h)). Therefore, the equilibrium 

solidification sequence can be summarized as: 

𝐿 → 𝛽 + 𝐿 → 𝛽 + (𝑇𝑖𝐵𝐸 + 𝛽𝐸) 

The β phase transforms to (α+β) at the β transus temperature. Therefore, equilibrium 

microstructure at room temperature consists of lamellar (α+β) islands surrounded by 

narrow band of (𝑇𝑖𝐵𝐸 + 𝛽𝐸).  

The isopleth of the Ti64 alloy is presented in Figure 5-12(b), where the solidification starts 

with the nucleation of β phase from the liquid followed by their growth. Despite the Ti64-

0.156wt.%B system with a relatively wide solidification range in the equilibrium state, that 

of the Ti64 alloy is noticeably narrow. This suggests that no significant partitioning is 

occurred in the liquid during the solidification of the Ti64 alloy.   
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Figure 5-12. (a) Equilibrium phase analysis diagram of the Ti64-B system with the B content in 

the range of 0-0.3 wt.%. The provided isopleth represents the investigated 0.2wt.%B4C/Ti64 

system which contains 0.156wt.%B. (b) Equilibrium phase analysis diagram of the Ti-6Al-XV, in 

which the isopleth of the Ti-6Al-4V (Ti64) alloy has been shown. Scheil-Gulliver solidifications 

models of the: (c) Ti64-0.2wt.%B4C, and (d) Ti64 systems. The inset in (c) shows the variation of 

the TiB fraction within the specified temperature range (1530-1420 °C). (e)-(h) Schematic 

illustration of the solidification sequence of the 0.2wt.%B4C/Ti64 system in the equilibrium 

condition. The liquid (L) becomes enriched from B and C as the solidification progresses.    
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As the microstructural observations revealed, the fabricated TMC contained fine nano-

scale/sub-micron TiB needles homogeneously dispersed in the martensitic matrix. This 

microstructure differs from the microstructure predicted by the equilibrium phase diagram 

in Figure 5-12(a), where the large prior β grains are surrounded by the pseudo-eutectic 

reaction products (𝑇𝑖𝐵𝐸+𝛽𝐸) along their boundaries (Figure 5-12(h)). Although the 

formation of a martensitic matrix (rather than the (α+β) two-phase microstructure) in the 

L-PBF fabricated TMC can be justified based on the extremely fast cooling rates of the 

process, the reason behind the deviation of the solidification path from the equilibrium 

condition needs further analysis.  

Figure 5-12(c) illustrates the solidification sequence proposed by the non-equilibrium 

Scheil-Gulliver model for the TMC system investigated in this study. This model accounts 

for the infinitely fast diffusion in the liquid and no diffusion in the solid. As can be seen, 

the Scheil-Gulliver model predicts the same solidification sequence as that of the 

equilibrium condition, revealing that even the non-equilibrium Scheil-Gulliver 

solidification model fails to predict the solidification sequence of the TMC system 

subjected to the L-PBF process. However, unlike the equilibrium condition in which the 

TiB phase is formed at a specific temperature (Eutectic temperature of 1440 °C), the Scheil-

Gulliver model predicts the formation of TiB to occur within a relatively wide range 

starting at 1530 °C and finishing at 1440 °C. This can be ascribed to the lack of solute 

diffusion in the solid based on the Scheil-Gulliver model which provides the liquid with 

the B content required for the formation of TiB at higher temperatures.  

Figure 5-13(a), and (b) shows the microstructure of the last solidified layer of the fabricated 

TMC part, which is composed of the TiB needles homogeneously dispersed in a martensitic 

matrix. The microstructure evolution of the last layer is schematically illustrated in Figure 
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5-13(c)-(g). Although B has a negligible solubility in the equilibrium condition in the high-

temperature β phase (a maximum of ~0.05 wt.% (Figure 5-13(a))), the extremely fast 

cooling rate associated with the L-PBF process can significantly diminish the rejection of 

B atoms into the liquid during the solidification (Figure 5-13(d), and (e)). For instance, 

rapid solidification of the Ti-B systems has been shown to cause supersaturation of B in 

the matrix up to 10 at.% (2.5 wt.%B) [57], which is noticeably higher than the B content 

of the TMC system in this study (0.156 wt.%). Accordingly, the high-temperature prior β 

phase is supersaturated from B. Due to the decreased solubility limit during the cooling 

stage, a portion of the supersaturated B tends to precipitate out as the TiB phase from both 

the β and the later transformed B-supersaturated martensite (M) phases (Figure 5-13(f), 

and (g)). Compared to the bulk of the TMC sample shown in Figure 5-8, lower volume 

fraction of TiB phase was perceptible in the last layer. This clearly reveals the significant 

role of the subsequent thermal cycles (caused by the heat conduction from the melt pool to 

the previously deposited tracks or layers) on the precipitation of TiB from the B-

supersaturated matrix. The same phenomenon has been also observed in the powder 

metallurgy-processed 1.7wt.%B/Ti64 alloy, where the exposure of the material to elevated 

temperatures during the thermo-mechanical processing led to the increase in the volume 

fraction of the TiB phase in the microstructure [58].  

Both the equilibrium and Scheil-Gulliver non-equilibrium solidification models are based 

on the scenario where the temperature gradient is low enough to allow the formation of a 

constitutionally undercooled zone in front of the solidification interface, favoring the 

nucleation of new prior β grains. However, when an extremely steep temperature gradient 

exists (e.g., such as that of the L-PBF process), very limited or even no nucleation events 

would occur ahead of the solidification interface. This explains the observation that the 
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TMC part also featured columnar prior β grains with almost the same size as those of the 

Ti64 alloy (Figure 5-6). It is worth noting that the inability of the minor B amounts in 

avoiding the formation of columnar prior β grains has been also reported in B-modified 

Ti64 alloys subjected to the AM processes with thermal gradients noticeably lower than 

that of the L-PBF process (WAAM) [59].  

 

Figure 5-13. (a), and (b) SEM micrographs of the last layer of the L-PBF fabricated TMC part. 

Higher magnification micrograph of the selected region in (a) is shown in (b). (c)-(g) Schematic 

illustration of the microstructure evolution of the last layer of the L-PBF fabricated TMC part 

during cooling. “M” in (g) refers to martensite.   

As observed in Figure 5-8 and Figure 5-13, TiB reinforcements had a needle-like shape 

and were uniformly dispersed in the martensitic matrix. The reason behind such a 

morphology has been traced back to the strong preferential growth along the [010]27 

direction compared to the other directions [60]. The average length and width of TiB 

needles were 1.6 µm and 260 nm, respectively, being significantly smaller than those 
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formed in Ti-B systems with trace B content subjected to the DED [61], direct laser 

deposition (DLD) [62], and wire-arc AM (WAAM) [21] processes, which usually have a 

length in the order of several microns. This corresponds to the noticeably higher cooling 

rates associated with the L-PBF process. The relatively large TiB needles have been 

reported to be detrimental to the mechanical properties since they can act as crack 

nucleation sites during loading [16, 21, 61]. Therefore, the L-PBF fabricated TiB 

reinforced TMCs are more favorable since they benefit from greater number of finer TiB 

reinforcements with smaller inter-reinforcement spacing uniformly dispersed in the matrix 

(as opposed to fewer numbers of TiB reinforcements with a larger spacing).  

5.4.3 Mechanical Properties 

Based on the hardness measurements, compression test results, and wear test, the TMC 

sample benefitted from a higher hardness, yield strength, and wear resistance than the Ti64 

counterpart. The improvement in the mechanical properties of the TMC over the Ti64 can 

be ascribed to the contribution of several strengthening mechanisms, including the grain 

refinement, second constituent, dislocation, and solid solution. In the following, the level 

of enhancement in the yield strength caused by each mechanism is discussed. 

Grain refinement: The increased fraction of boundaries obtained by grain refinement 

elevates the plastic deformation resistivity and consequently improves the strength of the 

material [63, 64]. Based on the Hall-Petch relationship, the increase in the yield strength 

of the TMC caused by the grain refinement can be expressed as follows [63]:  

∆𝜎𝐻𝑃 = 𝑘𝐻𝑃 (
1

√𝑑2
−

1

√𝑑1
)                                                                                        [8] 
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in which 𝑘𝐻𝑃 is the Hall-Petch coefficient for Ti64; while 𝑑2, and 𝑑1 are the mean grain 

sizes of the TMC and Ti64 samples, respectively. Eq. 8 is typically used for the equiaxed 

microstructures whereas the Ti64 and TMC samples featured martensitic microstructures 

characterized by α՛ laths. Therefore, the average width of α՛ laths in each material was taken 

into account [65].  

Second constituent strengthening: The strength improvement caused by the presence of 

TiB reinforcements in the TMC part is defined as [66]: 

∆𝜎𝑇𝑖𝐵 =
1

2
𝜎𝑦𝑚 × 𝑉𝑇𝑖𝐵 ×

𝑙𝑇𝑖𝐵

𝑑𝑇𝑖𝐵
𝜔0                                                                           [9] 

where 𝜎𝑦𝑚 is the yield strength of the Ti64 matrix, 𝑉𝑇𝑖𝐵 is the volume fraction of TiB, 

(
𝑙𝑇𝑖𝐵

𝑑𝑇𝑖𝐵
) refers to the aspect ratio of TiB (treated as cylinders with the average length and 

width of 𝑙𝑇𝑖𝐵, and 𝑑𝑇𝑖𝐵, respectively), and 𝜔0 is the orientation factor which has a value 

between 0 and 1. Due to the random distribution of TiB whiskers in the matrix of the TMC 

part, 𝜔0 is equal to 0.125 or 0.27 based on the 3D or 2D random array model, respectively 

[67].   

Dislocation strengthening: The increment in the strength originated from the dislocation 

strengthening can be estimated as follows [68]: 

∆𝜎𝑑𝑖𝑠 = √(∆𝜎𝑜𝑟𝑜)2 + (∆𝜎𝑡ℎ𝑒)2 + (∆𝜎𝑔𝑒𝑜)
2
                                                            [10] 

in which ∆𝜎𝑜𝑟𝑜 is the strength improvement by the Orowan mechanism, ∆𝜎𝑡ℎ𝑒 represents 

the stress enhancement caused by the thermal expansion mismatch between the TiB and 

the Ti64 matrix, and ∆𝜎𝑔𝑒𝑜 signifies the stress increment due to the geometrically necessary 

dislocations (GNDs).  
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In the composites containing reinforcements not exceeding 1 µm in size (e.g. TiB needles 

with nano-scale/sub-micron width in this study), the reinforcements can act as strong 

obstacles to the movement of dislocations and impede their motion on the matrix’s slip 

plane [69]. The strengthening effect caused by this phenomenon is known as the Orowan 

mechanism, in which the shear component of the applied stress bows out the dislocation 

between reinforcements. This produces a back stress which in turn prevents the migration 

of further dislocations and consequently enhances the yield strength [70]. The Orowan 

stress can be described by the Orowan-Ashby equation as [71]: 

∆𝜎𝑜𝑟𝑜 =
0.13 𝐺𝑚𝑏𝑚

𝜆
ln

𝐷𝑇𝑖𝐵

2𝑏𝑚
                                                                                    [11] 

where 𝐺𝑚 is the shear modulus of the Ti64 matrix, 𝑏𝑚 is the Burgers vector of the Ti64 

matrix, 𝐷𝑇𝑖𝐵 is the equivalent diameter of the TiB reinforcement, and 𝜆 is the interparticle 

spacing. 𝐷𝑇𝑖𝐵 and 𝜆 can be calculated as [68, 72]: 

𝐷𝑇𝑖𝐵 = √1.5𝑑𝑇𝑖𝐵
2 𝑙𝑇𝑖𝐵

3
                                                                                                     [12] 

𝜆 ≈ 𝐷𝑇𝑖𝐵 [(2𝑉𝑇𝑖𝐵)−
1

3  − 1]                                                                                      [13] 

Since the thermal expansion coefficients of TiB and Ti64 are very close to each other, 

∆𝜎𝑡ℎ𝑒 can be neglected.  

∆𝜎𝑔𝑒𝑜 deals with the strength improvement caused by the GNDs required to accommodate 

the plastic deformation mismatch between the TiB reinforcement and the matrix, and is 

expressed as follows [73]: 

∆𝜎𝑔𝑒𝑜 = 0.4𝐺𝑚√
𝜀𝑇−𝑚𝑏𝑚𝑉𝑇𝑖𝐵

𝐷𝑇𝑖𝐵
                                                                                      [14] 
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in which 휀𝑇−𝑚 is the compressive true strain of the matrix at the yield point. 

Solid solution strengthening: As the microstructural observations and phase analysis results 

revealed, the TiC phase was not detected in the fabricated TMC part. Since the C content 

in the studied TMC is less than the solid solubility limit of C in Ti, C atoms have been 

entrapped in the matrix as solid solution. Given the fact that C is an interstitial alloying 

element, it can generate a significantly strong obstacle (compared to the substitutional 

elements) for the movement of dislocations in the matrix and consequently lead to higher 

levels of solid solution strengthening [74]. The solid solution strengthening caused by the 

interstitial solutes is generally proportional to the square root of the concentration as [75]: 

∆𝜎𝑠𝑠 = 0.002𝐺𝑚𝑐1/2                                                                                                    [15] 

where 𝑐 is the carbon concentration in at.%. 

By taking all the strengthening mechanisms into account, the yield strength of the TMC 

component (𝜎𝑦−𝑇𝑀𝐶) can be calculated as [76]: 

𝜎𝑦−𝑇𝑀𝐶 = 𝜎𝑦−𝑚 + ∆𝜎𝐻𝑃 + ∆𝜎𝑇𝑖𝐵 + ∆𝜎𝑑𝑖𝑠 + ∆𝜎𝑠𝑠                                                          [16] 

Table 5-6 summarizes the contribution of each strengthening mechanism in the yield 

strength increment of the TMC sample over the Ti64 counterpart. While the ∆𝜎𝑇𝑖𝐵 is the 

direct strengthening mechanism originating from the incorporated TiB reinforcement, 

∆𝜎𝐻𝑃, and ∆𝜎𝑑𝑖𝑠 are the indirect strengthening mechanisms activated due to the presence 

of this phase in the microstructure. Therefore, taking both direct and indirect strengthening 

mechanisms into consideration, 87.5% of the total yield strength enhancement in the TMC 

is caused by the presence of TiB phase. This is attributable to the high volume fraction 

(0.218) of the nano-scale/sub-micron TiB needles in the microstructure of the TMC caused 
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by the extremely high cooling rates of the L-PBF process along with the solid-state nature 

of the TiB formation. On the other hand, the remaining 12.5% is linked to the solid solution 

strengthening of the matrix induced by C atoms. The improved hardness and wear 

resistance of the TMC parts can be also attributed to the same strengthening mechanisms 

discussed above for the strength. It is worth noting that Eq. 16 overestimates the yield 

strength of the TMC sample by 15%. The research studies conducted on the DED 

processing and investment casting of the TiB reinforced TMCs have reported a great 

agreement (error <5%) between the experimental and predicted yield strength values. 

Although it has not been mentioned in these studies, the volume fraction of the TiB phase 

seems to be determined based on the lever rule for their investigated chemical composition 

rather than the microstructural analysis [68, 77]. By following the same approach, a volume 

fraction of 0.0082 was obtained for the 0.156wt.%B-Ti system, resulting in a predicted 𝜎𝑦 

of 1282 MPa, which is a perfect agreement with the experimental value (Table 5-3).        

Table 5-5. The properties and parameters used in obtaining the contribution of different 

strengthening mechanisms.  

Properties and Parameters Value Source 

𝑘𝐻𝑃 300 MPa.µm1/2 [78] 

𝑑2 0.48 µm Measured 

𝑑1 0.58 µm Measured 

𝑏𝑚 0.295 nm [79] 

𝐺𝑚 45 GPa [80] 

𝜔0 0.125 [67] 

𝑉𝑇𝑖𝐵 0.218 Measured 

𝑙𝑇𝑖𝐵 990 nm Measured 

𝑑𝑇𝑖𝐵 150 nm Measured 

휀𝑇−𝑚 0.0094 Measured 

𝐷𝑇𝑖𝐵  0.32 µm Measured 
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Table 5-6. The calculated values of strengthening mechanisms in the TMC part along with their 

contribution in the enhancement of the yield strength over the Ti64 counterpart. 

Strengthening Mechanism Value [MPa] Proportion in the total ∆𝜎 [%] 

∆𝜎𝐻𝑃 39.1 13.4 

∆𝜎𝑇𝑖𝐵 107 36.6 

∆𝜎𝑑𝑖𝑠 109.5 37.5 

∆𝜎𝑠𝑠 36.6 12.5 

To confirm whether the proposed mechanisms are the only strengthening mechanisms 

governing the yield strength improvement in the TMC, the contribution of the most 

predominant interstitial impurities in Ti alloys needs to be also determined. The literature 

lacks investigating the role that these elements (i.e., oxygen and nitrogen) might play in 

strengthening of L-PBF fabricated Ti alloys and TMCs. To embrace the discussion on the 

strengthening caused by oxygen/nitrogen elements, their contribution in the yield strength 

improvement was calculated using Eq. 15. For this purpose, the oxygen/nitrogen content 

in the L-PBF fabricated Ti64 and TMC samples was measured (Error! Reference source n

ot found.). Results revealed the nitrogen content to be negligible in both samples (6 and 7 

ppm for Ti64 and TMC, respectively). The oxygen level was 20, and 36 ppm for the Ti64, 

and TMC samples, respectively. Such oxygen contents are noticeably low and do not 

provide a notable strengthening based on Eq. 15 (~6 MPa increase in the 𝝈𝒚). This reveals 

that the interstitial solid solution strengthening by oxygen/nitrogen has a negligible effect 

on enhancing the 𝝈𝒚 of the TMC.  
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Figure 5-14. The oxygen/nitrogen concentration in the L-PBF fabricated Ti64 and TMC samples. 

5.5 Conclusions 

In this study, the laser powder bed fusion (L-PBF) process was implemented to fabricate 

high performance titanium matrix composite (TMC) parts using a composite powder 

feedstock produced by a novel technique. The main conclusions of this research study can 

be summarized as follows: 

1- The proposed composite powder preparation technique benefiting from the 

advantages of both regular mixing and ball milling was found to yield a 

0.2wt.%B4C/Ti64 composite powder having the flowability and apparent packing 

density close to those of the monolithic Ti64 powder. 

2- In both Ti64 and TMC cases, an increasing and then decreasing trend in the relative 

density of parts was achieved by enhancing the volumetric energy density. 

Compared to the Ti64 case, slightly higher energy densities were needed in the 
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TMC to achieve almost fully dense samples. Moreover, the decline in the relative 

density took place at higher energy densities in TMC than Ti64.    

3- Microstructural characterizations revealed the formation of large columnar prior β 

grains in both Ti64 and TMC samples which were elongated along the building 

direction. The TMC sample featured nano-scale/sub-micron TiB needles 

homogeneously dispersed in a fully martensitic matrix.  

4- The equilibrium and Scheil-Gulliver non-equilibrium solidification models were 

found not to be able to predict the microstructure evolution experienced by the L-

PBF fabricated TMC parts. This was attributed to the extremely high cooling rates 

of the L-PBF process which led to the supersaturation of B atoms in the β grains 

during solidification. 

5- The TMC part possessed 25% higher nanohardness, 8% higher yield strength, and 

12% lower wear rate. The improved yield strength of the TMC was justified by 

calculating the contribution of different strengthening mechanisms involved. 

While ~87.5% of this improvement was due to the direct and indirect strengthening 

effects caused by the TiB phase, the remaining ~12.5% was originating from the 

solid solution strengthening of the matrix by C atoms.   
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Abstract 

This research study examines the role of minor B4C addition (0.2 wt.%) in improving the 

mechanical properties of the laser powder bed fusion (L-PBF) fabricated Ti-6Al-4V (Ti64) 

alloy in the as-built and heat-treated conditions. The fabricated titanium matrix composites 

(TMCs) were subjected to two different heat treatment scenarios, i.e., subtransus and 

supertransus, and were compared to the Ti64 counterparts exposed to the same thermal 

cycles. Both the as-built and heat-treated Ti64 and TMC samples were characterized in 

terms of the grain structure, and microstructure within the grains as well as the size, 

morphology, volume fraction and crystallographic orientation of the phases. The 

knowledge gained from the microstructural investigations were correlated with the 

mechanical behavior of components, including compressive strength and ductility, 

microhardness, and scratch resistance. The governing strengthening mechanisms were 

identified, and the contribution of each mechanism in the overall yield strength was 

explored. Results revealed that TMCs possessed higher yield and ultimate compressive 

strengths than their Ti64 counterparts owing to the hard TiB needles homogeneously 

dispersed in the microstructure. However, except for the supertransus heat-treated 

condition, the TMCs showed slightly lower fracture strain than the Ti64 samples. The 

elimination of GB-α in the supertransus heat-treated TMC sample caused by the TiB 

needles led to a higher fracture strain than the corresponding Ti64 case. While the 

mechanical properties could be tailored by the implemented heat treatment strategies, the 

optimum thermal cycles for Ti64 were not necessarily applicable to TMC components.    

 

Keywords: Laser powder bed fusion (L-PBF), Ti-6Al-4V (Ti64), Titanium matrix 

composite (TMC), TiB, mechanical properties.  
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6.1 Introduction 

Additive manufacturing (AM) refers to a group of advanced manufacturing techniques in 

which an object is produced in a layer-by-layer fashion using a sliced computer aided 

design (CAD) model [1]. Laser powder bed fusion (L-PBF) is one of the most promising 

AM processes which utilizes a high-intensity laser beam as the heat source to selectively 

fuse powder layers in pre-defined regions through a stepwise additive process [2-4]. The 

L-PBF process has expanded the freedom in design since no tools, molds, and other 

auxiliaries are required to produce components with complex geometries and intricate 

features [5-7]. Besides, the parts manufactured by this unparalleled technology possess 

higher strength that their conventionally manufactured counterparts owing to the 

microstructural refinement caused by the noticeably high cooling rates associated with the 

process [8-10]. Moreover, since powder serves as the feedstock material in the L-PBF 

process, different alloys and composite systems can be easily developed through powder 

mixing routes and subsequently utilized to fabricate different materials using this process 

[11-14]. 

Despite the aforementioned advantages, the L-PBF fabricated parts generally suffer from 

anisotropy in microstructure and mechanical properties along with the residual stresses 

originating from the directional heat flow opposite to the building direction and 

temperature gradients induced by the layer-wise nature of the process, respectively [15-

18]. In addition, the metastable microstructure of the L-PBF processed parts in the as-built 

condition caused by the non-equilibrium phase transformation(s) during solidification 

and/or cooling stages adversely affects the high-temperature stability and therefore, the 

service temperature of the material [19-21]. For instance, the L-PBF fabricated Ti-6A-4V 

(Ti64) alloy components have shown to contain columnar prior β grains (PBGs) elongated 
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along the building direction (causing anisotropy), high levels of residual stresses, and a 

fully martensitic metastable microstructure [22-24]. In view of these facts, the as-built parts 

need to be subjected to an appropriate post processing heat treatment to mitigate the 

anisotropy through generation of equiaxed grains, alleviate the residual stresses by 

annealing, and eliminate the microstructural non-equilibrity.  

Although appropriate heat treatment strategies have been well established for some of the 

alloys widely used in the L-PBF process (e.g., Ti64, and AlSi10Mg, and Inconel 718), 

these heat-treating cycles are still unknown for newly designed alloys and composites. For 

instance, a minor B4C content was added to the Ti64 alloy in this study to explore the 

possibility of enhancing the hardness, wear resistance, and compressive strength of the 

Ti64 alloy. Due to the fact that post processing heat treatments should be also carried out 

on these L-PBF fabricated composites, it needs to be explored whether the heat treatment 

cycles proposed for the Ti64 alloy can be successfully applied to these composites to obtain 

the desired properties. By considering the formation of TiB phase through an in-situ 

reaction between the Ti and B elements in the B4C/Ti64 composite system, the optimum 

heat treatment for the composite is expected to be different from that of the Ti64 alloy since 

a new phase having a different response to the employed heat treatment has been 

incorporated into the material. Moreover, TiB phase can play a crucial role in the 

microstructural evolutions during the heat treatment by affecting the nucleation and growth 

of the grains in the matrix.          

In this study, highly dense titanium matrix composite (TMC) parts were fabricated by L-

PBF processing of the 0.2wt%B4C/Ti64 composite powder. For the sake of comparison, 

defect-free monolithic Ti64 alloy parts were also manufactured. The microstructure of the 

as-built TMC sample was investigated to realize if the addition of B4C can mitigate the 



 

 

Ph.D. Thesis – Eskandar Fereiduni  McMaster University - Mechanical Engineering 

255 

 

degree of anisotropy and alter the solidification path. As-built TMC and Ti64 samples were 

subjected to two different heat treatment scenarios, namely subtransus and supertransus. 

The β transus temperature in each system was identified by the differential scanning 

calorimetry (DSC) test. The microstructure of the as-built and heat treated TMCs was 

characterized and compared to their corresponding Ti64 counterparts. The microstructural 

features such as the nature, morphology, size, and volume fraction of phases were assessed 

and correlated to the microhardness, scratch, and compression properties. The 

strengthening mechanisms were explored, and the contribution of each mechanism in the 

overall compressive yield strength was identified by employing analytical models. Based 

on different criteria such as (i) the degree of anisotropy mitigation, (ii) combination of 

strength and ductility, and (iii) combination of hardness and scratch resistance, the 

optimum heat treatments were introduced for the TMCs. Results revealed that the optimum 

heat treatment in the Ti64 alloy could not be applied to the fabricated TiB reinforced TMCs.       

6.2 Materials and Experimental Procedure 

6.2.1 Fabrication 

Ti64 alloy and 0.2 wt%B4C/Ti64 composite powders were subjected to the laser processing 

using an EOS M280 DMLS machine. The starting Ti64 and B4C powders had the mean 

particle size of 35 and 2 µm, respectively, and the chemical compositions provided in [25]. 

The 0.2 wt.%B4C composite powder was produced by adding a 2 h-ball milled 3 

wt.%B4C/Ti64 composite powder to the Ti64 powder, followed by regular mixing for 2 h. 

The ball-to-powder weight ratio and the ball diameter in the ball milling were 5:1 and 10 

mm, respectively. Steel balls did not exist in the regular mixing stage. The rotational speed 

in both ball milling and regular mixing was set to be 200 rpm. The optimum process 
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parameters used to fabricate Ti64 and TMC parts with densification levels exceeding 

99.5% are listed in Table 6-1. These parameters were utilized to print 10 mm×10 mm×10 

mm cubic coupons for microstructural investigations, as well as scratch and compression 

test specimens for the assessment of mechanical properties (Figure 6-1). 

Table 6-1. The optimum set of process parameters used to print Ti64 and TMC parts. 

Process variable 
Material 

Ti64 TMC 

Laser power, P [ W ] 200 250 

Scan speed, v  [ /mm s ] 1000 1000 

Hatch spacing, h [ m ] 100 100 

Nominal powder layer thickness, t  [ m ] 30 30 

Preheating temperature, preheat
T [ C ] 200 200 

 

 

Figure 6-1. Schematic illustration of (a) cubic coupon, (b) compression test specimen, and (c) 

wear test specimen. “BD” in (a) refers to the building direction. 

6.2.2 Heat Treatment 

The as-built Ti64 and TMC samples were heat treated through two different strategies, 

namely, subtransus and supertransus heat treatments. The β transus temperature was 

measured for both Ti64 and TMC samples using a NETZSCH-DSC 404F1 differential 

scanning calorimetry (DSC) device, within the temperature range of 250-1200 °C with 
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heating and cooling rates of 20, and 40 °C/min, respectively. The DSC samples with 

dimensions of 4×4×1 mm3 (~70 mg) were cut from the as-built coupons (Figure 6-1(a)). 

For supertransus heat treatment, Ti64 and TMC cubic coupons and mechanical test 

specimens experienced a thermal cycle of 1050 °C/2 h. For the subtransus heat treatment 

on the other hand, three different temperatures of 850 and 950 °C and the same holding 

time of 2 h was used. In all heat treatment cycles, the heating rate was set to be 10 °C/min, 

and the cooling was performed in the furnace.           

6.2.3 Microstructural Characterization 

The overview of the microstructure was studied by a Nikon LV100 optical microscopy 

(OM).  Samples for microstructural characterization were prepared as per the standard 

metallography procedure for Ti alloys and were etched using Kroll's reagent (6 ml HNO3, 

2 ml HF in 92 ml H2O). High magnification imaging of the microstructure was conducted 

using a Vega Tescan scanning electron microscope (SEM), operating at an accelerating 

voltage of 10 keV. The microscope was equipped with an energy dispersive X-ray 

spectroscopy (EDS) detector to identify the elemental chemical composition of micro-

constituents in the material. The phase analysis was performed using X-ray Diffraction 

(XRD) on a Bruker D8 DISCOVER with a DAVINCI design diffractometer equipped with 

a copper sealed tube source and a VANTEC-500 area detector.  

The electron backscatter diffraction (EBSD) analysis was performed to obtain texture, 

grain size/morphology, and inter-phase orientation relationship information. For EBSD 

analysis, an FEI, Versa 3D field-emission scanning electron microscope (FE-SEM) was 

utilized, operating at an accelerating voltage of 20 keV, and a tilt angle of 70° with a step 

size in the range of 0.05-0.5 µm. The EBSD data were collected using the TSL OIM 7 

software and were analyzed using the HKL Channel 5 software package. To assess the 
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texture of samples, this software indexes Kikuchi bands, assigns a spatial orientation to 

each scanned point and reconstructs them to create a crystallographic orientation map of 

the scanned area through pole figures (PFs) and inverse pole figures (IPFs). The 

reconstruction of PBGs was performed using MTEX, which is a free MATLAB-based 

toolbox for analysing the crystallographic textures using EBSD or PF data [26]. The PBGs 

were reconstructed from the indexed orientations using misorientation angles higher than 

2.5°.     

6.2.4 Mechanical Properties Investigation  

Microhardness test was carried on the cubic coupons with the load of 500 g and dwell time 

of 10 s using a Matsuzawa microhardness tester. The reported microhardness values are 

the average of five distinct measurements. For compression test, specimens were cut out 

of the printed cuboids shown in Figure 6-1(b) with dimensions as per ASTM E9-19 

standard. An Instron tensile testing machine was used to perform the compression test at 

room temperature with the fixed strain rate of 0.005 mm/mm/s. The test was stopped when 

a sharp drop in the load-displacement curve was observed. For scratch test, disk specimens 

were printed with dimensions shown in Figure 6-1(c). The scratch test was performed using 

an Anton-Paar Revetest scratch tester with a tip radius of 200 µm, under a constant load of 

10 N, a scratch rate of 2 mm/min, and a scratch length of 3 mm, as per ASTM C1624-05 

standard [27]. The sliding contact response was analysed in terms of the penetration depth-

scratch length profile.        

6.3 Results and Discussion 
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6.3.1 Heat treatment cycle selection  

To select the subtransus and supertransus heat treatment temperatures, the β transus 

temperature of the as-built Ti64 and TMC samples need to be first determined. For this 

purpose, the as-built samples were subjected to the DSC analysis in which the phase 

transformations are investigated during a heating/cooling cycle. Figure 6-2 shows the DSC 

analysis results for the as-built Ti64 and TMC samples. As shown in Figure 6-2(a), the 

DSC thermogram of the Ti64 sample during heating showed an exothermic peak at 490 

°C, and an endothermic peak at 960 °C. The exothermic peak for the TMC sample was 

observed at a higher temperature of 530 °C (Figure 6-2(c)). However, compared to the 

Ti64, the endothermic peak for the TMC sample was shifted to the higher temperature of 

1025 °C. This peak was not sharp and covered a wider temperature range than that of the 

Ti64 counterpart. The temperatures at which the endothermal effects terminated were 1000 

and 1040 °C for the Ti64 and TMC samples, respectively (Figure 6-2(a) and (c)). The 

exothermic peaks observed during heating are caused by the martensite ( ) 

decomposition into   and   phases, as explained in Section 6.3.2.1.2. The observed 

exothermal events are in a good agreement with the DSC analysis results of a water 

quenched Ti64 sample with the martensitic microstructure, showing an exothermic peak at 

~500 °C [28]. The endothermal effects occurred at noticeably higher temperatures 

correspond to the β transus temperature, where the   + →  transition takes place. The 

  transus temperature observed during heating of the Ti64 sample (960 °C) well 

conforms to those of the gas atomized Ti64 powder (950 °C) [29], and water quenched 

Ti64 sample (930 °C) [30] both with a fully martensitic microstructure. In light of the 

foregoing, the subtransus and supertransus heat treatment temperatures selected in this 

study were below 960 °C and above 1040 °C, respectively, for both Ti64 and TMC parts. 



 

 

Ph.D. Thesis – Eskandar Fereiduni  McMaster University - Mechanical Engineering 

260 

 

It is worth noting that the subtransus heat treatment temperatures were selected to be higher 

than the martensitic decomposition temperature ranges to ensure that the microstructure 

evolves during the post processing of the printed parts.  

 

Figure 6-2. Differential scanning calorimetry (DSC) analysis results for the as-built Ti64 and 

TMC parts in heating (a, c) and cooling (b, d) stages. Higher magnification views of the selected 

regions in (a-d) are shown in (e-j) with the same background color. 

The DSC thermograms of the cooling stage for both samples are provided in Figure 6-2(b) 

and (d). The temperature ranges of the phase transformations during the cooling stage 

provide valuable information which can be utilized to predict the size of the micro-

constituents in both Ti64 and TMC parts, especially for the supertransus heat-treated 

scenario (Section 6.3.2.2). As can be seen in Figure 6-2(b), the Ti64 sample featured a 
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sharp exothermic peak at ~870 °C. This peak started at 925 and ended at 825 °C. Compared 

to the Ti64 sample, the exothermic peak of the TMC sample was less intense and covered 

a wide temperature range from 1010 to 850 °C (Figure 6-2(d)). Although it seems rather 

difficult to assign a specific temperature to the exothermic peak of the TMC sample, it is 

obvious that its   transus temperature is noticeably higher than that of the Ti64 specimen. 

The occurrence of  →  transformation at higher temperatures in the TMC than the Ti64 

sample can be ascribed to the role that TiB needles play in this transformation. Since the 

 →  transformation is of a nucleation and growth type, TiB needles homogenously 

dispersed in the microstructure can act as heterogeneous nucleation sites for this 

transformation [31-34] in addition to the PBG boundaries. This consequently facilitates the 

 →  transformation at higher temperatures. 

6.3.2 Microstructural Characterization  

The mechanical response of the L-PBF processed parts is governed by several factors 

among which the microstructure plays a significant role. In this section, the microstructure 

of the as-built samples along with the microstructural evolutions during the heat treatment 

cycles are thoroughly investigated from different perspectives including: (i) grain structure, 

(ii) phases within the grains, (iii) volume fraction of the phases, and (iv) size of the micro-

constituents. The influence of each microstructural feature on the mechanical properties is 

discussed in Section 6.3.3.     

6.3.2.1 Grain structure and analysis of phases within the grains 

The L-PBF processed Ti64 is characterized by a fully martensitic microstructure with low 

ductility in tandem with anisotropic properties. To understand whether the addition of 

minor B4C amounts can mitigate the anisotropy and affect the phase transformations during 
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solidification and subsequent cooling, the microstructure of the as-built TMC samples 

needs be analyzed. On this account, the grain structure and microstructure within the grains 

are assessed in the as-built Ti64 and TMC parts. 

6.3.2.1.1 As-built  

As-built Ti64: Figure 6-3 shows the optical micrograph of the front view of the as-built 

Ti64 sample, in which large PBGs are elongated along the building direction. Based on 

their width, these prior β grains can be categorized as wide and narrow, as shown in Figure 

6-3(a) and (b). The length of the PBGs was several times of the nominal power layer 

thickness, revealing that each PBG extends over multiple layers and causes microstructural 

anisotropy due to the preferential growth of the 100  direction of the   phase in the 

building direction during solidification [23, 35].  
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Figure 6-3. Optical micrographs of the: (a) front and (b) top view sections of the as-built Ti64 

sample. The band contrast, IPF-Z and reconstructed PBGs EBSD maps of the front and top views 

are shown in (c-e) and (f-h), respectively. The EBSD analysis was performed with a step size of 

0.15 µm.   

Referring to the EBSD maps shown in Figure 6-3(c), and (d), the prior   grains contained 

  laths with random orientations, giving evidence of a fully martensitic microstructure. 

The transformation of the PBGs to the martensite originated from the extremely high 

cooling rates associated with the L-PBF process [36]. Figure 6-3(e) presents PBG 

orientation maps reconstructed from the IPF map in Figure 6-3(d), in which the PBGs can 

be distinguished. The optical micrograph from the top view of the as-built Ti64 coupon is 

shown in Figure 6-3(b). As observed, the elongated PBGs have a square section, and the 
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wide PBGs are surrounded by narrow ones. The martensitic microstructure is also evident 

based on the   laths in the EBSD maps provided in Figure 6-3(f) and (g). The 

reconstructed PBG orientation map illustrated in Figure 6-3(h) clearly distinguishes the 

PBGs, where both the wide grains and the narrow ones surrounding them are visible.   

As-built TMC: Microstructural characterization of the as-built TMC sample also indicated 

large columnar PBGs (Figure 6-4(a)). The top view of the as-built TMC specimen also 

showed a chessboard pattern, like that of the as-built Ti64 counterpart (Figure 6-4(g), and 

Figure 6-3(b)). The columnar PBGs observed in the as-built TMC can be also classified 

into two different categories, i.e., wide and narrow. SEM micrograph of the front view 

showed the cross-section of the tracks which were distinguishable by their boundaries 

(Figure 6-4(b)). The microstructural examination at higher magnification revealed a 

needle-like phase homogenously dispersed in the microstructure (Figure 6-4(c)), which can 

be characterized as the TiB phase due to its morphology. As shown in the inset of Figure 

6-4(c), the TiB needles were oriented perpendicular to the track’s boundary. This originates 

from the directionality of the heat flux from the center toward the boundary of the track 

[37]. Since the nanoscale/micron-sized TiB phase forms through a solid-state 

transformation from the B-supersaturated matrix, it cannot act as inoculant during the 

solidification to yield a microstructure with equiaxed PBGs. As confirmed by the EBSD 

analysis results, the microstructure of the matrix was fully martensitic, characterized by 

randomly oriented   laths (Figure 6-4(d), (e), (h) and (i)). This indicates that the 

incorporation of 0.2 wt.%B4C into the Ti64 could not avoid the martensitic phase 

transformation of the matrix. The reconstructed PBG orientation maps of the front and top 

views of the as-built TMC sample are also shown in Figure 6-4(f) and (j), respectively, to 

distinguish the wide and narrow PBGs.  
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Figure 6-4. (a) Optical micrograph, (b) and (c) SEM micrographs, (d) band contrast EBSD map, 

(e) IPF-Z EBSD map, and (f) reconstructed PBGs of the front view of the as-built TMC sample. 

(g) Optical micrograph, (h) band contrast EBSD map, (i) the IPF-Z EBSD map, (j) and 

reconstructed PBGs of the top view of the as-built TMC sample, respectively. The EBSD analysis 

was performed with a step size of 0.15 µm.     
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6.3.2.1.2 Heat-treated 

According to the microstructural investigations, the as-built Ti64 and TMC samples suffer 

from microstructural anisotropy caused by the elongated PBGs. Besides, the fully 

martensitic microstructure can adversely affect the ductility of the fabricated parts. 

Moreover, since being metastable, the as-built parts cannot be used in applications where 

the decomposition of the martensite phase occurs. Therefore, heat treatment of the as-built 

parts is inevitable to obtain parts with tailored mechanical properties meeting the 

requirements of medium and high temperature applications.  

Subtransus heat-treated Ti64: Figure 6-5(a) and (b) show optical micrographs from the 

front and top views of the Ti64-850 sample, in which the footprints of the PBGs are 

detectable. The same pattern was also observed in other subtransus heat-treated samples, 

confirming that the subtransus heat treatment cycles fail to eliminate the microstructural 

anisotropy. As shown in Figure 6-5(c-f), a lamellar  +  microstructure is discernible in 

Ti64-850, meaning that the initial   martensitic microstructure of the as-built Ti64 was 

fully decomposed. This is in line with the DSC results shown in Figure 6-2, where the 

martensite decomposition occurred well below 850 °C. It is worth noting that the heat 

treatment temperatures higher than ~750 °C are known to completely relieve the residual 

stresses of the as-built Ti64 components [38, 39]. Microstructural characterization of the 

Ti64 samples subjected to higher subtransus temperature (i.e., Ti64-950) also revealed the 

same but coarser microstructure. According to Figure 6-6, the XRD pattern of the Ti64-

850 sample revealed   peaks, and a very weak peak corresponding to the   phase, also 

affirming the formation of a minor amount of   phase in the microstructure. The XRD 

patterns of the as-built Ti64 sample are also presented in Figure 6-6, depicting only peaks 
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corresponding to the /   phase. Therefore, the   phase detected in the Ti64-850 

sample has been formed as a result of the heat treatment.  
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Figure 6-5. Optical micrographs of the: (a) front and (b) top views of the Ti64-850 sample. (c) and 

(d) SEM micrographs of the front view. (c) shows higher magnification view of the designated 

zone in (a), and (d) presents higher magnification of the selected region in (c). The band contrast, 

IPF-Z and phase EBSD maps of the front view are shown in (e-g), respectively. The EBSD 

analysis was performed with a step size of 0.05 µm.        
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Figure 6-6. (a) XRD patterns of the as-built and heat-treated Ti64 and TMC samples. Higher 

magnification view of the designated colored box in each pattern is shown in (b-e). 
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Figure 6-7. (a) Higher magnification IPF-Z EBSD map of the region designated in Figure 6-5(f). 

(b-g) PFs of a β grain and five different α grains adjacent to it, as marked in (a). 

To understand whether there is an orientation relationship between the   and   phases 

in the subtransus heat-treated Ti64 samples (e.g., Ti64-850), PFs of a   grain and its five 

neighbour   grains were acquired. As shown in Figure 6-7, there is an orientation 

relationship between the specified   grain and all   grains in its vicinity. These Burgers 

relationships are as follows: 

 

111 / / 1120
 

                                                                                                         Eq. 1 

( ) ( )011 / / 0001
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Referring to the Burgers relations given in Eq. 1, the preferential growth of the   phase 

parallel to the ( )011  family of the crystallographic planes of the   phase leads to a 

Widmanstätten structure when intermediate or slow cooling rates are applied. In fact, the 

long dimension of the   grain extends parallel to the ( )011 planes of the   phase since 

the growth along these planes is faster [40, 41].           

Supertransus heat-treated Ti64: As shown in Figure 6-8(a), the Ti64-1050 sample is 

characterized by equiaxed PBGs, as opposed to the as-built Ti64 and the subtransus heat-

treated samples (Figure 6-3, and Figure 6-5). The supertransus temperatures can shatter the 

columnar PBGs of the as-built Ti64 parts into an equiaxed morphology by providing the 

condition for the nucleation of new   grains from the boundaries of the existing columnar 

PBGs [22, 42, 43]. The average size of these newly formed equiaxed PBGs was 250 µm, 

being remarkably larger than the average width of the columnar PBGs of the as-built Ti64 

part (Figure 6-3). This clearly reveals the severe coarsening of PBGs of the Ti64 alloy 

caused by isothermal holding at this supertransus temperature. The equiaxed PBGs were 

surrounded by a continuous network of thick GB-   and contained packets of lamellar (

 + ) structure, each presenting a distinct orientation (Figure 6-8(a) and (b)). The EBSD 

maps of the Ti64-1050 sample are presented in Figure 6-8(c)-(e). Figure 6-8(d) shows a 

few of these packets, where each individual packet is characterized by large aspect ratio 

  lamellae belonging to the same crystallographic variant. The XRD analysis of the Ti64-

1050 sample confirmed the presence of   phase in the microstructure with a more intense 

peak than the Ti64-850 case, suggesting a higher volume fraction of this phase in the former 

(Figure 6-6).   
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Figure 6-8. (a) Optical and (b) SEM micrographs of the front view of the Ti64-1050 sample. The 

band contrast, IPF-Z and phase EBSD maps of the front view are shown in (c-e), respectively. The 

EBSD analysis was performed with a step size of 0.1 µm.          

The PFs of   and   phases existing in two adjacent packets are provided in Figure 6-9. 

As it is evident, the   phase in both packets shares the exact same crystallographic 

variant, confirming that both packets are formed from the same PBG. Moreover, the   

phase within each packet has an orientation relationship with the   phase, like those in 

Eq. 1.  
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Figure 6-9. (a) Higher magnification IPF-Z EBSD map of the region designated in Figure 6-8(d). 

(b-e) PFs of the α and β grains marked in (a). 
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Subtransus heat-treated TMC: Microstructural characterizations of the TMC-850 

sample revealed the inability of this subtransus temperature in eliminating the footprint of 

the tracks and columnar PBGs (Figure 6-10(a) and (b)). Higher magnification SEM 

micrographs indicated the decomposition of the   phase to   and   phases. As shown 

in Figure 6-10(c) and (d), the track boundaries contained a higher frequency of TiB needles 

than the interior locations. Although the microstructural analysis of the TMC-850 part 

confirmed the presence of TiB needles and the   phase, no peaks referring to these two 

phases were detected in the XRD pattern (Figure 6-6), probably due to their low content 

and significantly small size. It is worth noting that in the as-built TMC sample, only peaks 

corresponding to the /   phase were detected, and no peaks referring to the TiB phase 

were observed, as opposed to the microstructural characterizations confirming the 

formation of nano-scale/sub-micron TiB needles (Figure 6-4(c)). Similar to the Ti64-850 

sample (Figure 6-7), an obvious orientation relationship was detected between the adjacent  

  and   phases of the TMC-850 sample (Figure 6-11). These Burgers relations were the 

same as those observed in the Ti64-850 and Ti64-1050 samples (Eq. 1). Microstructural 

characterizations revealed (not shown here) that even the subtransus temperature of 950 °C 

could not eliminate the trace of scan tracks and the footprints of PBGs. As expected, the 

  and   phases also experienced coarsening due to the application of a higher 

temperature. 
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Figure 6-10. Optical micrographs of the: (a) front and (b) top views of the TMC-850 sample. (c) 

and (d) SEM micrographs of the front view. (c) shows higher magnification view of the 

designated zone in (a), and (d) presents higher magnification view of the selected region in (c). 

The band contrast, IPF-Z, and phase EBSD maps of the front view are shown in (e-g), 

respectively. The EBSD analysis was performed with a step size of 0.05 µm.            
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Figure 6-11. (a) Higher magnification IPF-Z EBSD map of the region designated in Figure 

6-10(f). (b-e) PFs of the α and β grains marked in (a). 

Supertransus heat-treated TMC: Figure 6-12(a) shows optical micrograph of the TMC-

1050 sample, in which the columnar PBGs are removed, and a fully isotropic 
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microstructure is obtained. The XRD analysis of the TMC-1050 sample confirmed the 

presence of   phase in the microstructure, owing to the higher volume fraction of this 

phase than that existing in the TMC-850 case (Figure 7). However, despite the significant 

coarsening of the TiB phase, this phase was still not detectable with the performed XRD 

analysis possibly due to its low volume fraction. Moreover, unlike the Ti64-1050 

counterpart (Figure 6-8(a)), the GB-  was absent in the microstructure. Contrary to the 

lamellar morphology of the   phase in the subtransus heat-treated TMC-850 sample 

(Figure 6-10), this phase featured an equiaxed morphology in the supertransus heat-treated 

TMC-1050 sample (Figure 6-12). To understand the reason behind such a morphological 

change, the crystallographic orientation of  ,  , and TiB phases were analysed. 

Figure 6-13 shows PFs for a TiB needle as well as the   phase and several   grains 

existing in its immediate vicinity. As observed, the   phase had orientation relationships 

with three of the adjacent  grains, namely 1 , 3 , and 4 . These Burgers relations were 

( ) ( )011 / / 0001
 

and 111 / / 1120
 

. Comparison of the PFs of the 2  grain 

(Figure 6-13(e)) with those of the   grain (Figure 6-13(b)) clearly revealed the absence 

of any Burgers relations between them. The analysis of PFs also indicated no orientation 

relationships between the   phase and its neighbour TiB needle. Although the detailed 

microstructural observation and EBSD analysis of the wire arc additive manufacturing 

(WAAM) processed 0.1 wt.%B/Ti64 system has recently shown orientation relationships 

between the TiB needles and the   grains [44], such relationships were not observed in 

this study. This can be ascribed to the differences between the solidification path and 

subsequent microstructural evolutions of the WAAM and L-PBF processed TiB reinforced 
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TMCs. As opposed to the L-PBF fabricated TMCs in this study in which the TiB phase is 

formed through a solid state reaction from the B-supersaturated β phase ( ( )TiB → +

), the formation of TiB phase in the WAAM processed TMC occurs through a eutectic 

reaction ( ( )L TiB→ + ). That is why an orientation relationship was observed between 

the   and TiB products in the WAAM fabricated TiB reinforced TMCs. Referring to the 

PFs provided in Figure 6-13, there exists no Burgers relation between the investigated TiB 

needle and the adjacent   grains. It has been reported in the literature that TiB is a potent 

nucleant for the heterogenous nucleation of the   phase due to the identified specific 

orientation relationships of (001) / /(0001)
TiB  , (001) / /{1120}TiB   and (100) / /{1010}TiB   

as well as excellent lattice matches between them [32, 44]. However, at least for the 

investigated TiB needle, such orientation relationships were not identified. This 

observation is in agreement with the results reported in [45], where orientation 

relationships were not found between some of the TiB reinforcements and their adjacent 

  grains. The EBSD analysis results reported recently by Cui et al. [46] also revealed no 

TiB/ orientation relationships in electron beam powder bed fusion (EB-PBF) fabricated 

TiB reinforced TMCs. However, the same composite system in the hot-forged state showed 

the common TiB/ orientation relationships. The absence of TiB/  orientation 

relationships in the EB-PBF fabricated TMCs has been ascribed to the possibility of the 

nucleation of   phase on other planes of the TiB phase in addition to the ( )100
TiB

plane 

[46, 47]. Therefore, the absence of TiB/ orientation relationships between the 

investigated TiB needle and the   grains in this study does not necessarily mean that such 

orientation relationships do not exist in the whole microstructure.  
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As microstructural characterizations revealed, the morphology of   grains changed from 

lamellar in the Ti64-1050 sample to equiaxed in the TMC-1050 one (Figure 6-8, and Figure 

6-12). The equiaxed morphology of   grains has been also reported in other research 

studies dealing with the heat treatment of TiB-reinforced TMCs at supertransus 

temperatures [31-34]. Such a morphological change could be ascribed to the role that TiB 

needles played in the: (i) growth of prior   grains, and (ii)   → +  phase 

transformation. The TiB needles homogeneously dispersed in the matrix can effectively 

restrict the growth of PBGs and consequently bring about finer PBGs than the non-

reinforced Ti64-1050 counterpart [32, 48]. This refinement is caused by TiB needles acting 

as pinning points for the grain boundaries of the PBGs [49]. Since PBG boundaries act as 

nucleation sites for the   grains during cooling below the   transus temperature, higher 

frequency of   nucleation sites and consequently finer   grains are formed. Moreover, 

as the maximum length of   lamellae is limited to the size of the PBG accommodating 

them, finer PBGs generally lead to shorter   lamellae. When nucleated from the PBG 

boundaries, TiB needles act as effective grain growth inhibitors and confine the growth of 

the long dimension of the  grain [40, 41], leading to a more equiaxed morphology. The 

absence of the continuous GB- network in the TMC-1050 sample can be also discussed 

based on the same mechanism. It is worth noting that although the orientation relationship 

between a representative TiB needle and its surrounding   grains was not found (Figure 

6-13), the possible existence of such relationship for some other TiB needles can be also a 

reason behind the formation of fine equiaxed  grains in the TMC-1050 sample. As 

reported in [33, 50, 51], the TiB/  orientation relationships in B-modified Ti alloys justify 

that TiB needles provide heterogeneous nucleation sites for the   phase and favor 

equiaxed morphology. 
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Figure 6-12. (a) Optical and (b) SEM micrographs of the front view of the TMC-1050 sample. The 

band contrast, IPF-Z and phase EBSD maps of the front view are shown in (c, f), (d, g) and (e, h), 

respectively. The EBSD analysis was performed with a step size of: (c-e) 0.5 µm, and (f-h) 0.1 

µm. 
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Figure 6-13. (a) Higher magnification IPF-Z EBSD map of the region designated in Figure 

6-12(g). (b-g) PFs of the TiB needle, and α and β grains adjacent to it, as marked in (a). 

6.3.2.2 Size and volume fraction of micro-constituents- Ti64 vs. TMC  

The mechanical properties of the as-built and heat-treated Ti64 and TMC parts are dictated 

not only by the grain structure and the nature of the phases within the grains, but also by 

the size and volume fraction of the micro-constituents. In this respect, microstructures were 

subjected to the statistical analysis, the results of which are listed in Table 6-2 and Table 

6-3 for the as-built and heat-treated samples, respectively.  

According to Table 6-2, the width and length of   laths in the as-built TMC sample were 

smaller than those of the as-built Ti64 owing to the presence of nanoscale/micron-sized 

TiB needles homogeneously dispersed in the matrix of the TMC sample. It is of note that 
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compared to the width, the length of   lath was more affected by the presence of TiB 

needles. The average width of the   lamellae in the Ti64-850 sample was higher than that 

of the   laths in the as-built Ti64 counterpart (Table 6-3). The measurements indicated 

that the size of the lamellar structure follows an increasing trend by increasing the heat 

treatment temperature. As shown in Figure 6-14(a), the increase in the temperature from 

850 to 1050 °C led to a significant increase in the width of   phase from 0.58±0.14 to 

7.5±2.3 µm in the Ti64 samples. The average width of   lamellae in the Ti64-1050 

specimen was noticeably higher than those of the subtransus heat-treated counterparts 

(Table 6-3). The /   width in all of the as-built and heat-treated TMCs was lower than 

their corresponding Ti64 counterparts, revealing that TiB needles actively restricted the   

growth kinetic (Figure 6-14(a)).   

Table 6-2. The size and volume fraction of microstructural features of the as-built Ti64 and TMC 

samples. 

Sampl

e 

Microstructural Feature 

Prior β 

width 

(wide), 

µm 

Prior β 

width 

(Narrow

), µm 

α՛ lath 

length, 

µm 

α՛ lath 

width, 

µm 

TiB 

length, 

µm 

TiB 

diamete

r, nm 

TiB 

aspect 

ratio 

α՛ 

Vol.

% 

TiB 

Vol.% 

As-

built 

Ti64 

86±5.9 9.4±3.1 
15.6±3.

1 

0.58±0.1

4 
- - - 100 - 

As-

built 

TMC 

75.5±6.

4 

19.6±4.

1 
8.4±7.3 

0.48±0.1

2 

0.99±0.3

1 
150±50 ~6.6 78.2 21.8 

 

Table 6-3. The size and volume fraction of microstructural features of the heat-treated Ti64 and 

TMC samples. 
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Sampl

e 

Microstructural Feature 

α width 

(diameter), 

µm 

TiB 

length

, µm 

TiB 

diameter, 

nm 

TiB 

aspect 

ratio 

β 

Vol.% 
α Vol.% 

TiB 

Vol.% 
β width 

Ti64-

850 
1.09±0.38 - - - 10.9 89.1 - 0.292±0.093 

TMC-

850 
0.44±0.18 

1.3±0

.72 
210±72 6.2 6.4 75.1 18.5 0.207±0.064 

Ti64-

950 
3.54±1.04 - - - 11.2 88.8 - 0.836±0.256 

TMC-

950 
1.66±0.57 

2.87±

1.24 
306±155 9.4 7.2 78.3 14.5 0.462±0.176 

Ti64-

1050 
7.5±2.3 - - - 13.2 86.8 - 1.357±0.743 

TMC-

1050 
5.75±1.6 

6.3±4

.22 
381±151 ~16.5 9.2 84.7 6.1 0.85±0.454 

 

 

 

Figure 6-14. (a) The α/α՛ width of the Ti64 and TMC samples, and (b) the length, width, and 

aspect ratio of the TiB needles in the TMC samples in the as-built and heat-treated conditions.  

To justify the measured values and explore the role of TiB on impeding the growth of   

lamellae, the size of   phase in Ti64 needs to be analytically calculated at different 

temperatures. As mentioned earlier, the   decomposition occurs through a diffusion-

controlled solid-state transformation, leading to the formation of   and   phases, the 
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size of which is dictated by the thermal cycle experienced during the heat treatment. The 

variations observed in the size of   phase (Figure 6-14(a)) can be analytically modeled 

using the self-diffusion equations available for Ti in the   phase (for subtransus heat 

treatment) and the   phase (for supertransus heat treatment), as expressed by Eq. 2, and 

Eq. 3, respectively [52]: 

[2] 

6 188400
5.381 10 exp( )TiD

RT

 − −
=                                                                                    [3] 

where TiD
, and TiD

 are the self-diffusion coefficients of Ti in α and β phases, 

respectively, T  is the absolute temperature, and R is the gas constant. The Ti diffusion 

path for the subtransus ( Tid 
) heat-treated Ti64 samples and supertransus ( Tid 

) heat-treated 

Ti64 and TMC samples can be calculated using Eq. 4 and Eq. 5, respectively: 

2Ti Ti holdingd D t =                                                                                                       [4] 

2Ti Ti coolingd D t =                                                                                               [5] 

in which holdingt is the holding time at each subtransus temperature (i.e., 2 h), and coolingt is 

the period during which the  →  transformation takes place during the cooling stage in 

the supertransus heat-treated Ti64. Since  →  transformation occurs during holding 

at the subtransus heat treatment temperature, the Ti self-diffusion needs to be calculated in 

  rather than  . As   and   phases have the same crystal structure and almost similar 

lattice parameters, the Ti self-diffusion in   is assumed to be the same as the   phase 

9 150700
1.527 10 exp( )TiD

RT

 − −
= 
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(Eq. 4). In the supertransus heat treatment, on the other hand, the formation of   from   

phase during the cooling stage necessitates using the Ti self-diffusion equation in the   

phase (Eq. 5). In the subtransus heat-treated sample of Ti64-950, the Tid 
 predicted by Eq. 

4 was 4 µm, which is in a good agreement with the measured   width (Figure 6-14(a)). 

This approach was also utilized to predict the   width in the supertransus heat-treated 

Ti64-1050 and TMC-1050 samples using Eq. 5. Referring to the DSC test results shown in 

Figure 6-2, the  →  phase transformation during the cooling stage occurs in the 

temperature ranges of 925-825 °C for Ti64 and 1010-850 °C for TMC. Since samples were 

furnace cooled with the cooling rates of 10 and 15 °C/min within the respective temperature 

ranges, coolingt was ~10 min for both Ti64-1050 and TMC-1050 samples. An equivalent 

diffusion coefficient ( ,eq TiD 
) was defined for each temperature range using the following 

equation: 

,

f

s

T

Ti
T

eq Ti

s f

D dT
D

T T



 =
−


                                                                                                      [6] 

By substituting the calculated ,eq TiD 
 in Eq. 5, the Tid 

 was found to be 6.5 and 13.5 µm for 

Ti64-1050 and TMC-1050 samples, respectively. Although the predicted α width in Ti64-

1050 is in a good agreement with the measured value, the   width is significantly 

overestimated in the TMC-1050 case. Despite having a considerably higher Ts and a wider 

(
s fT T− ) in which the   phase transforms to  , the measured   width in the TMC-

1050 sample was lower than that of the Ti64-1050 counterpart. This clearly reveals the 

remarkable role of TiB needles in refining the microstructure of supertransus heat-treated 
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TMCs, caused by the growth restricting effects of the TiB phase as well as the potential 

nucleation of   grains from the TiB needles. 

The employed heat treatments also affected the fraction of phases in the final 

microstructure. As listed in Table 6-3, the volume fraction of   phase decreased from 89.1 

to 86.8% as the temperature increased from 850 to 1050 °C in Ti64 case. The same trend 

was observed for the TMC samples, the only difference being that the volume fraction of 

  phase was lower at any given temperature. Based on the size measurements, the length, 

and diameter of TiB needle were ~1 µm, and 150 nm, respectively, yielding an aspect ratio 

of ~6.6 in the as-built TMC. As illustrated in Figure 6-14(b), both the length and diameter 

of TiB needles followed an increasing trend due to higher diffusion rates induced at higher 

temperatures. The coarsening of TiB needles in TMCs has been reported to follow the 

Ostwald ripening principle, in which the large TiB needles grow at the expense of small 

ones [38]. The aspect ratio of TiB needles also followed an increasing trend by increasing 

the heat treatment temperature.  

6.3.3 Mechanical Properties 

In this section, the grain and phase analysis results in Section 6.3.2.1 as well as the size and 

volume fraction of the micro-constituents in Section 6.3.2.2 are implemented to discuss the 

mechanical properties of the as-built and heat-treated Ti64 and TMC components in terms 

of the compressive strength, fracture strain, microhardness, and scratch resistance.  

6.3.3.1 Compression  

The typical true stress-true stain curves of the as-built and heat-treated Ti64 and TMC 

samples are shown in Figure 6-15(a) and (b), respectively. The mean yield strength ( y ), 
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ultimate strength ( u ) and fracture strain ( f ) of all samples are depicted in Figure 6-16. 

In the case of Ti64, the maximum y  and u  values and the minimum f  correspond to 

the as-built sample. This is attributable to the fully martensitic microstructure of this 

sample (Figure 6-3). By heat treating the sample at 850 °C (Ti64-850), a sharp drop of 16.8 

and 8.3% was observed in the y  and u , respectively. However, the increase in the heat 

treatment temperature to 950 °C led to only a negligible decrease in these values compared 

to the Ti64-850 sample. Further increase of the temperature to 1050 °C again resulted in a 

considerable drop in the y  but slightly affected the u . The ductility of the heat-treated 

Ti64 samples in the subtransus region showed an ascending trend with a sharp increase of 

44 and 65.3% in Ti64-850 and Ti64-950 samples, respectively, compared to the as-built 

Ti64. Although the ductility of the Ti64-1050 sample was still higher than that of the as-

built Ti64, it was lower than the ductility of the subtransus heat-treated samples.  

The observed trend in the y  of the Ti64 samples can be justified by taking the role of 

different strengthening mechanisms into account. In the absence of reinforcements, the 

grain boundary (Hall-Petch), and solid solution strengthening are the major mechanisms 

governing the variations in the y . In this study, only the /   phase was considered in 

the grain boundary strengthening mechanism since being the dominant phase. According 

to the Hall-Petch equation [53], the y  can be predicted for the heat-treated Ti64 samples 

with a lamellar ( + ) microstructure using the following equation: 

0
HP

y

K

d

 



  += +                                                                                                       [7] 
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where 0

  +
is the friction stress, 

HPK  is the Hall-Petch coefficient, and d
 is the mean 

width of α lamellae. Given that the 0

  +
for Ti64 has not been reported in the literature, 

this term was calculated using the mixture rule as follows: 

                                                                                                   [8] 

in which 
 , and  are the friction stresses, and V 

 and  V   are the volume fraction of 

 , and   phases, respectively. 
  and   are both unknown and can be calculated by 

considering the friction stress of Ti for   ( 0

 ) and   ( 0

 ) phases as well as the solid 

solution strengthening of Al as  -stabilizer ( ,SS Al

 ) and V as  -stabilizer ( ,SS V

 ) in 

Ti. On this account,
 is defined as [54]:  

0 , 0 (0.8 )Ti

SS Al m Al AlG C   

    = + = +                                                               [9] 

in which mG , 
Ti

Al , and AlC
 are the shear modulus, misfit strain of Al in Ti, and atomic 

fraction of Al in the   phase, respectively. The misfit strain of each solute in Ti matrix 

can be obtained using the following equation [55]: 

Ti soluteTi

solute

Ti

r r

r


−
=                                                                                                       [10] 

where Tir  and soluter  are the atomic radius of Ti and solute, respectively. 

  is defined as [56]:   

1.075
0.765

0 , 0 34 (100 )SS V VV C   

      = + = +                                          [11] 

0 V V 

     + = +
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where VC 
 is the atomic fraction of V in the   phase. By substituting the calculated

  

and   values in Eq. 8, the resultant 0

  +
 can then be used to predict the y based on 

Eq. 7. The data required to calculate y are summarized in Table 6-4.  

The procedure mentioned above for the lamellar ( + ) microstructure of the heat-treated 

Ti64 samples is not valid for the as-built Ti64 with a fully martensitic microstructure. y

of such microstructure can be predicted using the following equation: 

0
HP

y

K

d





 




= +                                                                                                              [12] 

in which 0



 is the friction stress of the   phase and d 

is the mean width of   laths. 

0



is defined as: 

                                  [13] 

where ,

Ti

SS Al and ,

Ti

SS V are the solid solution strengthening caused by Al and V in Ti, 

respectively, and 
Ti

AlC and 
Ti

VC are the atomic fraction of Al, and V in Ti, respectively. The 

data required to calculate the y of the as-built Ti64 using Eq. 12 and 13 are listed in Table 

6-4.  

 

 

 

0 0 , , 0 0.8 ( )Ti Ti Ti Ti Ti Ti

SS Al SS V Al Al V VG C C        

= + + = + +
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Table 6-4. The properties and parameters used in obtaining the contribution of different 

strengthening mechanisms.  

Properties and Parameters Value Source 

HPK  300 MPa.µm1/2 [57] 

mb  0.295 nm [58] 

mG  45 GPa [59] 

0  0.125 [60] 

m  0.00944 Measured 

0

  80 MPa [56] 

0

  4.5 MPa [56] 

Tir  1.36 Å [61] 

Alr  1.18 Å [61] 

Vr  1.25 Å [61] 

Ti

Al  0.132 Calculated 

Ti

V  0.081 Calculated 

AlC 
 0.115 Measured 

VC 
 0.238 Measured 

Ti

AlC  0.102 Measured 

Ti

VC  0.036 Measured 

E   124 GPa Measured 

 

The y values predicted for Ti64 samples are also provided in Figure 6-16(a). As can be 

seen, there is a good match between the calculated and measured values. The contribution 

of each strengthening mechanism, namely, friction stress, substitutional solid solution (i.e., 

by Al and/or V), and Hall-Petch in the overall y  of the as-built and heat-treated Ti64 
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samples are depicted in Figure 6-17(a). The major strengthening mechanism in all samples 

was substitutional solid solution. A monotonic increase ranging from 55 to 75% was 

observed in the contribution of this strengthening mechanism with respect to the increase 

in the heat treatment temperature. In the as-built Ti64 sample with the lowest   width, 

the highest contribution by the Hall-Petch mechanism was perceptible (37%). Since the 

heat treatment of the Ti64 samples is accompanied by the growth of the   lamellae, the 

Hall-Petch mechanism became less effective in the strengthening of these samples. The 

minimum strengthening caused by the Hall-Petch mechanism was observed in the Ti64-

1050 sample (15%) with the largest   width. Friction stress had the minimum impact on 

the y  of all samples with a contribution in the range of 7.5-11%. 

 

Figure 6-15. The true stress-true strain curves of the: (a) Ti64 and (b) TMC samples in the as-built 

and heat-treated conditions.   



 

 

Ph.D. Thesis – Eskandar Fereiduni  McMaster University - Mechanical Engineering 

292 

 

 

Figure 6-16. Compressive (a) yield strength, (b) ultimate strength, and (c) elongation % at break of 

the Ti64 and TMC samples in the as-built and heat-treated conditions. The nanoindentation load-

displacement curves of the as-built Ti64 sample are presented in (d).    
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Figure 6-17. (a) The contribution of each strengthening mechanism in the overall compressive 

yield strength of the Ti64 samples, and (b) the increment in the compressive yield strength of 

TMC samples over the non-reinforced counterparts caused by different strengthening mechanisms.  

Referring to Figure 6-16(a), TMCs possessed a higher y  than their corresponding Ti64 

counterpart ( ,y m ). This increase in the y  is attributable to four distinct strengthening 

mechanisms, namely, grain refinement ( HP ), TiB load bearing ( TiB ), dislocation (

dis ), and interstitial solid solution of carbon (
C

SS ). By taking the effect of these 

strengthening mechanisms into account, the y  of the TMCs can be predicted as follows 

[62, 63]: 

                                                      [14] 

As listed in Table 6-2 and  

Table 6-3, the presence of TiB caused finer /   than the monolithic Ti64 counterparts. 

The effect of such a refinement on the y  increment can be determined using the following 

equation [53]: 

, ,

C

y TMC y m HP TiB dis SS     = + + + +
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2 1

1 1
( )HP HPK

d d
 = −                                                                                       [15] 

where 1d and 2d  denote the /   width in a Ti64 sample and its corresponding TMC 

counterpart, respectively.  

TiB needles can also enhance the y  by acting as load-bearing sites, the magnitude of 

which can be estimated as [64]: 

0

1

2

TiB
TiB ym TiB

TiB

L
V

d
   =                                                                                       [16] 

where TiBV , TiBL , and TiBd signify the volume fraction, length and diameter of TiB 

needles, respectively. 0  is the orientation factor with a value between 0 and 1. The y  

increment caused by dislocations consists of Orowan ( oro ), thermal mismatch ( the

), and geometrically necessary dislocation ( geo ) mechanisms as follows [65]:     

                                                            [17] 

can be calculated by the Orowan-Ashby equation as [66]: 

0.13
( )

2

m m TiB
oro

m

G b D
Ln

b



 =                                                                                       [18] 

in which mb is the Burgers vector, is the inter-particle spacing, and TiBD is the equivalent 

TiB diameter. and  can be calculated by applying the following formulas [65, 67]:  

2 2 2( ) ( ) ( )dis oro the geo    =  +  + 

oro

TiBD 
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23 1.5TiB TiB TiBD d L=                                                                                                     [19] 

1 3[(2 ) 1]TiB TiBD V − −                                                                                       [20] 

Since TiB and Ti64 have very close thermal expansion coefficients, the the is negligible. 

The term geo is defined as [68]:  

 0.4 m m TiB
geo m

TiB

b V
G

D


 =                                                                                       [21] 

where m is the compressive true strain of the matrix at the yield point: 

 ,y m

m
E


 =                                                                                                                 [22] 

in which E is the elastic modulus of the matrix, measured by the nanoindentation of the 

as-built Ti64 sample (Figure 6-16(d)). The role of carbon solid solution strengthening 

mechanism can be estimated as follows [69]: 

1 20.002C

SS m cG C =                                                                                                     [23] 

where cC  represents the atomic percent of carbon in the matrix. The data required to 

calculate the contribution of each strengthening mechanism in the y  increment of the 

TMCs are listed in Table 6-4, and the predicted y  values are depicted in Figure 6-16(a). 

As it is evident, there is a good agreement between the experimental and analytical results 

for the y  of TMCs. In all cases, ~5-14% difference was observed between the predicted 
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and measured y  values. The contribution of each strengthening mechanism in the 

improvement of the y  of the TMCs over the ,y m is shown in Figure 6-17(b). The major 

strengthening mechanism was not the same for different samples. The dis  and TiB  

were dominant strengthening mechanisms in the as-built TMC, originating from the high 

volume fraction and aspect ratio of TiB needles in this sample. In TMC-850, HP  

accounted for 45% of the total y  improvement due to the noticeable difference between 

the α width of the Ti64-850 and TMC-850 samples. TiB and HP  in TMC-950, and 

C

SS  and TiB in TMC-1050 were the governing strengthening mechanisms in the y  

enhancement of the matrix.       

The same discussion can be also applied to the u  since the same strengthening 

mechanisms mentioned for the y  improvement are active in impeding the dislocation 

movement in the plastic deformation region. That is why the same trend as the y  was 

observed in the u  (Figure 6-16(a) and (b)). It is worth noting that for both Ti64 and TMC 

parts, heat-treated samples showed lower strength and higher ductility compared to the as-

built condition. Except for the Ti64-1050, the increase in the heat treatment temperature 

resulted in higher ductility (Figure 6-16(c)). It is also of note that the ductility of TMCs 

were slightly lower than their corresponding Ti64 samples, with the only exception being 

the TMC-1050. This can be rationalized based on the presence of hard and brittle TiB phase 

which acts to enhance the strength and decrease the ductility.       
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Figure 6-18 shows SEM micrographs taken from the cross-section of the compression test 

specimens adjacent to the fracture location. As shown in Figure 6-18(a) and (b), the Ti64-

950 specimen featured a noticeable deformation of the lamellar ( + ) microstructure 

near the fracture path. Examination of the microstructure revealed the formation of micro-

cracks at the /   interface of the deformed region as well as the decohesion of the /   

interface at locations farther from the fracture site. The /   interfaces in the Ti64 alloy 

act to hinder the dislocation motion and lead to the dislocation pile-up. The localization of 

deformation and stress concentration at these interfaces makes them potential sites for the 

formation of micropores [70]. The elongation and coalescence of these micro-voids during 

further deformation may result in the formation of micro-cracks, as shown in Figure 

6-18(a). Microstructural observation of the TMC-950 specimen revealed multiple cracking 

of TiB needles, specifically the coarse ones (Figure 6-18(c), and (d)). In addition, the 

deformation of the lamellar ( + ) matrix was less prevalent compared to the Ti64-950 

counterpart. Examination of the Ti64-1050 specimen disclosed the formation of long 

cracks elongated along the GB-  (Figure 6-18(e)), justifying the detrimental effect of the 

GB-  network on both strength and ductility of the supertransus heat-treated Ti64 alloy 

(Figure 6-16(a), (b), and (c)). The unexpectedly low ductility of Ti64-1050 sample is 

attributed to the GB-  network acting as a potential site for the propagation of cracks 

during loading. As indicated in Figure 6-18(f), the Ti64-1050 specimen featured another 

type of elongated cracks which were not originating from the GB- . The microstructure 

clearly showed a shift in the position of   and   phases existing in each side of the 

cracks. The orientation of these cracks (~45° relative to the loading direction) clearly 

reveals that they have been formed due to the shear stress, which is in its maximum value 

at this angle. The Ti64-1050 sample contained other defects such as small cracks caused 
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by the   phase failure and voids originated form the /   interface decohesion (Figure 

6-18(f)).  
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Figure 6-18. SEM micrographs from the cross-section of the: (a, b) Ti64-950, (c, d) TMC-950, (e, 

f) Ti64-1050, and (g, h) TMC-1050 samples after the compression test. The inset in each 

micrograph shows higher magnification view of the selected region in the same micrograph. “LD” 

refers to loading direction. 
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Microstructural characterization of the TMC-1050 specimen adjacent to the fracture path 

showed multiple cracking for a high frequency of large-sized TiB needles (Figure 6-18(g)). 

Due to the significant coarsening of TiB needles in the TMC-1050 sample and their higher 

tendency to failure, the TiB cracking was much more prevalent than the subtransus heat-

treated TMC counterparts (e.g., TMC-950). The strong interfacial bonding between TiB 

needles and the matrix is the main reason behind their multiple cracking. This allows the 

failed needles to further undertake the load transferred from the matrix and experience 

more fracture [71]. The load bearing capacity of the TiB needles is one of the main 

strengthening mechanisms in the fabricated TMCs. Referring to Figure 6-18(h), the failure 

of   phase was also less frequently observed beside the fracture site of the TMC-1050 

sample. Given the fact that the TMC-1050 sample was free from the detrimental GB-  

phase, the ductility of this sample followed the general increasing trend observed in the 

heat-treated TMC samples.  

6.3.3.2 Microhardness and scratch resistance 

Figure 6-19 shows the microhardness of Ti64 and TMC specimens. In the as-built state, 

the TMC specimen was ~5% harder that the Ti64 counterpart due to two factors: (i) the 

second constituent strengthening caused by the hard and stiff nanoscale/sub-micron TiB 

needles, and (ii) the decreased width of   laths. The subtransus heat treatment 

temperature of 850 °C did not have a noticeable effect on the hardness compared to the as-

built conditions. This can be attributed to the limited growth of   laths at such relatively 

low temperatures (Table 6-2, and  

Table 6-3). The subtransus temperature of 950 °C led to a remarkable drop in the hardness 

of the Ti64 sample due to the significant microstructural coarsening. However, due to the 
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growth restricting effects caused by TiB needles, the TMC-950 specimen featured only a 

slight decrease in the hardness compared to the TMC-850 case. Ti64-1050 specimen 

showed higher hardness than Ti64-950 case. Moreover, due to the presence of TiB needles 

and finer   grains, the TMC-1050 possessed a higher hardness than the Ti64-1050 

specimen. The gradual decreasing trend in the microhardness of heat-treated TMCs caused 

by the increase in the heat treatment temperature can be rationalized by the coarsening of 

  laths and TiB needles, as shown in Figure 6-14.       

 

Figure 6-19. The microhardness of the Ti64 and TMC samples in the as-built and heat-treated 

conditions. 

Figure 6-20(a) shows the variation in the penetration depth along the scratch length of Ti64 

samples. The Ti64-950 and Ti64-1050 samples featured lower scratch resistances than the 

as-built Ti64 sample. This well conforms to the microhardness measurement results in 

Figure 6-19, where these two samples showed the lowest microhardness among all Ti64 

samples. The best Ti64 sample in terms of the scratch resistance was Ti64-850. The scratch 
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profiles of the TMCs are provided in Figure 6-20(b), in which the TMC-950 sample 

featured the highest scratch resistance while the other samples showed almost the same 

penetration depth profiles. The observed scratch resistance behaviors can be explained 

based on the ductility and microhardness results shown in Figure 6-16(c) and Figure 6-19, 

respectively. Although having almost the same microhardness as that of their 

corresponding as-built counterparts, the relatively higher ductility of the Ti64-850 and 

TMC-950 samples is believed to be the main reason behind their enhanced scratch 

resistance. Despite the high hardness of the as-built samples favoring their scratch 

resistance, the low ductility of these samples results in cracking and delamination of the 

material and consequently yields deeper scratch profile. Ti64-850 and TMC-950 samples 

with almost the same hardness and higher ductility than the as-built ones benefit from 

deformation rather than cracking and delamination during the scratch test, leading to the 

reduced penetration depth.          

 

Figure 6-20. The penetration depth-scratch length profiles of the: (a) Ti64, and (b) TMC samples 

in the as-built and heat-treated conditions.  

6.3.4 Selection of the optimum heat treatment cycle 

As the results in Section 6.3.3 revealed, mechanical properties of the Ti64 and TMC parts 

could be tailored by employing heat treatment cycles. The question that has remained 
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unanswered is “what is the optimum heat treatment cycle?” To answer this question, it 

should be noted that the optimum heat treatment cycle depends on the application and the 

service requirements as follows: 

▪ Isotropy in microstructure and mechanical properties: The columnar PBGs are 

indicative of the anisotropy in microstructure and mechanical properties of the as-

built Ti64 and TMC samples. Only the supertransus heat treatment strategy could 

successfully eliminate these columnar grains (Figure 6-8, and Figure 6-12). 

Although being isotropic, the Ti64-1050 sample suffered from relatively low 

strength, ductility and scratch resistance, owing to the GB-  phase. The presence 

of TiB reinforcement in the TMC-1050 not only hindered the formation of GB-

  but also led to the formation of fine equiaxed   grains.  

▪ Combination of strength and ductility: The combination of these two mechanical 

properties represents the toughness of the material, which can be obtained by 

calculating the area under the stress-strain curve. On this account, Ti64-950 and 

TMC-1050 are introduced as the optimum samples since having the highest 

toughness among all samples in their category.    

▪ Combination of hardness and scratch resistance: By considering this criterion, 

the optimum samples are Ti64-850 and TMC-950, yielding the highest hardness 

and superior scratch resistance. 

6.4 Conclusions 

This research study offers an insight into the improvement of mechanical properties of the 

laser powder bed fusion (L-PBF) fabricated Ti-6Al-4V (Ti64) alloy via incorporation of 

minor B4C content. The as-built titanium matrix composite (TMC) and the reference Ti64 
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samples were subjected to the subtransus and supertransus heat treatment cycles. Results 

revealed that the optimum heat treatment cycles for Ti64 alloy cannot be necessarily 

applied to the TiB reinforced TMCs owing to the role that TiB needles play in restricting 

the growth of the prior   grains (PBGs) and the nucleation/growth of   phase formed 

by the  →  transformation. The subtransus heat treatments led to full decomposition 

of the   phase into the ( + ) lamellar microstructure for both Ti64 and TMC samples. 

However, they failed to eliminate the footprints of the laser scan tracks as well as the 

anisotropy caused by the elongated PBGs. The presence of TiB led to 100 °C shift in the 

subtransus heat treatment temperature required to obtain optimum set of microhardness 

and scratch resistance properties (Ti64-850 vs. TMC-950). The supertransus heat treatment 

cycle altered the morphology of PBGs from elongated to equiaxed in both Ti64-1050 and 

TMC-1050 samples. However, contrary to the lamellar morphology of   phase in the 

Ti64-1050 sample, this phase featured an equiaxed morphology in the TMC-1050 

counterpart owing to the role that TiB needles played in restricting their growth. The TiB 

needles also avoided the formation of the detrimental grain boundary   (GB- ) network 

which was perceptible in the Ti64-1050 sample. Therefore, the presence of TiB made it 

possible to achieve a fully isotropic microstructure without being concerned about the 

detrimental GB-  phase. In applications demanding combination of high strength and 

ductility, supertransus heat treatment was found to be the optimum cycle for TMCs.  
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Abstract 

This study investigates the short-term creep performance of laser powder bed fusion (L-

PBF) fabricated Ti-6Al-4V (Ti64) and TiB-reinforced Ti64 matrix composite (TMC) parts. 

The TMCs were fabricated by L-PBF processing of 0.2wt.%B4C/Ti64 composite powder. 

The optimum set of process parameters was used to manufacture creep test specimens. In 

addition to the as-built scenario, supertransus heat treatment was conducted to eliminate 

the microstructural anisotropy. Creep testing of the as-built and heat treated samples was 

performed at 600 °C under a constant tensile stress of 200 MPa. Microstructural evolutions 

were scrutinized before and after the creep test. Results revealed a slightly longer rupture 

time for Ti64 than the TMC part in the as-built state. Although the boundaries of prior β 

grains were detected as the preferential void nucleation sites in both as-built samples, the 

TMC part featured a significantly higher frequency of smaller voids near the fracture site. 

The heat-treated Ti64 sample showed the most inferior creep performance with a premature 

failure due to continuous networks of grain boundary α (GB-α). However, the heat-treated 

TMC counterpart showed a noticeably improved creep performance with a rupture time of 

5.8 h owing to the absence of GB-α, presence of hard and stiff TiB reinforcements, and the 

increased fraction of interfaces. 

 

Keyword: Ti-6Al-4V; Titanium matrix composite (TMC); Laser powder bed fusion (L-

PBF); Short-term creep 
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7.1 Introduction 

Titanium (Ti) and its alloys are used in a wide variety of low- and medium-temperature 

applications in different industries such as aerospace, biomedical, and petrochemical due 

to their high specific strength and good corrosion resistance [1, 2]. Among all industries, 

the aerospace sector is the most compelling one, accounting for more than 70% of the 

whole Ti consumption [3]. The Ti alloys used in the aerospace sector contain both α and β 

stabilizing elements in various proportions depending on the application and the required 

combination of mechanical properties [4]. Ti-6Al-4V (Ti64) is the most famous Ti alloy 

with an (α+β) two-phase microstructure, which plays a significant role in the 

manufacturing of components in the aerospace industry, such as disks and blades for 

aircraft turbines as well as steam turbines [5]. Creep resistance is one of the main criteria 

in such applications and is often the limiting parameter when designing structural 

components to be used in different temperature-stress domains [6].     

The challenges involved in refining, casting, forming, and machining Ti alloys have made 

them very expensive compared to other metallic counterparts such as steel and Al alloys 

[7]. Given this fact, there has been a great deal of research in recent years to produce net- 

or near-net-shape Ti alloy parts that require minimum post-processing steps [8, 9]. Laser 

powder bed fusion (L-PBF) is a near-net-shape additive manufacturing (AM) process in 

which a component is built by melting successive layers of a powder feedstock onto a build 

plate using a focused laser beam as the heat source [10-12]. Since providing fabrication of 

custom-designed parts with complex geometries, and fine features in a single shot, this 

unprecedented technology has become economically attractive and of high interest, 

especially in applications demanding low volume production of relatively expensive 

materials (e.g., Ti alloys) [5, 13-15]. In the as-built condition, the L-PBF fabricated Ti64 
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parts are characterized by large columnar prior β grains, elongated along the building 

direction, and contain fine α՛ laths featuring a martensitic microstructure [16-18]. Although 

the fully martensitic microstructure of the L-PBF fabricated Ti64 components brings about 

a noticeably high strength which well exceeds the minimum requirements of the ASTM 

standard for forged (ASTM F1472) and cast (ASTM F1108) products, it generally renders 

a low ductility [19, 20]. In addition, since the martensitic microstructure is metastable, the 

fabricated parts cannot be used in the as-built form in medium- and high-temperature 

applications. Moreover, the as-built parts have been shown to suffer from a high degree of 

anisotropy in the mechanical properties due to the microstructural anisotropy caused by the 

elongated prior β grains [21, 22].  

Therefore, the L-PBF fabricated Ti64 parts need to be subjected to the post-processing heat 

treatments. The heat treatment of the as-built Ti64 alloy at temperatures below the β transus 

temperature (subtransus) is one of the strategies which has been employed in recent years 

to enhance the ductility (at the expense of strength) by relieving the residual stress and 

decomposing the martensite to (α+β) phases [23-25]. However, such heat treatment cycles 

are not able to eliminate microstructural/mechanical anisotropy. By providing the 

nucleation of new prior β grains with an equiaxed morphology, supertransus heat treating 

is capable of eliminating the microstructural anisotropy [26]. However, the extensive 

growth of the prior β grains at such high temperatures is the major concern associated with 

the supertransus heat treatment, adversely affecting mechanical properties. In addition, 

supertransus heat treatment of the Ti64 alloy leads to the formation of grain boundary alpha 

(GB-α) along the boundaries of prior β grains, which unfavorably affects the ductility by 

providing a continuous pathway for the nucleation and propagation of cracks during 

loading [24, 26, 27].  
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Although the creep behavior and mechanism of Ti matrix composites (TMCs), especially 

TiB, TiC, and hybrid (TiB+TiC) reinforced composites fabricated by conventional 

manufacturing processes have hitherto been extensively investigated [4, 28-30], the 

literature lacks research studies dealing with the evaluation of the creep performance of 

TMCs fabricated by AM processes, especially PBF ones. This might be because the 

research field concerning the fabrication of metal matrix composites (MMCs) by AM 

technology is relatively new and has yet to be explored. Moreover, due to the unique 

microstructural features associated with the AM fabricated MMCs, a deep understanding 

of the microstructural evolutions during their creep testing is needed for an improved 

understanding of the creep mechanisms. 

The focus domain of this study is to improve the creep performance of the L-PBF fabricated 

Ti64 alloy by engineering the microstructure via incorporating ceramic reinforcing 

particles into the matrix and employing appropriate post-processing heat treatment cycles. 

For this purpose, a minor amount of B4C powder (0.2wt.%) was added to the Ti64 powder 

to produce a composite powder as the feedstock material for fabricating TMC parts via the 

L-PBF process. The selection of B4C as the starting reinforcing agent was on account of 

the fact that B can lead to a significant improvement in mechanical properties and high-

temperature durability through the in-situ formation of TiB reinforcement with noticeably 

high hardness and stiffness [7, 31-33]. Since having almost the same coefficient of thermal 

expansion as that of Ti, minimum thermal residual stresses are generated at the TiB/matrix 

interface during cooling in TiB-reinforced TMCs [34]. The presence of B element/TiB 

phase in Ti alloys brings about a remarkable grain refinement and improves the strength of 

the TMCs [35, 36]. Moreover, the highly stable TiB whiskers in TMCs restrict the mobility 

https://www.sciencedirect.com/topics/materials-science/microstructural-evolution
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of grain boundaries at high temperatures and act as strong barriers for mobile dislocations, 

leading to a profound effect on the elevated-temperature performance [37, 38].  

Following the L-PBF processing within a wide range of volumetric energy densities, the 

optimum set of process parameters leading to the highest relative density in both monolithic 

Ti64 and TMC cases were employed to manufacture creep test specimens. The as-built 

samples were heat treated at a supertransus temperature to explore whether such a heat 

treatment cycle can improve the creep performance. The results of the short-term creep 

testing indicated a slightly longer rupture time for Ti64 than the TMC counterpart in the 

as-built condition (3.4 vs. 2.9 h). However, compared to the heat-treated Ti64 sample, 

which experienced premature failure only after 0.6 h, the heat-treated TMC featured a 

significantly longer rupture time of 5.9 h. This was discussed based on the stiffness of TiB 

reinforcement, the density of interfaces, and the load transfer from the matrix to the 

reinforcement. The findings of this research study reveal that the service temperature of 

the L-PBF fabricated Ti64 alloy can be elevated by incorporating suitable reinforcements 

and employing appropriate post-processing heat treatment cycles. The fabricated TMC 

parts can be considered for fracture-critical members (e.g., in the aerospace sector), 

especially at elevated temperatures. 

 

7.2 Materials and experimental procedure 

The starting materials were Ti64 and B4C powders with a mean particle size of 35 and 2 

µm, respectively, and the chemical composition reported in [39]. A composite powder 

containing 0.2wt.%B4C as the starting reinforcing agent was produced by adding a 2 h-ball 

milled 3wt.%B4C/Ti64 composite powder to the monolithic Ti64 powder, followed by 

regular mixing for 2 h. The ball-to-powder weight ratio and the ball diameter in the ball 
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milling were 5:1 and 10 mm, respectively, and the rotational speed in the ball milling was 

set to be 200 rpm. The regular mixing process was also conducted with the same rotational 

speed without balls. A wide range of process parameters was employed to fabricate cubic 

test coupons, and the optimum set of process parameters leading to the highly dense 

(>99.5% densification level based on the image analysis by the ImageJ software) Ti64 and 

TMC samples were utilized to manufacture creep test specimens. The shared optimum 

process parameters were scanning speed of 2000 mm/s, hatch spacing of 100 µm, and 

nominal powder layer thickness (platform displacement) of 30 µm. However, the optimum 

laser power was 200 and 250 W for Ti64 and TMC samples, respectively. The samples 

were printed using an EOS M280 machine (EOS, Krailling, Germany) equipped with a Yb-

fiber laser system providing power levels of up to 400 W. The build plate was Ti64, heated 

to 200 °C prior to the L-BPF processing of both Ti64 and TMC parts. The geometry and 

dimensions of the fabricated creep test specimen are schematically illustrated in Figure 7-1. 

The as-built cubic and creep test samples were cut from the build plate via wire electric 

discharge machining (EDM). Heat treatment of specimens was performed at 1050 °C for 

2 h, with a heating rate of 10 °C/min followed by furnace cooling. The heat-treated Ti64 

and TMC samples are referred to as HT-Ti64 and HT-TMC, respectively. The top and 

bottom surfaces of the as-built and HT creep test samples were ground to achieve a smooth 

surface finish.   

The cross-sections of the as-built and HT cubic samples were ground and polished 

according to the standard metallography procedure and were chemically etched using 

Kroll’s Reagent. For microstructural characterizations, Nikon optical microscopy (OM), as 

well as a Vega Tescan scanning electron Microscopy (SEM) equipped with energy 

dispersive X-ray spectroscopy (EDS), were used. Determination of the size of phases was 
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performed using ImageJ software. Electron backscatter diffraction (EBSD) technique was 

carried out using an FEI, Versa 3D SEM, and the data collection and analysis was 

performed using the TSL OIM 7 software to address the grain size and crystal orientation 

in the as-built and HT samples. Prior to the EBSD analysis, the aforementioned sample 

preparation procedure was followed by 5 minutes of polishing on a chemical-resistant cloth 

with a 0.04 µm colloidal silica suspension. The spatially resolved EBSD maps were 

acquired at 20 keV using step sizes in the range of 0.1 to 4 µm.  

The elastic modulus (E) of the as-built Ti64 and TMC samples was assessed using 

nanoindentation measurements. The employed method was Oliver-Pharr, and the utilized 

device was an Anton Paar NHT3 nano-indentation tester (Anton Paar, Graz, Austria) 

equipped with a Berkovich pyramidal-shaped indenter tip. The calibration process was 

performed using a Fused Silica reference sample. The maximum load, the 

loading/unloading rate, and the pause at the maximum load were 10 mN, 40 mN/min, and 

10 s, respectively.  

Constant-load creep tensile-test experiments were carried out at the temperature of 600 °C, 

and the applied nominal stress of 200 MPa on vertical load frames using a SATEC creep 

rupture machine, Model M-3, with a total capacity of 3000 kg, and a lever arm ratio of 

16:1. The dimensions of the printed creep test specimens (Figure 7-1(a)) were selected as 

per the ASTM-E139 standard. The creep strain-life behavior was recorded during the 

experiments. The creep strain was measured using a linear variable differential transform 

(LVDT) assembly with an accuracy of 0.1% on a 5D original gauge length of 29.46 mm. 

The heating of test specimens was performed in a resistance heating furnace with a 

temperature control within ± 5 °C. The temperature monitoring was implemented by three 

K-type thermocouples attached to each specimen within the reduced section. Prior to the 
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creep testing, samples were soaked at the desired creep test temperature for 90 minutes to 

ensure a uniform testing temperature throughout the specimen and minimize the thermal 

stresses. All creep tests were carried out in air according to the ASTM E139-11 standard 

[40]. Following each creep test, the fracture surfaces were observed via SEM (Figure 

7-1(b)). The fractured specimens were also sectioned parallel to the loading direction 

(Figure 7-1(b)), and the top views were subjected to the standard metallography procedure 

to investigate the creep failure mechanism. 

 

Figure 7-1. (a) General and (b) top views of the L-PBF fabricated creep test samples. The inset in 

(b) illustrates the locations where the post-creep microstructural characterization and fracture 

surface analysis were performed. 

7.3 Results 
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7.3.1  Creep properties 

7.3.1.1 Creep strain-time curves  

Figure 7-2 shows the variation in the creep strain versus time for the as-built and HT 

specimens. The creep parameters derived from the creep tests are also listed in Table 7-1. 

As observed in Figure 7-2, the Ti64 sample showed a slightly longer rupture time in the as-

built condition compared to the TMC counterpart (3.4 vs. 2.9 h). The heat-treated Ti64 

sample showed a rupture time of only 0.6 h. However, the TMC part with the same heat 

treatment history endured a noticeably longer time of 5.8 h. The highest steady-state creep 

rate (εsṡ ) among all specimens was for the as-built Ti64 part (5.9 %/h). This was slightly 

lower for the as-built TMC specimen (4.5 %/h). The lowest εsṡ  was discerned in the heat-

treated TMC case (0.84 %/h), being significantly lower than those of the as-built Ti64 and 

TMC counterparts. Although the HT-Ti64 sample featured a lower εsṡ  than the as-built 

Ti64 and TMC samples, its premature failure led to a rupture time being remarkably shorter 

than the other two. Figure 7-2(b) illustrates the load-displacement curves during 

nanoindentation of the as-built samples. As observed, the as-built TMC sample benefits 

from higher nanohardness and elastic modulus (E) than the as-built Ti64 counterpart. Due 

to the significantly higher stiffness of TiB than α՛/α and β phases, incorporation of TiB into 

the Ti alloy matrix leads to a TMC with higher hardness and E [41]. 
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Figure 7-2. (a) Creep strain versus time curves for the as-built and heat-treated (HT) Ti64 and 

TMC samples, and (b) typical nanoindentation load-displacement curves of the as-built Ti64 and 

TMC samples.  

Table 7-1. The creep parameters of the as-built and HT specimens tested at 600 °C under a stress 

of 200 MPa. 

Sample 
Parameter 

tr [h] εsṡ  [%/h] Total Strain [%] 5D Elongation [%] 

As-built Ti64 3.4 5.93 28.3 53.3 

As-built TMC 2.9 4.48 13.26 66.7 

HT-Ti64 0.6 2.16 3.6 - 

HT-TMC 5.8 0.84 7.46 12.5 

 

7.3.1.2 Post-creep microstructural characterization  

To better understand the creep fracture mechanism, the top view cross-sections of the creep 

test specimens after fracture were subjected to microstructural characterization. Figure 7-3 

shows these microstructures for the as-built Ti64 and TMC specimens close to the fracture 

site and along the loading direction. As observed in Figure 7-3(a), the region beside the 

fracture site of the Ti64 specimen was characterized by large voids which were elongated 

along the loading direction. The final fracture is believed to have occurred by the 

coalescence of these elongated voids. Although the voids were also visible at a greater 
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distance from the fracture site, they were noticeably smaller in size compared to ones 

existing in its vicinity. As can be seen in Figure 7-3(b), the neighborhood of the fracture 

site of the as-built TMC specimen was heavily populated by tiny voids. The density of 

these voids decreased as moving further away from the fracture location. As opposed to 

the as-built Ti64 counterpart, the large elongated voids were not perceptible in the as-built 

TMC case. Close examination of both as-built Ti64 and TMC specimens revealed that 

although there were a few voids at the prior β grain boundaries parallel to the loading 

direction, they were not as prevalent as voids located at the prior β grain boundaries 

perpendicular to the loading direction. Referring to the square section of the prior β grains 

observed from the top view micrographs in Figure 6-3(b) and Figure 6-4(g), it is clear that 

the prior β grains have experienced elongation along the loading direction during the creep 

testing. The degree of this elongation showed a gradual decrease farther from the fracture 

site. 
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Figure 7-3. Optical micrographs of the top view section of the as-built: (a), (c), (e) Ti64; and (b), 

(d), (f) TMC creep test samples after failure. (a), and (b) show the fracture sites, while (c), (d), (e), 

and (f) refer to locations further away from them. (e), and (f) present the microstructures of 

regions having a greater distance from the fracture site than (c) and (d), respectively.   

Figure 7-4(a) shows the top view optical micrograph beside the fracture location of the HT-

Ti64 creep test sample after failure. Figure 8(b) and (c) show higher magnification SEM 

micrographs of this region. As observed in Figure 7-4(a) and (b), the fracture of this 
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specimen occurred predominantly from the boundaries of the equiaxed prior β grains where 

GB-α is located. These GB-α networks acted as potential sites for crack nucleation during 

the creep test. The nucleated cracks then propagated along the GB-α due to their continuous 

morphology and low ductility, leading to an intergranular fracture mode. Microstructural 

characterizations revealed that the α/β interfaces were also potential sites for the nucleation 

of voids during the creep test. Moreover, local cracking of β lamella was evident in the 

microstructure (Figure 7-4(c)). However, due to the extremely fast growth of cracks along 

the GB-α, the other two cracking and void nucleation sites could not play a significant role 

in the creep performance of the HT-Ti64 sample. The EDS analysis results provided in 

Figure 7-4(e) and (f) also clearly confirmed the microstructure of the HT-Ti64 creep 

sample to be composed of α and β phases. As can be seen, the α and β phases are 

characterized by their higher Al and V content as α- and β-stabilizer elements in Ti alloys, 

respectively.   
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Figure 7-4. (a) Optical micrograph, (b), and (c) SEM images of the top view section of the failed 

HT-Ti64 creep test sample adjacent to the fracture site. (e), and (f) are the EDS maps showing the 

elemental distribution of Al and V in the SEM image presented in (d). 

Figure 7-5(a) presents the optical micrograph of the region beside the fracture site of the 

HT-TMC creep specimen. Compared to the heat-treated Ti64 specimen, the voids and 

cracks observed adjacent to the fracture location were significantly smaller. Higher 

magnification SEM micrographs of the fracture location neighborhood indicated the 

formation of a high frequency of cracks and voids. As shown in Figure 7-5(b), the cracking 

of TiB needles, especially the large-sized ones, was perceptible in the microstructure. In 

addition, as specified in Figure 7-5(b), some TiB needles experienced debonding from the 

matrix due to the deformation incompatibility between the matrix and the TiB 
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reinforcement [42]. The same as the HT-Ti64 creep specimen, the cracking of the β 

lamellae and the decohesion of α/β interfaces (especially those oriented perpendicular to 

the loading direction) were evident in the microstructure. The EDS maps in Figure 7-5(e), 

(f), and (g) illustrate the distribution of Al, V, and B elements in Figure 7-5(d), respectively, 

and confirm that the microstructure consists of TiB needles acting as reinforcements in an 

α+β matrix.  

  

Figure 7-5. (a) Optical micrograph, (b), and (c) SEM images of the top view section of the failed 

HT-TMC creep test sample adjacent to the fracture site. (e), (f), and (g) are the EDS maps showing 

the elemental distribution of Al, V, and B in the SEM image presented in (d). 
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7.3.1.3 Fractography of the creep samples 

Figure 7-6 shows SEM micrographs of the fracture surfaces for creep tested as-built and 

HT samples. Except for the HT-Ti64 case, all samples featured a ductile mode 

characterized by dimples on the fracture surface. However, the size of dimples was found 

to be different among the samples. As observed in Figure 7-6(a), the fracture surface of the 

as-built Ti64 sample contained dimples with two different scales, i.e., large and small. 

Compared to the small-sized dimples, the large-sized ones were noticeably deeper and less 

frequent on the surface. These deep dimples can also be observed in the top view cross-

section of the fractured creep test specimen (Figure 7-3(a)). In general, the fracture surfaces 

with small numbers of relatively large-sized dimples represent a highly ductile material, 

while those containing larger number of finer and shallower dimples give evidence of a 

material with a lower ductility [43]. Accordingly, the presence of large-sized and deep 

dimples along with the fine ones on the fracture surface of the as-built Ti64 specimen 

unveils its relatively high ductility and justifies its higher total strain to fracture compared 

to other specimens. The creep fracture surface of the as-built TMC sample also featured 

dimples. However, the large-sized and deep dimples were absent. The fracture surface of 

the HT-Ti64 specimen displayed an intergranular fracture mode, representing a weak grain 

boundary cohesion (Figure 7-3(c)). This can be ascribed to the presence of continuous GB-

α network along the prior β grain boundaries which provided pathways for the nucleation 

and then propagation of the cracks (Figure 7-4(a), and (b)). As provided in Figure 7-3(d), 

the fracture surface of the HT-TMC specimen featured a ductile mode. In addition to the 

round shape dimples which were also observed in the as-built specimens, the fracture 

surface of the heat-treated TMC sample exhibited cylindrical-shape dimples containing 

TiB needles. These dimples are caused by the deboning of the TiB whiskers from the matrix 
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during the creep loading. Transverse cracking of the TiB whiskers was another 

phenomenon observed on the fracture surface of this specimen (Figure 7-6(d)). The TiB 

cracking as well as the debonding of TiB needles from the matrix of the HT-TMC creep 

test specimen are the microstructural features which were also observed adjacent to the 

fracture site (Figure 7-5(b), and (c)).          

 

Figure 7-6. SEM micrographs of the fracture surface of: (a) as-built Ti64, (b) as-built TMC, (c) 

HT-Ti64, and (d) HT-TMC creep test samples after failure. The inset in (a) shows a higher 

magnification image of the region selected by the dashed square.  
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7.4 Discussion 

As microstructural observations revealed, the as-built Ti64 and TMC parts contained large 

prior β grains elongated along the building direction (Figure 5-6). This structure is formed 

due to the combination of epitaxial and competitive growth during the solidification, where 

faster growth of those prior β grains having their easy-growth crystallographic direction 

perpendicular to the fusion line crowds out the β grains oriented in less favorable directions 

[44, 45].  

The TMC sample contained nanoscale/sub-micron TiB whiskers homogeneously dispersed 

in the microstructure (Figure 5-8). The obtained dispersion state of TiB whiskers is quite 

different from the microstructure of the TiB reinforced TMC systems with minor B content 

subjected to other manufacturing processes with relatively lower cooling rates than the 

LPBF process (e.g., conventional processes such as casting [35], or AM processes such as 

direct energy deposition [31], electron beam melting [46], and wire-arc AM [47]). The 

solidification in these processes starts with the formation and growth of the β phase and 

the rejection of B from the growing solidification interface into the liquid. The B-enriched 

liquid then transforms to (β+TiB) through a eutectic reaction, leading to the β grains 

surrounded by TiB whiskers. The extremely high cooling rate of the LPBF process hinders 

the rejection of B into the liquid during the solidification, leading to the supersaturation of 

the β phase from B [48]. Due to the decreased solubility of B in the β phase during the 

cooling stage, the supersaturated B precipitates out as noticeably fine and homogeneously 

dispersed TiB whiskers through a solid-state transformation. The formation of a fully 

martensitic matrix, rather than an α+β two-phase microstructure, is another consequence 

of the extremely high cooling of the LPBF process which well surpasses the critical cooling 

rate for the martensitic phase transformation in Ti64 alloy [49-51]. 
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Referring to Figure 6-8, the HT-Ti64 sample contained a continuous network of GB-α 

surrounding the equiaxed prior β grains. The change in the morphology of prior β grains 

from columnar to equiaxed is due to applying a supertransus heat treatment temperature, 

which leads to the nucleation and subsequent growth of new prior β grains from the 

boundaries of the columnar β grains of the as-built Ti64 sample. During cooling from the 

supertransus temperature in an equilibrium condition (i.e., furnace cooling in this study), 

the GB-α is the first transformation product that forms at the prior β grain boundaries of 

the Ti64 sample with a thick plate-like morphology [52, 53]. At the β transus temperature, 

the α phase (which is enriched from Al as an α-stabilizer element) starts to form from prior 

β grains. This leads to the rejection of V (as a β-stabilizer element) into the remaining β 

directly adjacent to the formed α lamellae and makes it stable. The local variation of Al 

and V causes packets of lamellar (α+β) microstructure to be formed in each prior β grain. 

As opposed to the HT-Ti64 sample, the HT-TMC did not contain the GB-α phase with a 

continuous morphology owing to the TiB precipitates acting as effective heterogeneous 

nucleation sites [54]. The evolution of α grains with an equiaxed morphology in the HT-

TMC sample (rather than the lamellar morphology of this phase in the HT-Ti64 counterpart 

(Figure 7-4)) can be ascribed to the effect of TiB precipitates on the β→(α+β) 

transformation kinetics (Figure 7-5). Given that the phase transformation from β to α is of 

a nucleation and growth type, TiB precipitates can provide heterogeneous nucleation sites 

for this transformation and bring about an equiaxed morphology [31, 37, 55]. It is worth 

noting that the kinetics of this transformation depends on some variables such as the 

solutionizing temperature, cooling rate, as well as the size and volume fraction of TiB 

precipitates [56]. Compared to the TiB needles existing in the as-built TMC sample, those 

in the microstructure of the HT-TMC component were coarser (both length and width) with 
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larger spacing. The coarsening of TiB reinforcements in the heat-treated TMC compared 

to the as-built TMC part is due to the Ostwald Ripening mechanism during which larger 

TiB needles get bigger at the expense of smaller ones [57]. 

As the microstructural observation of the near-fracture sites for the as-built Ti64 and TMC 

parts revealed (Figure 7-3), voids were found to be much more prevalent at the prior β grain 

boundaries perpendicular to the loading direction. This can be ascribed to the normal force 

being maximum at these boundaries, making the formation of voids more probable and 

tends to open voids [58]. As the comparison of the as-built samples indicated, the TMC 

sample featured noticeably higher numbers and smaller voids directly adjacent to the 

fracture site. This gives evidence that the cracking of nanoscale/sub-micron TiB whiskers 

or their separation from the matrix might have played a role in forming such a high 

frequency of fine voids in the as-built TMC creep specimen. The slightly shorter rupture 

time and the significantly lower total creep strain of the as-built TMC than those of the 

Ti64 can be attributed to these fine and closely spaced voids, which can experience an 

easier and faster coalescence up to the final fracture. The presence of noticeably fine 

dimples on the fracture surface of the as-built TMC (Figure 7-6(b)) also confirms that the 

final fracture has occurred by the growth and the coalescence of these microvoids.  

The creep performance of the specimens can be rationalized based on the following 

discussion: 

(i) The dependence of εsṡ  on the applied stress (σ), temperature (T), and E is described 

by the following power-law for metal matrix composites [59]:  

εsṡ  = A (
σ−σth

E
)

n
exp (−

Qc

RT
)                                                                               [1] 
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where A is the creep constant, n is the stress exponent, R is the universal gas 

constant, T is the absolute temperature, Q is the activation energy for creep, and 

σth is the threshold stress. As confirmed by nanoindentation measurements, the 

TMC possessed higher E than the Ti64 sample (Figure 7-2(b)). Referring to Eq. 1, 

the increase in E results in the improved creep performance by reducing the εsṡ . 

Moreover, the ceramic reinforcing particles existing in the MMCs are known to 

act as effective barriers to the mobile dislocations and consequently give rise to the 

σth for creep, below which the strain rate and hot deformation are assumed to be 

negligible [60-62]. This justifies the noticeably lower εsṡ  of the HT-TMC sample 

than the as-built and HT-Ti64 counterparts. It is also worth noting that while both 

Ti64 and TMC samples featured the same fully martensitic microstructure in the 

as-built state, the TMC sample showed a lower εsṡ  partly due to the presence of 

TiB whiskers in its microstructure.     

(ii) As microstructural characterizations and EBSD analysis results revealed (Figure 

6-8 and Figure 6-12), the HT-TMC sample benefitted from a noticeably finer 

microstructure compared to the HT-Ti64 counterpart. The increased density of 

interfaces (α-α, α-β, and α-TiB) caused by this microstructure refinement leads to 

the improved creep resistance since these interfaces provide obstacles to the 

movement of dislocations during the creep [60, 63]. The lower εsṡ  of the as-built 

TMC than the Ti64 counterpart is also partially related to the higher density of 

interfaces caused by smaller size of α′ needles and the presence of TiB in the TMC 

part (Figure 6-12).          

(iii) Owing to their significantly higher strength and stiffness than the α and β phases, 

much of the load placed on the TMC is gradually transferred from the (α+β) matrix 
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to the TiB needles [64]. The TiB reinforcement is generally known to possess a 

high load-bearing capability due to the high adhesion strength of the semi-coherent 

interfaces between the TiB whiskers and the Ti alloy matrix [59, 65]. The load 

bearing by TiB whiskers has been reported to cause stress relaxation in the α and 

β phases of the matrix [28, 66]. As microstructural characterizations of the creep 

specimens after fracture revealed, TiB whiskers (especially larger ones) 

experienced fracture during the test (Figure 7-5). This clearly shows that TiB 

whiskers bore the load that was transferred from the matrix. During the creep test, 

microcracks start to form on TiB whiskers at locations where the maximum 

stresses are induced or flaws are accumulated [28]. The stress concentration at 

these sites can exceed the ultimate strength of the TiB whiskers and consequently 

cause their cracking. Referring to Figure 7-5(b), the microstructure of the HT-TMC 

after the creep test contained TiB whiskers that experienced multiple cracking. 

This phenomenon reveals the high potential of TiB whiskers in undertaking the 

transferred load even after cracking. The strong interfacial bonding between the 

in-situ synthesized TiB whiskers and the Ti matrix is the main reason behind the 

multiple cracking of the TiB whiskers, allowing the failed whiskers to further 

undertake the load transferred from the matrix and experience more fracture [30]. 

After experiencing multiple cracking, the TiB whiskers no longer participate in the 

load bearing since experiencing debonding from the matrix. As microstructural 

characterizations revealed (Figure 7-5(b)), in addition to the cracking, TiB 

whiskers (specifically the larger ones) experienced debonding from the matrix. 

This phenomenon is due to the concentration of the shear stresses at the end of the 

TiB whiskers which can locally exceed the strength of the TiB/matrix interface. 
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After the debonding of TiB from the matrix, further creep deformation in the TMC 

sample will be facilitated [28, 66]. The significant contribution of TiB whiskers in 

load bearing during the creep test justifies the noticeably higher rupture time of the 

HT-TMC part. 

Figure 7-7 illustrates εsṡ  for the conventionally manufactured pure Ti, Ti64 alloy and their 

composites with relatively the same σ and T conditions. As observed, the highest εsṡ  

corresponds to the pure Ti, being in the range of 1-10 h-1. Incorporation of TiB or 

(TiB+TiC) reinforcement(s) into the pure Ti matrix has been reported to decrease the εsṡ  

by 3 orders of magnitude, confirming the significant role that TiB and TiC reinforcements 

can play on the creep performance improvement. Alloying of pure Ti with Al and V 

elements (i.e., Ti64) has been shown to yield the same εsṡ  (or even lower) as that of the 

pure Ti matrix composites. By adding TiB and/or TiC reinforcements to the Ti64 alloy 

matrix, the developed material benefits simultaneously from both the alloying and 

reinforcing strengthening mechanisms, leading to εsṡ  values up to four orders of magnitude 

lower than those of pure Ti. The εsṡ  of the as-built and heat treated Ti64 and TMC samples 

fabricated by the L-PBF process in this study is also shown in Figure 7-7 for the sake of 

comparison. In the as-built Ti64 case, the εsṡ  was higher than the conventionally 

manufactured counterparts. This might originate from the metastable martensitic 

microstructure of the as-built Ti64 sample, as opposed to the (α+β) two-phase 

microstructure of the conventionally manufactured ones (Figure 6-3). Although the heat 

treatment of the as-built Ti64 sample slightly reduced the εsṡ , it significantly deteriorated 

the rupture time due to the GB-α acting as crack propagation sites (Figure 7-2 and Figure 

7-4). The as-built TMC showed a slightly lower εsṡ  than the as-built Ti64, but higher than 

the conventionally manufactured TMCs. In the HT-TMC sample, the εsṡ  is ~80% lower 
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than that of the as-built TMC, confirming the remarkable influence of the selected heat 

treatment on improving the creep performance of the L-PBF fabricated TMCs. To further 

enhance the creep durability of the L-PBF fabricated TMCs, other heat treatment strategies 

with different supertransus temperatures need to be explored.    

 

Figure 7-7. The steady-state creep rate of the conventionally manufactured pure Ti, and Ti64 

alloy, as well as the TiB/TiC/(TiB+TiC)-reinforced pure Ti, and Ti64 matrix composites 

compared with the as-built and heat treated Ti64 and TMC samples in this study fabricated by the 

L-PBF process. The temperature (T) and stress (σ) under which the creep test has been performed 

are listed. ([67] [68] [69] [70] [30] [71] [60] [66] [29]) 

7.5 Conclusions       

This research study aimed at improving the creep performance of laser powder bed fusion 

(L-PBF) fabricated Ti64 parts via incorporating in-situ synthesized ceramic reinforcements 

and employing appropriate post-processing heat treatment. For this end, highly dense 

monolithic Ti64 and TiB reinforced Ti64 matrix composite (TMC) parts were fabricated 

using the L-PBF process. The parts were also subjected to the supertransus heat treatment 

to eliminate the microstructural anisotropy of the as-built samples. The creep performance 
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of the as-built and heat treated (HT) components was assessed. The main conclusions can 

be drawn as follows: 

1- In the as-built condition, the Ti64 sample showed a slightly longer rupture time 

than the TMC counterpart (3.4 vs. 2.9 h). Microstructural characterization of the 

cross-section adjacent to the fracture site revealed voids formed at the prior β grain 

boundaries in both cases. These voids were much more prevalent at the grain 

boundaries perpendicular to the loading direction, where the induced normal force 

is in its maximum magnitude. Compared to the Ti64, the TMC sample contained 

a remarkably higher frequency of small-size voids. 

2- Although showing 60% and 50% lower steady-state creep rate (εsṡ ) than those of 

the as-built Ti64 and TMC cases, the HT-Ti64 creep test specimen featured a 

premature failure only after 0.6 h. The relatively poor creep performance of the 

HT-Ti64 specimen was due to grain boundary α (GB-α) as a continuous network 

around the prior β grains, acting as preferential crack nucleation and propagation 

sites during loading, leading to an intergranular fracture mode.          

3- The TiB whiskers in the HT-TMC specimen not only hindered the formation of 

GB-α but also changed the morphology of α grains from lamellar (in the HT-Ti64 

sample) to equiaxed. This morphological change originates from the TiB 

precipitates acting as heterogeneous nucleation sites for the transformation of β to 

α.   

4- The highest short-term creep performance (the longest rupture time and the lowest 

εsṡ ) was achieved for the HT-TMC specimen. This superior creep performance 

was due to the contribution of several factors including: (i) the higher elastic 

modulus and threshold stress, (ii) the finer microstructure and higher density of 
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interfaces (α-α, α-β, and α-TiB) which can act as obstacles to the movement of 

dislocations, and (iii) the load transfer from the matrix to the stiff TiB whiskers. 
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8.1 Summary and conclusive remarks 

Ti-6Al-4V (Ti64) is the most widely used titanium alloy which provides a good balance of 

mechanical properties such as high specific strength, adequate stiffness, good fatigue 

behavior and outstanding corrosion resistance. Combination of these properties makes this 

material applicable in a wide range of industries including aerospace, petrochemical, and 

biomedical industries. However, the limited wear resistance and creep performance of the 

Ti64 alloy are major concerns in applications demanding high abrasion and erosion 

resistance as well as acceptable creep durability at medium service temperatures. 

Incorporation of ceramic reinforcing particles into the Ti64 matrix is known as one of the 

most effective strategies to develop new materials which offer an improvement not only in 

the hardness and strength but also in the wear and creep performance. These outstanding 

materials are called “metal matrix composite (MMC)” and bilaterally benefit from the 

properties of hard reinforcements and the ductile matrix in a single structure.  

Additive manufacturing (AM) is a direct manufacturing technology which provides near-

net-shape fabrication of metal and MMC parts with complex shapes, fine features, and 

unique geometries. Accordingly, it has gained a considerable attention in recent years to 

manufacture not only metallic materials but also MMCs. Laser powder bed fusion (L-PBF) 

is one of the most promising AM techniques which can be utilized to fabricate MMC 

components through processing of a composite powder. Since the composite powders 

meeting the requirements of the L-PBF process are not commercially available, they need 

to be produced by using appropriate techniques.    

In this study, 5wt.%B4C/Ti64 powder system was considered as a model to explore the 

effect of mixing type and process variables on the characteristics and behaviors of the 
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composite powder and develop a composite powder meeting the requirements of the L-

PBF process. For this purpose, regular mixing and ball milling methods were employed 

with different mixing times to prepare a wide variety of mixed powder systems. The effects 

of the mixing method and the mixing time on size, size distribution, sphericity, shape, 

distribution state of guest particles, phase formation, plastic deformation, apparent density, 

and flow behavior of the prepared composite powder systems were studied. Moreover, the 

mechanisms involved in the flow behavior of the developed feedstocks were identified. 

Results revealed that the ideal mixed powder system needs to have: (i) non-free guest 

powder particles which are uniformly and homogeneously distributed throughout the 

system, (ii) host powder particles which have preserved their desired spherical shape, and 

(iii) the same flow behavior and apparent packing density as the starting host powder 

constituent. 

The ideal 5wt.%B4C/Ti64 composite powder was subjected to the L-PBF processing within 

a wide range of volumetric energy densities to fabricate TMC parts. For a better 

understanding of the microstructural evolutions in the L-PBF fabricated TMCs, the same 

powder system was subjected to the arc melting process with two different cooling rates. 

It is worth noting that regardless of the employed energy density, all parts fabricated by the 

L-PBF process experienced cracking and failure during the process due to the: (i) high 

content of hard and brittle TiB and TiC reinforcements in the microstructure, and (ii) high 

levels of thermal residual stresses induced by extremely fast cooling rates associated with 

the L-PBF process. However, microstructural characterization of the fabricated parts 

provided valuable information regarding the interaction of the laser beam with the 

composite powder and consequently increased our understanding of the microstructural 

evolutions during the L-PBF processing of composite powder systems. Microstructural 
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observations revealed that higher laser energy densities led to more intensified dissolution 

of B4C particles into the matrix. As opposed to the arc-melted samples, the L-PBF 

fabricated TMCs did not contain primary TiB phase in their microstructure due to the non-

equilibrium nature of the process caused by the extremely fast cooling rates. In addition, 

the L-PBF fabricated TMCs featured significantly higher hardness than the non-reinforced 

Ti64 counterparts.    

The main focus domain of this research was fabricating high-performance TMCs with 

improved hardness, strength, wear resistance and creep performance than the non-

reinforced Ti64 counterparts. For this purpose, a composite powder containing a minor 

B4C content (0.2wt.%B4C/Ti64) was developed by a novel technique benefitting from the 

advantages of both regular mixing and ball milling methods. This composite powder was 

subjected to a wide range of process parameters, and the optimum set of process parameters 

leading to the highly dense parts were manufactured. The monolithic Ti64 powder was also 

used to fabricate Ti64 parts for comparison purposes. The density measurement results 

revealed that for both Ti64 and TMC samples, the relative density of the parts first 

increased and then followed a decreasing trend by enhancing the energy density. At almost 

any given energy density, the TMC parts possessed higher relative density than their 

corresponding Ti64 counterparts. Microstructural characterization of the as-built TMC 

samples revealed the formation of nano-scale/sub-micron TiB needles which were 

homogeneously dispersed in a fully martensitic matrix. Owing the noticeably high cooling 

rates associated with the L-PBF process, both the equilibrium and Scheil-Gulliver non-

equilibrium solidification models failed to predict the microstructure evolution of the 

fabricated TMCs. In the as-built condition, the TMC part showed 25% higher 

nanohardness, 8% higher yield strength, and 12% lower wear rate than the monolithic Ti64 
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counterpart. The calculations revealed that ~87% of the improvement in the yield strength 

of the TMC over the Ti64 sample was originating from the direct and indirect strengthening 

effects caused by TiB needles, while the rest (~13%) was arising from the solid solution 

strengthening of the matrix by carbon.          

In order to tailor the mechanical properties and obtain TMC parts with the desired 

combination of mechanical properties, the TMC parts as well as the monolithic Ti64 

counterparts were subjected to the subtransus and supertransus heat treatment cycles. 

Results revealed that the optimum heat treatment cycle was not the same for the Ti64 and 

TMC samples. This was attributed to the role that TiB needles in TMC parts played in 

restricting the growth of the prior   grains (PBGs) and nucleation/growth of   grains 

from the   phase. Although the employed subtransus heat treatment temperatures of 850 

and 950 °C led to the full transformation of   into the ( + ) phases with a lamellar 

morphology in both Ti64 and TMC samples, they failed to eliminate the footprints of the 

laser scan tracks and the microstructural anisotropy caused by the elongated PBGs. The 

supertransus heat treatment cycle, on the other hand, removed the footprints and led to a 

fully isotropic microstructure with equiaxed PBGs. As opposed to the lamellar morphology 

of   in the supertransus treated Ti64 sample, this phase featured an equiaxed morphology 

in the supertransus treated TMC counterpart owing to the growth restricting effects of TiB 

needles. Moreover, TiB needles hindered the formation of the detrimental grain boundary 

  (GB- ) phase in the supertransus treated TMC sample. The presence of this 

detrimental phase in the supertransus treated Ti64 sample had a significant adverse effect 

not only on the strength, but also on the ductility by acting as preferential crack nucleation 

and propagation site.  
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From the strength-ductility combination perspective, subtransus heat treatment 

temperature of 950 °C and supertransus heat treatment temperature of 1050 °C were found 

to yield the optimum Ti64 and TMC samples, respectively. Since providing a fully 

isotropic microstructure with a good balance of strength and ductility, Ti64 and TMC 

samples subjected to the supertransus heat treatment cycle were considered for the short-

term creep performance testing. For the sake of comparison, the as-built samples were also 

assessed. The best short-term creep performance (the longest rupture time and the lowest 

steady-state creep rate (εsṡ )) among all samples was obtained for the heat treated TMC 

specimen. The superior creep performance of this sample was found to originated from 

several factors including: (i) the higher elastic modulus and threshold stress, (ii) the finer 

microstructure and higher density of interfaces (α-α, α-β, and α-TiB), acting as obstacles 

toward the movement of dislocations, and (iii) the load transfer from the matrix to the stiff 

TiB needles. The worst creep performance, on the other hand, was perceptible for the heat 

treated Ti64 sample in which the GB-α network acted as preferential crack nucleation and 

propagation sites during loading and consequently caused an intergranular fracture mode.          

8.2 Strength, limitations, and future work 

This research was aimed at fabricating high-performance titanium matrix composites 

(TMCs) using the laser powder bed fusion (L-PBF) additive manufacturing (AM) process. 

The L-PBF process is one of the most promising AM techniques which enables fabricating 

parts with complex geometries and intricate features in a single shot. Accordingly, it has 

recently gained a significant interest in low-volume production of custom-designed and 

near-net-shape components made of metallic materials and metal matrix composites 

(MMCs). However, one of the main challenges to the implementation of this technology 

in fabricating MMCs is the lack of commercially available composite powders serving as 
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the starting material in the L-PBF process. Researchers have proposed various techniques 

in recent years to produce composite powders for L-PBF processing. These techniques can 

be classified into two main categories of mechanical and non-mechanical methods. Since 

the incorporation of a second constituent into the powder system affects the powder 

properties, the characteristics and behaviors of the produced composite powders needs to 

be revisited to make sure that they meet the requirements of the L-PBF process. Although 

the behaviors (e.g., flowability, and packing density) of powders can be evaluated by 

various techniques, the technique(s) selected for assessing the behaviors of the produced 

composite powders should highly resemble the condition in the L-PBF process. To clarify, 

the results obtained by an inappropriate technique may provide misleading results 

regarding the applicability of the produced composite powder in the L-PBF process. 

As the microstructural characterization in this research revealed, the equilibrium and non-

equilibrium solidification models failed to accurately predict the solidification sequence 

during the L-PBF processing of the B4C/Ti64 system with varying B4C content. This was 

attributed to the extremely high cooling rates associated with the L-PBF process. The 

deviation of the microstructure from the equilibrium condition is a phenomenon which 

needs to be taken into consideration when designing a powder system for fabricating 

MMCs using the L-PBF process. It is worth noting that the extremely high cooling rates of 

the L-PBF process makes it possible to develop composites benefitting from 

reinforcements which are significantly finer than those observed in the same composites 

fabricated by conventional manufacturing processes. Combination of this refinement and 

the non-equilibrium microstructure of the matrix are the main factors leading to the 

improved mechanical properties of the L-PBF fabricated MMCs. 
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Although the L-PBF fabricated Ti64 and TMC parts in this research possessed noticeably 

high hardness, as well as yield and ultimate compressive strengths, they rendered ductilities 

lower than those of conventionally manufactured counterparts due to the fully martensitic 

microstructure of the matrix in both Ti64 and TMC. Based on our findings, the mechanical 

properties of the L-PBF fabricated Ti64 and TMC components can be successfully tailored 

by applying appropriate post-processing heat treatment strategies. The heat-treated 

components not only benefit from isotropic microstructure/mechanical properties, but also 

provide a good balance of strength and ductility. This makes the L-PBF fabricated TMCs 

of a high interest in various industries, especially the aerospace industry. It should be noted 

that although the TMCs reinforced with minor TiB featured a significant improvement in 

the compressive yield and ultimate strength in the heat-treated condition compared to their 

monolithic Ti64 counterparts, they did not show the same improvement in the tensile 

strength due to the presence of hard and brittle TiB needles in their microstructure. The 

characterization of the tensile properties and fracture toughness of the fabricated TMCs is 

a topic that is worth investigating in the future.  

As the creep test results revealed, the short-term creep performance of the highly 

commercial Ti64 alloy can be improved by incorporating a minor amount of TiB 

reinforcement into the Ti64 matrix and employing appropriate post-processing heat 

treatment cycles. For future work, the author would suggest adding different amounts of 

TiB, TiC, or (TiB+TiC) reinforcements to the Ti64 alloy to develop various TMCs. These 

composites then need to be subjected to different post-processing heat treatments to 

investigate the role of reinforcement type and volume fraction on the creep performance of 

L-PBF fabricated TMCs. The creep test also needs to be performed at different 

temperatures and stresses to understand the creep mechanisms. The outcome of this 
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research is believed to introduce a new class of L-PBF fabricated TMCs with improved 

creep performance which can serve as fracture-critical members at elevated temperatures.  

For the future work, I would also suggest studying the fatigue performance of the fabricated 

TMCs and comparing them with the non-reinforced Ti64 counterparts fabricated by the L-

PBF process.      

 

   

 

 

 

 

 

 


