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ABSTRACT 

High-performance materials, including ceramics and ceramic reinforced metal 

matrix composites (MMCs), are widely used in severe working conditions and have 

been applied in biomedical, aerospace, electronic, and other high-end engineering 

industries owing to their superior properties of high wear resistance, outstanding 

chemical inertness, and excellent properties at elevated temperatures. Among all types 

of high-performance materials, zirconia toughened alumina (ZTA) is favored due to 

the toughening effects induced by ZrO2. In addition, the mechanical properties of 

zirconia toughened alumina (ZTA) can be controlled via changing ZrO2 content and 

powder preparation (such as changing particle shape or size) for specific applications. 

As another type of high-performance materials, TiB reinforced titanium matrix 

composites (TiB-TMCs) have attracted a great amount of attentions and been 

extensively investigated due to the specific benefits introduced by TiB reinforcement. 

Firstly, TiB is a stable phase since there is no intermediate phase between TiB and 

titanium (Ti). Secondly, TiB and Ti have similar densities and thermal expansion 

coefficients, therefore, thermal stresses at their interfaces can be minimized. Thirdly, 

the strength of TMCs can be effectively enhanced by adding a small amount of TiB. 

The superior properties of high-performance materials, on the other hand, 

make it difficult to process these materials with conventional manufacturing methods, 

posing problems of high cost and energy consumptions. In addition, difficulties arise 

when fabricating complex-shaped components with these conventional manufacturing 

processes. Recently, a competitive manufacturing method, additive manufacturing 

(AM) with high design flexibility, high customization, lowered cost and energy usage, 

has gained popularity in fabrication of these high-performance materials. However, 

problems of low toughness, cracks, poor part quality, etc. still exist in AM 

manufactured high-performance materials. Facing to these problems, it is of great 

importance to develop new high-performance materials through establishing efficient 

and effective processes and tailoring novel microstructures. 

In this dissertation, a comprehensive literature review on laser deposition-
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additive manufacturing (LD-AM) of ceramics and ceramic reinforced metal matrix 

composites is provided. Main issues to be solved, corresponding solutions, and the 

trend of development are summarized and discussed. Afterwards, efforts have been 

made to provide engineering solutions to the existing problems in high-performance 

materials fabricated by LD-AM. An ultrasonic vibration-assisted LD-AM is 

established to reduce fabrication defects (such as porosities and cracks) in ZTA. The 

introduction of ultrasonic vibration is proven to be beneficial for refining grains, 

homogenizing material dispersion, smoothing out thermal gradient and thermal stress, 

reducing defects, and enhancing mechanical properties of fabricated parts. In addition 

to manufacturing process, the ultrasonic vibration is also effective in assisting 

machining process. For the purpose of reducing low precision problem (such as low 

dimensional accuracy and bad surface finish), a nontraditional rotary ultrasonic 

machining process is utilized to post-process LAM-fabricated ZTA parts. In order to 

reduce low toughness and ductility in TiB-TMCs, a novel network microstructure is 

tailored and the formation mechanism of such a microstructure is investigated. 

Experimental results evidence that the presence of this network microstructure is 

beneficial for toughening and strengthening LD-AM-fabricated TiB-TMCs. 
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CHAPTER I 

INTRODUCTION 

1.1 Introduction of high-performance materials 

1.1.1 Zirconia toughened alumina (ZTA) 

Alumina ceramics, Al2O3, are widely used in the high-end engineering, 

biomedical, and chemical industries [1, 2]. The widespread usage is attributed to their 

superior properties of high strength, good biocompatibility, and excellent corrosion 

and thermal resistance [1]. Despite these benefits, Al2O3 show inferior reliability and 

shortened lifetime due to their low fracture toughness [3]. Facing to this problem, 

zirconia toughened alumina composites, ZTA, are fabricated to improve reliability and 

elongate lifetime of Al2O3 by providing higher fracture toughness, as compared with 

pure Al2O3 [3].  

Laser additive manufacturing (LAM) is proved to be a successful process for 

fabrication of ZTA parts. The LAM mainly includes powder bed-based selective laser 

melting (SLM) process and laser deposition-additive manufacturing (LD-AM) 

process. Hagedorn et al. successfully fabricated almost 100% dense ZTA by SLM 

process [4]. To reduce cracks generated by thermal stress, the powder bed was 

preheated above 1600oC by a CO2 laser. Niu et al. fabricated cylindrical and arc-

shaped structures from eutectic ZTA powders by LD-AM process [5]. Compared with 

the SLM process, the LD-AM process exhibits advantages of smaller part 

deformability, lower labor intensity, and higher fabrication efficiency [6]. However, 

the LD-AM fabricated ceramic parts still have problems of cracking, poor surface 

quality, low dimensional accuracy, etc. [5]. It is desirable to find solutions to the 

problems existed in LD-AM of ZTA.  

1.1.2 TiB reinforced titanium matrix composites (TiB-TMCs) 

Titanium (Ti) and its alloys are widely applied to astronautical, automobile, 

and biomedical industries due to their high strength-to-weight ratio and outstanding 

biocompatibility [7]. However, the poor wear resistance restricts Ti and its alloys’ 
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applications in fabrication of parts (e.g. gears and bearings [8], jet engine compressors 

[3], etc.) those will work under severe wear conditions. Adding ceramic reinforcement 

is considered as an effective way of improving wear resistance of titanium matrix 

composites (TMCs) [7, 10]. In order to obtain TMCs with desired part quality and 

properties, it is important to choose proper ceramic reinforcements. Up till now, Al2O3 

[11], SiC [12], TiN [10], TiC [13], TiB [7], etc. are proved to be beneficial for 

enhancing TMCs’ wear resistance. Among all these ceramic reinforcements, TiB is 

considered as an ideal reinforcement due to the following reasons. Firstly, owing to 

the compatible densities and thermal expansion coefficients between TiB and Ti, the 

residual stress within TMCs can be hugely reduced [14]. Secondly, a relatively small 

amount of TiB can hugely increase the TMCs’ modulus and strength [15]. 

Laser additive manufacturing (LAM), which exhibits benefits of low 

manufacturing cost for small-scale production, no need of tooling or molding, free 

from complexity, short lead time, etc., has attracted a great amount of attentions [16].  

As LAM processes, SLM and LD-AM processes are reported to be successfully 

applied in fabrication of ceramic reinforced TMCs. Based on a layer by layer powder 

spreading mechanism, SLM can produce near-full-dense parts with good mechanical 

properties. Compared with SLM, the LD-AM process demonstrates some specific 

advantages, including capabilities of parts remanufacturing and functionally gradient 

composite (FGC) materials fabrication, small heat-affected zone, etc. [16, 17]. Up till 

now, there are still many problems (such as lowered toughness), which need to be 

solved, in the LD-AM of ceramic reinforced TMCs. 

1.2 Introduction of laser deposition-additive manufacturing process 

Cladding, performed by laser deposition of thin layers onto the substrate’s 

surface, has been widely applied to improve surface properties (e.g. biocompatibility, 

wear resistance, oxidation and corrosion resistance, etc.) of the components (e.g. 

medical implants, cutting tools, heat exchanger tubes, etc.), those will be subjected to 

specific or severe working conditions [18-24]. Besides cladding, the laser deposition 

process also demonstrates its feasibility of producing near-net-shape parts by building 
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multiple layers [25]. LD-AM process is one of rapid prototyping processes that has 

been widely used for producing bulk metallic and ceramic parts [4,16,26]. Figure 1.1 

shows the schematic illustration of LD-AM process. At the beginning, the substrate is 

selectively melted by heat from laser radiation, forming a molten pool which catches 

and melts powders supplied by the powder stream. When the laser beam moves away, 

the molten pool starts to solidify as a consequence of heat dissipation. The deposition 

head moves along the trajectory designed by a 3D file, forming the first layer. 

Afterwards, the deposition head ascends one layer thickness to the new set position for 

the next layer deposition. Served as the new “substrate”, the first layer is partially 

melted with the formation of the second layer. Similar process will be repeated until 

the designed near-net-shape component is built layer by layer [27]. In this dissertation, 

LD-AM process is performed on a laser engineered net shaping (LENS) machine. 

1.3 Structures and objectives of this dissertation 

This dissertation consists ten chapters. Chapter I gives an introduction of the 

dissertation. Then, a literature review on laser deposition-additive manufacturing of 

 

Figure 1.1 Schematic illustration of LD-AM process. 
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ceramics and ceramic reinforced composites is given in Chapter II. Chapters III ~ V 

present investigations on LENS of ZTA and surface grinding of ZTA parts fabricated 

by LENS. Research projects on LENS of TiB-TMCs are discussed in Chapter VI ~ IX. 

Afterwards, conclusions and contributions of this dissertation are given in Chapter X.  

The objectives of the dissertation are in four folds, including (1) establishing 

an efficient and effective process for manufacturing of ceramic reinforced composites 

and ceramics, (2) generating knowledge and advancing fundamental understanding on 

laser deposition – additive manufacturing of ceramic reinforced composites and 

ceramics, (3) solving the problems existed and filling the gaps in the literature on laser 

deposition – additive manufacturing and fabrication of ceramic reinforced composites 

and ceramics, and (4) providing guidance on developing new materials with new 

technologies. The specific research tasks are as follows: 

LENS of ZTA 

➢ Establishing a novel ultrasonic vibration-assisted LENS process for 

fabrication of bulk ZTA parts to reduce cracking problem and investigating the 

effects of ultrasonic vibration on crack suppression, microstructure, and 

mechanical properties of the fabricated parts; 

➢ Identifying the significance of ZrO2 content on microstructure 

formation and mechanical performance of LENS fabrciated ZTA parts; 

➢ Developing a post-processing rotary ultrasonic machining method to 

surface-grind LENS fabricated ZTA parts to achieve better surface finish.  

LENS of TiB-TMCs  

➢ Building the governing processing-microstructure-property 

relationships in LENS fabrciated TiB-TMCs; 

➢ Providing engineering solutions to toughen TiB-TMCs through 

tailoring 3DQCN microstructure; 
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➢ Exploring formation mechanisms of novel microstructures, such as 

3DQCN microstructure and cross-linking microstructure; 

➢ Developing models to build relationships between processing 

parameters and mechanical properties. 
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Abstract 

Ceramics and ceramic reinforced metal matrix composites (MMCs) are widely 

used in severe working conditions and have been applied in biomedical, aerospace, 

electronic, and other high-end engineering industries owing to their superior properties 

of high wear resistance, outstanding chemical inertness, and excellent properties at 

elevated temperatures. These superior properties, on the other hand, make it difficult 

to process these materials with conventional manufacturing methods, posing problems 

of high cost and energy consumptions. In response to this problem, direct additive 

manufacturing (AM), which is equipped with a high-power-density laser beam as heat 

source, has been developed and extensively employed for processing ceramics and 

ceramic reinforced MMCs. Compared with other direct AM processes, laser 

deposition-additive manufacturing (LD-AM) process excels in several aspects, such as 

lower labor intensity, higher fabrication efficiency, and capabilities of parts 

remanufacturing and functionally gradient composite materials fabrication. Besides 

these benefits, problems of poor bonding, cracking, lowered toughness, etc. still exist 

in LD-AM fabricated parts. This paper reviews developments on LD-AM of ceramics 

and ceramic reinforced MMCs in both bulk parts fabrication and cladding. Main issues 

to be solved, corresponding solutions, and the trend of development are summarized 

and discussed. 

Keywords 

B. Composites; B. Defects; C. Mechanical properties; D. Traditional ceramics; 

Laser deposition-additive manufacturing. 

2.1 Introduction 

Ceramics and ceramic reinforced metal matrix composites (MMCs) 

demonstrate superior properties of high modulus and strength, good wear resistance, 

outstanding chemical inertness, and excellent properties at elevated temperatures [1-

4]. Owing to the benefits exhibited, ceramics and ceramic reinforced MMCs have 

been widely used in severe working conditions (e.g. high-load condition, high- 

wear/friction condition, high-temperature condition, etc. [3, 5, 6]) and gain their 
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popularity in many commercial applications, including biomedical (e.g. acetabular 

cups, dental restoration frameworks, etc. [7, 8]), aerospace (e.g. engine components, 

heat-resistant tiles, etc. [9]), electronic (e.g. insulators, transducers, etc. [10]) and other 

high-end engineering (e.g. machining tools, bearing components, etc. [11, 12]) 

industries.  

Because of their high hardness and high melting point, ceramics and ceramic 

reinforced MMCs are difficult to process by conventional manufacturing methods [13-

16]. Zhang et al. published a work on diamond grinding of hot-pressed Si3N4, hot-

pressed Al2O3, slip-casted ZrO2, and sintered SiC ceramics [16]. Hot-pressing, slip-

casting, and sintering caused high cost and energy consumptions. In addition, damages 

of pulverization and microcracking were induced by grinding. With increased 

competiveness, additive manufacturing (AM) has attracted a great deal of attentions 

and is under intensive investigations for fabricating ceramics and ceramic reinforced 

MMCs [1, 2, 4, 17-32]. AM is described by the American Society for Testing and 

Materials (ASTM) as “a process of joining materials to make objects from 3D model 

data, usually layer upon layer, as opposed to subtractive manufacturing technologies” 

[33]. Compared with conventional manufacturing methods, AM has extended 

capability of fabricating complex-shaped parts and benefits of high design flexibility, 

high customization, shortened lead time, no need of assembly or molds, lowered 

energy use, etc. [34, 35].  
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Table 1 provides a summary of AM processes for fabricating ceramics and 

ceramic reinforced MMCs. It can be seen that AM mainly includes indirect AM 

method and direct AM method. In indirect AM method (e.g. fused deposition 

modeling (FDM), stereolithography (SLA), direct inkjet printing (DIP), layer-wise 

slurry deposition (LSD), laminated object manufacturing (LOM), etc.), preliminary 3D 

structures (green bodies) are built with binder materials. Afterwards, the green bodies 

are sintered to eliminate the binder materials and densified by conventional 

manufacturing processes. Different from indirect AM method, direct AM method 

combines the forming and densification procedures and generates final components 

without post-sintering process. Therefore, direct AM method can produce components 

with relatively higher density, higher purity, better mechanical properties, less energy- 

and time-consuming, as compared with indirect AM method [36, 37]. In addition, 

direct AM method uses a laser as heat source and the laser has high directionality and 

high energy intensity and can deliver a great amount of energy to a micro-scale focal 

region, being capable of processing a wide range of materials [38].  

Direct selective laser sintering (direct SLS) used to be a dominant direct AM 

process in fabrication of ceramics and ceramic reinforced MMCs [27, 28]. However, 

due to the fact that direct SLS can only partially melt starting powders and fabricated 

parts have low density and poor mechanical properties, the applications of direct SLS 

are restricted. To meet the requirement of producing near-full-dense parts with better 

mechanical properties, selective laser melting (SLM), which can fully melt starting 

powders, has been developed [39]. A schematic illustration of direct SLS and SLM is 

shown in Figure 2.1. At first, the substrate is driven downward by a mounted build 

piston, leaving one-layer-thickness space. Then, a powder distributor doses a certain 

amount of powder and evenly spreads the supplied powder on the substrate to fill the 

space. The generated laser beam, which is controlled and directed by X-Y scanning 

mirrors and an f-θ lens, selectively melts the powder and forms the first layer. 

Afterwards, the substrate descends another layer thickness for the next layer creation. 

Layer upon layer, the designed near-net-shape component will be fabricated by 
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repeating these steps [40].  

In comparison with powder-bed based direct SLS and SLM processes, laser 

deposition-additive manufacturing (LD-AM, mainly including laser engineered net 

shaping (LENS) and direct metal deposition (DMD)) process possesses advantages of 

lower labor intensity and higher fabrication efficiency and shows capabilities of parts 

remanufacturing and functionally gradient composite (FGC) materials fabrication [41-

43]. Figure 2.2 shows a part being repaired by LENS process [44]. Besides these 

benefits, problems of poor bonding, cracking, lowered toughness, etc. exist in LD-AM 

of ceramics and ceramic reinforced MMCs [2, 4, 45]. For the purpose of reducing or 

solving the problems mentioned above, researchers have been dedicated to 

understanding formation mechanisms of these problems and seeking solutions to them. 

The solutions include (but are not limited to) optimizing process parameters, adding a 

buffer layer / FGC layers, integrating with assisting technology of ultrasonic vibration, 

 

Figure 2.1 Schematic illustration of direct SLS and SLM processes. 

Z

X

Y

Laser 
generator

Z

X-Y scanning mirrors

f-θ lens

Powder bed

Powder distributor

Substrate

Build piston

Laser beam

Molten pool



Texas Tech University, Yingbin Hu, August 2019 

15 

pre- / post- heating, adding additive materials, tailoring novel microstructure, etc. [1, 

2, 4, 31, 42, 46-62]. This paper reviews developments on LD-AM of ceramics and 

ceramic reinforced MMCs. In addition, main issues to be solved, corresponding 

solutions, and the trend of development are also discussed. 

2.2 Laser deposition-additive manufacturing process 

Figure 2.3 shows the schematic illustration of LD-AM process. At the 

beginning, the substrate is selectively melted by heat from laser radiation, forming a 

molten pool which catches and melts powders supplied by a powder stream. When the 

 

Figure 2.2 Part reparation using LENS [44]. (Photo courtesy of Optomec Inc.) 

 

 

Figure 2.3 Schematic illustration of LD-AM process. 
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laser beam moves away, the molten pool starts to solidify as a consequence of heat 

dissipation. The deposition head moves along the designed trajectory based on a 3D 

file, forming the first layer on the substrate. Afterwards, the deposition head ascends 

one layer thickness to a new set position for the next layer deposition. Served as the 

new “substrate”, the first layer is partially melted with the formation of the second 

layer. Similar steps will be repeated many times until the designed near-net-shape 

component is built layer by layer [36]. 

In LD-AM process, part quality depends on energy input which can be 

controlled via changing process parameters of laser power, scanning speed, hatch 

distance, and powder feeding rate [63]. Besides energy input, layer thickness will also 

be determined by these process parameters. It is of great importance to set layer 

thickness as Z-axis increment since the mismatch between layer thickness and Z-axis 

increment will impair energy utilization and negatively affect dimensional accuracy 

along Z direction, thus resulting in poor part quality (such as low density [64]) or even 

failure of part fabrication. As shown in Figure 2.4, if the Z-axis increment value equals 

the layer thickness (Case 1), the focal point will be on the top surface of each layer 

and the layer thickness will be uniform. After fabrication of the first layer, if the focal 

point is above the top surface (Case 2), the laser energy input will be weakened, 

generating a thinner second layer. The distance between the focal point and the top 

surface of the second layer will be even further, generating even thinner third layer. 

The layers fabricated will be thinner and thinner until nothing will be further 

fabricated. After fabrication of the first layer, if the focal point is below the top surface 

(Case 3), the laser energy input will be reduced, generating a thinner second layer, 

comparing with the first layer. Then, the distance between the top surface of the 

second layer and the focal point will be smaller and then a thicker third layer is 

generated, in comparison with the second layer. Based on analysis, it can be concluded 

that Case 1 is the ideal case which exhibits following advantages: (1) The layer 

thickness is uniform and the build height can be expected; (2) The laser energy input 
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for each layer is stable, rendering uniform properties of fabricated layers; (3) The laser 

energy can be efficiently and effectively utilized.  

Within each layer, there are four common scanning patterns, including raster, 

offset from inside to outside, offset from outside to inside, and fractal patterns, as 

shown in Figures 2.5(a)-5(d) [65]. Yu et al. conducted research on effects of scanning 

patterns on part distortion and part quality in LD-AM process. Results showed that the 

offset from outside to inside and fractal patterns generated smaller thermal gradient, 

smaller substrate deformation, and better part quality, as compared with raster and 

offset from inside to outside patterns. For multiple layers, Hu et al. reported a zigzag 

scanning pattern with 90o orientation changing for each layer, as shown in Figure 

2.5(e) [36]. Such scanning pattern could attenuate side effects of high thermal stress 

and part distortion induced by scanning orientation. 

 

Figure 2.4 Effects of relationship between Z-axis increment and layer thickness in LD-

AM process. 

Substrate

Deposited material

Substrate

Focal point

(a) Case 1 (b) Case 2

Z-axis 
increment

Z-axis 
increment

Laser beam

Focus lens

Deposited material

Substrate

(c) Case 3

Layer 
thicknessDeposited materialLayer 

thickness



Texas Tech University, Yingbin Hu, August 2019 

18 

2.3 Bulk parts fabrication by laser deposition 

On account of the capability of depositing multiple layers, LD-AM 

demonstrates its feasibility of producing near-net-shape parts.  

2.3.1 Ceramics 

Equipped with high-power-density laser beams, LD-AM process finds 

applications in processing high hardness and high-melting-point (up to 3000oC) 

ceramics, such as Al2O3 and ZrO2 toughened Al2O3 (ZTA) [1, 31, 52, 59, 66]. A 

summary on ceramics fabricated by LD-AM process is provided in Table 2. 

2.3.1.1 Al2O3 ceramics 

Balla et al. successfully fabricated dense and net-shaped structures (e.g. 

cylinder, cube, gear, etc.) of Al2O3 by LD-AM process [31]. Experimental results 

showed that columnar grains formed along the build direction and fabricated parts 

exhibited anisotropy in mechanical properties. In Li et al.’s work, process parameters 

of laser power, scanning speed, and powder feeding rate were varied to shed light on 

their effects on deposition qualities (including dimensions, surface roughness, flatness, 

powder efficiency, and microhardness) in LD-AM of Al2O3 [37]. Besides deposition 

 

Figure 2.5 (a) Raster, (b) offset from inside to outside, (c) offset from outside to inside, 

and (d) fractal scanning patterns within one layer and (e) zigzag scanning pattern for 

multiple layers. 
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qualities, Wu et al. reported that different process parameters of LD-AM resulted in 

different colors (white / black) of fabricated Al2O3 thin-wall structures [67]. Table 3 

shows the chemical composition of Al2O3 powder used in that investigation. 

According to analysis, the essential reason for the black appearance was the generation 

Table 2.2 Summary of ceramics fabricated by LD-AM process 
 

Particle size (µm) Process parameters Refs 

Al2O3 

Al2O3: 44-74  

Laser power (W): 175  

[31] Scanning speed (mm/s): 10.00  

Powder feeding rate (g/s): 0.230  

Al2O3: 40-80  
Laser power (W): 175-250  

[37] 
Scanning speed (mm/s): 8.33-25.00  

Al2O3: 42-90 

Laser power (W): 175-298; 398-520 

[67] 

Scanning speed (mm/s): 5.00-8.33; 6.67-8.67; 

18.33-21.67 

Powder feeding rate (g/s): 0.020-0.023; 

0.033-0.047  

Z-axis increment (mm): 0.05; 0.15 

Al2O3: 42-90 

Laser power (W): 230; 255; 326; 410; 510 

[52] Scanning speed (mm/s): 5.00 

Powder feeding rate (g/s): 0.023  

ZTA 

ZrO2 & Al2O3: 42-90 

Laser power (W): 410 

[1] 

Scanning speed (mm/s): 6.67 

Powder feeding rate (g/s): 0.020 (Al2O3); 

0.015 (ZrO2)  

Z-axis increment (mm): 0.25 

ZrO2 & Al2O3: 40-90 

Laser power (W): 360 

[61] 
Scanning speed (mm/s): 6.33 

Powder feeding rate (g/s): 0.027 

Z-axis increment (mm): 0.22 

ZrO2: 1-5; Al2O3: 45-75 

Laser power (W): 325; 350; 375; 400 

[2] 
Scanning speed (mm/s): 10.00 

Powder feeding rate (g/s): 0.033 

Z-axis increment (mm): 0.51 

PZT PTZ: 50-150 

Laser power (W): 150; 200; 250; 300 

[72] Scanning speed (mm/s): 5.00-10.00; 15.00 

Powder feeding rate (g/s): 0.022; 0.033; 0.050 
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of second Ca-β-Al2O3, NaAl6O9.5, and CaAl2Si2O8 phases and unmelted Al2O3 

particles under low energy input. The emergence of these second phases would give 

rise to the formation and propagation of inner defects and increase volatility degree of 

oxide impurities, amount of encaptured gas, and shrinkage differences, thus resulting 

in the black color. The authors also found that dense and evenly-distributed cracks 

were presented on the surfaces of black structure and grew along the build direction. 

Compared with the black structure, the white structure contained much fewer cracks, 

which were mainly on the top portion of surfaces. Aiming at acquiring desired part 

qualities and properties, process parameters of LD-AM should be optimized. To avoid 

tremendous experiments for finding optimal process parameters, a mathematical 

model, which could reveal the relationship between process parameters and physical 

properties of fabricated Al2O3 parts, was developed by Niu et al. [52].  

2.3.1.2 ZTA and other ceramics 

ZTA excels pure Al2O3 in several aspects, including enhanced toughness, 

superior properties of excellent corrosion and thermal resistances, good 

biocompatibility, and controllable mechanical properties via changing ZrO2 content 

and powder preparation parameters [2, 68-70]. Because of these strengths, ZTA gains 

its popularity among researchers and has been widely used in many commercial 

applications, including biomedical (e.g. orthopaedic parts [68], dental components 

[71], etc.), chemical (e.g. valve seats, tubes [69], etc.), and high-end engineering (e.g. 

machining tools [11], bearing components [12], etc.) industries. Figure 2.6 shows LD-

AM fabricated ZrO2-Al2O3 parts with arc-wall, cylindrical, and cubic shapes [2, 59]. 

Niu et al. successfully fabricated cylindrical and arc-shaped ZTA eutectic 

microstructure by LD-AM process using pure ZrO2 and Al2O3 powders with an 

eutectic ratio of 41.5 wt.% : 58.5 wt.% [1]. Due to the rapid melting / solidification 

Table 2.3 Chemical composition of Al2O3 powder 

Chemical composition Al2O3 Na2O Fe2O3 SiO2 CaO 

wt.% 99.732 0.110 0.068 0.056 0.034 
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process of LD-AM, a fine-grained microstructure with eutectic spacing of 100 nm was 

formed, as shown in Figure 2.7. Such microstructure was reported to be refined and 

uniformized by introducing ultrasonic vibration to LD-AM process [61]. Compared 

with parts fabricated by LD-AM without ultrasonic vibration, parts fabricated by LD-

AM with ultrasonic vibration showed improved mechanical properties. Using 

ultrasonic vibration-assisted LD-AM process, Hu et al. fabricated ZTA bulk parts with 

 

Figure 2.6 LD-AM fabricated ZTA parts with different shapes: (a) Arc wall [59]; 

(b) Cylinder [59]; and (c) Cube [2]. (Reprinted from Ref. [59], copyright (2015), 

with permission from Emerald Publishing Limited; Reprinted from Ref. [2], 

copyright (2018), with permission from Elsevier). 

 

Figure 2.7 Eutectic microstructure of a LD-AM fabricated ZTA part [1]. (Reprinted 

from Ref. [1], copyright (2015), with permission from Elsevier). 
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a weight ratio of 10 wt.% : 90 wt.% between ZrO2 and Al2O3 [2]. The effects of 

ultrasonic vibration on microstructure and mechanical properties were analyzed, 

showing that the introduction of ultrasonic vibration helped to reduce grain size and 

improve microhardness, wear resistance, and compressive properties.  

Besides Al2O3 and ZTA, LD-AM process was reported for fabrication of bulk 

lead zirconate titanate (PZT) ceramic parts. Results showed that desired dielectric 

properties were obtained, therefore, LD-AM process demonstrated its potential 

application in fabricating structural components of PZT based sensors and transducers 

[72]. 

2.3.2 Ceramic reinforced MMCs 

Ceramic reinforced MMCs are made from no less than two types of materials 

(e.g. ceramics, non-metals, metals, alloys, etc.). In LD-AM process, these materials 

are either premixed using ball milling machine (option 1) or mixed from powder 

feeders (option 2). For option 2, the weight ratio between different materials can be 

controlled via regulating feeding rate of each powder feeder. Table 4 provides a 

summary on ceramic reinforced MMCs fabricated by LD-AM process.  

2.3.2.1 Ti-based composites 

By reason of their high strength-to-weight ratio and excellent biocompatibility, 

ceramic reinforced titanium matrix composites (TMCs) have been widely applied in 

Table 2.4 Summary of ceramic reinforced MMCs fabricated by LD-AM process 
 

Materials used Ceramic 

reinforcement 

Metal matrix  Refs 

Ti-based 

TA15, TiC TiC Ti matrix [73] 

Ti6Al4V, TiC TiC Ti matrix [74] 

Ti-Mo, N2 TiN Ti-Mo matrix [32] 

Ti, B TiB Ti matrix [64] 

 Ni, Ti, Ni coated graphite TiC Ni matrix [79] 

Others TiC, IN625  TiC IN625 matrix [80] 

 Invar, TiC TiC Invar [81] 
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aeronautical and biomedical industries. In TMCs, ceramic reinforcement materials 

mainly include TiC [73, 74], TiN [32], TiB [64], etc. Liu et al. successfully fabricated 

TiC reinforced TMCs using LD-AM process and studied effects of TiC content on 

microstructure and tensile properties [73]. Compared with Ti alloy, TMC with 5 vol.% 

TiC exhibited better ultimate tensile strength (UTS) but worse ductility. With TiC 

content increasing from 5 vol.% to 15 vol.%, both UTS and ductility of TMCs were 

dramatically deteriorated. Borkar et al. introduced nitrogen to LD-AM process and 

formed TiN reinforcement. The in situ reacted TiN reinforcement homogeneously 

distributed throughout the Ti-Mo (90 wt.% : 10 wt.%) matrix [32]. Via changing the 

ratio between nitrogen and argon gases, the nitrogen content was tuned. Among all 

types of ceramic materials, in situ reacted TiB is considered as one of the most 

suitable ceramic reinforcements for TMCs allowing for following reasons: (1) Adding 

a small amount of TiB will hugely improve mechanical properties of TMCs; (2) 

Thermal stresses at interfaces of TiB and Ti can be minimized because of their similar 

densities and thermal expansion coefficients; (3) TiB is a stable phase and there is no 

intermediate phase between TiB and Ti; (4) The in situ process enables metallurgical 

 

Figure 2.8 TiB growth: (a) Scanning electron microscope (SEM) image of cross-

sectional TiB reinforcement; Schematic illustration of (b) trigonal prism building 

block and (c) crystal structure of TiB. (Reprinted from Ref. [64], copyright (2017), 

with permission from Springer). 
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bonding between TiB and Ti; (5) TiB is biocompatible and favors biomedical 

applications of TMCs [4, 36, 64, 75]. Figure 2.8(a) shows a typical microstructure of 

in situ synthesized TiB in LD-AM fabricated TMC [64]. The TiB exhibited B27 

structure and formed a long prismatic shape with a high aspect ratio [76]. The 

formation mechanism of such a shape was studied by Lu et al. [77]. As shown in 

Figure 2.8(b), a B atom located at the center of a trigonal prism building block with 

six Ti atoms at vertexes. The trigonal prism building blocks stacked in columnar 

arrays, sharing two of their rectangular faces with neighboring prisms along the 

B27[010] direction (in Figure 2.8(c)) [76, 77]. Based on the “Periodic Bond Chain” 

theory, TiB grains grew faster along [010] direction than along any other direction, 

forming the long prismatic shape [77, 78]. 

2.3.2.2 Other composites 

Ceramic reinforced Ni matrix composites (NMCs, in possession of high 

corrosion resistance and high fatigue resistance of Ni matrix as well as high hardness 

and high wear resistance of ceramic reinforcement) are considered as promising 

materials in a wide range of applications, such as aerospace, chemical, and 

petrochemical industries [79]. Hong et al. fabricated TiC reinforced NMCs using LD-

AM process and proved that the presence of TiC reinforcement was to the benefit of 

refining grain size, as shown in Figure 2.9 [80]. Compared with parts without 

reinforcement, the average grain size of TiC reinforced NMCs was hugely reduced 

from 34.1 µm to 27.2 µm. In the investigation, effects of energy input per unit length 

on microstructure and mechanical properties (including wear and tensile properties) 

were studied. Results showed that high energy input led to efficient Marangoni 

convection within the molten pool and then refined and homogenized dispersion of 

TiC reinforcement, thus achieving enhanced wear and tensile properties. However, too 

high the energy input per unit length would coarsen columnar dendrites of the Ni 

matrix and weaken wear and tensile properties of NMCs.  
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As a rapid solidification process, LD-AM generates high temperature gradient 

and high thermal stress within fabricated parts and bring about defects of cracks, 

warpage, and even delamination. The use of Invar, which had low coefficient of 

thermal expansion (CTE), was reported to be an effective solution to such an issue 

[81]. Li et al. fabricated TiC reinforced Invar (64 wt.% Fe + 36 wt.% Ni) matrix 

composites (IMCs) using LD-AM process [81]. Experimental results showed that TiC 

reinforced IMCs had low CTE, high hardness, and high yield strength. 

2.4 Laser cladding 

Surface modification is the act of modifying the surface of a bulk material with 

purposes of enhancing surface properties or bringing biological or chemical 

characteristics to the material. These materials can be used for fabrication of specific 

 

Figure 2.9 Electron backscatter diffraction micrographs showing crystal structure 

characterizations of LD-AM fabricated Inconel 625 and TiC reinforced Inconel 625 

matrix composite parts [80]. (Reprinted from Ref. [80], copyright (2015), with 

permission from Elsevier). 
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products, such as load bearing implants, heat exchanger tubes, and coal slurry 

pipelines [3, 5, 6]. In the meantime, surface modification will not change bulk 

properties of the material. By virtue of the directionality and high energy density of its 

laser source, LD-AM of thin layers (known as laser cladding) is considered as an 

effective and efficient surface modification method [82]. In addition, a minimized heat 

input size leads to a small heat affected zone and low distortion of the bulk material 

[83].  

2.4.1 Ceramics 

2.4.1.1 High wear performance applications  

Cladding ceramics is proved to be resultful for enhancing wear resistance of 

materials those will be subject to rigorous friction conditions. Wang et al. laser 

cladded self-lubrication CaF2/Al2O3 ceramic on Al2O3 substrate using mixed CaF2 and 

Al2O3 powders by LD-AM process [55]. A scanning electron microscope (SEM) 

image of deposited layers (in Figure 2.10) showed that spherical CaF2 particles were 

uniformly dispersed in inter-plate regions of Al2O3 matrix. The solid lubricating phase 

 

Figure 2.10 A SEM image showing the dispersion of spherical CaF2 in inter-plate 

regions of Al2O3 matrix [55]. (Reprinted from Ref. [55], copyright (2002), with 

permission from Elsevier). 
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of CaF2 had noticeably low friction coefficient and brought about significant 

enhancements in self-lubricating and wear resistance of deposited layers, as compared 

with Al2O3 substrate.  

2.4.1.2 Biomedical applications  

In biomedical industries, not only enhanced wear resistance but also 

biocompatibility is required. To meet these requirements, Xu et al. laser cladded Si3N4 

and calcium phosphate tribasic (TCP) bio-ceramic on a Ti6Al4V substrate [84]. 

Within cladded layers, Si3N4 was non-cytotoxic and could protect the Ti6Al4V 

substrate from wearing away. The bioresorbability of TCP facilitated fast bone growth 

and contributed to its integration with bone tissue [85].  

2.4.1.3 Other applications  

Besides excellent mechanical and biomedical properties (such as high wear 

resistance and bioresorbability), ceramics are also characterized by chemical stability. 

In order to protect heat exchanger tubes from fireside erosion and corrosion, Khanna 

et al. laser cladded hard WC/Co layers on a substrate by LD-AM process [86]. 

2.4.2 Ceramic reinforced MMCs  

2.4.2.1 High wear performance applications  

Ceramic materials used for laser cladding are very limited since defects of 

delamination (i.e. poor bonding) are easily formed especially between the first 

deposited layer and the substrate. Facing to this problem, researchers have been 

focused on employing ceramic reinforced MMCs as cladding materials. In ceramic 

reinforced MMCs, hard ceramic reinforcements in the matrix function as load bearing 

portion, which can restrain plastic deformation and prevent matrix material from 

wearing away. The detailed enhancement mechanisms can be summarized as: (1) 

Ceramic reinforcements possess high strength and high stiffness [36]; (2) The wear 

resistance of fine-grained microstructure (induced by high heating and high 

solidification rate in LD-AM process) within cladded layers is higher than that of 

coarse-grained microstructure within substrates. [45]. Man et al. in-situ cladded a TiN 
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reinforced MMC layer on a NiTi substrate by LD-AM in a nitrogen atmosphere [5]. 

Results showed that the wear resistance of NiTi substrate was increased by a factor of 

two. In order to take the advantages possessed by TiB and TiN, Das et al. in situ 

synthesized TiB+TiN reinforced TMC on a Ti substrate by LD-AM using premixed 

BN powder and Ti6Al4V powder [87]. The fine TiB and TiN reinforcements were 

homogeneously distributed among Ti matrix, remarkably improving wear resistance of 

the Ti substrate. Van Acker et al. laser cladded WC/W2C reinforced NMC composites 

on steel substrates using LD-AM and investigated effects of WC/W2C content as well 

as carbide size on wear performance [88]. It was evidenced that an increase in 

WC/W2C content and a decrease in carbide size favored the enhancement of wear 

resistance. In addition, a small amount of carbides was sufficient enough to 

significantly improve wear resistance. In Wang et al.’s work, in-situ formed TiC 

reinforced Fe matrix composite (FMC) layers were cladded on a steel substrate, 

tremendously increasing the wear resistance of steel substrate [89]. Under more 

demanding conditions (e.g. dry friction with high contact loads) in heavy industry and 

aerospace areas, both high wear resistance and low friction coefficient are desired. In 

other words, high wear resistance alone will not satisfy requirements. In response to 

this problem, Smurov et al. developed two types of cladding structures using LD-AM 

process, as shown in Figure 2.11 [90]. For the first structure (in Figure 2.11(a)), 

ceramic reinforcement of WC/Co and solid lubricant of CuSn comprised deposited 

layer. Similar to the first structure, the second structure (in Figure 2.11(b)) also 

 

Figure 2.11 Schematic illustration of two types of LD-AM fabricated structures 

with high wear resistance and low friction coefficient. 
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contained WC/Co reinforced CuSn matrix composite. Besides, the deposited layer of 

the second structure had hard bars with certain spaces between the bars. The hard bars 

were made of Stellite and acted as barriers against fast moving of deposited layer and 

crack propagation when external force was applied. Based on experimental results, 

both structures demonstrated high wear resistance as well as low friction coefficient.  

2.4.2.2 Biomedical applications  

The capability of high load bearing and excellent wear resistance of ceramic 

reinforced MMCs enable them to find applications in implants with minimized wear 

induced osteolysis and aseptic loosening [91]. Compared with other types of ceramic 

reinforced MMCs, ceramic reinforced TMCs (such as TiN reinforced TMC [92] and 

SiC reinforced TMC [93]) possess high biocompatibility, therefore, they are widely 

used as cladding layers on metallic substrates to enable or improve the applicability of 

metallic substrates to biomedical areas. In vitro biocompatibility study, these cladding 

layers exhibited excellent cell-material interactions and no toxicity and showed their 

high potential as articular surfaces for load bearing implants, such as hip, knee, and 

shoulder.  

2.4.2.3 Other applications 

Wang et al. successfully fabricated Ni2Si/NiSi nickel silicide composite onto a 

steel substrate by LD-AM process [3]. The cladded layer demonstrated outstanding 

chemical and electrochemical corrosion resistance under immersion and anodic 

polarization corrosion test. To improve the slurry erosion wear rate, Tucker et al. laser 

cladded a variety of novel composite layers (including TiC reinforced Stellite 6 matrix 

composites, WC reinforced cobalt matrix composites, MoSi2 reinforced Stellite 6 

matrix composites, and MoSi2 reinforced steel matrix composites) onto a metal 

substrate [6]. The effects of composite species and volume fraction of ceramic on the 

composites were investigated. 
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2.5 Existing main issues, corresponding solutions, and trend of 
development 

2.5.1 Poor bonding problem in bulk parts fabrication and cladding 

In general, ceramic materials are hard to be bonded to metallic substrates. One 

major reason is ascribed to poor compatibility, resulting from distinctions in melting 

point, coefficient of thermal expansion, Young’s modulus, etc., between deposited 

layers and substrates [45]. In addition, low wettability (the ability of a liquid to 

maintain contact with a solid surface) between deposited layers and substrates also 

accounts for such phenomenon and may cause failure of metallurgical bonding 

formation [94]. In bulk parts fabrication, if the deposited first several layers are poorly 

bonded with the substrate, successive layers deposition will lead to an upwarp of these 

layers, resulting in fabrication failure. In cladding, the deposited layers will be easily 

worn off from the substrate during usage as a result of poor bonding. Facing to these 

problems, methods on improving bonding properties and bonding strength have been 

extensively explored. 

2.5.1.1 Optimizing process parameters 

For the purpose of obtaining desired bonding, it is indispensable to control and 

optimize process parameters to melt deposited layers onto a substrate. Wu et al. 

investigated effects of laser power on bonding conditions in LD-AM of VC-Cr7C3 

ceramic on a steel substrate [46]. Bonding was successfully formed when laser power 

was high enough. When laser power was too low, the deposited VC-Cr7C3 ceramic 

failed to be bonded with the steel substrate. Emamian et al. systematically studied the 

effects of process parameters (including laser power, scanning speed, and powder 

feeding rate) on bonding qualities between deposited TiC layers and a steel substrate 

[47]. Results showed that a certain range of these process parameters for forming a 

strong bonding existed. Should improper process parameters be selected, partial 

bonding or even no bonding would be formed. 

2.5.1.2 Adding a buffer layer / functionally gradient composite layers 

Adding a buffer layer is proved to be good for improving compatibility 
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between deposited ceramic layers and metallic substrates and renders a firm bonding 

between them. As shown in Figure 2.12, Gao et al. added an Al-Si buffer layer 

between an Al2O3 layer and an Mg substrate to release interfacial stresses induced by 

poor compatibility between them [48]. It was evidenced that bonding interfaces 

between Al2O3 and Al-Si, Al-Si and Mg were strong and free from obvious defects.  

The purpose of using FGC materials is also to provide “buffer layer” between 

deposited layers and the substrate. The major difference is that in FGC, the “buffer 

layer” is multi-layers with gradually compositional variation [95]. Figure 2.13 shows a 

typical structure of step-wise FGC layers. By using FGC, the discontinuity of 

properties between deposited layers and the substrate can be reduced, therefore 

improving compatibilities between adjacent layers. Balla et al. successfully laser 

cladded functionally gradient yttria-stabilized ZrO2 layers on a stainless steel substrate 

using LD-AM [42]. In LD-AM process, it was proved that the coatings with FGC 

layers exhibited better bonding strength with the steel substrate than those without 

FGC layers. In medical field, the utilization of FGC was also proved to be effective of 

creating sound bonding between ceramic coatings and metallic substrates. Zhu et al. 

laser cladded bioceramic material, which contained β-tricalcium phosphate and 

hydroxyapatite, onto a Ti6Al4V substrate [49]. The weight ratio of Ti6Al4V gradually 

 

Figure 2.12 A cross-section of coating layers observed by SEM imaging [48]. 

(Reprinted from Ref. [48], copyright (2007), with permission from Elsevier). 
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decreased (substrate:100%; gradient layer 1: 70%; gradient layer 2: 40%; gradient 

layer 3: 10%; coating layer: 0%) until the bioceramic material dominated the cladded 

layers. Results showed that the cladded bioceramic layers were chemically and 

metallurgically bonded with the substrate.  

2.5.1.3 Integrating with assisting technology of ultrasonic vibration 

With periodical positive-negative pressures, ultrasonic vibration can give rise 

to two non-linear actions of acoustic streaming and transient cavitation, as shown in 

Figure 2.14 [2, 96-100]. The absorption of acoustic oscillations in liquid materials will 

generate a steady flow, which is known as acoustic streaming. Transient cavitation 

involves the formation, growth, pulsation, and collapse of micro-sized bubbles in 

liquid materials. These two non-linear actions facilitate material movements in liquid 

and render direct and ultimate influences, which are beneficial for homogenizing 

material dispersion, smoothing out thermal gradient and thermal stress, reducing 

cracks, refining grains, etc. [2, 98-101]. Therefore, ultrasonic vibration is considered 

as a potential technology for enhancing bonding strength. Wu et al. deposited a Y2O3 

stabilized ZrO2 layer onto a Ti6Al4V substrate using LD-AM without and with 

ultrasonic vibration, respectively [50]. By applying ultrasonic vibration, the dilution 

 

Figure 2.13 A structure of step-wise FGC materials.  
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rate (reflecting the mixture degree between the deposited layers and the substrate 

[102]) was increased and the bonding was dramatically strengthened.  

2.5.2 Cracking problem in bulk parts fabrication and cladding 

As a rapid solidification process, cracks induced by large thermal gradient are 

prone to form during LD-AM of brittle ceramic materials [2]. The exhibition of cracks 

leads to weakened mechanical properties and shortened lifetime of deposited ceramic 

materials. In addition, the presence of cracks will easily cause the failure of ceramic 

components or claddings under constant or cyclic loading during operation [103]. In 

order to improve mechanical properties of the deposited layers as well as to meet the 

basic demand desired by industries, it is of great importance to suppress cracks and to 

produce full-dense ceramic parts and claddings.  

2.5.2.1 Optimizing process parameters 

Process optimization is a basic and easy-to-control method for researchers to 

obtain high quality parts and it is applied to suppress cracks in LD-AM process. Hu et 

 

Figure 2.14 Actions and influences of ultrasonic vibration in ultrasonic vibration-

assisted melting and solidification processes. (after [2, 96-100]) 
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al. investigated the effects of laser power on cracking in LD-AM of ZTA [2]. As 

shown in Figure 2.15(a), all fabricated parts demonstrated cracks, which initiated at 

the bottom and propagated along the build direction. As reported, the tensile stress 

induced by laser deposition in horizontal direction was larger than that in vertical 

direction (build direction), leading to cracks propagating along the vertical direction 

[104]. The tensile stress in the horizontal direction (𝜎𝐻) can be expressed as [104]: 

𝜎𝐻 =
𝜋𝑘𝐸𝛽(𝑇𝑀 − 𝑇𝑜)𝑅2

12 (1 − 𝜗)

𝑢

𝑃
∝

1

𝑃
 (2.1) 

where, 𝑘  is the thermal conductivity; 𝐸  is the Young’s modulus; 𝛽  is the 

thermal expansion coefficient; 𝑇𝑀 is the melting temperature; 𝑇𝑜 is the environmental 

temperature; 𝑅 is the radius of laser spot; 𝜗 is the Poisson’s ratio; 𝑢 is the scanning 

speed; 𝑃 is the laser power. It can be concluded from Equation 2.1 that when all the 

 

Figure 2.15 Effects of ultrasonic vibration on crack suppression under different 

levels of laser power. (Reprinted from Ref. [2], copyright (2018), with permission 

from Elsevier). 
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other parameters were fixed, the tensile stress in the horizontal direction (𝜎𝐻) had a 

positive correlation with the inverse of laser power (1/𝑃). In other words, high laser 

power resulted in reduced tensile stress in the horizontal direction, thus decreasing 

crack propagation degree along build direction. Such tendency was evidenced by 

experimental results. As shown in Figure 2.15(a), the lengths and widths of cracks 

were hugely reduced by increasing laser power. Niu et al. studied the effects of 

scanning speed on crack characterizations and concluded that with the scanning speed 

increasing, both the crack size and crack number were decreased [51]. This was 

mainly ascribed to the fact that cooling rate would be increased with high scanning 

speed. High cooling rate rendered fine microstructure, which accounted for decreased 

crack size and crack number. By optimizing laser power, scanning speed, and powder 

feeding rate in LD-AM process, Balla et al. fabricated near-full-density Al2O3 parts, 

which were almost free from cracks [31].  

Although process optimization is an easy-to-control and effective method of 

reducing cracks, the process parameter window for producing crack-free parts is 

difficult to find (sometimes even inexistent) and may involve a large number of 

experiments [52]. 

2.5.2.2 Pre- /post- heating  

Pre-heating, the purpose of which is to decrease thermal gradient between 

deposited materials and a substrate, is proved to be successful of suppressing cracks in 

LD-AM process [53, 54]. Zhou et al. deposited WC reinforced Ni-based matrix 

composite on a mild steel substrate using LD-AM [53]. By pre-heating the substrate to 

900oC, the deposited composite layers were free from cracks and were metallurgically 

bonded with the substrate. Meanwhile, the deposition efficiency with pre-heating was 

increased four times higher than that without pre-heating. Liu et al. employed the LD-

AM process for fabrication of carbide reinforced TiAl matrix composites on a 

Ti6Al4V substrate, which was preheated to 450oC ~ 500oC. Results showed that the 

bulk parts fabricated had no cracks [54]. In addition to pre-heating an Al2O3 substrate 

before depositing CaF2/Al2O3 ceramic onto it, Wang et al. also cooled down the 
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substrate slowly on a hot plate after depositing to avoid cracks [55]. For the purpose of 

healing cracks those already existed, Balla et al. post-heated LD-AM fabricated Al2O3 

parts at 1000oC and 1600oC. After post-heating, not only the cracks were reduced, but 

also the density was increased from 94% to 98% and the compressive strength was 

remarkably improved [31].  

In general, pre- / post- heating treatments are time- and cost-consuming since 

additional procedures and equipment are required. In addition, pre- / post- heating 

treatments may change desired properties of or even damage LD-AM fabricated parts 

[105]. 

2.5.2.3 Adding additive materials 

Rare earth oxides (REOs), which can change the dynamics of molten pool, are 

reported to be capable of preventing crack initiation and crack propagation via 

inhibiting dislocation movements [45, 58, 106]. Li et al. investigated effects of Y2O3 

on cracking in LD-AM of TiB-TiC reinforced TMC on a Ti6Al4V substrate and 

concluded that the cracking susceptibility of deposited layers was reduced due to the 

addition of Y2O3 [56]. One major reason was that the Y element would accelerate the 

spheroidization of primary phase and then refine the microstructure. In addition, Y 

element also reduced the activity of carbon and prevented it from moving into and 

traversing the interface of primary phase. Li et al. deposited NbC reinforced FMC 

layers on a substrate by LD-AM process and proved that the addition of CeO2 was 

resultful in reducing inner defects and cracks [57]. Wu et al. deposited carbide 

reinforced FMC layers on a metal substrate and evidenced that besides Y2O3 and 

CeO2, the addition of other types of REOs (including La2O3, Pr6O11, and Nd2O3) was 

also favorable for reducing cracks inside deposited layers [58]. As regarded to near-

net-shape bulk parts, Niu et al. successfully suppressed crack formation in LD-AM 

process by adding Y2O3 into Al2O3 [52].  

In addition to REOs, ZrO2 also has positive influence on crack suppression 

[59]. Figures 2.16(a) and (b) show the photographs of a LD-AM fabricated Al2O3 part 
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and a ZTA part, respectively. The Al2O3 part had a great number of cracks along the 

build direction. By adding ZrO2, the amount of cracks was remarkably reduced. 

Besides, the shape of ZTA part was much better than that of Al2O3 part according to 

the design. The mixture usage of REOs and ZrO2, such as Y2O3 stabilized ZrO2, was 

proved to be even more efficient in suppressing cracks in LD-AM process [1, 2]. 

2.5.2.4 Integrating with assisting technology of ultrasonic vibration 

Due to the advantages exhibited (in Figure 2.14), ultrasonic vibration has been 

introduced and integrated with LD-AM process, aiming at reducing cracks [2, 60, 61]. 

Ma et al. deposited Y2O3 stabilized ZrO2 layers on a Ti alloy substrate [60]. 

Experimental results showed that the layers deposited with ultrasonic vibration 

demonstrated refined microstructure, which increased crack propagation energy and 

inhibited crack propagation. The addition of ultrasonic vibration was also proved to be 

effective in LD-AM of bulk parts. A novel ultrasonic vibration-assisted LD-AM 

process for fabrication of ZTA parts was proposed by Hu et al. [2]. As shown in 

Figure 2.15(b), the parts fabricated with ultrasonic vibration had no cracks. Besides 

grain refinement, Hu et al. pointed out that the introduction of ultrasonic vibration 

would contribute to homogenizing material dispersion and smoothing out thermal 

gradient, thus being beneficial for reducing thermal stress and reducing crack 

 

Figure 2.16 (a) A fabricated Al2O3 part with cracks and a (b) fabricated ZTA part 

without cracks [59]. (Reprinted from Ref. [59], copyright (2015), with permission 

from Emerald Publishing Limited). 
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propagation tendency. Such crack suppression phenomenon was also reported by Yan 

et al. in ultrasonic vibration-assisted LD-AM of eutectic ZTA parts [61]. 

2.5.3 Lowered toughness problem in bulk parts fabrication 

Despite strengthening effects, ceramic reinforced MMCs suffer severe 

problems resulted from lowered toughness and ductility due to the presence of rigid 

ceramic phases [4, 30, 62]. Therefore, how to strengthen matrix materials without 

sacrificing too much toughness and ductility becomes an urgent issue which needs to 

be solved. 

2.5.3.1 Tailoring novel microstructure  

It was reported by Attar et al. that the ductility of TiB reinforced TMCs was 

only one third of that of Ti parts [30]. To reduce this problem, Hu et al. tailored a 

three-dimensional quasi-continuous network (3DQCN) microstructure within TiB 

reinforced TMCs using LD-AM [62]. Figure 2.17 shows a stereo corner image taken 

from a fabricated part and corresponding microstructures on each side of the corner. 

The bright regions and dark regions were identified as TiB reinforcement and Ti 

 

Figure 2.17 3DQCN microstructure within TiB reinforced TMCs fabricated by LD-

AM process. (a) A stereo corner of a part; Detailed microstructures of (b) top side, 

(c) left side, and (d) right side. (Reprinted from Ref. [62], copyright (2017), with 

permission from Elsevier). 
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matrix, respectively. As reported, the TiB regions were beneficial for strengthening 

the composites and the Ti regions were able to improve the toughness and ductility of 

composites [4, 62, 107]. In addition, the 3D structure could enable uniform load 

transferring and distributing.  

Similar network microstructure was reported in LD-AM of ZTA [2]. Due to 

the structural incompatibility between ZrO2 and Al2O3, ZrO2 was expelled and pushed 

to the boundaries of Al2O3 matrix. At these boundaries, ZrO2 grew and connected with 

the formation of a network microstructure, as shown in Figure 2.18(a). Element 

analysis on the network microstructure was conducted with energy-dispersive X-ray 

 

Figure 2.18 (a) A SEM image on cross-section of a ZTA part; (b) & (c) Element 

analysis on cross-section of the part by EDXS mapping. (Reprinted from Ref. [2], 

copyright (2018), with permission from Elsevier). 

 

Figure 2.19 Toughening mechanisms and crack propagation in a ZTA part. 

(Reprinted from Ref. [2], copyright (2018), with permission from Elsevier). 
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spectroscopy (EDXS) mapping, proving that the Al element (representing Al2O3) was 

rich at the matrix (in Figure 2.18(b)) whereas the Zr element (representing ZrO2) was 

rich at the boundaries (in Figure 2.18(c)). This network microstructure was beneficial 

for toughening Al2O3 matrix through crack bridging, crack deflecting, and crack 

branching. Toughening mechanisms and crack propagation in the ZTA part are shown 

in Figure 2.19. The propagation of initial main crack was blocked by the ZrO2 phase 

and a new crack was generated on the other side of the ZrO2. This phenomenon, 

known as crack bridging, could reduce the driving force of cracking and increase the 

energy required for crack propagation. As the newly generated crack continued 

propagating, its tip was blunted and deflected by ZrO2 (crack deflecting) and the crack 

was branched into two cracks (crack branching). Due to the fact that additional energy 

was required for deflecting and branching the crack, the Al2O3 matrix was toughened 

[108].  

2.5.3.2 Integrating with assisting technology of ultrasonic vibration 

As discussed in Section 5.2.3, the ZrO2 at boundaries could impede crack 

propagation and then toughened Al2O3 matrix. It was confirmed by Hu et al. that the 

introduction of ultrasonic vibration could further toughen Al2O3 matrix in LD-AM 

fabricated ZTA [2]. In comparison with the part fabricated without ultrasonic 

vibration, an increment of 60% in ultimate compressive strength and an increment of 

15% in ductility were achieved by introducing ultrasonic vibration to LD-AM process, 

as shown in Figure 2.20. In addition, the area under the true stress-strain curve (i.e. 

toughness) of the part fabricated with ultrasonic vibration was larger than that 

fabricated without ultrasonic vibration. The major reasons for such phenomena were 

summarized as: (1) The introduction of ultrasonic vibration could reduce thermal 

stress and inhibit crack propagation, therefore, the energy required for breaking the 

part was increased and the part was toughened; (2) The total length of cracks upon 

fracture was elongated due to the homogenization of material dispersion caused by 

ultrasonic vibration; (3) The introduction of ultrasonic vibration would render grain 

refinement and raise the chance of crack bridging, crack deflecting, and crack 
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branching, thus further toughening Al2O3 matrix [2].  

2.6 Concluding Remarks 

In this paper, the research status on LD-AM of ceramics and ceramic 

reinforced MMCs has been reviewed. The main conclusions are drawn as follows: 

(1) The effects of process parameters (e.g. laser power, scanning speed, Z-axis 

increment, scanning pattern, etc.) in LD-AM have been reviewed, indicating that a 

proper selection of process parameters contributes to increasing melting degree and 

uniformizing properties of fabricated parts. In addition, side effects of high thermal 

stress and part distortion can be reduced or even eliminated by process optimization.  

(2) Equipped with high-power-density laser beams, LD-AM process 

demonstrates its feasibilities of processing high hardness and high-melting-point 

ceramics and ceramic reinforced MMCs, such as Al2O3, ZTA, TMCs, NMCs, etc. 

Another important application field of LD-AM process is to clad layers on surfaces of 

bulk materials with purposes of enhancing surface properties or bringing biological or 

 

Figure 2.20 Effects of ultrasonic vibration on compressive properties of the parts 

fabricated by LD-AM process. (Reprinted from Ref. [2], copyright (2018), with 

permission from Elsevier). 
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chemical characteristics to the materials, which will be used in aerospace, biomedical, 

chemical, electrochemical industries. 

(3) In LD-AM process, strong bonding between deposited ceramics / ceramic 

reinforced MMC layers and the substrate is of great importance not only for bulk parts 

fabrication but also for cladding. To obtain desired bonding strength, researchers 

usually start with optimizing process parameters. In situations where process 

optimization fails to work, adding a buffer layer/ FGC layers and integrating with 

assisting technology of ultrasonic vibration will be good alternatives for forming a 

firm bonding between deposited layers and the substrate.  

(4) As regard to LD-AM-deposited ceramic materials, cracks caused by large 

thermal gradient are prone to form. Such problem is detrimental since the exhibition of 

cracks will give rise to weakened mechanical properties and shortened lifetime of 

fabricated bulk parts and claddings. By optimizing process parameters, the cracking 

problem can be reduced but cannot be completely eliminated. Besides process 

optimization, methods of pre-heating the substrate prior to LD-AM process, post-

heating the deposited materials to heal existed cracks, adding additive materials (e.g. 

REOs, ZrO2, etc.), and integrating LD-AM with assisting technology of ultrasonic 

vibration are also proposed and proved to be successful in suppressing cracks. 

(5) Due to the presence of rigid ceramic phases, LD-AM-fabricated ceramics 

and ceramic reinforced MMCs suffer severe problems resulted from lowered 

toughness and ductility. Such issue was alleviated by tailoring innovative 3DQCN 

microstructures within the fabricated parts and by integrating LD-AM process with 

ultrasonic vibration. 
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Abstract 

Laser additive manufactured zirconia toughened alumina (ZTA) ceramic parts 

demonstrate severe problems resulting from cracking and inhomogeneous material 

dispersion. To reduce these problems, we propose a novel ultrasonic vibration-assisted 

laser engineered net shaping (LENS) process for fabrication of bulk ZTA parts. 

Results showed that the initiation of cracks and the crack propagation were suppressed 

in the parts fabricated by LENS process with ultrasonic vibration. For the parts 

fabricated without ultrasonic vibration, the sizes of cracks decreased with the increase 

of laser power. Scanning electron microscope analyses proved that the introduction of 

ultrasonic vibration was beneficial for grain refinement and uniform material 

dispersion. Due to the suppressed cracking, refined grains, and homogenized material 

dispersion, the parts fabricated with ultrasonic vibration demonstrated better 

mechanical properties (including higher microhardness, higher wear resistance, and 

better compressive properties), compared with the parts fabricated without ultrasonic 

vibration. 

Keywords 

Grain size; Mechanical properties; Toughness and toughening; zirconia 

toughened alumina (ZTA); Ultrasonic vibration; Laser engineered net shaping. 

3.1 Introduction 

Due to their superior properties of good biocompatibility, excellent corrosion 

and thermal resistance, and high strength, the zirconia toughened alumina (ZTA) 

ceramics are widely used in biomedical, chemical, and other high-end engineering 

industries [1-3]. Compared with pure ZrO2 or Al2O3, the ZTA exhibit higher 

toughness [4,5]. Conventional manufacturing processes for fabrication of ceramic 

materials include slip casting [6] and injection moulding with subsequent debinding 

and sintering [7]. When fabricating a single or a small amount of products, slip casting 

and injection molding are considered as cost-intensive processes due to the fact that 

both processes require molds [8]. In addition, difficulties arise when fabricating 

complex-shaped components with these conventional manufacturing processes [9-11]. 
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Facing to these problems, additive manufacturing (AM) processes have been 

developed and widely used to produce ceramic components [8,12,13]. Opposing to 

subtractive manufacturing processes, the AM processes make objects from three-

dimensional (3D) model data layer upon layer [14]. Among all types of AM processes, 

laser additive manufacturing (LAM) is regarded as the most attractive AM process for 

fabrication of ceramic materials [15]. LAM process, mainly including powder-bed 

based selective laser melting (SLM) and beam-deposition based laser engineered net 

shaping (LENS) methods, needs no moulds and enables fabrication of complex-shaped 

components [16]. Compared with the SLM method, the LENS method exhibits 

advantages of lower labor intensity, higher fabrication efficiency, and parts 

remanufacturing capability [17]. 

 

Figure 3.1 Schematic illustration of LENS process. 

Figure 3.1 shows the schematic illustration of LENS process. At the beginning, 

the substrate is selectively melted by heat from laser radiation, forming a molten pool 

which catches and melts powders supplied by the powder stream. When the laser 

beam moves away, the molten pool starts to solidify as a consequence of heat 

dissipation. The deposition head moves along the designed trajectory based on the 3D 
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file, forming the first layer on the substrate. Afterwards, the deposition head ascends 

one layer thickness to the new set position for the next layer deposition. Served as the 

new “substrate”, the first layer is partially melted with the formation of the second 

layer. Similar process will be repeated many times until the designed near-net-shape 

component is built layer by layer [18]. 

Several investigations have been reported on the Al2O3-based ceramic 

materials fabricated by LENS process [12,13]. By optimizing processing parameters, 

Balla et al. successfully fabricated dense and net-shaped structures of Al2O3 by LENS 

[19]. Ma et al. studied the effects of powder distribution on the surface morphology of 

LENS fabricated thin-wall structures of Al2O3 [20]. Niu et al. fabricated cylindrical 

and arc-shaped ZTA structures by LENS. Results showed that the microhardness and 

toughness of LENS fabricated parts were comparable to those fabricated by 

conventional manufacturing processes [13]. Wu et al. analyzed the effects of laser 

power and deposit head scanning speed on qualities of the LENS fabricated ZTA thin-

wall structures [12]. In the rapid-solidification LENS process, cracks induced by large 

thermal gradient were prone to be formed in these brittle ceramic materials [13]. The 

exhibition of cracks led to weakened mechanical properties and shortened lifetime of 

the ceramic parts [21]. In addition, the local homogeneity of ZrO2 and Al2O3 could not 

be guaranteed.  

In order to suppress cracks and homogenize material dispersion, this 

investigation, for the first time, proposes a novel ultrasonic vibration-assisted LENS 

process for fabrication of bulk ZTA parts. Figure 3.2 shows the actions and influences 

of ultrasonic vibration in ultrasonic vibration-assisted melting and solidification 

processes. With periodical positive-negative pressures, two important nonlinear 

actions of the ultrasonic vibration will be generated, including acoustic streaming and 

transient cavitation [22,23]. Acoustic streaming is a steady flow driven by the 

absorption of acoustic oscillations in the liquid materials. Transient cavitation involves 

the formation, growth, pulsation, and collapse of micro-sized bubbles in liquid 

materials [24]. These two non-linear actions facilitate material movements in liquid, 
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leading to direct and ultimate influences. The influences are beneficial for 

homogenizing material dispersion, smoothing out thermal gradient and thermal stress, 

reducing cracks, refining grains, etc. [24-27]. 

 

Figure 3.2 Actions and influences of ultrasonic vibration in ultrasonic vibration-

assisted melting and solidification processes (after [24-26]). 

3.2 Experimental procedures 

3.2.1 Powder materials and powder treatment 

The Al2O3 powder used in this investigation had a particle size range of 45 – 

75 µm. The chemical compositions of the as-received Al2O3 powder were 99.9% of 

Al2O3, 0.04% of SiO2, 0.04% of Fe2O3, and 0.02% of CaO. The fused yttria-stablized 

ZrO2 had a particle size range of 1 – 5 µm and a purity of 99.9%. The different particle 

size ranges could ensure an interactive mixture between Al2O3 and ZrO2 powders. The 

interactive mixture was beneficial to powder mixture and could avoid powder 

separation as, for example, lighter particles traveled to the top whereas heavier 

particles were kept at the bottom of the mixture [28,29]. It was reported by Lin et al. 

that when the ZrO2 content was 10 wt.%, the ZrO2 would exert effective grain 

refinement effects on Al2O3, thus rendering enhanced mechanical properties [4]. The 
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weight ratio of 10% : 90% between ZrO2 and Al2O3 powders was adopted in this 

investigation. Prior to LENS process, the Al2O3 and ZrO2 powders were mixed using a 

planetary ball milling machine (ND2L, Torrey Hills Technologies LLC., San Diego, 

CA, USA). The parameters were fixed based on preliminary experiments, including 

ball-to-powder weight ratio of 1:1, fixed rotation speed of 130 rpm, and milling time 

of 6 hours. The shapes and morphologies of the as-received Al2O3 and ZrO2 powders 

are shown in Figures 3.3(a) and 3.3(b), respectively. After ball milling process, the 

Al2O3 powder exhibited no obvious shape change and size reduction and the Al2O3 

and ZrO2 powders were well mixed (in Figures 3.3(c) and 3.3(d)). 

 

Figure 3.3 Shapes and morphologies of the powders.  
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3.2.2 Experimental set-up and parameters 

In this investigation, the LENS process was carried out on a LAM system 

(450XL, Optomec Inc., Albuquerque, NM, USA). Figure 3.4 shows the schematic 

illustration of ultrasonic vibration-assisted LENS experimental set-up. The 

experimental set-up comprised four systems: a laser system, a chamber system, a 

powder and inert gas delivery system, and a control system with integrated computer. 

For the chamber system, an ultrasonic vibration unit was integrated. The ultrasonic 

vibration unit would provide vertical ultrasonic vibration to the workpiece during 

LENS fabrication process. In the ultrasonic vibration unit, the high-frequency 

electrical energy was generated from the ultrasonic power supply. Then, the electrical 

energy was provided to the piezoelectric converter which would convert electrical 

 

Figure 3.4 Schematic illustrations of ultrasonic vibration-assisted LENS 

experimental set-up. 
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energy into ultrasonic vibration in vertical direction. The ultrasonic vibration was 

transmitted to the surface of the substrate via an acoustic transformer.  

Table 3.1 lists the values or ranges of input fabrication variables. The laser 

source provided had a continuous ware and the wavelength was kept constant at 1.07 

µm. The ultrasonic frequency and ultrasonic amplitude were fixed at 41 kHz and 5 µm 

for all the experiments, respectively. To avoid experimental error, three replicated 

parts were fabricated on the titanium substrate under each processing condition. Based 

on preliminary experiments, the reasons of selecting titanium as the substrate material 

included: (1) ZTA could be successfully fabricated onto titanium substrate; (2) 

Compared with ceramic substrate, titanium substrate would not be broken into pieces 

during LENS process. The dimensions of the parts were 7 mm × 7 mm × 10 layers.  

Table 3.1 Input fabrication variables 

Input fabrication variables Values or ranges 

Laser power (W) 325, 350, 375, and 400 

Laser mode Continuous 

Beam diameter of laser (µm) 400  

Wavelength of laser  (µm) 1.07  

Deposit head scanning speed (mm/s) 10 

Hatch distance (µm) 380 

Layer thickness (µm) 510 

Powder feeding rate (g/min) 2 

Number of layers 10 

Scanning orientation (o) 45, alternate 90 per layer 

Ultrasonic frequency (kHz) 41 

Ultrasonic Amplitude (µm) 5  

3.2.3 Measurement procedures 

The scanning electron microscope (SEM) (Crossbeam 540, Carl Zeiss AG, 

Oberkochen, Germany), equipped with an energy-dispersive x-ray spectroscopy 

(EDXS) system, was used to observe the microstructure characterizations of the 

fabricated parts, as well as the shapes and morphologies of the powders. Before 

observation, the parts were ground and polished using a MetaServ 250 single grinder-

polisher machine (49-10055, Buehler, Lake Bluff, IL, USA). Phase composition 
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analysis was carried out with the EDXS system. The average grain size were measured 

based on the ASTM E112-13 linear intercept method [30]. 

The microhardness was tested on the polished surfaces (perpendicular to the 

deposition direction) of fabricated parts using a Vickers hardness tester (900-390, 

Phase II, Upper Saddle River, NJ, USA). The microhardness tests were performed 

with 9.8 N load and ten-second dwell time. On each fabricated part, five indents were 

taken at different locations where the distance between adjacent locations was 0.5 mm.  

The wear resistance could be obtained by conducting dry sliding wear tests. 

The tests were performed at room temperature, using a silicon carbide ball (with a 

diameter (𝐷) of 3 mm) as the counter-face material, under the constant sliding speed 

(𝑣) of 0.003 m/s, the normal load (𝐹) of 2 N, the sliding distance (𝐿) of 5 mm, and the 

duration time (T) of one hour. The width (𝑊) of the sliding track was measured by 

SEM. The wear rate (𝑤𝑟) was then derived as: 

𝑤𝑟 =
𝐿

4𝐹(𝑣𝑇)
(𝐷2𝑎𝑐𝑟𝑠𝑖𝑛

𝑊

𝐷
− 𝑊√𝐷2 − 𝑊2) (3.1) 

Cylindrical parts with dimensions of Φ8 mm × 4 mm were fabricated for 

conducting compressive tests. The compressive properties were tested using a 

universal tester (AGS-50kNXD, Shimadzu, Kyoto, Kyoto Prefecture, Japan) at a 

constant cross-head speed of 0.005 mm/s. The tests were repeated three times under 

each condition. Prior to tests, both end faces of each part were ground on the single 

grinder-polisher machine. 

3.3 Results and discussion 

3.3.1 Effects of ultrasonic vibration on crack suppression under different 

laser power 

Figure 3.5 shows the effects of ultrasonic vibration on crack suppression under 

different laser power. Compared with the parts fabricated without ultrasonic vibration, 

the parts fabricated with ultrasonic vibration exhibited no cracks. There were two 

major reasons. Firstly, the introduction of ultrasonic vibration would contribute to 
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homogenizing material dispersion and smoothing out thermal gradient, resulting in the 

reduced thermal stress [26]. Both the initiation of cracks and the crack propagation 

tendency were inhibited with the reduction of thermal stress. Secondly, the grain 

refinement (the evidence can be found in Figures 3.6 and 3.8) induced by ultrasonic 

vibration would generate more barriers, which could help to suppress the propagation 

of cracks [31].  

 

Figure 3.5 Effects of ultrasonic vibration on crack suppression under different laser 

power. 

It can be seen from Figure 3.5(a) that all the parts (fabricated without 

ultrasonic vibration) demonstrated cracks, which initiated at the bottom and 

propagated along the deposition direction. The crack initiation, at the interface 

between the deposited part and the substrate, was ascribed to the mismatch of thermal 

conductivities between the ZTA and the titanium substrate. Since the brittle ZTA had 
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low thermal conductivity, which would result in high thermal gradient and large 

thermal stress, cracks would be easily generated at the brittle ZTA side [32,33]. It was 

reported that during the laser deposition of ceramics, the tensile stress in horizontal 

direction was large, leading to the crack propagating along the deposition direction 

(vertical direction) [33]. The tensile stress in the horizontal direction (𝜎𝐻) of ZTA 

could be expressed as [33]: 

𝜎𝐻 =
𝜋𝑘𝐸𝛽(𝑇𝑀 − 𝑇𝑜)𝑅2

12 (1 − 𝜗)

𝑢

𝑃
∝

1

𝑃
 (3.2) 

where, 𝑘  is the thermal conductivity; 𝐸  is the Young’s modulus; 𝛽  is the 

thermal expansion coefficient; 𝑇𝑀 is the melting temperature; 𝑇𝑜 is the environmental 

temperature; 𝑅 is the radius of laser spot; 𝜗 is the Poisson’s ratio; 𝑢 is the deposit head 

scanning speed; 𝑃 is the laser power. Based on Equation 3.2, the tensile stress in the 

horizontal direction had a positive correlation with the inverse of laser power when all 

the other parameters were fixed. In another word, with the laser power increasing, the 

tensile stress in the horizontal direction and the crack propagation degree were 

decreased. The experimental results obtained conformed such tendency. As shown in 

Figure 3.5(a), the lengths and widths of cracks were reduced by increasing laser 

power. Owing to the fact that better part quality with smaller cracking size could be 

obtained at higher laser power, 400 W laser power was fixed for the following 

experiments.  

3.3.2 Effects of ultrasonic vibration on microstructure  

Figures 3.6(a) and 3.6(d) show the SEM images on cross-sections of parts 

fabricated without and with ultrasonic vibration, respectively. The phase compositions 

of Figures 3.6(a) and 3.6(d) were tested with EDXS mapping analysis (in Figures 

3.6(b), 3.6(c), 3.6(e), and 3.6(f)). Results show that the Zr element (representing ZrO2) 

was rich at the boundaries whereas the Al element (representing Al2O3) was rich at the 

matrix. It can be concluded that the ZrO2 was prone to aggregate at the grain 

boundaries of Al2O3 in LENS process both without and with ultrasonic vibration. 
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Since ZrO2 and Al2O3 were structurally incompatible with each other [34], during 

melting and solidification process, the ZrO2 would be expelled to grain boundaries of 

Al2O3 matrix, where ZrO2 grew and connected with the formation of a network 

microstructure. Such network microstructure could contribute to toughening effects on 

 

Figure 3.6 Element analysis on cross-sections of parts fabricated without and with 

ultrasonic vibration by EDXS mapping. 
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ZTA through crack bridging, crack deflecting, and crack branching [35].  

Figure 3.7 shows crack propagation and toughening mechanisms in ZTA. It 

can be seen that the propagation of the initial main crack was blocked by the ZrO2 

phase with the generation of a new crack on the other side of the ZrO2 phase. This 

toughening mechanism was known as crack bridging, which could reduce driving 

forces of cracks and increase the energy required for crack propagation. As the new 

crack continued propagating, its crack tip was blunted and deflected by the ZrO2 phase 

(crack deflecting). The crack deflecting could retard crack propagation and reduce 

crack tip stress. At the crack deflecting areas, the main crack was branched into two 

cracks. Such toughening mechanism was known as crack branching. The deflection of 

main crack and the generation of new cracks required additional energy, therefore, the 

ZTA was toughened [36]. In general, the ZrO2 phase at grain boundaries could act as 

barriers to crack propagation, thus toughening ZTA.  

 

Figure 3.7 Crack propagation and toughening mechanisms in ZTA. 
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of the part fabricated with ultrasonic vibration was much smaller, compared with that 

(16 µm) of the part fabricated without ultrasonic vibration.  It was reported that the 

introduction of ultrasonic vibration in the molten material would cause the generation 

of more active nuclei within a certain volume [37]. Since each nucleus grew into one 

grain, more grains and dramatic grain refinement could be expected with ultrasonic 

vibration. For the part fabricated without ultrasonic vibration (in Figure 3.8(a)), 

eutectic solidification between ZrO2 and Al2O3 occurred at the intersections of grain 

boundaries of Al2O3 matrix, leading to the generation of eutectic microstructure with 

alternate Al2O3 and ZrO2 phases. One intersection was magnified and shown on the 

top-right corner of Figure 3.8(a). It was measured that the interphase spacing of the 

eutectic microstructure was 150 nm. The fine interphase spacing could be ascribed to 

the rapid solidification of LENS process and high thermal gradient in the molten pool 

[38,39]. As reported, eutectic solidification occurred with the generation of eutectic 

microstructure, when the weight ratio between ZrO2 and Al2O3 was 41.5% : 58.5% 

[13]. Even though the global weight ratio of 10%: 90% between ZrO2 and Al2O3 was 

adopted in this investigation, some local weight ratios in the molten pool could be 

much higher in LENS process without ultrasonic vibration. In contrast, in ultrasonic 

vibration-assisted LENS process, no fabricated parts had observable eutectic 

microstructure. In addition, the width of grain boundaries (ZrO2-rich areas) was 

 

Figure 3.8 Microstructure analysis on cross-sections of parts fabricated at laser 

power of 400 W. 
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uniform throughout the cross-section. This was due to the fact that the introduction of 

ultrasonic vibration was beneficial to homogenize material dispersion [24]. 

3.3.3 Effects of ultrasonic vibration on mechanical properties 

3.3.3.1 Effects on microhardness 

Figure 3.9 shows the effects of ultrasonic vibration on microhardness of the 

parts fabricated by LENS process. Boxplots were used to represent the data 

distribution of microhardness and had identical representations of mean, median, 

confidence intervals of 25% and 75%, and outliers. The mean values were primarily 

used for comparisons of microhardness between the parts fabricated by LENS without 

and with ultrasonic vibration assistance.  

It can be see that compared with the parts fabricated without ultrasonic 

vibration, the parts fabricated with ultrasonic vibration demonstrated larger 

microhardness. Based on the classic Hall-Petch relationship, the microhardness value 

(𝐻) of the ZTA could be expressed as [40-42]: 

 

Figure 3.9 Effects of ultrasonic vibration on microhardness of the parts fabricated 

by LENS process (UV: ultrasonic vibration). 
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𝐻 = 𝐻0 +
𝑘𝐻𝑃

√𝑑
 (3.3) 

where, 𝐻0 is the intrinsic hardness; 𝑘𝐻𝑃 is the Hall-Petch coefficient; 𝑑 is the 

average grain size. According to Equation 3.3, the smaller grain size led to the larger 

microhardness. With the evidence shown in Figures 3.6 and 3.8, the ultrasonic 

vibration-assisted LENS resulted in the grain refinement, thus enhancing the 

microhardness of fabricated parts.  

3.3.3.2 Effects on wear resistance 

Figure 3.10 shows the effects of ultrasonic vibration on wear resistance of the 

parts fabricated by LENS process. Experimental data clearly indicated that the parts 

fabricated with ultrasonic vibration had superior wear resistance (smaller wear rate) in 

comparison to the parts fabricated without ultrasonic vibration. Grain refinement and 

homogenized material dispersion favored the improvement of wear resistance [43]. 

Figure 3.10 Effects of ultrasonic vibration on wear resistance of the parts fabricated by 

LENS process (UV: ultrasonic vibration). 
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3.3.3.3 Effects on compressive properties 

In this investigation, compressive tests were conducted and compressive 

properties were analyzed. Compared with tensile test, the compressive test was less 

susceptible to minor internal defects, such as micro-pores. These internal defects could 

cause premature failure and would negatively affect property analysis, especially for 

brittle ceramic materials [29,44]. Figure 3.11 shows the effects of ultrasonic vibration 

on compressive properties of the parts fabricated by LENS processes without and with 

ultrasonic vibration. The part fabricated with ultrasonic vibration exhibited remarkably 

enhanced ultimate compressive strength (UCS), being 60% larger than that of the part 

fabricated without ultrasonic vibration. The enhancement was resulted from the 

refined grain size induced by ultrasonic vibration [40,41,45]. Compared with the part 

fabricated without ultrasonic vibration, a 15% increment of ductility was obtained by 

introducing ultrasonic vibration to LENS process. This was mainly ascribed to the 

reduced thermal stress caused by ultrasonic vibration. 

 
Figure 3.11 Effects of ultrasonic vibration on compressive properties of the parts 

fabricated by LENS process (UV: ultrasonic vibration). 
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Toughness, the ability of a material to absorb energy upon fracture failure, was 

related to the true stress-true strain curve and could be expressed as [46]: 

𝑈𝑇 = ∫ 𝜎(𝜖)𝑑𝜖
𝜖𝑇

0

 (3.4) 

where, 𝜖𝑇 is the true strain; and 𝜎(𝜖) is the stress function. As shown in Figure 

3.11, the area (toughness) under the true stress-true strain curve of the part fabricated 

with ultrasonic vibration was larger than that fabricated without ultrasonic vibration. 

The major reasons for the toughness improvement with ultrasonic vibration were 

summarized as: (1) As discussed in Section 3.3.1, the thermal-stress reduction induced 

by ultrasonic vibration was beneficial to inhibit crack propagation, thus increasing the 

energy required for breaking up the part and enhancing the toughness; (2) The 

homogenization of material dispersion caused by ultrasonic vibration enabled cracks 

to propagate both along the grain boundaries (intercrystalline cracking) and across 

grains of Al2O3 (transcrystalline cracking), elongating the total length of cracks upon 

fracture [47]; (3) On account of the grain refinement induced by ultrasonic vibration, 

the intersection number between the main crack and the ZrO2 phase over a certain 

crack length was remarkably raised, increasing the chances of crack bridging, crack 

deflecting, crack branching, and toughening the part to be tested.  

 
Figure 3.12 Fracture features in compressive tests. 

20 μm 20 μm

Intercrystalline
/Flat facets

Intercrystalline

Transcrystalline

(a) Without ultrasonic vibration (b) With ultrasonic vibration



Texas Tech University, Yingbin Hu, August 2019 

69 

In compressive tests, the tested parts were fractured into two or more 

fragments. Figure 3.12 shows the features on fracture interfaces of parts fabricated 

without and with ultrasonic vibration, respectively. The part fabricated without 

ultrasonic vibration (in Figure 3.12(a)), exhibited flat facets of grains on its fracture 

interface. The cracks mainly propagated along the grain boundaries of Al2O3. For the 

part fabricated with ultrasonic vibration (in Figure 3.12(b)), the split Al2O3 grains 

confirmed the transcrystalline propagation of the crack. 

3.4 Conclusions 

In this investigation, a novel ultrasonic vibration-assisted LENS process for 

fabrication of bulk ZTA is proposed. The objective is to investigate the effects of 

ultrasonic vibration on crack suppression, microstructure, and mechanical properties 

of the fabricated parts in the LENS process. The major conclusions are drawn as 

follows: 

(1) The introduction of ultrasonic vibration to LENS process generated 

nonlinear acoustic streaming and transient cavitation actions and contributed to 

homogenizing material dispersion, smoothing out thermal gradient, reducing cracks, 

refining grains, and enhancing mechanical properties.  

(2) The initiation of cracks and the crack propagation in the deposition 

direction were suppressed in the parts fabricated by LENS process with ultrasonic 

vibration. Such phenomena were mainly resulted from the reduced thermal stress and 

grain refinement induced by ultrasonic vibration. For the parts fabricated without 

ultrasonic vibration, the crack propagation degree could be reduced by increasing laser 

power.  

(3) In the parts fabricated by both processes, the ZrO2 aggregated and 

connected at the grain boundaries of Al2O3, forming a network microstructure. This 

network microstructure was beneficial to toughen the workpiece through crack 

bridging, crack deflecting, and crack branching. In the LENS process without 

ultrasonic vibration, the local weight ratio between ZrO2 and Al2O3 could be higher 
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than global weight ratio and eutectic solidification would occur with the generation of 

eutectic microstructure. Compared with the part fabricated without ultrasonic 

vibration, the part fabricated with ultrasonic vibration exhibited smaller grain size and 

better material dispersion. 

(4) The effects of ultrasonic vibration on mechanical properties (including 

microhardness, wear resistance, and compressive properties) were analyzed. The 

results showed that ultrasonic vibration-assisted LENS generated higher 

microhardness, higher wear resistance, and better compressive properties. In 

compressive tests, the fracture interface of parts fabricated without ultrasonic vibration 

mainly demonstrated intercrystalline cracking, however, both intercrystalline cracking 

and transcrystalline cracking occurred in the parts fabricated with ultrasonic vibration. 
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Abstract 

In fabricating low-volume or complex-shaped zirconia toughened alumina 

(ZTA) parts, conventional manufacturing processes, including slip casting and powder 

metallurgy, are regarded as time-consuming and cost-intensive. In response to these 

problems, laser deposition-additive manufacturing (LD-AM) has been proposed and 

utilized to fabricate ZTA parts with low volume or highly flexible features in a shorter 

cycle time at a lower cost. Investigations have been reported on studying effects of 

input variables (such as laser power) in LD-AM of ZTA parts, however, there are very 

limited investigations on effects of ZrO2 content. In this investigation, the effects of 

ZrO2 content on microstructures and mechanical properties of LD-AM fabricated ZTA 

parts are studied. Experimental results show that at lower levels of ZrO2 contents (5 

wt.%, 10 wt.%, and 20 wt.%), a novel three-dimensional quasi-continuous network 

(3DQCN) microstructure is tailored, whereas at higher levels of ZrO2 contents (30 

wt.%, 35 wt.%, and 41.5 wt.%), eutectic microstructure dominates the whole part. 

Both the 3DQCN microstructure and the eutectic microstructure are beneficial for 

toughening ZTA parts. In addition, the 3DQCN microstructure contributes to 

hardening ZTA parts. 

4.1 Introduction 

Alumina (Al2O3) ceramics demonstrate superior properties of high hardness, 

excellent corrosion, thermal, and wear resistances, and good biocompatibility [1-3]. 

However, the inherently brittle nature of Al2O3 limits its applications [4]. In order to 

reduce brittleness, significant progress has been made in toughening Al2O3 

composites. Due to its phase-transformation (tetragonal zirconia (t-ZrO2) phase to 

monoclinic zirconia (m-ZrO2) phase) toughening effects [5], ZrO2 is considered as 

such an attractive material to enhance toughness of Al2O3. In addition, the mechanical 

properties of zirconia toughened alumina (ZTA) can be controlled via changing ZrO2 

content and powder preparation (such as changing particle shape or size) for specific 

applications [6, 7]. Due to the exhibited benefits, ZTA has been widely used in many 

commercial industries, including high-end engineering (e.g. machining tools [8], 
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bearing components [9], etc.), chemical (e.g. valve seats, tubes [10], etc.), and 

biomedical (e.g. orthopaedic [11], dental components [12], etc.) industries.  

Conventional manufacturing processes for ZTA fabrication, including slip 

casting and powder metallurgy, require molds preparing, debinding, and sintering [13, 

14]. Therefore, these two processes are considered as time-consuming when 

fabricating low-volume parts [15]. In addition, cost increases by creating or 

assembling complex structures with conventional manufacturing processes [16]. 

Facing to these problems, it is crucial to manufacture ZTA parts with low volume or 

highly flexible features in a shorter cycle time at a lower cost.  

Laser additive manufacturing (LAM) is one of the possible solutions to the 

problems encountered by conventional manufacturing processes and has been 

successfully applied for fabricating ZTA materials [15-19]. LAM excels conventional 

manufacturing processes in the following aspects: (1) LAM requires no molds and is 

with no following debinding and sintering; (2) LAM can manufacture low-volume or 

highly flexible-featured parts in a shorter cycle time at a lower cost; and (3) LAM can 

produce hard-to-machine or high-value components in a cost-effective manner [20]. 

Among all types of LAM process, laser deposition-additive manufacturing (LD-AM) 

is favored due to its remanufacturing capability, hard coating application, easy-to-

control cooling rate, and changeable dilution [17, 21]. Figure 4.1 shows the schematic 

of the LD-AM process. During LD-AM processing, the laser generator ejects a laser 

beam onto the substrate, forming a molten pool. In the meantime, powders (carried by 

the argon gas flow) are delivered through four symmetric nozzles to the molten pool 

area. The powders are then melted and deposited onto the molten pool. After the laser 

beam moving to another position, heat dissipates and the molten material starts to 

solidify into a bump. The movement of deposition head follows the trajectory 

designed by a 3D model, forming the first layer. Afterwards, the deposition head is 

ascended one layer thickness to maintain a constant focal distance for the subsequent 

layer deposition. The first layer serves as a new “substrate” for the subsequent layer 

fabrication. Similar process will be repeated layer upon layer until the designed 3D 
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structure is completed.  

In recent years, LD-AM manufacturing of ZTA has attracted attentions in both 

academia and industry [17-19]. Niu et al. successfully fabricated ZTA parts with 

cylindrical and arc shapes using LD-AM process [17]. Hu et al. proposed an ultrasonic 

vibration-assisted LD-AM process to reduce cracks in fabricated ZTA parts [18]. 

Experimental results proved that the introduction of ultrasonic vibration was beneficial 

for inhibiting crack propagation. Yan et al. tailored a periodic-banded microstructure 

in LD-AM fabricated ZTA parts [19]. The formation mechanisms and effects of input 

fabrication variables on this microstructure were studied. Among all these reported 

literature, the ZrO2 content was kept fixed. However, there are no reported 

comprehensive investigations on studying the effects of ZrO2 content. In this 

investigation, the effects of ZrO2 content (from 0 wt.% up to an eutectic ratio of 41.5 

wt.%) on microstructure characterizations and mechanical properties are studied. In 

addition, the formation mechanisms of novel microstructures at different levels of 

ZrO2 content and their effects on mechanical performance have been investigated. 

 

Figure 4.1 A schematic of the LD-AM process. 
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4.2 results and discussion 

4.2.1 Effects of ZrO2 content on microstructure characterizations 

Figures 4.2(a)-4.2(g) show effects of ZrO2 content (0 wt.%, 5 wt.%, 10 wt.%, 

20 wt.%, 30 wt.%, 35 wt.%, and 41.5 wt.%) on microstructures of ZTA parts. Phase 

compositions were tested and identified with EDS and EBSD analyses. Results show 

that the bright areas were ZrO2 and the dark areas were Al2O3. The cross-section of the 

pure Al2O3 part without ZrO2 exhibited defects of cavities resulting from lack of 

fusion. A network microstructure was initiated at ZrO2 content of 5 wt.% and was 

fully formed at ZrO2 content of 10 wt.%. With the ZrO2 content increasing to 20 wt.%, 

eutectic solidification between ZrO2 and Al2O3 occurred at the intersections of grain 

boundaries. The reason for the formation of eutectic microstructure was that some 

local weight ratios between ZrO2 and Al2O3 might be higher than the designated ratio 

of 20 wt.% : 80 wt.%, reaching to the eutectic ratio of 41.5 wt.% : 58.5 wt.%. With the 

increase of ZrO2 content from 20 wt.% to 41.5 wt.%, the network microstructure 

boundaries were gradually filled by eutectic microstructure until all the structure 

turning to the eutectic structure.  

 

Figure 4.2 Microstructures on cross-sections of ZTA parts with different ZrO2 

contents. 
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4.2.1.1 Three-dimensional quasi-continuous network microstructure 

Figure 4.3 shows SEM images and corresponding EBSD maps on a horizontal 

cross-section of ZTA part with 10 wt.% ZrO2. Figure 4.3(a) shows that ZrO2 

aggregated at grain boundaries of Al2O3 grains, forming a network microstructure. 

High magnified SEM image of the network boundary area, as shown in Figure 4.3(b), 

shows that gaps existed in the ZrO2 boundaries and the network microstructure was 

quasi-continuous. Such quasi-continuous network microstructure could be found on all 

different orientations of a fabricated part and was spatially distributed as a three-

dimensional quasi-continuous network (3DQCN) microstructure. In a crystal-

orientation EBSD map, as shown in Figure 4.3(c), crystals within the tolerance angle 

of 10º were in the same color and different colors represented different crystal 

orientations (>10º) for Al2O3. With the tolerance angle of 10º, one crystal orientation 

 

Figure 4.3 SEM images and EBSD mapping analyses on a ZTA part with 10 wt.% 

ZrO2: (a) a SEM image with low magnification; (b) a SEM image with high 

magnification; (c) EBSD mapping analysis on (a); and (d) EBSD mapping analysis 

on (b). 
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contained multiple grains. It was reported that more grains would be identified by 

using a smaller tolerance angle [22]. Crystal-orientation EBSD mapping analysis was 

also conducted on the boundary areas, as shown in Figure 4.3(d), indicating that ZrO2 

at boundary areas demonstrated different orientations. Based on EBSD phase detection 

results, ZrO2 and Al2O3 exhibited tetragonal phase and α phase, respectively. The 

retention of metastable t-ZrO2 was ascribed to the reason that the yttrium (Y) element 

in Y2O3 suppressed the transformation from the t-ZrO2 to m-ZrO2 during solidification 

process [23].  

Figure 4.4 shows the formation of 3DQCN microstructure, which followed 

three stages. In stage 1, ZrO2 and Al2O3 powders were radiated and fully melted by 

laser with the generation of molten material. After the laser beam left in stage 2, 

solidification would occur once the temperature of molten material dropped below its 

liquidus line. Al2O3 started to nucleate as nuclei, in the meantime, ZrO2 nucleated and 

grew into ZrO2 particles. Since there was little wetting tendency between Al2O3 and 

ZrO2, most of ZrO2 particles would be expelled into the liquid, residing at the 

liquid/solid interface of Al2O3 nuclei [24]. In stage 3, with the Al2O3 nuclei grew into 

grains, ZrO2 particles would aggregate at grain boundaries of Al2O3, forming a 

3DQCN microstructure.  

 

Figure 4.4 Schematic illustration of the formation mechanism of 3DQCN 

microstructure. 

Stage 1 Stage 2 Stage 3
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4.2.1.2 Eutectic microstructure 

Figure 4.5(a) shows the eutectic microstructure in a ZTA part with 41.5 wt.% 

ZrO2. Randomly oriented colonies can be observed from the cross-sectional surface. 

The formation of colonies mainly resulted from the constitutional undercooling and 

the growth restriction of different-oriented eutectic microstructures [25]. Micro-sized 

granular ZrO2 grains formed at the boundaries of these colonies, as shown in Figure 

4.5(b). It was reported that in rapid solidification process, ZrO2 and Al2O3 phases 

exhibited strong-faceted growth with the generation of faceted structures, which 

consisted a three-way intersectional dispersion of eutectic microstructure [23, 26]. 

This was evidenced by experimental results from this investigation, as shown in 

Figure 4.5(c).  

 

Figure 4.5 Eutectic microstructure on the cross-section of a ZTA part with 41.5 

wt.% ZrO2: (a) colonies; (b) boundaries of colonies; and (c) three-way 

intersectional structure. 
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Figure 4.6(a) shows the detailed eutectic microstructure of one colony. The 

phase composition analyses were conducted on the eutectic microstructure (as shown 

in Figure 6(b)) with EDXS element mapping function (as shown in Figures 4.6(c)-

4.6(e)). Results show that the dark areas in Figure 4.6(b) were Al2O3 (represented by 

Al element), whereas the bright areas in Figure 4.6(b) were both ZrO2 (represented by 

Zr element) and Y2O3 (represented by Y element). The Y2O3 was completely 

dissolved into the ZrO2 without segregation from ZrO2 to Al2O3. It also can be seen 

from Figure 4.6(a) that the eutectic microstructure contained interpenetrating and 

alternate ZrO2 and Al2O3 phases with fine interphase spacing free of grain boundaries. 

The interphase spacing of the eutectic microstructure was measured as 300 nm. At the 

central region of colony, ZrO2 rods were well-defined and orderly distributed among 

Al2O3 matrix. At the edge of colony, ZrO2 gradually changed from the rod shape to the 

lamella shape.  

Figure 4.7(a) shows a bright-field (BF) TEM image on a single lamella 

structure, in which dark areas and bright areas were ZrO2 and Al2O3, respectively. The 

average width of lamella-shaped ZrO2 was around 500 nm, which was larger than the 

average size of rod-shaped ZrO2. Selected area electron diffraction (SAED) analysis, 

as shown in Figure 4.7(b), was conducted on the lamella structure (the area enclosed 

 

Figure 4.6 EDXS mapping analyses on a ZTA part with 41.5 wt.% ZrO2: (a) 

eutectic microstructure; (b) detailed features on the eutectic microstructure; and 

EDXS element maps for (c) Al element, (d) Zr element, (e) and Y element. 
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by red dashed square in Figure 4.7(a)). SAED results show that the ZrO2 demonstrates 

tetragonal phase, which matches the EBSD phase detection result.  

Figure 4.8(a) shows part of the ZrO2 – Al2O3 phase diagram (redrawing from 

the [27]). In eutectic solidification, the liquid phase is directly transformed into solid 

ZrO2 and Al2O3 phases. Assume that the initial liquid composition C0 is close to but 

smaller than the eutectic composition CE, as shown in Figure 4.8(b). At a certain 

undercooling temperature TU, which is below the eutectic temperature TE, Al2O3 phase 

starts to nucleate firstly. In the meantime, the surrounding liquid is enriched in ZrO2. 

With the nucleation of Al2O3 phase, the liquid composition reaches CAl2O3-l, which is 

still close to but larger than CE. Since CAl2O3-l is a point on the Al2O3-liquid interface 

line, Al2O3 is at equilibrium while ZrO2 starts to nucleate on the Al2O3-liquid interface 

due to the undercooling ∆𝑇. The surrounding liquid is gradually in short of ZrO2 but in 

rich of Al2O3 until the liquid composition reaches CZrO2-l, which is on the ZrO2-liquid 

interface line. At this point, ZrO2 is at equilibrium while Al2O3 begins to nucleate. 

Such process will repeat with the nucleation and growth in alternating sequence 

between Al2O3 phase and ZrO2 phase, as shown in Figure 4.8(c), forming the eutectic 

microstructure [28, 29]. The interphase spacing (λ), which was discussed in Figure 

 

Figure 4.7 TEM analysis on a ZTA part with 41.5 wt.% ZrO2: (a) BF image and (b) 

SAED patterns of tetragonal ZrO2 with zone axis (ZA) = [113]. 
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4.6, was defined in Figure 4.8(c).  

4.2.2 Effects of ZrO2 content on mechanical properties 

4.2.2.1 Effects on microhardness 

Figure 4.9 shows the effects of ZrO2 content on microhardness of ZTA parts. 

The average value from five measurements was used to represent experimental results. 

The standard error of four measurements was used to represent both positive and 

 

Figure 4.8 (a) Part of the ZrO2-Al2O3 phase diagram (redrawing from the [28]); (2) 

Alternative nucleation of ZrO2 and Al2O3; and (3) A schematic of the coupled 

growth of ZrO2 and Al2O3 during eutectic solidification. 
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negative values of each error bar. It can be seen that the microhardness firstly 

increased with the ZrO2 content increasing from 0 wt.% to 20 wt.%, then decreased 

with ZrO2 content further increasing from 20 wt.% to 41.5 wt.%. The hardness of ZTA 

parts were affected by three factors, including grain refinement, precipitation 

hardening, and ZrO2 content. At lower levels of ZrO2 content, a 3DQCN 

microstructure was formed. The grain growth of Al2O3 would be hindered by the 

3DQCN microstructure, therefore, the grain size of Al2O3 was reduced [30, 31]. Based 

on the classic Hall-Petch relationship, the reduced grain size would result in the 

hardness increasing [32, 33]. The precipitation hardening induced by second-phase 

ZrO2 also contributed to improving microhardness [34]. Due to these reasons, the 

microhardness was increased with the ZrO2 content increasing from 0 wt.% to 20 

wt.%. At higher levels of ZrO2 contents (> 20 wt.%), the increase of ZrO2 content led 

to the decrease of microharndess since the ZrO2 was much softer than Al2O3 [35].  

4.2.2.2 Effects on fracture toughness 

In this investigation, the fracture toughness was tested by applying Vickers 

indentation technique. During testing, the polished part was indented with a high load 

of 9.8 N to create a rhombic region beneath. At this time, cracks emanated from end 

 

Figure 4.9 Effects of ZrO2 content on microhardness. 
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points of the indent to surrounding areas, as shown in Figure 4.10. The average length 

of cracks (𝑐), along with the tested Young’s Modulus (𝐸), hardness (𝐻), and applied 

load (𝑃) were used to calculate the fracture toughness (𝐾𝐼𝐶) of the material using the 

following equation [36]: 

where, 𝛼 is a dimensionless constant and equals 0.016 for a Vickers indenter.  

The effects of ZrO2 content on fracture toughness are shown in Figure 4.11. An 

overall increment of fracture toughness was found with the increase of ZrO2 content 

from 0 wt.% to 41.5 wt.%. Transformation toughening effects induced by ZrO2 was 

the major reason of this relationship [5]. In this investigation, Y2O3-stabilized ZrO2 

was formed and maintained as metastable tetragonal phase after LD-AM process. 

When external force was applied, the metastable t-ZrO2 would be transformed into a 

stable m-ZrO2, causing stress-induced volume increase [37]. The process of volume 

increasing could absorb energy which would otherwise be utilized by crack 

propagation. In another word, the phase transformation would partially take away the 

𝐾𝐼𝐶 = 𝛼 (
𝐸

𝐻
)

1/2

(
𝑃

𝑐3/2
) 

(4.1) 

 

Figure 4.10 An indentation mark and toughening mechanisms in the ZTA part with 

10 wt.% ZrO2. 
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energy for crack propagation, thus suppressing the propagation of indentation-

generated cracks. In addition, the formation of m-ZrO2 required additional energy, and 

the formed m-ZrO2 could mitigate elastic strain at crack tips, thus toughening ZTA 

[38]. Other toughening mechanisms included crack bridging, crack branching, and 

crack deflecting, as shown in Figure 4.10. It was reported that crack bridging, crack 

branching, and crack deflecting could reduce driving forces, retard crack propagation, 

 

Figure 4.11 Effects of ZrO2 content on fracture toughness. 
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Figure 4.12 Crack propagations in (a) the ZTA part with 10 wt.% ZrO2 and (b) the 

ZTA part with 41.5 wt.% ZrO2. 
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and reduce crack tip stress, thus increasing the energy required for crack propagation 

[2]. Therefore, it can be concluded that the ZrO2 at grain boundaries of Al2O3 acted as 

barriers to crack propagation and toughened ZTA parts. In addition to the propagations 

across the Al2O3 grains (transcrystalline propagation, in Figure 4.10), cracks were also 

evidenced to propagate along the grain boundaries of Al2O3 (intercrystalline 

propagation, in Figure 4.12(a)). Compared to ZTA part with 10 wt.% ZrO2, the crack 

width was thinner and crack path was more straight in ZTA part with 41.5 wt.% ZrO2, 

as shown in Figure 4.12(b). In addition, the crack propagated with no preference 

toward ZrO2 nor Al2O3 and cut through both ZrO2 and Al2O3 regions. 

4.3 Conclusions 

In this investigation, the effects of ZrO2 content on microstructures (mainly 

including 3DQCN and eutectic microstructures) and mechanical properties (including 

microhardness and fracture toughness) of LD-AM fabricated ZTA parts were studied. 

The formations mechanisms of microstructures and their effects on mechanical 

properties were also investigated. The major conclusions are drawn as follows: 

(1) At lower levels of ZrO2 content, ZrO2 particles tended to aggregate at grain 

boundaries of Al2O3 matrix, forming a network microstructure. The network 

microstructure was quasi-continuous and spatially distributed as a 3DQCN 

microstructure, which benefited ZTA parts on enhancing their mechanical 

performance.  

(2) At higher levels of ZrO2 content, eutectic microstructure dominated the 

whole part. The eutectic microstructure contained randomly oriented colonies with 

granular ZrO2 grains presenting at boundaries of these colonies. Within one colony, 

orderly-distributed ZrO2 rods located at the central region, and lamella-shaped ZrO2 

located at the edge region.  

(3) By increasing ZrO2 content from 0 wt.% to 41.5 wt.%, the microhardness 

of ZTA parts was firstly increased then decreased. The microhardness of ZTA parts 

were affected by three factors, including grain refinement, precipitation hardening and 
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the ZrO2 content. 

(4) An overall increment of fracture toughness was found by increasing ZrO2 

content from 0 wt.% to 41.5 wt.%. The primary reason is the phase transformation (t-

ZrO2 to m-ZrO2) toughening effects. In addition, crack bridging, crack branching, and 

crack deflecting were also beneficial for toughening ZTA parts. Indentation-generated 

marks propagated both across the grains (trascrystalline propagation) and along grain 

boundaries (intercrystalline propagation). 

4.4 Materials and Methods 

4.4.1 Powder materials and powder treatment 

In this investigation, the LD-AM process was carried out on a laser engineered 

net shaping (LENS) machine (450XL, Optomec Inc., Albuquerque, NM, USA). The 

suggested particle size range of this LENS machine was 30 – 150 µm. To meet this 

requirement and keep good powder flowability, a particle size range of 45 – 75 µm 

was selected for the majorly used Al2O3 powder (AL-604, Atlantic Equipment 

Engineers, Upper Saddle, NJ, USA). The purity of the Al2O3 powder was 99.9%. To 

retain metastable t-ZrO2 to room temperature after rapid-solidification LD-AM 

process, 10% – 15% stabilizing yttria (Y2O3) was added to the ZrO2 powder. The 

fused Y2O3-stablized ZrO2 (ZR-604, Atlantic Equipment Engineers, Upper Saddle, NJ, 

USA) had a lower particle size range of 1 – 5 µm with a purity of 99.9%. Figures 

4.13(a) and 4.13(b) show the as-received Al2O3 and Y2O3-stablized ZrO2 powders, 

respectively. Differing the particle size range of ZrO2 powder from Al2O3 powder was 

to prevent powder separation during powder mixing process. Powder separation 

referred to the phenomenon that heavier ZrO2 particles were kept at the bottom 

whereas lighter Al2O3 particles traveled to the top during mixing [39]. In this 

investigation, the Al2O3 and ZrO2 powders were mixed using a planetary ball milling 

machine (ND2L, Torrey Hills Technologies LLC., San Diego, CA, USA) with 

different ZrO2 contents, including 5 wt.%, 10 wt.%, 20 wt.%, 30 wt.%, 35 wt.%, and 

41.5 wt.%. Based on preliminary results, ball-milling parameters were set at fixed 
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rotation speed of 130 rpm, ball-to-powder weight ratio of 1:1, and milling time of 6 

hours. It can be seen from Figure 4.13(c) that after ball-milling processing, the Al2O3 

powder exhibited no obvious size reduction and shape change, and the Al2O3 and ZrO2 

powders were well mixed.  

4.4.2 Experimental set-up and parameters 

The values or ranges of input fabrication variables are listed in Table 4.1. The 

laser source of the machine had a continuous wave with a constant wavelength of 

1064 nm. The dimensions of the parts were 8 mm × 8 mm × 10 layers. Four parts 

under each ZrO2 content were fabricated on the titanium substrate to avoid 

experimental errors. The selection of titanium as the substrate material was based on 

the following reasons: (1) ZTA parts could be successfully fabricated onto titanium 

 

Figure 4.13 Shapes and morphologies of powders: As-received (a) Al2O3 and (b) 

Y2O3-stablized ZrO2 powders; and (c) mixed powders with 10 wt.% ZrO2 (for 

illustration purpose). 
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substrate; and (2) Compared with ceramic substrate, the titanium substrate would not 

be shocked into pieces by laser.  

4.4.3 Measurement procedures 

The two scanning electron microscopy (SEM) machines (Phenom Pharos, 

ThermoFisher Scientific, Waltham, MA, USA & S4300, Hitachi, Ltd., Tokyo, Japan) 

were used to observe the shapes and morphologies of the powders and study the 

microstructure characterizations of fabricated parts. Prior to SEM observation, the 

parts were cut and ground using a grinder-polisher machine (MetaServ 250/AutoMet 

250, Buehler, Lake Bluff, IL, USA). Phase composition and element distribution were 

analyzed with an energy-dispersive X-ray spectroscopy (EDXS) system (Crossbeam 

540, Carl Zeiss AG, Oberkochen, Germany). Crystal orientation and grain orientation 

mapping analyses were conducted on an electron backscatter diffraction (EBSD) 

system (Crossbeam 540, Carl Zeiss AG, Oberkochen, Germany). The detailed lamella 

structure and crystal structure of ZrO2 were examined by a transmission electron 

microscopy (TEM) machine (H8100, Hitachi, Ltd., Tokyo, Japan). 

The microhardness and fracture toughness were tested on the polished surfaces 

(perpendicular to the deposition direction) of fabricated parts using a nano-mechanical 

Table 4.1 Input fabrication variables 

Input fabrication variables Values or ranges 

Laser power (W) 350 

Laser mode Continuous 

Beam diameter of laser (mm) 0.40  

Wavelength of laser  (nm) 1064 

Scanning speed (mm/s) 10 

Hatch distance (mm) 0.38 

Layer thickness (mm) 0.51 

Powder feeding rate (g/min) 2 

Number of layers 10 

Scanning orientation (o) 45,  alternate 90 per layer 
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testing system (PB1000, Nanovea, Irvine, CA, USA). The microhardness tests and 

fracture toughness tests were conducted with load of 9.8 N and loading/unloading rate 

of 3 N/min. Tests were conducted at five different locations with more than 0.5 mm 

distance.  

Data Availability 

The datasets generated/or analyzed during the current study are available from 

the corresponding author on reasonable request. 
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Abstract 

The zirconia toughened alumina (ZTA) parts fabricated by laser engineered net 

shaping (LENS) process demonstrate problems resulted from poor surface quality. To 

improve surface quality and to reduce related problems, rotary ultrasonic machining 

(RUM) process, which combines both grinding process and ultrasonic machining 

process, has been introduced. In this investigation, the effects of ZrO2 content and 

ultrasonic vibration on flatness, surface roughness, microhardness, and cutting force in 

feeding direction of LENS-fabricated ZTA parts have been studied. Results showed 

that with the ZrO2 content increasing, the flatness value increased, the surface 

roughness value decreased, and the microhardness value firstly increased then 

decreased. Compared with LENS-fabricated parts, the parts processed by RUM 

machine exhibited better surface quality with significantly reduced flatness value and 

surface roughness value. In RUM process, the introduction of ultrasonic vibration was 

beneficial for reducing cutting force. 

Keywords 

Zirconia toughened alumina; Rotary ultrasonic machining; Flatness; Surface 

roughness; Microhardness; Cutting force. 

5.1 Introduction 

As a kind of brittle material, alumina (Al2O3) demonstrates severe problems 

resulted from low toughness [1, 2].Compared with Al2O3, zirconia toughened alumina 

(ZTA) ceramics exhibit higher toughness and have been widely applied in biomedical, 

chemical, and other high-end engineering industries [3, 4]. In recent years, extensive 

investigations have been done on fabricating ZTA parts using laser additive 

manufacturing (LAM) processes to take their advantages of high design flexibility, 

high customization, shortened lead time, no need of assembly or molds, etc. [5]. 

Among all types of LAM processes, laser engineered net shaping (LENS) process has 

benefits of low labor intensity, high fabrication efficiency, parts remanufacturing 

capability, etc., and is considered as an attractive process for processing ceramics [6]. 
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Figure 5.1 schematically illustrates the LENS process. At beginning, the laser 

beam generated by the laser generator and the powder supplied by powder stream are 

simultaneously ejected to the substrate, forming a molten pool which can continuously 

catch and melt powders. When the laser beam moves away, the molten pool starts to 

solidify. The deposition head moves along the trajectory designed by the three-

dimensional file, creating the first layer on the substrate. Afterwards, the deposition 

head will ascend one layer thickness to the new set position for the second layer 

deposition. Similar process will be repeated many times until the designed near-net-

shape part is built layer by layer [7, 8]. 

Despite the benefits demonstrated by LENS process, the LENS fabricated parts 

still have many problems (such as low dimensional accuracy and high surface 

roughness), which negatively affect their applications [9, 10]. Therefore, it is crucial to 

integrate the LENS process with an effective and efficient post-processing process. In 

this investigation, a nontraditional rotary ultrasonic machining (RUM) process, which 

 

Figure 5.1 Illustration of LENS process. 
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combines both grinding process and ultrasonic machining process, has been 

introduced to fulfill the requirements. Compared with both grinding process and 

ultrasonic machining process, the RUM process can hugely reduce the cutting force in 

feeding direction [11, 12].  

Figure 5.2 shows the illustration of RUM process. The typical structure of a 

cutting tool is shown in Figure 5.2(b). In RUM process, the feeding direction of 

cutting tool is perpendicular to the spindle axis and along the top surface of the 

workpiece. Being horizontally fed, the cutting tool is also ultrasonically vibrated in the 

axial direction. To wash away generated chips and to prevent the interface between the 

cutting tool and workpiece from overheating, the coolant is pumped through the core 

of the cutting tool [13, 14].  

In this investigation, effects of ZrO2 content and ultrasonic vibration on 

flatness, surface roughness, microhardness, and cutting force in feeding direction of 

LENS fabricated ZTA parts have been investigated. The obtained results will provide 

guidance on improving the surface quality of parts fabricated by LAM processes. 

 

Figure 5.2 Illustration of rotary ultrasonic machining (RUM). 
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5.2 Experimental set-up and measurement procedures 

5.2.1 Powder materials and powder treatment 

In this investigation, Al2O3 powder (AL-604, Atlantic Equipment Engineers, 

Upper Saddle, NJ, USA) with a particle size range of 45 – 75 µm was used. Fused 

yttria-stablized ZrO2 (ZR-604, Atlantic Equipment Engineers, Upper Saddle, NJ, 

USA) had a particle size range of 1 – 5 µm and a purity of 99.9%. Prior to LENS 

process, the Al2O3 and ZrO2 powders were mixed using a planetary ball milling 

machine (ND2L, Torrey Hills Technologies LLC., San Diego, CA, USA). The 

parameters were fixed based on preliminary experiments, including ball-to-powder 

weight ratio of 1:1, fixed rotation speed of 130 rpm, and milling time of 6 hours. The 

shapes and morphologies of the as-received Al2O3 and ZrO2 powders are shown in 

Figures 5.3(a) and 5.3(b), respectively. After ball milling process, the Al2O3 powder 

 

Figure 5.3 Shapes and morphologies of the powders. 
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exhibited no obvious shape change and size reduction and the Al2O3 and ZrO2 

powders were well mixed (in Figure 5.3(c)).  

5.2.2 Experimental set-up 

In this investigation, the ZTA parts were fabricated using a LENS machine 

(LENS450, Optomec Inc., Albuquerque, NM, USA). Then, the LENS fabricated parts 

were surface-grinded on a rotary ultrasonic machine (Series 10, Sonic-Mill, 

Albuquerque, New Mexico, USA). As shown in Figure 5.4, the rotary ultrasonic 

machine comprised four major systems: an ultrasonic spindle system, a horizontal 

feeding system, a data acquisition (DAQ) system, and a coolant system. The ultrasonic 

spindle system consisted an ultrasonic spindle, a motor with rotation-speed controller, 

and an ultrasonic power supply. The ultrasonic power supply could convert low 

frequency (60 Hz) line electricity to high frequency (20 kHz) electrical energy. Then, 

the high frequency electrical energy was converted into high frequency amplified 

ultrasonic vibration via the piezoelectric converter, which was mounted inside the 

ultrasonic spindle. Afterwards, the generated ultrasonic vibration was transmitted to 

 

Figure 5.4 RUM experimental set-up. 
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the RUM cutting tool for surface grinding. The motor inside the ultrasonic spindle 

enabled the rotation motion of the spindle. The controllable horizontal feeding motion 

was provided by a linear stage (NSC-A1, Newmark, Rancho Santa Margarita, 

California, USA) and the associated software. The function of the DAQ system was to 

acquire and analyze real-time data collected from the dynamometer (Type 9272, 

Kistler Inc., Switzerland). 

5.2.3 Experimental conditions 

Table 5.1 lists the values of input fabrication variables in LENS process. These 

values were optimized and fixed based on preliminary results. Three replicated parts 

were fabricated on the titanium substrate under each level (0 wt.%, 10 wt.%, 20 wt.%, 

and 30 wt.%) of ZrO2 content. The dimensions of the parts were 8 mm × 8 mm × 10 

layers.  

In this investigation, effects of ZrO2 content and ultrasonic vibration (0% and 

40%) in RUM process were investigated. 40% ultrasonic power means that 40% 

power from the ultrasonic power supply was utilized. To have reliable results, three 

tests were conducted under each combination of experimental conditions. For all 

RUM tests, the machining parameters (including depth of cut, tool rotation speed, and 

feedrate) were fixed at optimal values based on parametric selection results, as shown 

in Table 5.2. Besides, Table 5.2 also shows the basic tool variables. 

Table 5.1 Input fabrication variables 

Machining parameters Unit Values 

Laser power  W 350 

Wavelength of laser  µm 1.07 

Scanning speed  mm/s 10 

Layer thickness µm  508 

Powder feeding rate g/min 2 

Scanning orientation o 45, alternate 90 per layer 
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5.2.4 Measurement procedures 

In this investigation, the scanning electron microscope (SEM) (S-4300, Hitachi 

America, Ltd., NY, USA) was used to analyze the microstructure characterizations of 

the parts. Phase composition analysis was conducted on an energy-dispersive X-ray 

spectroscopy (EDXS) system (Phenom, nanoScience Instruments, Phoenix, AZ, 

USA). Prior to SEM observations and EDXS analysis, the parts were ground on a 

MetaServ 250 single grinder-polisher machine (49-10, 055, Buehler, Laker Bluff, IL, 

USA). The average grain size was measured based on the ASTM E112-13 linear 

intercept method [15]. The three-dimensional surface topography analysis, flatness, 

and surface roughness were conducted on a microscope (DSX510, Olympus 

Corporation, Shinjuku, Tokyo, Japan), on which the flatness values were obtained 

using global backside ideal focal plane range (GBIR) measurement. To avoid 

experimental error, tests were conducted at five randomly selected positions of each 

part. The microhardness was tested using a Vickers hardness tester (900-390, Phase II, 

Upper Saddle River, NJ, USA) under 1.96 N load and 10-second dwell time. 10 

indents were taken at different locations of each part where the distance between 

adjacent locations was at least 0.5 mm. The cutting force in feeding direction was 

measured and collected by the DAQ system, as shown in Figure 5.4. At beginning, the 

dynamometer measured the cutting force in feeding direction and generated electrical 

signals. The electrical signals were amplified by the charge amplifier (Type 5070, 

Kistler Inc., Winterthur, Switzerland) and then were converted into digital signals 

using an A/D converter (Type 5697A, Kistler Inc., Winterthur, Switzerland). 

Table 5.2 Machining parameters and tool variables 

Machining parameters Unit Values 

Ultrasonic power level  % 0 and 40 

Depth of cut, DOC  mm 0.5 

Tool rotation speed, S  rpm 2000 

Feedrate, Fr mm/s  0.5 

Tool abrasive size mm 0.16 

Tool geometry  Flat 

Abrasive material  Diamond 
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Afterwards, these digital signals were read and processed by the DynoWare software 

(Type 2825D-02, Kistler Inc., Winterthur, Switzerland), presenting the results via a 

computer screen. 

5.3 Experiment result and discussion 

5.3.1 Effects on microstructure 

Figures 5.5(a), 5.5(b), 5.5(c), and 5.5(d) show the SEM images on cross-

sections of LENS-fabricated parts with 0 wt.%, 10 wt.%, 20 wt.%, and 30 wt.% ZrO2 

content, respectively. It can be seen from Figure 5.5(b) – 5.5(d) that the ZrO2 was rich 

at the boundaries whereas the Al2O3 was rich at the matrix. This was evidenced by 

EDXS analysis on a ZTA part with 10 wt.% ZrO2 content, as shown in Figure 5.6. The 

 

Figure 5.5 Microstructure analysis on cross-sections of LENS-fabricated parts 
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phenomenon that ZrO2 aggregating at boundaries of Al2O3 matrix was mainly due to 

the fact that ZrO2 and Al2O3 were structurally incompatible with each other [16]. 

During melting and solidification process, the ZrO2 was expelled to grain boundaries 

of Al2O3 matrix, where ZrO2 grew and connected with the formation of a network 

microstructure. When the ZrO2 content was 0 wt.%, the cross-section exhibited defects 

of pores and cracks but no network microstructure.  

When the ZrO2 content was 10 wt.%, the network microstructure was shown 

on the cross-section and the average size of network unit (grain size of Al2O3) was 

13.5 µm. At several intersections of Al2O3 grain boundaries, eutectic solidification 

between ZrO2 and Al2O3 occurred with generation of eutectic microstructure. As 

reported, such eutectic microstructure was formed when the weight ratio between 

ZrO2 and Al2O3 was 41.5% : 58.5% [17]. Even though the global weight ratio of 10% : 

90% was adopted when mixing ZrO2 and Al2O3 powders, some local weight ratios in 

the molten pool could be as high as 41.5% : 58.5%, resulting in the formation of 

eutectic microstructure. When the ZrO2 content increased from 10 wt.% to 20 wt.%, 

the number of eutectic microstructure areas increased and the total eutectic 

microstructure area size was enlarged. When the ZrO2 content was 20 wt.%, the 

 

Figure 5.6 EDXS analysis on a ZTA part with 10 wt.% ZrO2 content: (a) a SEM 

image and phase composition results at (b) boundary area and (c) matrix area. 
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average size of network unit was 11.5 µm, which was smaller than that with 10 wt.% 

ZrO2. When the ZrO2 content was increased up to 30 wt.%, almost half of the cross-

section area was dominated with the eutectic microstructure and the average size of 

network unit was decreased to 10.8 µm. 

5.3.2 Effects on surface quality 

Figure 5.7 shows the parts fabricated by LENS process with different levels of 

ZrO2 content. It can be seen that all the parts demonstrated poor surface quality, 

including large flatness and large surface roughness. With the ZrO2 content increasing, 

the heights of parts decreased. This was mainly due to the fact that high ZrO2 content 

would generate high fluidity, making the liquid materials in the molten pool being 

expanded in the horizontal directions and being shortened in the vertical direction 

(height). Surface topography analysis was conducted on LENS-fabricated part, RUM-

processed part without ultrasonic vibration, and RUM-processed part with ultrasonic 

vibration, as shown in Figure 5.8. Different colors represent different heights. It can be 

 

Figure 5.7 LENS-fabricated ZTA parts (prior to RUM process). 

 

Figure 5.8 Surface topography analysis. 
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seen that before RUM process, the LENS-fabricated part exhibited rough surface with 

high peaks and deep valleys. For the RUM-processed parts both without and with 

ultrasonic vibration, the surfaces were much smooth, indicating that the surface-

grinded parts demonstrated better surface quality than LENS-fabricated parts.  

5.3.2.1 Effects on flatness 

Figure 5.9 shows the effects of ZrO2 content on flatness. The average value 

from five measurements, under each specific condition, was used to represent the 

experimental values and was used for comparisons. The standard deviation of five 

measurements was used to represent both positive and negative values of error bars. 

It can be seen that an overall increment of the average flatness was observed 

when the ZrO2 content increased from 0 wt.% to 30 wt.% for the LENS-fabricated 

parts. The reason for this phenomenon was that high fluidity induced by ZrO2 content 

would impair the formability of the fabricated parts, resulting in uneven surfaces. 

Measurements were also conducted on the RUM-processed parts both without and 

with ultrasonic vibration, showing that the flatness was significantly reduced to the 

 

Figure 5.9 Effects of ZrO2 content and ultrasonic vibration on flatness. 
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range of 0.008 ~ 0.013 mm. There was no big difference of flatness between the parts 

grinded without and with ultrasonic vibration.  

5.3.2.2 Effects on surface roughness 

Figure 5.10 shows the effects of ZrO2 content and ultrasonic vibration on 

surface roughness. For the LENS-fabricated parts, an overall decrease in surface 

roughness was found when the ZrO2 content increased from 0 wt.% to 30 wt.%, 

indicating that the addition of ZrO2 to the Al2O3 was beneficial for reducing surface 

roughness value. The surface roughness variance of the ZTA parts was much smaller 

than that of pure Al2O3 part, proving that the introduction of ZrO2 could make the 

LENS fabricated parts maintain consistency. For the RUM-processed parts (both 

without and with ultrasonic vibration), the surface roughness of parts slightly changed 

with the increase of ZrO2 content. Compared with the LENS-fabricated parts, the 

RUM-processed parts (both without and with ultrasonic vibration) exhibited much 

smaller surface roughness. Therefore, it can be concluded that the surface grinding 

 

Figure 5.10 Effects of ZrO2 content and ultrasonic vibration on surface roughness. 
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process implemented by RUM machine could hugely improve surface roughness 

property of LENS fabricated parts.  

5.3.2.3 Effects on cutting force in feeding direction 

Figure 5.11 shows the effects of ZrO2 content and ultrasonic vibration on 

cutting force in feeding direction. The cutting force in feeding direction firstly 

increased then decreased with the ZrO2 content increasing from 0 wt.% to 30 wt.% 

both without and with ultrasonic vibration. As reported, the cutting force was 

positively related to the hardness [18]. In another word, the higher the hardness of the 

ZTA parts was, the larger the cutting force for machining ZTA parts would be. In this 

investigation, the hardness of the ZTA parts was affected by two competing factors, 

including grain refinement and ZrO2 content. At low level of ZrO2 content, the 

addition of ZrO2 would hinder the grain growth of Al2O3, resulting in the grain 

refinement of ZTA parts [3, 19]. Experimental results proved that the grain size of 

Al2O3 decreased with the ZrO2 content increasing from 0 wt.% to 20 wt.%. Based on 

 

Figure 5.11 Effects of ZrO2 content and ultrasonic vibration on cutting force in 

feeding direction. 
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the classic Hall-Petch relationship, the microhardness value (H) could be expressed as 

[20, 21]: 

𝐻 = 𝐻0 +
𝑘𝐻𝑃

√𝑑
 (5.1) 

where, 𝐻0 is the intrinsic hardness; 𝑘𝐻𝑃 is the Hall-Petch coefficient; 𝑑 is the 

average grain size. According to Equation (5.1), the grain refinement led to the 

increase of microhardness. Therefore, the increase of ZrO2 content from 0 wt.% to 20 

wt.% resulted in the increase of microhardness (in Figure 5.12) and increase of cutting 

force (in Figure 5.11). At high level (30 wt.%) of ZrO2 content, the microhardness was 

decreased due to the fact that the ZrO2 was softer than Al2O3, leading to the decrease 

of cutting force [22].  

Compared with cutting force obtained without ultrasonic vibration, the cutting 

force obtained with ultrasonic vibration was significantly smaller at the same level of 

ZrO2 content. To have a better understanding of effects of ultrasonic vibration on 

cutting force, several key equations were provided [23-25]: 

𝐹 = 𝑁 ∙ 𝐹1 (5.2) 

 

Figure 5.12 Effects of ZrO2 content on microhardness of LENS-fabricated parts. 
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where, 𝐹 is the cutting force in feeding direction; 𝑁 is the number of active 

abrasive grains on the side face of the cutting tool; 𝐹1 is the average cutting force of a 

single grain in feeding direction. 

𝐹1 =
2√2

3
∙

𝐸√𝐷

(1 − 𝜈2)
∙ 𝛿3/2 (5.3) 

where, 𝐸 is the elastic modulus of the workpiece; 𝐷 is the size of the abrasive 

grain; 𝜈 is the Poisson’s ratio of the workpiece; 𝛿 is the indentation depth of abrasive 

grains in feeding direction. 

As reported, the ultrasonic vibration amplitude (A) induced by introducing 

ultrasonic vibration could lead to the decrease of indentation depth of the abrasive 

grain in feeding direction (𝛿) [11, 12]. Based on Equation (5.3), the decrease of 𝛿 

would result in the decrease of 𝐹1 . In the meantime, the N would not change by 

introducing ultrasonic vibration [24]. Therefore, according to Equation (5.2), the 

cutting force in feeding direction would decrease by introducing ultrasonic vibration to 

RUM process. In addition, it was reported that the introduction of ultrasonic vibration 

could also contribute to effective cooling process and good machining and lubricating 

interface between the cutting tool and the workpiece, thus rendering smaller cutting 

force in feeding direction [26, 27]. 

5.4 Conclusions 

In this investigation, an efficient and effective RUM process was utilized for 

surface grinding of brittle ZTA and Al2O3 parts. The effects of ZrO2 content and 

ultrasonic vibration on flatness, surface roughness, microhardness, and cutting force in 

feeding direction were analyzed. The main conclusions of this investigation were 

drawn as follows: 

(1) The ZrO2 aggregated at the boundaries of Al2O3 matrix, forming a network 

microstructure. With the ZrO2 content increasing from 0 wt.% to 30 wt.%, the grain 

size was decreased. When the ZrO2 content was 30 wt.%, the eutectic microstructure 

occupied almost half of the cross-section area. 
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(2) The LENS-fabricated parts with different levels of ZrO2 content exhibited 

poor surface quality, including large flatness value and large surface roughness value. 

After surface grinding, which is implemented by the RUM machine, the flatness and 

surface roughness values of these parts were significantly reduced.  

(3) In RUM process, the cutting force in feeding direction was firstly increased 

then decreased. This phenomenon was mainly ascribed to the combined action of grain 

refinement and ZrO2 content. The cutting force in feeding direction obtained with 

ultrasonic vibration, at the same level of ZrO2 content, was much smaller than that 

without ultrasonic vibration, proving that the introduction of ultrasonic vibration was 

beneficial for reducing cutting force. 
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Abstract 

Titanium (Ti) and its alloys have been successfully applied to the aeronautical 

and biomedical industries. However, their poor tribological properties restrict their 

fields of applications under severe wear conditions. Facing to these challenges, this 

study investigated TiB reinforced Ti matrix composites (TiB-TMCs), fabricated by in-

situ laser engineered net shaping (LENS) process, through analyzing parts quality, 

microstructure formation mechanisms, microstructure characterizations, and 

workpiece wear performance. At high B content areas (original B particle locations), 

reaction between Ti and B particles took place, generating flower-like microstructure. 

At low B content areas, eutectic TiB nanofibers contacted with each other with the 

formation of crosslinking microstructure. The crosslinking microstructural TiB 

aggregated and connected at the boundaries of Ti grains, forming a three-dimensional 

quasi-continuous network microstructure. The results show that compared with 

commercially pure Ti bulk parts, the TiB-TMCs exhibited superior wear performance 

(i.e. indentation wear resistance and friction wear resistance) due to the present of TiB 

reinforcement and the innovative microstructures formed inside TiB-TMCs. In 

addition, the qualities of the fabricated parts were improved with fewer interior defects 

by optimizing laser power, thus rendering better wear performance. 

Keywords 

Laser processing; Titanium matrix composites; Microstructural 

characterization; Grain refinement; Wear property. 

6.1 Introduction 

Owing to their high strength-to-weight ratio and outstanding biocompatibility, 

titanium (Ti) and its alloys have attracted a great deal of attentions in aeronautical and 

biomedical industries [1,2]. However, Ti and its alloys exhibit poor wear performance 

which limits their applications in fabrication of parts (e.g. gears and bearings [3,4], jet 

engine compressors [5], etc.) those will work under severe wear conditions. In 

addition, Ti alloys, such as Ti-6Al-4V, releases aluminum and vanadium ions for long 

time usage, causing health-related problems [6,7].  
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To improve Ti and its alloys’ wear performance (including indentation and 

friction wear resistances), adding ceramic reinforcements (e.g. Al2O3 [8], SiC [9], TiN 

[10], TiC [11], TiB [12], etc.) to form titanium matrix composites (TMCs) gains its 

popularity [8-12]. Compared with other ceramic reinforced TMCs, TiB reinforced 

TMCs (TiB-TMCs) exhibit more specific benefits and have been extensively 

investigated in recent years [2,3,9,13-17]. The major reasons include: (1) The residual 

stresses at interfaces of TiB and Ti can be reduced or even eliminated owing to their 

similar densities and thermal expansion coefficients [14,18]; (2) A relatively small 

amount of TiB reinforcement can largely increase the composites’ modulus and wear 

performance on account of the long-whisker shape of TiB [18]; and (3) Surface 

modified pure Ti with TiB shows good cell growth by performing in-vitro 

biocompatibility test under static condition [13]. 

TiB-TMCs can be fabricated by both ex-situ and in-situ processes. Compared 

with ex-situ ceramic reinforced TMCs, the in-situ ceramic reinforced TMCs 

demonstrate following advantages: (1) The in-situ process provides a way of 

uniformly embedding the rigid ceramic reinforcement in the metal or alloy matrix; (2) 

The ceramic reinforcement and the Ti matrix are thermodynamically stable with the 

in-situ process, thus rendering less degradation of TMCs at elevated temperature 

[12,19]; (3) The size of the in-situ formed ceramic reinforcement is much finer; and 

(4) The heat generated during the in-situ reaction can be utilized. Based on the 

aforementioned advantages, excellent physical and mechanical properties can be 

expected with the in-situ process [10,20].  

Traditional ceramics reinforced TMCs manufacturing processes include 

casting [15] and powder metallurgy [16]. These traditional manufacturing processes 

have problems of high energy consumption and high cost for additional machining 

[17,21,22]. In addition, difficulties arise when producing complex-shaped parts by 

traditional manufacturing processes [23,24]. To overcome the shortcomings associated 

with traditional manufacturing processes, additive manufacturing (AM) technology 

has been developed and widely used to produce metallic components, including TMCs 
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[25]. Laser additive manufacturing (LAM) technology, mainly including selective 

laser sintering/melting (SLS/M) and laser engineered net shaping (LENS), is regarded 

as one of the most attractive AM technologies for fabrication of metal based materials 

[26-28]. Based on a layer by layer powder spreading mechanism, SLS can partially 

melt the powder via sintering [26]. To meet the demand of producing near-full-dense 

parts with better mechanical properties, SLM has been developed to fully melt the 

powder [3,29]. Compared with powder-bed based SLS/SLM processes, the beam-

deposition based LENS process exhibits more advantages, such as lower labor 

intensity, higher fabrication efficiency [30,31], and parts remanufacturing capability 

[32-36]. To improve materials’ surface properties, laser coating (aka, laser cladding) is 

widely used by LENS process [1,9,10,13,17,27,37]. Laser coating’s drawbacks of poor 

coating-substrate adherence [38] and lacking in uniformity [39] restrict its fields of 

applications. 

Facing to these problems, this paper has fabricated bulk TiB-TMCs, on which 

limited investigations have been conducted, with uniform distribution of TiB 

reinforcement inside TMCs by in-situ LENS process. The effects of reinforcement 

(TiB) and energy input (laser power) on the qualities, microstructure characterizations, 

and wear performance of the fabricated bulk parts are also analyzed. 

This paper is organized as follows: Following with this introduction, Section 

6.2 describes the experiments set-up and measurements procedures. Then, in Section 

6.3, phase identification and microstructure analysis are discussed to provide insight 

into effects of TiB reinforcement and laser power on wear performance of the 

fabricated bulk parts. Conclusions are drawn in Section 6.4. 

6.2 Experiments and measurements procedures 

6.2.1 Powder materials and powder treatment 

In this paper, commercially pure Ti (CP-Ti) powders (Atlantic Equipment 

Engineers Inc., Upper Saddle River, NJ, USA) with the purity of 99.7% and the 

average particle size of 150 μm were used. The purity of B powders (Chemsavers, 
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Inc., Bluefield, WV, USA) was higher than 96% and the average particle size was 2 

μm.  

According to the binary Ti-B phase diagram, when the B content was 1.6 

wt.%, eutectic solidification process would occur with the generation of ultrafine 

eutectic TiB, which was beneficial to fracture toughness and bending strength 

[3,40,41]. Therefore, the weight ratio of 98.4 : 1.6 between Ti and B powders was 

adopted in this paper. The powders were premixed by planetary ball mill machine 

(ND2L, Torrey Hills Technologies LLC., San Diego, CA, USA) prior to LENS 

process. To well distribute B powders into Ti powders without significant size 

reduction and reaction between Ti and B, ball milling parameters were optimized, 

including the ball-to-powder weight ratio of 5:1, the fixed rotation speed of 200 rpm, 

and the milling time of four hours.  

6.2.2 Experimental set-up and experimental conditions 

6.2.2.1 Experimental set-up 

The fabrication experiments were performed on a LENS machine (450, 

Optomec Inc., Albuquerque, NM, USA) which consisted of a laser system (with 400 

W IPG fiber laser), a chamber system, a powder and inert gas delivery system (with 

coaxial four-nozzle), and a control system (with integrated computer), as illustrated in 

Figure 6.1. 

To prevent Ti from being oxidized at high temperature, the sealed chamber 

was purged with the inert argon gas to keep a low oxygen level (< 200 ppm) before 

the fabrication process. Then, the powder and inert gas stream (generated by the 

powder and inert gas delivery system) as well as the laser beam (generated by the laser 

system) were simultaneously ejected to the targeted substrate workpiece through 

deposition head. The laser beam melted the certain area of substrate, forming a molten 

pool. Powders were caught and melted by the molten pool, resulting in an increased 

molten pool volume. Then, the deposited powders solidified due to heat dissipation 

once the laser beam left. Based on the designed structures, the laser beam and the 
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powder stream would follow the trajectory generated by the control system to deposit 

the first layer. Afterwards, the deposition head ascended one layer thickness to a new 

set position for the next layer deposition. Treated as the new “substrate”, the first layer 

would be selectively melted to catch powders for forming the second layer. Similar 

process was repeated many times until the designed 3D structure was finally built 

layer by layer. 

6.2.2.2 Experimental conditions 

In this investigation, four parts were fabricated on the Ti substrate under each 

combination of input variables. The dimensions of the parts were 8 mm × 8 mm × 20 

layers. Based on preliminary results, the LENS parameters were fixed at optimal 

values, including the deposition head scanning speed of 11 mm/s, the hatch distance of 

381 μm, the layer thickness of 420 μm, and the powder feeding rate of 1.65 g/min. A 

zigzag scanning pattern with 90o orientation changing for each layer was adopted to 

 

Figure 6.1 LENS experimental set-up. 
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reduce the effect of scanning orientation. 

6.2.3 Phase analysis and microstructure characterization 

To observe and analyze the microstructure of the fabricated parts, the cutted 

parts were ground and polished using a MetaServ 250 single grinder-polisher machine 

(49-10055, Buehler, Lake Bluff, IL, USA), and then etched by Kroll’s Reagent (HF: 

3%; HNO3: 6%; water: balance) (Etchant Store, Suite N Glendora, CA, USA) for ten 

seconds. To have a better observation of the TiB structure, 20% HCl was used to etch 

some of the polished surfaces for ten hours. The Scanning Electron Microscope (SEM) 

(Crossbeam 540, Carl Zeiss AG, Oberkochen, Germany), equipped with Energy-

Dispersive X-ray spectroscopy (EDX) system and Electron BackScatter Diffraction 

(EBSD) system, was used to observe the microstructures of the polished and etched 

cross-sections of the parts, as well as the morphologies and shapes of the powders. 

Phase composition analysis (EDX spectrums for phases and phase fractions) was 

conducted with Oxford EDX system. As required by EBSD pattern acquisition, the 

stage was tilted to the 70° orientation with 20 kV acceleration voltage to study the 

structures and phases of the materials in the SEM. The basic processes for indexing an 

EBSD pattern included detecting the diffraction bands, measuring the angles between 

these bands, and matching these bands to the database for the given material [42]. 

Such EBSD indexing processes were implemented using an integrated AZtec 

software. 

6.2.4 Mechanical properties testing 

Wear performance (including indentation wear resistance and friction wear 

resistance) was tested on the polished surfaces (perpendicular to the deposition 

direction) of fabricated parts. The microhardness value, which was measured using a 

Vickers hardness tester (900-390, Phase II, Upper Saddle River, NJ, USA), could 

represent the material’s indentation wear resistance. The microhardness tests were 

performed with 9.8 N load and ten-second dwell time. On each fabricated part, ten 

indents were taken at different locations where the distance between adjacent locations 

was 0.5 mm. 
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The friction wear resistance could be obtained by conducting dry sliding wear 

tests. The dry sliding wear tests were performed at room temperature, using a 1 mm 

radium (𝑅) bearing steel (HRC60) ball as the counter-face material, under the constant 

sliding speed (𝑣) of 3 mm/s, the normal load (𝐹) of 0.2 N, the sliding distance (𝐿) of 5 

mm, and the duration time (𝑇) of one hour. The depth (𝑑) of the sliding track was 

measured by a surface profilometer (SJ-210, Mitutoyo Corporation, Kanagawa, 

Japan). The wear volume losses (𝑉𝑙) were derived as: 

𝑉𝑙 = (𝑅2𝑎𝑟𝑐𝑠𝑖𝑛
√2𝑅𝑑 − 𝑑2

𝑅
− (𝑅 − 𝑑)√2𝑅𝑑 − 𝑑2) (6.1) 

The wear rate (𝑤𝑟) was expressed as: 

𝑤𝑟 =
𝑉𝑙

𝐹(𝑣𝑇)
 (6.2) 

6.3 Experiment result and discussion 

6.3.1 Morphologies of the powders and the parts’ surfaces 

Figures 6.2(a) and 6.2(b) show the shapes and morphologies of the as-received 

CP-Ti and B powders before ball milling treatment. It can be seen that both CP-Ti and 

B powders exhibited irregular shapes. As shown in Figure 6.2(c), the mixed CP-Ti and 

B powders after four-hour ball milling were more spherical in shape and more uniform 

in size, thus making the powders have high compactability, flowability, and apparent 

density [43]. Niu et al. reported that the spherical powder shape could not only 

strengthen the bonding between adjacent laser scanning tracks, but also reduce 

porosities, resulting in better qualities of the manufactured parts [44]. Figure 6.2(d) 

shows the detailed surface morphology of the four-hour ball milling mixed powders at 

higher magnification. It can be seen that the B particles were well distributed and 

embedded onto the surfaces of the CP-Ti particles after ball milling treatment. The 

homogenous dispersion of B particles among CP-Ti particles could be proved by EDX 

patterns analysis, which would be discussed in Section 6.3.2. These four-hour ball 

milling mixed CP-Ti and B powders would act as the starting powder for the 
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following LENS process. 

 

Figure 6.2 SEM imaging observed shapes and morphologies of the as-received (a) CP-

Ti powder and (b) B powder as well as four-hour ball milling mixed CP-Ti and B 

powders (c) at lower and (d) at higher magnifications, respectively. 

The top surface morphologies of the CP-Ti part and the TiB-TMC fabricated 

by LENS at laser power of 200 W are shown in Figures 6.3(a) and 6.3(b), respectively. 

No apparent cracks or pores were observed on top surfaces of both parts. With the 

same LENS processing parameters, the marked distances between adjacent laser 
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Figure 6.3 SEM imaging observed top surface morphologies of LENS-fabricated 
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(a)

500 μm

Laser tracks

(b)

Laser tracks

Clusters of balls

500 μm



Texas Tech University, Yingbin Hu, August 2019 

126 

scanning tracks of LENS-fabricated CP-Ti part were in good accordance with those of 

LENS-fabricated TiB-TMC. The average distance was 380 μm and agreed well with 

the designed hatch distance of 381 μm. Besides irregular-shaped particles, clusters of 

spherical balls (tens of microns in diameter) were shown on top surface of LENS 

fabricated-TiB-TMC, but were hardly seen on top surface of LENS-fabricated CP-Ti 

part. The major reason of this “balling” effect was that the present of brittle ceramic 

TiB led to poor wettability, resulting in the formation of balls [45,46]. 

6.3.2 Phase identification and microstructure analysis 

Figure 6.4 shows the results of EDX mapping on the etched surface of TiB-

TMC processed at 200 W laser power. As shown in Figure 6.4(a), the black dots 

circled by dashed lines were interior defects (e.g. micro-pores). Figures 6.4(b) and 

6.4(c) show the spatial distributions of Ti element and B element, respectively. From a 

macroscopic point of view, the B element was homogeneously distributed within TiB-

 

Figure 6.4 (a) SEM image of TiB-TMC after polishing and corresponding EDX 

maps on spatial distributions for (b) Ti element and (c) B element. 
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TMCs, indicating that the ball milling treatment could provide adequate mixture of 

CP-Ti and B powders. However, from a microscopic point of view, B element was 

rich in some regions but lean in the other regions, which was related to the three-

dimensional quasi-continuous network (3DQCN) microstructure formed inside TiB-

TMCs. The B element concentrated areas circled by solid lines in Figure 6.4(c) 

exhibited black color in Figures 6.4(a) and 6.4(b). It can be concluded that two 

incompletely reacted elemental B particles were located at these areas. 

Tamirisakandala et al. and Tang et al. reported that the solid solubility of B in Ti was 

very low (< 0.02%), therefore, the unreacted B particles would be embedded in the 

TMCs [47,48].  

 

Figure 6.5 SEM imaging of microstructures of TiB-TMCs processed at 200 W: (a) 

Flower-like microstructure; (b) Crosslinking microstructure; (c) Quasi-continuous 

network microstructure (perpendicular to deposition direction); and (d) Quasi-

continuous network microstructure (parallel to deposition direction). SEM imaging of 

microstructures of TiB-TMCs processed at 125 W: (e) Perpendicular to deposition 

direction; and (f) Parallel to deposition direction. 

Figure 6.5(a) shows a flower-like microstructure with newly formed prismatic 

primary TiB and needle-like eutectic TiB particles emanating from the central 

“stamen” (which used to be a B particle) to the surrounding area. Such phenomenon 

was not reported in previous work. Before LENS process, B particles were embedded 

into the Ti particles by ball milling treatment. During LENS process, the in-situ 

exothermic reaction took place between Ti and B particles as a result of laser 
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radiation, forming TiB. The B content in premixed powder was set to 1.6 wt.%, 

however, it was higher than 1.6 wt.% (hypereutectic composition) at some local areas 

close to B particles. Therefore, after laser radiation, the liquid molten pool solidified 

following: Liquid → Liquid + Primary TiB → Primary TiB + Eutectic TiB + βTi→ 

Primary TiB + Eutectic TiB + αTi [41,49]. Based on microstructure analysis, eutectic 

TiB took up a bigger portion in comparison with primary TiB. At high magnification, 

it can be seen from Figure 6.5(b) that the generated needle-like eutectic TiB 

nanofibers contacted and formed interlock or crosslinking microstructures, which were 

beneficial to strengthening effect [50]. The crosslinking microstructural TiB 

aggregated and connected with each other at the boundaries of newly crystallized Ti 

grains during solidification, forming a 3DQCN microstructure, as shown in Figures 

6.5(c) and 6.5(d). The light boundaries were TiB-rich regions, while the dark interior 

regions were TiB-lean regions [12]. It was reported that the TiB-rich regions 

contributed to strengthening the TiB-TMCs, and TiB-lean regions positively affected 

the ductility of the TiB-TMCs [12,50,51]. In addition, the specific three-dimensional 

microstructure enabled isotropic reinforcement in all directions, which was beneficial 

to load uniformly transferring and even distribution. The 3DQCN microstructure was 

sensitive to laser power and was not formed at low laser power of 125 W, as shown in 

 

Figure 6.6. The initial (a) and indexed (b) Kikuchi EBSD patterns derived from TiB. 
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Figures 6.5(e) and 6.5(f). The major reason was that the low levels of laser power 

resulted in weak Marangoni convection, restricting the rearrangement of TiB 

reinforcement and leading to no 3DQCN microstructure generating [12, 52]. As a 

result, the TiB reinforcement randomly distributed within the Ti matrix. The TiB-rich 

regions (in Figures 6.5(c) and 6.5(d)) and the randomly distributed whiskers (in 

Figures 6.5(e) and 6.5(f)) were identified by EBSD as orthorhombic TiB with crystal 

structure of Pearson symbol oP8, spacegroup Pnma, No. 62. Figures 6.6(a) and 6.6(b) 

show the initial and indexed Kikuchi EBSD patterns derived from TiB, respectively. 

Figure 6.7 illustrates the formation mechanism of 3DQCN microstructure in 

LENS. At beginning, due to laser radiation, the premixed Ti and B powders were fully 

melted and reacted in the molten pool with the generation of TiB. During 

solidification, βTi nuclei were firstly formed/separated from the liquid and then grown 

into crystal grains. In the meantime, TiB was expelled from βTi nuclei to the 

surrounding liquid owing to the extremely low solid solubility of B in Ti matrix 

[47,48]. The TiB aggregated at the boundaries of Ti grains, forming the 3DQCN 

microstructure inside TiB-TMC. 

Figure 6.8 shows the effects of TiB reinforcement and laser power on the 

interior defects, including lack of fusion and micro-pores. At low laser power of 125 

W, lack of fusion occurred at the interfaces of adjacent layers due to the insufficiently 

input energy, resulting in poor bonding and residual thermal stresses at these locations 

[25,53]. When laser power increased to 200 W, the energy generated was high enough 

 

Figure 6.7 Illustrations of 3DQCN microstructure formation mechanism in LENS. 
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to remelt the top part of the former layer, resulting in a better metallurgical bonding 

between adjacent layers without lack of fusion. As is reported, the cracks induced by 

lack of fusion were stress concentrators, detrimentally affecting the mechanical 

properties of the built parts [54]. Due to the unbalanced viscosity of the molten pool 

and incomplete melting of the powders, micro-pores were formed inside both CP-Ti 

parts and TiB-TMCs with different levels of laser power, as shown through Figure 

6.8(a) to Figure 6.8(d) [25,26]. The present of micro-pores could be attributed to the  

“balling” effect [25]. As discussed in Section 6.3.1, “balling” phenomenon easily 

occurred associated with the formation of TiB, resulting in more micro-pores inside 

TiB-TMC (in Figure 6.8(d)), as compared with those inside CP-Ti part (in Figure 

6.8(b)). Due to the fact that the low laser power of 125 W was not sufficient enough to 

 

Figure 6.8 SEM imaging observed cross-section morphologies of (a) CP-Ti at 125 

W; (b) CP-Ti at 200 W; (c) TiB-TMC at 125 W; and (d) TiB-TMC at 200 W (after 

polishing). 
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guarantee the complete reaction between Ti and B, the unreacted B (black dots) still 

existed, as shown in Figure 6.8(c).  

6.3.3 Mechanical behavior 

6.3.3.1 Effects on hardness 

Figure 6.9 shows the effects of TiB reinforcement and laser power on the 

microhardness (indentation wear resistance) of the fabricated parts. The average value 

of ten measured data under each specific condition was used to represent central 

tendency, and the standard deviation was used to represent both maximum and 

minimum values of error bars. In microhardness calculation, small indentation area 

means high microhardness. For CP-Ti parts, the microhardness of the parts increased 

from 125 W to 175 W, and then slightly decreased from 175 W to 200 W. Higher 

densification degree with fewer interior defects, greater grain refinement, and larger 

residual stress contributed to the enhancement of the microhardness with the laser 

power increasing [3]. However, when the laser power reached to its optimal level, 

further increasing laser power could not further enhance microhardness. One of 

 

Figure 6.9 Effects of TiB reinforcement and laser power on microhardness of the 

fabricated parts. 
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possible reasons was that the formation of thermal cracks, resulting from very high 

energy input, limited the enhancement of microhardness [25]. For TiB-TMCs, an 

overall increment of the microhardness of the parts was obtained when the laser power 

increased from 125 W to 200 W. Besides higher densification degree, greater grain 

refinement, and larger residual stress, higher TiB generation degree (high degree of 

reaction between B and Ti) caused by high laser power levels could be another 

important reason for this tendency. The microhardness of TiB-TMCs was always 

larger than that of CP-Ti parts at the same laser power. The improvement of the 

microhardness could be attributed to the formation of the hard TiB reinforcement, the 

refinement of Ti grains induced by TiB reinforcement, and the present of the 3DQCN 

microstructure with crosslinking microstructural TiB aggregating at the Ti grain 

boundaries [3,12,55]. In addition, the TiB reinforcement hindered the propagation of 

dislocations and contributed to the dislocation strengthening, thus improving 

microhardness [56]. 

By optimizing laser power (200 W) and adding B particles (1.6 wt.%) to form 

TiB ceramic phase, the microhardness could achieve an improvement of 29.3%. Table 

6.1 compares the microhardness of the LENS-fabricated CP-Ti parts and TiB-TMCs 

with those fabricated by other conventional methods (including casting, powder 

metallurgy (PM), and spark plasma sintering) and shows that the LENS-fabricated CP-

Ti parts and TiB-TMCs exhibited higher microhardness. As a rapid-solidified and 

Table 6.1 Wear performance of CP-Ti parts and TiB-TMCs 

Material type Processing method 
Microhardness 

      (HV) 

Wear resistance 

(×10-3mm3/N∙m) 

Data 

sources 

Ti 

Casting 200.3±5.4 / [57] 

PM 297 14.3 [58] 

LENS (200 W) 345.5±5.4  6.1±1.1 This paper 

TiB-TMCs 

(8.5 vol.% TiB) 

PM / 13.8 [58] 

Spark plasma sintering 338.3 / [59] 

LENS (200 W) 392.6±8.9  2.4±0.4 This paper 
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finely-controlled process, LENS enabled large degree of grain refinement, thus 

rendering enhanced microhardness. 

6.3.3.2 Effects on wear resistance 

Figure 6.10 shows the results of dry sliding wear tests. Experimental data 

clearly indicated that due to the present of TiB, TiB-TMCs exhibited shorter sliding 

track depths and had superior friction wear resistance in comparison to the CP-Ti 

parts. The present of the TiB reinforcement, the crosslinking microstructure (in Figure 

6.5(b)), and the 3DQCN microstructure (in Figure 6.5(c)), favored the improvement of 

friction wear resistance. For both CP-Ti parts and TiB-TMCs, the sliding track depths 

and wear rates were found to be significantly decreased with the increase of laser 

power from 125 W to 200 W. The improved densification degree with fewer interior 

defects (in Figure 6.8), the high TiB generation degree (in Figure 6.8), the enhanced 

microhardness (in Figure 6.9), and the high residual thermal stress could be possible 

reasons of strengthened friction wear resistance induced by increased laser power. The 

wear rate of TiB-TMC processed at 200 W laser power decreased by an order of 

magnitude to 2.4 × 10-3 mm3/Nm, which was 87.3% less than that of the CP-Ti part 

processed at 125 W laser power. Table 6.1 shows the comparison of wear resistance of 

the parts fabricated by different methods. Results show that the LENS-fabricated CP-

 

Figure 6.10 (a) Depths after dry sliding wear tests under different conditions; (b) 

Effects of TiB reinforcement and laser power on wear rate of the fabricated parts. 
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Ti parts and TiB-TMCs demonstrated superior wear resistance, as compared with PM-

fabricated CP-Ti parts and TiB-TMCs. This was ascribed to the reduced grain size and 

refined TiB whiskers in LENS process [3, 12].  

Figure 6.11 shows the worn surfaces, induced by dry sliding wear tests, of CP-

Ti part and TiB-TMC fabricated by LENS at 200 W laser power. For CP-Ti part, the 

long and wide grooves indicated severe abrasion and plastic deformation during the 

dry sliding wear test. The surface morphology was formed with ductile flows as the 

counter-face ball ploughed across the surface and removed materials, as shown in 

Figure 6.11(b). Compared with CP-Ti part, the abrasive track of TiB-TMC was thinner 

with milder grooves. During dry sliding wear test, the TiB whiskers were worn against 

 

Figure 6.11 Worn surfaces of CP-Ti part at (a) lower magnification and (b) higher 

magnification as well as TiB-TMC at (c) lower magnification and (d) higher 

magnification. 
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the counter-face ball, thus improving wear resistance of the TiB-TMC. The broken 

TiB whiskers can be seen on the worn surface of TiB-TMC, as shown in Figure 

6.11(d). 

6.4 Conclusions 

In this investigation, innovative 3DQCN microstructural TiB-TMCs with the 

crosslinking eutectic TiB nanofibers aggregating at the Ti grain boundaries were 

fabricated by in-situ LENS process. The effects of reinforcement and energy input on 

parts quality, microstructure characterizations, indentation wear resistance, and 

friction wear resistance were investigated. The main conclusions of this paper were 

drawn as follows: 

(1) Top surfaces of LENS-fabricated TiB-TMC and CP-Ti part were 

compared, showing that “balling” phenomenon was obvious for the LENS-fabricated 

TiB-TMC due to the present of TiB reinforcement. At higher laser power level, the 

qualities of the bulk parts were remarkably improved, with fewer interior defects of 

lack of fusion and micro-pores. Distribution of TiB in Ti matrix was improved by ball 

milling treatment prior to LENS process. 

(2) In LENS process, new phase of TiB was generated in form of both 

prismatic primary TiB and needle-like eutectic TiB as a result of the in-situ reaction 

between Ti and B. The novel flower-like microstructure, crosslinking microstructure, 

and 3DQCN microstructure were observed and their formation mechanisms were 

investigated. The 3DQCN microstructure was beneficial to mechanical properties due 

to its specific quasi-continuous network and three-dimensional characterizations. 

(3) Effects of the TiB reinforcement and the innovative microstructures inside 

TiB-TMCs on indentation wear resistance (microhardness) and friction wear 

resistance were analyzed, showing that these two wear resistance properties were 

significantly improved due to the present of TiB reinforcement, as compared with CP-

Ti parts. By increasing laser power, indentation wear resistance and friction wear 

resistance were also remarkably enhanced.  
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Abstract 

Ceramic reinforced Ti matrix composites (TMCs) have been widely used 

under severe friction and heavy loading conditions due to their superior properties. 

Among different types of ceramic reinforcements, TiB is considered as one of the 

most suitable ceramic reinforcement materials for TMCs because of its high strength 

and stiffness, excellent interfacial bonding with Ti matrix, and low induced stress. As 

a laser additive manufacturing process, laser deposition-additive manufacturing (LD-

AM) has been successfully utilized to fabricate Ti based materials. However, 

investigations on LD-AM of in-situ TiB reinforced TMCs are limited. This 

investigation, for the first time, reports the tomography analysis of TiB reinforcement 

within Ti matrix and the formation of novel flower-like microstructure. The influences 

of reaction energy on part performance have been explored. In addition, the effects of 

input fabrication variables (including laser power and Z-axis increment) on part 

performance (including density, microhardness, and compressive properties) have 

been investigated, providing guidance on selection of input fabrication variables for 

future research.  

Keywords 

TiB growth; Titanium matrix composites; Laser deposition-additive 

manufacturing; Part performance; Fracture features. 

7.1 Introduction 

Compared with titanium (Ti) and its alloys, ceramic reinforced Ti matrix 

composites (TMCs) exhibit higher indentation wear resistance and better load 

endurance properties, enabling their applications under severe friction and heavy 

loading conditions (e.g. tooth’s root implants [1], actuator struts [2], etc.). The ceramic 

reinforcements mainly include TiB [3-7], TiC [8,9], TiN [10], SiC [2,11], WC [12], 

etc. Due to the unique benefits such as high strength and stiffness and excellent 

interfacial bonding, TiB is considered as one of the most suitable ceramic 

reinforcement materials for TMCs [3-5]. In addition, stress within TMCs can be 

weakened or even eliminated, owing to the comparable thermal expansion coefficients 
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between TiB and Ti [3,4]. 

Traditional manufacturing processes, such as casting [4,13] and powder 

metallurgy (PM) [6], have been applied for the fabrication of ceramic reinforced 

TMCs. Kim et al. successfully fabricated TiB/TiC reinforced TMCs using casting, and 

then conducted dry sliding tests on the TMCs [13]. Results showed that the wear 

performance of TMCs was higher than that of pure Ti. TiB reinforced TMCs were 

reported to be produced by PM with a 40% increase of stiffness, compared with that of 

pure Ti [6]. However, these traditional manufacturing processes showed shortcomings 

of long manufacture cycle time, high energy consumption, high reinforcement 

agglomeration, large grain structure, etc [7]. In response to these problems, it is crucial 

to investigate a high-efficiency, cost-effective, and finely controlled manufacturing 

technology. Laser additive manufacturing (LAM) technology is such a manufacturing 

technology that has been developed to produce metallic components. As reported, 

many works have been done on the LAM processed Ti based materials [5,8,14-16]. 

Compared with other LAM processes (such as selective laser sintering/melting), laser 

deposition-additive manufacturing (LD-AM) process exhibits more specific 

advantages, including capabilities of parts remanufacturing and functionally gradient 

materials fabrication, small heat affected zone, etc. [14,16-20]. In this investigation, 

the LD-AM process is carried out by a laser engineered net shaping (LENS) machine 

(450, Optomec Inc., Albuquerque, NM, USA). 

The illustration of LD-AM process is shown in Figure 7.1. At the beginning, 

the laser beam is ejected from the laser source and melts the selected area of the 

substrate to form a molten pool. Then, the molten pool increases as continuously 

catching powders supplied by the powder feeder. When the laser beam leaves, the 

molten pool is solidified rapidly due to the rapid heat dissipation. Based on the three-

dimensional (3D) file, the deposition head moves along the designed trajectory to 

create the first layer. Afterwards, the deposition head ascends one layer thickness to 

the new set position. Treated as the new “substrate”, the first layer is partially melted 

with the formation of the second layer. Finally, the bulk part will be built by repeating 
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these steps layer by layer. 

 

Figure 7.1 Illustration of LD-AM process. 

Up till now, only limited investigations have been reported on LD-AM of in-

situ TiB reinforced TMCs (TiB-TMCs). By LD-AM process, Banerjee et al. 

successfully fabricated TiB-TMCs with TiB reinforcement homogeneously dispersing 

within Ti matrix [21].  DuttaMajumdar et al. developed TiB-TMCs as cladding layers 

on the Ti6Al4V substrate by melting premixed Ti and boron (B) powder using LD-

AM process [22]. Results showed that the microhardness of the cladding layers was 

much higher than that of the substrate.   

This study, for the first time, reports the tomography analysis and spatial 

distribution of TiB reinforcement within Ti matrix as well as the formation of a 

flower-like microstructure. The relationship between reaction energy and part 

performance has been explored. In addition, the effects of laser power and Z-axis 

increment on density (the ratio between fabricated part density and fully dense part 

density), microhardness, and compressive properties of fabricated parts have been 

investigated. The obtained results will provide a guidance on the selection of input 

fabrication variables for future research. 
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7.2 Experiments and measurements procedures 

7.2.1 Powder materials and powder treatment 

The CP-Ti powder (Atlantic Equipment Engineers Inc., Upper Saddle River, 

NJ, USA) with an average particle size of 150 μm and a purity of 99.7% was utilized. 

The average particle size of the B powder (Chemsavers, Inc., Bluefield, WV, USA) 

was 2 μm and the purity was higher than 96%. 

As reported, when the B content was 1.6 wt.%, eutectic solidification would 

occur with the generation of finer eutectic TiB reinforcement, leading to the 

enhancement of fracture toughness and bending strength of fabricated TMCs [6,23]. 

Therefore, the weight ratio of 98.4 : 1.6 between Ti and B powders was adopted. Prior 

to LENS process, Ti and B powders were mixed using a planetary ball milling 

machine (ND2L, Torrey Hills Technologies LLC., San Diego, CA, USA). The ball 

milling parameters were set as: milling time of four hours, ball-to-powder weight ratio 

of 5:1, and fixed rotation speed of 200 rpm.  

Figures 7.2(a) and 7.2(b) show the morphologies of the as-received CP-Ti 

powder and as-received B powder, respectively. Compared with as-received CP-Ti 

powder, the CP-Ti powder after ball milling process was more spherical in shape and 

more uniform in size without significant size reduction, as shown in Figure 7.2(c). It 

was reported that the spherical powder shape and uniform powder distribution were 

beneficial to the part quality [24,25].  

 

Figure 7.2 SEM morphologies of (a) the as-received CP-Ti powder, (b) the as-received 

B powder, and (c) the four-hour premixed CP-Ti and B powders. 

200 μm

(a)

5 μm

Ball milling

200 μm
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7.2.2 Experimental conditions 

Table 7.1 lists the input fabrication variables (including laser power and Z-axis 

increment) in an experiment matrix. Other input fabrication variables, such as 

deposition head scanning speed, hatch distance, powder feeding rate, number of 

layers, scanning orientation, oxygen level, etc., were optimized based on parametric 

selection results, as shown in Table 7.2. A zigzag scanning pattern with a 90o 

orientation changing for each layer was adopted. And it began with 45 o.  

For each combination of input fabrication variables, replicated parts were 

fabricated. The dimensions of the parts were 8 mm × 8 mm × 20 layers. To conduct 

compressive tests, parts with dimensions of Φ6 mm × 15 layers were also fabricated. 

Table 7.1 Input fabrication variables in an experiment matrix 

No. Laser power (W) Z-axis increment (mm) 

1 125 

0.42 
2 150 

3 175 

4* 200 

5 

200 

0.30 

6 0.36 

7* 0.42 

8 0.48 

*Duplicate experiments will not be re-conducted. 

Table 7.2 Fixed input fabrication variables 

Input fabrication variables Values or ranges 

Deposition head scanning speed (mm/s) 11 

Hatch distance (mm) 0.38 

Powder feeding rate (g/s) 0.028 

Number of layers 20 

Scanning orientation (o) 45, 135, 225, and 315 

Oxygen level (ppm) <500 
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7.2.3 Measurement procedures 

The densities of the fabricated parts were measured using the Archimedes 

method. The pores of the fabricated parts were observed using an optical microscope 

(OM) (Eclipse TS100, Graticules Ltd., Kent, England). The scanning electron 

microscope (SEM) (Crossbeam 540, Carl Zeiss AG, Oberkochen, Germany), equipped 

with energy-dispersive X-ray spectroscopy (EDXS) system and tomography system, 

was used to observe morphologies of the powders and to analyze the microstructural 

characterizations, phase composition, and tomography of the fabricated parts. The 

detectors of Crossbeam 540 were capable of detecting B. Prior to OM and SEM 

observations, the sectioned parts were ground and polished on a MetaServ 250 single 

grinder-polisher machine (49-10055, Buehler, Lake Bluff, IL, USA), and then etched 

using a Kroll’s Reagent (HF: 3%; HNO3: 6%; water: balance) (Etchant Store, Suite N 

Glendora, CA, USA) for 15 seconds.  

The microhardness was tested using a Vickers hardness tester (900-390, Phase 

II, Upper Saddle River, NJ, USA) under 9.8 N load and ten-second dwell time. Ten 

indents were taken at different locations of each fabricated parts where the distance 

between the adjacent locations was at least 0.5 mm. To obtain better results, both 

planar sides of each fabricated cylindrical part were ground and polished on the 

grinder-polisher machine. Then, compressive tests were performed by a tensile tester 

(AGS-50kNXD, Shimadzu, Kyoto, Kyoto Prefecture, Japan) at a constant cross-head 

speed of 0.005 mm/s. For each condition, the tests were repeated three times. 

7.3 Experiment results and discussion 

7.3.1 TiB growth 

In LENS process, reaction between elemental Ti and B powders took place. It 

was reported that TiB would be mainly formed if B content in the reaction zone was 

less than 18 – 18.5 wt.% [26]. The reaction formula was [27]:  

𝑇𝑖 + 𝐵 → 𝑇𝑖𝐵     ∆𝐺 = −157 𝑘𝐽/𝑚𝑜𝑙 (7.1) 

The negative sign of ∆G (the Gibb free energy) indicated that the reaction was 
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exothermic reaction, thus releasing energy that could be utilized to facilitate melting 

process. 

Figure 7.3 shows the phase composition analysis of a TiB-TMC sample, which 

was processed at the laser power of 200 W and Z-axis increment of 0.42 mm.  To have 

a better understanding of the atomic ratio between Ti and B element and phase 

compositions, all the other non-relevant elements (e.g. O, C, K, etc.) generated during 

the manufacturing process were filtered. At spectrum 1, the atomic ratio between Ti 

and B was almost 1:1, which meant that the particle detected was TiB. At spectrum 2, 

there was no phase of B, indicating that the relatively darker areas were the Ti matrix.  

A tomography image of the TiB-TMC sample is shown in Figure 7.4(a). The 

TiB particles emanated to the surrounding area from the center (pores) and were 

embedded into the Ti matrix, forming a flower-like microstructure. The schematic 

illustration of TiB growth mechanism is shown in Figure 7.4(b) and 7.4(c). It can be 

considered that B particles reacted with surrounding Ti particles, generating TiB 

particles and leaving pores behind. The newly formed TiB particles exhibited a long 

prismatic shape with a high aspect ratio. A tomography video, which shows spatial 

distribution of TiB reinforcement within Ti matrix, is provided by the author’s 

publication [28]. 

 
Figure 7.3 Phase composition analysis of a TiB-TMC sample: (a) SEM image; EDXS 

spectrums for compositions of (b) spectrum 1 and (c) spectrum 2. 
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Figure 7.5(a) shows the SEM image of the TiB reinforcement. The cross-

sectional dimension of TiB reinforcement was less than 1 µm and the surface of the 

TiB reinforcement was flat. Figure 7.5(b) and 7.5(c) illustrate the basic building block 

– trigonal prism and crystal structure of TiB, respectively. As shown in Figure 7.5(b), 

the B atom located at the center of a trigonal prism building block with six Ti atoms at 

the vertexes. It was reported that TiB exhibited B27 structure [29], the trigonal prism 

building blocks stacked in columnar arrays sharing two of their rectangular faces with 

 

Figure 7.5 TiB growth: (a) SEM image of cross-sectional TiB reinforcement; 

Schematic illustration of (b) trigonal prism building block and (c) crystal structure of 

TiB.  
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Figure 7.4 Formation mechanism of the flower-like microstructure: (a) Tomography 

image of TiB distribution among Ti matrix; Schematic illustration of TiB growth (b) 

before LD-AM process and (c) after LD-AM process. 
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neighboring prisms along the B27[010] direction [29,30], as shown in Figure 7.5(c).  

Therefore, based on the “Periodic Bond Chain” theory, TiB grains grew faster along 

[010] direction than along other directions, forming the long prismatic shape [30,31].  

7.3.2 Part performance 

7.3.2.1 Effects of laser power on density 

Figure 7.6 shows the effects of laser power on densities of both TiB-TMCs and 

CP-Ti parts. The average value from three measurements, under each combination of 

input fabrication variables, was used to represent the experimental results. The 

standard deviation of three measurements was used to represent both positive and 

negative values of error bars. For CP-Ti parts, an overall increase in density (up to 

95.4%) was found when the laser power increased from 125 W to 200 W. Figure 7.7 

shows the pores of parts processed at different levels of laser power. At 125 W, the 

part was only partially melted with a huge portion of pores. When laser power 

increased from 125 W to 150 W, the pores were reduced with an improved part 

quality. By further increasing laser power, the size of the pores became smaller due to 

the larger energy input, thus rendering a larger density. Besides CP-Ti parts, TiB-

TMCs showed similar results. With the increase of laser power, the density of TiB-

TMCs increased to 95.6%.  

 

Figure 7.6 Effects of laser power on density. 
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Figure 7.7 Optical Microscope (OM) imaging of cross sections of CP-Ti parts 

processed at (a) 125 W, (b) 150 W, (c) 175 W, and (d) 200 W laser power with the 

same magnification. 

The relationship of densities between TiB-TMCs and CP-Ti parts was mainly 

affected by three factors: laser absorption, reaction induced pores, and reaction 

generated energy. At 125 W, the presence of B restricted laser absorption of TiB-

TMCs [32], reducing the energy that could be utilized by TiB-TMCs. In addition, 

reaction-induced pores existed in TiB-TMCs. Therefore, the average density of TiB-

TMCs was lower than that of CP-Ti parts processed at 125 W. By increasing laser 

power to 150 W and 175 W, the reaction between Ti and B was more sufficient and 

the B particles became fewer, as compared with those at 125 W, resulting in higher 

energy generated and fewer pores. Therefore, the densities of TiB-TMCs, processed at 

150 W and 175 W, were higher than those of corresponding CP-Ti parts. At 200 W 

laser power, due to the combined action of the aforementioned three factors, the 

densities of TiB-TMCs were similar to those of CP-Ti parts. 

7.3.2.2 Effects of Z-axis increment on density 

Figure 7.8 shows the effects of Z-axis increment on the densities of both TiB-

TMCs and CP-Ti parts. For CP-Ti parts, the density decreased when the Z-axis 

increment increased from 0.30 mm to 0.48 mm. At 0.30 mm, the densities of CP-Ti 

parts could be as high as 98.1%. Figure 7.9 shows the pores of CP-Ti parts processed 

at different Z-axis increment values. It can be concluded that smaller Z-axis increment 

led to fewer and smaller sizes of pores. This conclusion was also found in TiB-TMCs. 

At Z-axis increment of 0.30 mm, the density of TiB-TMCs was 97.5%. 

Such phenomenon was mainly attributed to the fact that the Z-axis increment 
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may not be exactly the same with the layer thickness. If the Z-axis increment value 

was exactly the same with the layer thickness, as shown in Figure 7.10(a) (Case 1), the 

focal point would be on the top surface of each layer. If the Z-axis increment value 

was larger than layer thickness, as shown in Figure 7.10(b) (Case 2), the focal point 

would be above the top surface of each layer.  The energy generated in Case 2 was 

less than that in Case 1, being insufficient to fully melt the powders. In this 

investigation, the layer thickness was 0.3 mm. Therefore, the parts processed at Z-axis 

increment of 0.36 mm, 0.42 mm, and 0.48 mm would be less dense as compared with 

those processed at Z-axis increment of 0.30 mm. The densities of TiB-TMCs were 

similar to those of CP-Ti parts processed at the same Z-axis increment.  

 

Figure 7.8 Effects of Z-axis increment on density. 
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Figure 7.9 Optical Microscope (OM) imaging of cross sections of CP-Ti parts 

processed at (a) 0.30 mm, (b) 0.36 mm, (c) 0.42 mm, and (d) 0.48 mm Z-axis 

increment with the same magnification. 
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Figure 7.10 Illustration of relationship between Z-axis increment and layer thickness. 

7.3.2.3 Effects of laser power on microhardness 

The effects of laser power on microhardness of fabricated parts are shown in 

Figure 7.11. To obtain reliable results, the microhardness tests were conducted on the 

areas free from pores. The average value of ten measurements, under each 

combination of input fabrication variables, was used to represent the height of each 

bar in this histogram. The standard deviation of ten measurements was used to 

represent both positive and negative values of error bars.  

It can be seen from Figure 7.11 that for CP-Ti parts, the microhardness 
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Figure 7.11 Effects of laser power on microhardness. 
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increased with the laser power increasing from 125 W to 200 W. The major reasons 

were greater grain refinement and larger residual stress induced by higher laser power, 

which resulted in the increase of microhardness [14,33,34]. Similar to CP-Ti parts, the 

microhardness of TiB-TMCs increased with the laser power increasing from 125 W to 

200 W.  

It also can be seen that the microhardness of TiB-TMCs was significantly 

larger than that of CP-Ti parts processed at the same level of laser power. The 

enhancement of microhardness could be attributed to the presence of rigid TiB 

reinforcement and the Ti grain refinement induced by TiB generation [4,21,35,36].  

7.3.2.4 Effects of Z-axis increment on microhardness 

Figure 7.12 shows the effects of Z-axis increment on microhardness. The 

microhardness slightly changed with the increase of Z-axis increment for both TiB-

TMCs and CP-Ti parts. The reason could be explained as follows. 

 The major difference of the parts processed at different Z-axis increments was 

the density. As discussed in Section 7.3.2.2, the parts processed at larger Z-axis 

increment had more pores than those processed at smaller Z-axis increment. Since the 

microhardness tests were conducted on the areas free from pores, the microhardness 

 

Figure 7.12 Effects of Z-axis increment on microhardness. 
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was slightly affected by the pores of the parts, thus being slightly affected by Z-axis 

increment. The TiB-TMCs exhibited higher microhardness than CP-Ti parts did, 

which indicated a positive influence of TiB reinforcement on microhardness. 

7.3.2.5 Effects on compressive properties 

Compressive tests were performed to investigate the effects of input 

fabrication variables and TiB reinforcement on compressive properties and fracture 

features of TiB-TMCs and CP-Ti parts. Figure 7.13 shows the compressive true stress-

strain curves of TiB-TMCs and CP-Ti parts processed at 125 W and 200 W laser 

power. The Z-axis increment was fixed at 0.42 mm. In general, the true stress 

increased rapidly at the beginning, and then slowly increased until reaching the 

maximum ultimate compressive strength (UCS). Afterwards, the true stress dropped 

with the increase of true strain until fracture occurred.  

 

Figure 7.13 Compressive true stress-strain curves of TiB-TMCs and CP-Ti parts 

processed at different laser power. 
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led to higher density, greater grain refinement, and larger residual stress, resulting in 

the increase of UCS [33,34]. The ductility of the parts processed at 200 W was similar 

to those processed at 125 W. This was due to the following reasons: (1) The greater 

grain refinement and larger residual stress induced by the increased laser power would 

slightly affect the ductility of CP-Ti parts [37]; and (2) The ductility was not 

susceptible to the pores inside the fabricated parts, therefore, the ductility would not be 

significantly influenced by the density change caused by the laser power change [23]. 

Similarly, the TiB-TMCs processed at 200 W showed larger UCS but similar ductility, 

as compared with TiB-TMCs processed at 125 W. 

The UCS of TiB-TMC was much larger than that of CP-Ti part processed 

under the same laser power. The improvement of UCS was mainly attributed to the 

presence of rigid TiB reinforcement. The ductility of TiB-TMC was smaller than that 

of CP-Ti part. The existence of brittle TiB reinforcement in TMC led to the decreased 

ductility of the composite material. The effects of Z-axis increment on compressive 

properties were negligible. 

During compressive tests, both TiB-TMCs and CP-Ti parts were broken into 

two or more fragments, leaving different features on fracture surfaces, as shown in 

Figure 7.14. Both CP-Ti parts and TiB-TMCs were processed at 200 W laser power 

and 0.42 mm Z-axis increment. For CP-Ti parts, as shown in Figures 7.14(a) and 

4.14(b), the ductile fracture features prevailed with smooth fracture facets. The flat 

fracture surface indicated a linear crack path through this surface during the splitting 

of the CP-Ti part. Therefore, it can be concluded that under this combination of input 

fabrication variables, the fabricated CP-Ti part exhibited ductile fracture features with 

high ductility (as shown in Figure 7.13). For TiB-TMCs, as shown in Figures 7.14(c) 

and 7.14(d), the brittle fracture features dominated with dimples and tearing-ridge 

lines. The relatively rough surface indicated a rugged nonlinear crack path through this 

surface during splitting of the TiB-TMCs. It was reported that during deformation, due 

to the high stress induced by reinforcement, the load would transfer from the matrix to 

the reinforcement. Then, the premature fracture began from these brittle TiB particles, 
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following by coalescence of micro-cracks, and ended in the failure of the part [23]. 

Since in-situ processed composites had strong interfacial bonding, the dislocations 

hardly occurred at the interfaces between reinforcement and matrix [38]. 

7.4 Conclusions 

In this investigation, bulk TiB-TMCs and CP-Ti parts were fabricated by in-

situ LD-AM process. Tomography analysis demonstrated the growth of TiB and its 

spatial distribution within Ti matrix. The effects of input fabrication variables 

(including laser power and Z-axis increment) on part performance (including density, 

microhardness, and compressive properties) were studied. Major conclusions of this 

investigation are drawn below: 

 

Figure 7.14 Fracture features: (a) CP-Ti part at lower magnification; (b) CP-Ti part at 

higher magnification; (c) TiB-TMC at lower magnification; and (d) TiB-TMC at 

higher magnification. 
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(1) The exothermic reaction between Ti and B could assist LD-AM process in 

two aspects: Firstly, the TiB-TMCs were in-situ, instead of ex-situ, fabricated and the 

in-situ processed TiB-TMCs demonstrated strong interfacial bonding; Secondly, the 

energy released during the reaction was utilized to facilitate melting process. 

(2) As a result of reaction, a flower-liker microstructure was formed with TiB 

reinforcement being embedded into the Ti matrix. The newly formed TiB particles 

exhibited a long prismatic shape with a high aspect ratio.  

 (3) The densities increased with the increase of laser power and the decrease 

of Z-axis increment. By increasing laser power and decreasing Z-axis increment, 

almost fully dense parts could be produced. The difference of densities between TiB-

TMCs and CP-Ti parts was mainly attributed to the combined action of laser 

absorption, reaction induced pores, and reaction generated energy. 

(4) For both TiB-TMCs and CP-Ti parts, the microhardness increased with the 

increase of laser power but slightly changed with the increase of Z-axis increment. 

Due to the exhibition of hard TiB reinforcement, the microhardness of TiB-TMCs was 

higher than that of CP-Ti parts. 

(5) With the laser power increasing, the UCS increased but ductility slightly 

changed. Z-axis increment had negligible effects on compressive properties. The 

presence of the rigid TiB reinforcement led to the increase of UCS but decrease of 

ductility. SEM imaging analysis was conducted on the fracture surfaces of CP-Ti parts 

and TiB-TMCs. For CP-Ti parts, the ductile fracture features prevailed with smooth 

fracture facets. For TiB-TMCs, the brittle fracture features dominated with dimples 

and tearing ridge lines. 
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Abstract 

In this study, we created an innovative ultrafine three-dimensional quasi-

continuous network (3DQCN) microstructure by in-situ laser engineered net shaping 

(LENS) of TiB reinforced titanium matrix composites (TiB-TMCs). As a rapid 

solidification process, the LENS process enabled high degree of Ti grain refinement. 

The in-situ processed eutectic TiB aggregated at these Ti grain boundaries, forming 

the ultrafine 3DQCN microstructure. The microstructural characterizations of the 

ultrafine 3DQCN microstructure were investigated. Effects of the TiB reinforcement 

and the ultrafine 3DQCN microstructure on the mechanical performance of the 

fabricated parts were studied. The results demonstrated that the TiB-TMCs with the 

ultrafine 3DQCN microstructure exhibited superior mechanical properties. 

Keywords 

Titanium alloys; Metallic composites; Laser processing; Grain refinement; 

Grain boundaries 

8.1 Introduction 

The low hardness and poor wear resistance of Ti and its alloys greatly 

restricted their wide applications under severe friction and wear conditions [1]. 

Fabrication of ceramic reinforced Ti matrix composites (TMCs) became a great 

solution to the problem above. Traditional ceramic reinforced TMCs manufacturing 

processes had high energy consumption and shape-restriction shortcomings [2-5]. In 

response to these problems, laser additive manufacturing technologies, mainly 

including selective laser melting (SLM) and laser engineered net shaping (LENS), 

were developed to produce ceramic reinforced TMCs [6-10]. Compared with SLM 

process, LENS process exhibited more advantages, such as capability of producing 

functionally graded materials, capability of surface modification, and small substrate 

deformation [8-10]. Therefore, LENS process was widely utilized to produce ceramic 

reinforced TMCs with superior mechanical properties over Ti.  

Among different kinds of ceramic reinforcement materials (e.g. carbide [1,2], 

nitride [2,3], boride [2,4,6], etc.), TiB was considered as an ideal reinforcement that 
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showed more specific advantages: (1) Reinforcement was chemically compatible with 

matrix [2]; (2) The similar densities and thermal expansion coefficients between TiB 

and Ti could reduce or even eliminate residual stresses at reinforcement-matrix 

interfaces [5]; and (3) A relatively small amount of reinforcement could largely 

increase the composites’ modulus and strength [5]. Despite the improvements 

exhibited by LENS processed TiB reinforced TMCs (TiB-TMCs), problems resulted 

from lowered fracture toughness and ductility still existed [2]. 

In this investigation, innovative ultrafine three-dimensional quasi-continuous 

network (3DQCN) microstructural TiB-TMCs were successfully fabricated for the 

first time by in-situ LENS process. It was reported that the generation of 3DQCN 

microstructure could improve fracture toughness [4]. The specific 3D microstructure 

enabled isotropic reinforcement in all directions and was beneficial to uniformly load 

transferring and distributing [2]. Thus, in this work, formation mechanism of the 

ultrafine 3DQCN will be investigated. In addition, effects of ultrafine 3DQCN and 

TiB reinforcement on the mechanical performance of the fabricated parts will be 

evaluated. 

8.2 Experiments and measurements procedures 

The bulk parts were fabricated by an Optomec LENS system. Based on 

preliminary results, the powder feeding rate, deposition head scanning speed, layer 

thickness, and hatch distance were fixed at optimal values of 0.028 g/s, 11 mm/s, 0.42 

mm, and 0.38 mm, respectively. Two levels of laser power (125 W and 200 W) were 

selected for comparisons. The parts with dimensions of 8 mm × 8 mm × 20 layers 

were for microhardness test and those with dimensions of Φ6 mm × 15 layers were for 

compressive test. 

The CP-Ti powders with the average particle size of 150 μm and B powders 

with the average particle size of 2 μm were used. For TiB-TMCs fabrication, the 

weight ratio of 98.4 : 1.6 between Ti and B powders was adopted for the purpose of 

generating eutectic TiB whiskers, being beneficial to fracture toughness and bending 
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strength [5]. Prior to LENS process, the CP-Ti and B powders were mixed by 

planetary ball mill machine at rotation speed of 200 rpm, ball-to-powder weight ratio 

of 5:1, and milling time of four hours, in order to well distribute B powders into Ti 

powders without significant size reduction and Ti-B reaction. 

Microstructure characterizations of the fabricated parts were observed using 

the scanning electron microscope (SEM), integrated with an electron backscatter 

diffraction (EBSD) detector. Before observation, the parts were etched with Kroll’s 

Reagent (HF: 3%; HNO3: 6%; and water: balance) for ten seconds.  

Microhardness tests were performed on a Vickers hardness tester with 9.8 N 

load and ten seconds dwelling time. Ten measurements were conducted on each part. 

For each kind of fabrication condition, compressive tests were conducted four times at 

a constant cross-head speed of 0.005 mm/s by using a tensile tester. 

8.3 Experiment Result and Discussion 

8.3.1 Formation mechanisms 

The 3DQCN microstructure was reported in fabrication by reactive hot 

pressing (RHP, sintering) [2,4,5] and casting [3]. In RHP process, as illustrated in 

Figure 8.1(a), Ti particles and relatively finer TiB2 particles (for providing B element) 

were premixed to make the rigid TiB2 particles embedded onto the outside surfaces of 

Ti particles [2]. With the sintering process of RHP, outer boundaries of Ti particles 

were melted, generating atomic bonding to join Ti particles together. In the meantime, 

the chemical reaction between Ti and TiB2 (Ti + TiB2 →  2TiB) took place at the 

boundaries of Ti particles and generated TiB [11]. The TiB whiskers formed, grew, 

and connected at most boundaries of Ti particles, forming 3DQCN microstructure. 

The unit size, which was around 50 – 200 μm, and the shape of the network 

microstructure were determined by the original Ti particles [4].  

The formation mechanism of 3DQCN microstructure in casting process, as 

shown in Figure 8.1(b), was different from that in RHP (sintering) process. In casting 

process, the premixed Ti and B powders were fully melted and reacted for formation 
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of TiB [12]. During solidification, βTi nuclei were firstly formed/separated from the 

liquid and then grown into crystal grains. On account of extremely low solid solubility 

of B in Ti matrix, the newly formed TiB was expelled from βTi nuclei to the 

surrounding liquid, aggregating at the boundaries of Ti crystal grains [12]. Due to 

long-time crystallization, the slow casting solidification process resulted in relatively 

large 3DQCN unit sizes of around 100 – 200 μm [3]. 

The aforementioned conventional processes (e.g. RHP and casting) fabricated 

parts exhibited worse reinforcement aggregation uniformity and coarser 

microstructure [5]. It was reported that grain refinement would significantly enhance 

strength and toughness [5]. In this investigation, a refined 3DQCN microstructure was 

successfully formed by in-situ LENS process. Figure 8.1(c) shows the formation 

mechanism of 3DQCN microstructure in LENS process. With the small-size laser 

spot, the molten pool formed could be finely controlled, resulting in uniform 

 

Figure 8.1 Formation mechanisms of 3DQCN microstructure in (a) RHP (sintering), (b) 

casting, and (c) LENS processes. 
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distributions of energy input and B element. Similar to casting process, the premixed 

Ti and B powders were fully melted in the molten pool due to laser radiation in LENS 

process. McCartney et al. [13] reported that the rapid solidification processes would 

cause a significant reduction in grain size. As a rapid solidification process, the LENS 

process enabled high undercooling degree, leading to an increased nucleation rate and 

more nuclei [13]. Since each nucleus would grow into one grain, a great amount of Ti 

grains with ultrafine grain size could be expected.  

8.3.2 Microstructural characterizations 

Figure 8.2 shows a stereo corner image taken from a fabricated part and 

corresponding microstructures on each side of the corner. Similar network-

microstructure morphologies can be observed for all three sides. The QCN 

microstructure, forming along the Ti grain boundaries, was spatially distributed as a 

3DQCN microstructure. The bright boundaries were identified by EBSD as 

orthorhombic TiB with Pearson symbol oP8, spacegroup Pnma, No. 62. Compared 

with RHP and casting processes, the unit size of LENS processed 3DQCN 

microstructure was extremely smaller (50 – 200 μm v.s. 3 – 5 μm). Besides rapid 

 

Figure 8.2 SEM observations of ultrafine 3DQCN microstructure: (a) The stereo 

corner taken from the fabricated parts; Detailed microstructure of (b) top side, (c) left 

side, and (d) right side.  
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solidification, the ultrafine unit sizes of the network microstructure could also be 

ascribed to the Ti grain refinement caused by TiB generation [5]. It can be considered 

that an ultrafine 3DQCN microstructure could be created by exploiting LENS process. 

The reduced unit size of 3DQCN microstructure would lead to the enhancement of 

strength and toughness [5]. 

Figure 8.3(a) and 8.3(b) show the microstructure characterizations of the parts 

processed at laser power of 125 W. The random and non-uniform distribution of TiB 

(TiB-deficient regions) in the Ti matrix, as illustrated in Figure 8.3(a) and 8.3(b), 

could be partially ascribed to the poor flowability, leaving no enough time for TiB to 

form the 3DQCN microstructure. The size of TiB ranged from nanometers to 

micrometers. As illustrated in Figure 8.3(b), both primary TiB and eutectic TiB were 

 

Figure 8.3 SEM observations of TiB-TMCs microstructure characterizations: 

Processed at 125 W laser power at (a) low and (b) high magnifications; Processed at 

200 W laser power at (c) low and (d) high magnifications. 
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formed, and the primary TiB took up a great proportion. Figure 8.3(c) and 8.3(d) show 

the characterizations of ultrafine 3DQCN microstructure processed at 200 W laser 

power. The energy induced by 200 W laser power was high enough to form the 

ultrafine 3DQCN microstructure, with TiB rich in some regions but lean in the other 

regions. By successfully forming the TiB-lean regions for the TiB-TMCs, the fracture 

toughness and ductility of the fabricated parts could be improved [2]. In the meantime, 

the exhibition of strong TiB-rich regions would contribute to strengthening effect of 

the TiB-TMCs. Figure 8.3(d) shows the needle-like nano-sized eutectic TiB as a result 

of eutectic solidification. The fine eutectic TiB was superior to coarse primary TiB 

since the effects of eutectic TiB were not as adverse as the effects of primary TiB on 

the fracture-sensitive mechanical properties [14]. Traversing across grain boundaries, 

the TiB connected neighbouring Ti grains and reinforced Ti grain boundaries [2]. 

8.3.3 Mechanical properties 

Table 8.1 shows the comparisons of the microhardness and compressive 

properties between TiB-TMCs and CP-Ti parts fabricated at different laser powers. At 

laser power of 125 W, 3DQCN microstructure was not formed in the fabricated TiB-

TMCs. Compared with CP-Ti parts, TiB-TMCs led to higher microhardness and 

ultimate compressive strength (UCS) at the expense of ductility (maximum strain). 

The improvement of microhardness and UCS could be attributed to the newly 

generated TiB phase and the refinement of Ti grains induced by TiB phase. 

“Brittleness” effect caused by ceramic TiB phase was the main reason for the decrease 

of ductility [2]. By increasing laser power to 200 W, the TiB-TMCs with ultrafine 

3DQCN microstructure exhibited larger microhardness, UCS, and ductility than that 

Table 8.1 Comparisons of the microhardness and compressive properties 

Materials Laser power 

(W) 

3DQCN 

microstructure 

Microhardness  

(HV1.0) 

UCS  

(MPa) 

Max. strain 

(%) 

CP-Ti 125  Without 304 ± 10 761 ± 96 64.9 ± 3.2 

TiB-TMCs 125  Without 339 ± 9 884 ± 41 20.8 ± 2.1 

TiB-TMCs 200  With 393 ± 9 1051 ± 28 26.2 ± 0.7 
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without 3DQCN fabricated at 125 W. The existence of the ductile TiB-lean phase in 

the ultrafine 3DQCN microstructure processed at 200 W contributed to the 

improvement of ductility.  

8.4 Conclusions  

This investigation provided an innovative way to form ultrafine 3DQCN 

microstructure by in-situ LENS of TiB-TMCs. Laser power had a great impact on the 

formation of the ultrafine 3DQCN microstructure, and not all laser powers would 

generate such microstructure. As a result of strengthening effect of adding ceramic 

TiB reinforcement, the values of microhardness and UCS of TiB-TMCs were much 

higher than those of CP-Ti parts processed at the same laser power. In TiB-TMCs 

fabrication, increased portion of needle-like nano-sized eutectic TiB as well as 

improved part quality led to microhardness and UCS enhancement with laser power 

increasing.  
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Abstract 

Although TiB reinforced titanium matrix composites (TiB-TMCs) exhibit 

superior wear resistance and strength, they still demonstrate severe problems resulted 

from lowered toughness and ductility, as compared with titanium and its alloys. To 

reduce these problems, this paper tailors a three-dimensional quasi-continuous 

network (3DQCN) microstructure within TiB-TMCs by in-situ laser deposition-

additive manufacturing process. Results show that the laser power has great impacts 

on the formation of 3DQCN microstructure and the 3DQCN microstructure is 

beneficial to both strengthening and toughening effects on TiB-TMCs. To have a 

quantitative understanding of strengthening effects, this paper, for the first time, has 

modeled the yield strength of TiB-TMCs with 3DQCN microstructure. 

Keywords 

TiB-TMCs; Mechanical properties; Analytical modeling; Powder processing; 

Laser engineered net shaping 

9.1 Introduction 

Owing to their high wear resistance and high strength at elevated temperature, 

titanium matrix composites (TMCs) are widely applied under severe friction and 

heavy load-bearing conditions [1,2]. Ceramic materials (e.g. TiB [3,4], TiN [5], TiC 

[6], SiC [7], etc.) reinforced TMCs have attracted a great amount of attentions and 

been extensively investigated. Among different types of ceramic materials, in-situ 

reacted TiB is considered as one of the most suitable ceramic reinforcements for 

TMCs. Firstly, TiB is a stable phase since there is no intermediate phase between TiB 

and titanium (Ti). Secondly, the metallurgical bonding between TiB and Ti is enabled 

by in-situ process [5]. Thirdly, TiB and Ti have similar densities and thermal 

expansion coefficients, therefore, thermal stresses at their interfaces can be minimized 

[8,9]. Fourthly, the strength of TMCs can be effectively enhanced by adding a small 

amount of TiB [8]. To facilitate experiments, models have been developed to predict 

the yield strength of metal matrix composites (MMCs) [10-12]. With improved 

parameters associated with the dislocation strengthening effect, Ramakrishnan 
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developed a model to predict the yield strength of MMCs with micro-sized 

reinforcement [10]. Zhang et al. extended the application of the model to nano-sized 

reinforcement by considering strengthening effects of nanocomposites [11]. However, 

Sanaty-Zadeh pointed out that not enough strengthening effects (such as grain 

refinement strengthening effect) were considered in these models, which affected the 

precision of models [12]. In addition, the effects of reinforcement shape on 

strengthening were not included in these models. This investigation, for the first time, 

quantitatively analyzes and models the strengthening effects of TiB reinforced 

titanium matrix composites (TiB-TMCs). The model takes both the combined effects 

of grain refinement strengthening, TiB strengthening, and dislocation strengthening as 

well as the effects of reinforcement shape (whisker) into account. 

Despite the strengthening effects, TiB-TMCs demonstrate severe problems 

resulted from lowered toughness and ductility, as compared with Ti and its alloys [13-

15]. It was reported by Attar et al. that the ductility of TiB-TMCs was only one third 

of that of Ti parts [16]. To reduce or eliminate these problems, Huang et al. proposed 

and tailored a three-dimensional quasi-continuous network (3DQCN) microstructure 

in TiB-TMCs using reactive hot pressing (RHP) process [17]. Compared with TiB-

TMCs without 3DQCN microstructure, the TiB-TMCs with 3DQCN microstructure 

exhibited higher ductility.  In addition, the existence of the 3DQCN microstructure 

could effectively restrict the formation of coarse Ti grains, thus rendering better 

mechanical properties. Besides RHP, Morikawa et al. also reported the 3DQCN 

microstructure in TiB-TMCs fabricated by casing process [18]. These traditional 

manufacturing processes (including RHP and casting) show disadvantages of high 

energy consumption and high reinforcement agglomeration [19-21]. In addition, the 

parts fabricated by these processes are shape-restricted and coarse-grained [22-29]. 

Facing to these problems, it is crucial to investigate an energy-effective, finely-

controlled, and near-net-shaping manufacturing process for TiB-Ti composites. Laser 

additive manufacturing (LAM) is such a technology that possesses these 

characteristics [30-32]. Among all LAM processes, laser deposition-additive 
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manufacturing (LD-AM) demonstrates benefits of small substrate deformation, 

changeable powder mixture ratio, and controllable cooling rate [3,24,33-35]. In recent 

years, work has been done on LD-AM of TiB-Ti composites. However, limited 

investigations have been reported on conditions under which TiB-TMCs with tailored 

microstructures can be fabricated. This investigation provides an innovative way of 

forming a novel ultrafine 3DQCN microstructure inside TiB-TMCs by in-situ LD-AM 

process. The effects of 3DQCN microstructure on toughening has been investigated. 

9.2 Experiments and measurements procedures 

9.2.1 Powder materials and powder treatment 

The commercially pure Ti (CP-Ti) powder (Atlantic Equipment Engineers Inc., 

Upper Saddle River, NJ, USA) used in this investigation had an average particle size 

of 150 μm and a purity of 99.7%. The boron (B) powder (Chemsavers, Inc., Bluefield, 

WV, USA) had an average particle size of 2 μm and a purity of 96%. It was reported 

that the eutectic solidification would occur with the generation of fine-eutectic TiB 

reinforcement when the B content was 1.6 wt.% [3,16]. Compared with the coarse-

primary TiB reinforcement, the fine-eutectic TiB reinforcement was more beneficial to 

the strengthening and toughening effects on TMCs [3,9]. Therefore, the weight ratio of 

98.4 : 1.6 between Ti and B powders was adopted. To well mix CP-Ti and B powders, 

a planetary ball milling machine (ND2L, Torrey Hills Technologies LLC., San Diego, 

CA, USA) was utilized with the parameters of: ball-to-powder weight ratio of 5:1; 

fixed rotation speed of 200 rpm; and milling time of four hours. Figure 9.1 shows the 

planetary ball milling process. At the beginning, the as-received CP-Ti powder (Figure 

9.1(a)) and B powder (Figure 9.1(b)) were placed into milling bowls (Figure 9.1(c)). 

To keep balance, four milling bowls were symmetrically distributed on the sun wheel. 

During ball milling process, the milling bowls and the sun wheel rotated in opposite 

directions. The milling balls and the powders would alternately roll on the milling 

bowls’ inner walls and strike the opposite sides of the walls [36,37]. It can be seen 

from Figure 9.1(d) that after the ball milling process, the CP-Ti powder was more 

spherical in shape and more uniform in size, as compared with as-received CP-Ti 
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powder. In addition, the B powder was well embedded onto the surface of the CP-Ti 

powder, as shown in Figure 9.1(e). 

Figure 9.1 Planetary ball milling process. (a) As-received CP-Ti powder; (b) As-

received B powder; (c) Schematic illustration of ball milling process; (d) Four-hour 

ball milling mixed CP-Ti and B powders; and (e) High-magnification of a single CP-

Ti particle with B particles embedded on the surface. 

9.2.2 Experimental set-up and experimental conditions 

In this investigation, the LD-AM process was carried out by a laser engineered 

net shaping (LENS) machine (450, Optomec Inc., Albuquerque, NM, USA). As 

illustrated in Figure 9.2, the LENS machine comprised four major systems: laser 

system (with a standard IPG fiber laser), chamber system, powder and inert gas 

delivery system, and control system. To prevent Ti from being oxidized at high 

temperature, the sealed chamber was purged with the inert argon gas to an extremely 

low oxygen level (< 200 ppm) before fabrication process. During fabrication, the laser 

beam (generated by the laser system) and the powder stream with the inert gas 
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(generated by the powder and inert gas delivery system) were simultaneously ejected 

to the substrate workpiece, forming a molten pool which could catch powders. Once 

the laser beam was moved, the molten pool would be solidified quickly. According to 

the design, the deposit head was moved along the trajectory to form the first layer. 

Afterwards, space for another layer deposition was made with the ascending of the 

deposit head to the new set position. These processes were repeated many times until 

building the designed 3D structure. 

 

Figure 9.2 Schematic illustration of LENS experimental set-up. 

Table 9.1 lists the values or ranges of input fabrication variables. In LD-AM 

process, laser power was an important factor that could directly determine the laser 

energy density (E) and affect the qualities of fabricated parts and the formation of 

3DQCN microstructure. The laser energy density was defined as the energy supplied 

by the laser beam to a volumetric unit of powder material [38]. 
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𝐸 =
𝑃

𝑣 ∙ ℎ ∙ 𝑑
 (9.1) 

 

 

where, P is the laser power; v is the deposit head scanning speed; h is the hatch 

distance (offset between two neighboring laser tracks); and d is the layer thickness. 

Four levels of laser power used in this investigation were 125 W, 150 W, 175 W, and 

200 W. Based on Equation 9.1, corresponding laser energy densities were calculated 

as 71 J/mm3, 85 J/mm3, 99 J/mm3, and 113 J/mm3. Four replicated parts were 

fabricated under each level of laser power. The dimensions of the parts were 8 mm × 

8 mm × 20 layers. 

Table 9.1 Input fabrication variables 

Input fabrication variables Values or ranges 

Laser power (W) 125, 150, 175, and 200 

Laser mode Continuous 

Beam diameter of laser (mm) 0.40 

Wavelength of laser (µm) 1.07  

Deposit head scanning speed (mm/s) 11 

Hatch distance (mm) 0.38 

Laser thickness (mm) 0.42 

Powder feeding rate (g/s) 0.028 

Number of layers 20 

Scanning orientation (o) 45, 135, 225, and 315 

Oxygen level (ppm) <200 

9.2.3 Measurement procedures 

The morphologies of the powders and microstructure characterizations of the 

fabricated parts were analyzed using a scanning electron microscope (SEM) 

(Crossbeam 540, Carl Zeiss AG, Oberkochen, Germany), which was equipped with an 

electron backscatter diffraction (EBSD) system. After SEM analysis, the working 

stage was tilted to the 70° orientation from horizontal to meet the requirement of 

EBSD pattern acquisition. With an integrated AZtec software (Oxford Instruments, 

Abingdon, UK), phase compositions of the fabricated parts were investigated by the 

EBSD system under 20 kV acceleration voltage. To index an EBSD pattern, the basic 

processes included detecting the diffraction bands, measuring the angles between the 
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bands, and matching these bands to the database for the given material [39]. Prior to 

SEM and EBSD analyses, the sectioned parts were ground and polished on a 

MetaServ 250 single grinder-polisher machine (49-10055, Buehler, Lake Bluff, IL, 

USA). To have better results on microstructure characterizations, the polished parts 

were etched using a Kroll’s Reagent (HF: 3%; HNO3: 6%; water: balance) (Etchant 

Store, Suite N Glendora, CA, USA) for 15 seconds. 

To conduct compressive tests, the fabricated parts were post-processed 

(including cutting, grinding, and polishing) to the cylindrical shape with the 

dimensions of Φ6 mm × 8.4 mm. The compressive properties were tested using a 

tensile tester (AGS-50kNXD, Shimadzu, Kyoto, Kyoto Prefecture, Japan) at a 

constant cross-head speed of 0.005 mm/s. The tests were repeated three times under 

each condition. 

The average grain size were measured according to the ASTM E112-13 linear 

intercept method [40]. The basic steps are summarized as: 

Step 1: Draw several line segments on a given plane and measure the total 

length (L) of all line segments; 

 

Figure 9.3. The cross-section of TiB-TMC with randomly distributed line segments. 

10 μm
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Step 2: Count the total number (N) of times of all line segments cutting across 

grain boundaries; 

Step 3: Calculate the average grain size as: L/N. 

Figure 9.3 shows the cross-section of TiB-Ti composite with randomly 

distributed line segments. The red dots were located at the positions where the line 

segments intersected grain boundaries. The average grain size was calculated as the 

total length of five segments over the total number of red dots. To avoid experimental 

error, the measurements were conducted on four cross-sections of TiB-Ti composites. 

This measurement method was also applied for CP-Ti parts. 

 

Figure 9.4. SEM analysis on (a) a stereo corner image taken from the fabricated part 

and detailed 3DQCN microstructures on the (b) top side, (c) left side, and (d) right 

side.  
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9.3 Results and discussion 

9.3.1 Microstructure characterizations 

Figure 9.4 shows a stereo corner image taken from a fabricated part, processed 

at 200 W, and corresponding detailed microstructures on each side of the corner. 

Quasi-continuous network (QCN) microstructures with TiB rich in some regions but 

lean in the other regions were observed for all three sides. As reported, the Ti matrix 

could be strengthened due to the exhibition of TiB-rich regions [15]. The TiB-lean 

regions were able to improve the toughness and ductility of the fabricated parts. The 

QCN microstructures were spatially distributed as a 3DQCN microstructure. The 3D 

structure was beneficial to load transferring and distributing [3,41-43]. EBSD analysis 

was conducted on TiB-rich regions, showing that the crystal TiB exhibited 

orthorhombic structure with Pearson symbol oP8, spacegroup Pnma, No. 62. The 

initial and indexed Kikuchi patterns derived from TiB were shown in Figures 9.5(a) 

and 9.5(b), respectively.  

 

Figure 9.5 EBSD analysis on TiB-rich region showing the (a) initial and (b) indexed 

Kikuchi patterns.  

The formation mechanism of the 3DQCN microstructure, as is shown in Figure 

9.6, would follow these stages: 

Stage 1: Laser radiated on the workpiece with the generation of a molten pool. 

The molten pool would catch powders supplied by the powder stream. Due to the high 

(a) (b)
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input energy, Ti and B reacted and formed TiB. The newly formed TiB as well as the 

other supplied powders were then fully melted into molten material. 

Stage 2: After the laser beam was moved to the next position, the material 

inside the molten pool started to be solidified. At the beginning, the TiB nucleated and 

then grew into long whiskers, providing heterogeneous nucleation sites for the liquid 

Ti. The liquid Ti was both heterogeneously nucleated at surfaces of TiB whiskers and 

homogeneously nucleated from the liquid, generating βTi nuclei. Due to the growth of 

βTi nuclei, TiB whiskers were pushed into the liquid ahead of the nuclei-liquid 

interface. The TiB whiskers would not be engulfed by βTi nuclei owing to the low 

solubility of TiB in βTi [44,45]. 

Stage 3: TiB whiskers aggregated at Ti grain boundaries, forming the 3DQCN 

microstructure in the previous molten pool area. In the meantime, the βTi transformed 

into the αTi [46]. 

 

Figure 9.6 Schematic illustration of the formation mechanism of 3DQCN 

microstructure. 
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Figure 9.7 shows the effects of laser power on microstructures of the parts 

processed at 125 W, 150 W, 175 W, and 200 W, respectively. At laser power of 125  

W, the 3DQCN was not formed. At this level, the laser energy input was insufficient 

to trigger strong Marangoni convection, liquid capillary force, and flowability [3,6]. 

Therefore, the rearrangement of TiB reinforcement in the Ti matrix was restricted by 

the low level of laser power, which was unable to form the 3DQCN microstructure. 

The TiB reinforcement showed a disordered and non-uniform (TiB-deficient regions) 

distribution in the Ti matrix. A greater portion of micro-sized primary TiB coexisted 

with a smaller portion of nano-sized eutectic TiB. At laser power of 125 W, the weight 

ratio between Ti and B at different regions in the molten pool was not exactly 98.4 : 

1.6. The liquid molten pool would solidify as follows: Liquid → Liquid + Primary TiB 

→ Primary TiB + Eutectic TiB + βTi→ Primary TiB + Eutectic TiB + αTi [4]. With 

 

Figure 9.7 Effects of laser power on microstructures of the parts processed at (a) 125 

W, (b) 150 W, (c) 175 W, and (d) 200 W, respectively. 
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the laser power increasing from 125 W to 175 W, the TiB reinforcement tended to be 

aggregated orderly, forming a partial 3DQCN microstructure. In addition, the size of 

the TiB reinforcement became smaller. With a further increase of laser power to 200 

W, the 3DQCN microstructure was completely formed. This could be ascribed to the 

fact that the higher laser power led to stronger Marangoni convection, larger liquid 

capillary force, and better flowability, thus improving the rearrangement of TiB 

reinforcement in Ti matrix and then forming the 3DQCN microstructure. In addition, 

the higher laser power led to a better material-contact in the molten pool and resulted 

in a greater degree of eutectic solidification as follows: Liquid → Eutectic TiB + 

βTi→ Eutectic TiB + αTi. As shown in Figure 9.7(d), the high-magnification SEM 

analysis along the grain boundary indicated that the eutectic TiB reinforcement was 

nano-sized, coherently crosslinked, and bonded with each other.  

9.3.2 Compressive properties 

As reported, compressive tests were not as susceptible as tensile tests to minor 

defects. The minor defects inside the solid parts could cause premature failure and 

then affect property analysis [16,47]. Therefore, in this investigation, compressive 

tests were performed and compressive properties were analyzed. 

9.3.2.1 Strengthening mechanism 

The grain refinement induced by TiB reinforcement would generate a greater 

grain boundary area to impede dislocation motion, thus enhancing the strength of 

composites [48]. Based on the Hall-Petch relationship [49,50], the increase of yield 

strength caused by grain refinement could be expressed as: 

∆𝜎𝐻𝑃 = 𝑘𝐻𝑃 (
1

√𝑑2

−
1

√𝑑1

) (9.2) 

where, 𝑘𝐻𝑃  is the Hall-Petch constant for Ti; and 𝑑2  and 𝑑1  are the average 

grain sizes of TiB-TMCs and CP-Ti parts, respectively. 

The increment in yield strength contributed by the presence of TiB was 

expressed as [51,52]:  
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∆𝜎𝑇𝑖𝐵 = 𝜎𝑦−𝑇𝑖 ∙ 𝑉𝑇𝑖𝐵 ∙
1

2
∙ 𝑙𝑇𝑖𝐵/𝑑𝑇𝑖𝐵 ∙ 𝐶0 (9.3) 

where, 𝜎𝑦−𝑇𝑖 is the yield strength of Ti matrix; 𝑉𝑇𝑖𝐵 is the volume fraction of 

TiB; 𝑙𝑇𝑖𝐵/𝑑𝑇𝑖𝐵 is the aspect ratio of TiB (TiB whiskers were treated as cylinders with 

average length of 𝑙𝑇𝑖𝐵 and average diameter of 𝑑𝑇𝑖𝐵); and 𝐶0 is the orientation factor. 

From a macroscopic view, the TiB reinforcement was randomly distributed among the 

Ti matrix. Therefore, based on the 3D random array model [52], 𝐶0 = 0.125. 

The increment in yield strength induced by dislocation strengthening could be 

expressed as [53]:  

∆𝜎𝑑𝑖𝑠 = √(∆𝜎𝑜𝑟𝑜)2 + (∆𝜎𝑡ℎ𝑒)2 + (∆𝜎𝑔𝑒𝑜)
2
 (9.4) 

where, ∆𝜎𝑜𝑟𝑜  is the Orowan stress which represents the stress needed for a 

dislocation to cross an array of TiB whiskers; ∆𝜎𝑡ℎ𝑒 is the stress increment caused by 

the thermal expansion mismatch between the TiB reinforcement and the Ti matrix; and 

∆𝜎𝑔𝑒𝑜  represents the stress increment due to strain gradient effects induced by 

geometrical distributions of dislocations. 

The Orowan stress was described by the Orowan-Ashby equation [54]: 

∆𝜎𝑜𝑟𝑜 =
0.13𝐺𝑇𝑖𝑏𝑇𝑖

𝜆
𝑙𝑛

𝐷𝑇𝑖𝐵

2𝑏𝑇𝑖
 (9.5) 

where, 𝐺𝑇𝑖 is the shear modulus of the Ti matrix; 𝑏𝑇𝑖 is the Burgers vector of 

the Ti matrix; and 𝐷𝑇𝑖𝐵 is the equivalent diameter of TiB reinforcement and could be 

expressed as: 

𝐷𝑇𝑖𝐵 = √1.5𝑑𝑇𝑖𝐵
2 𝑙𝑇𝑖𝐵

3
 (9.6) 

𝜆 is the interparticle spacing, expressed as [11,55]: 

𝜆 ≈ 𝐷𝑇𝑖𝐵 [(2𝑉𝑇𝑖𝐵)−
1
3 − 1] (9.7) 

The stress increment caused by the thermal expansion mismatch could be 

neglected since the thermal expansion coefficients between TiB and Ti were very 
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similar.  

The stress increment due to strain gradient effects could be expressed as [56]: 

∆𝜎𝑔𝑒𝑜 = 0.4𝐺𝑇𝑖√𝜖𝑇−𝑇𝑖𝑏𝑇𝑖𝑉𝑇𝑖𝐵/𝐷𝑇𝑖𝐵 (9.8) 

where, 𝜖𝑇−𝑇𝑖 is the compressive true strain of Ti matrix. 

To sum up, the increment in yield strength of TiB-TMCs were mainly 

attributed to grain refinement strengthening effect, TiB strengthening effect, and 

dislocation strengthening effect. Based on Ramakrishnan’s approach [10], the yield 

strength of TiB-TMCs could be expressed as: 

𝜎𝑦𝑐 = 𝜎𝑦−𝑇𝑖 (1 +
∆𝜎𝐻𝑃

𝜎𝑦−𝑇𝑖
) (1 +

∆𝜎𝑇𝑖𝐵

𝜎𝑦−𝑇𝑖
) (1 +

∆𝜎𝑑𝑖𝑠

𝜎𝑦−𝑇𝑖
) (9.9) 

where,  𝜎𝑦𝑐 is the yield strength of TiB-Ti composites. 

Table 9.2 Properties and parameters 

Properties and parameters Values or ranges Data sources 

𝑘𝐻𝑃 (MPa∙µm1/2) 328 [57] 

𝑑2 (µm) 4.83 Measured 

𝑑1 (µm) 18.67 Measured 

𝑉𝑇𝑖𝐵 (%) 8.68% Calculated 

𝑙𝑇𝑖𝐵/𝑑𝑇𝑖𝐵  
8.35 (125 W), 9.27 (150 W ), 

10.89 (175 W), 13.32 (200 W) 

Measured & 

Calculated 

𝐶0 0.125 [52] 

𝐷𝑇𝑖𝐵 (µm) 
1.09 (125 W), 0.88 (150 W), 0.76 

(175 W), 0.65 (200 W) 

Measured & 

Calculated 

𝐺𝑇𝑖 (GPa) 45 [48] 

𝑏𝑇𝑖 (nm) 0.295 [58] 
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Using Equations 9.2 to 9.9 and data from Tables 9.2 and 9.3, yield strength 

values of TiB-TMCs processed at different levels of laser power were predicted and 

presented in Figure 9.8. Besides, the tested yield strength values of TiB-TMCs and 

CP-Ti parts were also shown in Figure 9.8. The average value from three 

measurements, under each combination of input fabrication variables, was used to 

represent the experimental results. The standard deviation of three measurements was 

used to represent both positive and negative values of error bars.  

Table 9.3 Compressive properties of CP-Ti parts and TiB-TMCs 
 

Laser 
power 

3DQCN 𝝈𝒚 (Mpa) 𝝈𝒖 (Mpa) 𝝐𝑻  
(%) 

𝑼𝑻 
(J/mm3) 

CP-Ti parts 

125 N/A 773±11 836±12 55.8±2.0 393±19 

150 N/A 787±15 851±14 56.5±1.7 408±15 

175 N/A 779±18 842±16 54.9±2.3 397±11 

200 N/A 779±12 843±13 55.7±0.9 399±13 

TiB-TMCs 

125 No 940±14 1016±15 26.5±0.8 201±13 

150 Partial 974±12 1053±11 28.9±0.5 235±9 

175 Partial 996±21 1077±18 31.9±1.1 267±7 

200 Yes 1010±11 1092±13 36.4±1.3 320±10 

 

 

Figure 9.8 Effects of laser power on yield strengths of CP-Ti parts and TiB-TMCs. 
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With the laser power increasing from 125 W to 200 W, the yield strength 

values of CP-Ti parts was slightly changed, indicating that the laser power had little 

impact on the yield strength values of CP-Ti parts. It can be considered that the 

predicted yield strength values were in good consistent with tested yield strength 

values of TiB-Ti composites. With the increase of laser power, both the predicted and 

tested yield strength values of TiB-TMCs were increased. This could be ascribed to 

the fact that the aspect ratio (𝑙𝑇𝑖𝐵/𝑑𝑇𝑖𝐵) of TiB increased and the equivalent diameter 

(𝐷𝑇𝑖𝐵) of TiB decreased with the laser power increasing, as shown in Table 9.2. Based 

on Equations 9.3 and 9.8, the increase of laser power led to the increases of ∆𝜎𝑇𝑖𝐵 and 

∆𝜎𝑔𝑒𝑜, thus increasing the yield strength of TiB-Ti composites.  

As shown in Table 9.3, the ultimate strength (𝜎𝑢) had similar trends with those 

of yield strength. With the laser power increasing, the ultimate strength of CP-Ti parts 

was slightly changed, however, the ultimate strength of TiB-TMCs was increased. 

9.3.2.2 Toughening mechanism and fracture features 

The laser power had small influence on the true strain (𝜖𝑇, ductility) of CP-Ti 

parts. However, the true strain of TiB-TMCs increased with the increase of laser 

power. Toughness, the ability of a material to absorb energy up to fracture, was related 

to the true strain and could be expressed as [59]: 

𝑈𝑇 = ∫ 𝜎(𝜖)𝑑𝜖
𝜖𝑇

0

 (9.10) 

where, 𝜖𝑇 is the true strain; and 𝜎(𝜖) is the stress function. 

For CP-Ti parts, the toughness was slightly changed with the laser power 

increasing. In other words, under this combination of input fabrication variables, the 

effects of laser power on the toughness of CP-Ti parts were not significant. The 

toughness of TiB-TMCs was smaller than that of CP-Ti parts processed at the same 

level of laser power. At the laser power of 125 W, the average toughness of TiB-

TMCs was 201 J/mm3, being only 51% of that of CP-Ti parts. The “brittleness” of 

TiB-TMCs was ascribed to the presence of ceramic TiB reinforcement [3]. With the 
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increase of laser power from 125 W to 200 W, the average toughness of TiB-TMCs 

was significantly increased from 201 J/mm3 to 320 J/mm3. The toughening effects on 

TiB-TMCs could be attributed to the formation of 3DQCN microstructure and the 

refinement of TiB reinforcement at high level of laser power. Detailed toughening 

mechanisms at high level of laser power were summarized as: (1) For TiB-TMCs with 

3DQCN microstructure, the cracks propagated not only along the rigid TiB-rich 

regions (Ti grain boundaries, intercrystalline) but also across the ductile TiB-lean 

regions (Ti grains, transcrystalline) [15], as illustrated in Figure 9.9(c); (2) When a 

propagating crack encountered the ductile TiB-lean region of the 3DQCN 

microstructure, the crack-tip would be blunted and deflected. The generation and 

growth of a new crack required additional fracture energy, thus increasing the 

toughness of composites. Such phenomenon was proved in Figure 9.10. Compared 

with the single-straight crack in the TiB-Ti composite without 3DQCN microstructure, 

multiple curved cracks were observed for the TiB-Ti composite with 3DQCN 

microstructure; and (3) The refinement of TiB reinforcement caused by laser power 

increasing also contributed to the toughening of TiB-TMCs [60]. 

 

(Tc represents transcrystalline cracks and Ic represents intercrystalline cracks) 

Figure 9.9 Illustration of different failures modes in compressive tests.  

 

Slip plane

Grain boundary

Ti matrix

Load

TiB

Crack 
branching

Crack-tip 
blunting

(a) CP-Ti (b) TiB-TMC without 3DQCN

(125 W laser power)

(c) TiB-TMC with 3DQCN

(200 W laser power)

Tc

Ic



Texas Tech University, Yingbin Hu, August 2019 

191 

During compressive tests, the tested parts were broken into two or more 

fragments. Figure 9.11 shows the features on fracture interfaces of CP-Ti part, TiB-Ti 

composite without 3DQCN microstructure (125 W laser power), and TiB-Ti 

composite with 3DQCN microstructure (200 W laser power), respectively. For the CP-

Ti part, as shown in Figure 9.11(a), the relatively smooth fracture facets indicated a 

linear crack passing through this interface, leaving ductile flows. The ductile fracture 

features enabled high toughness and ductility of the CP-Ti part, as proved in Table 9.3. 

On the fracture interface of the TiB-Ti composite without 3DQCN microstructure, the 

broken TiB whiskers were randomly distributed within the Ti matrix. Due to the high 

stress induced by the reinforcement, the load would transfer from the matrix to the 

 

Figure 9.10 Crack profiles in compressive tests. 
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Figure 9.11 Fracture features in compressive tests. 
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reinforcement during the splitting of the tested part. As a result, multiple breakages 

along one TiB whisker occurred, as shown in Figure 9.11(b). The TiB-Ti composite 

with 3DQCN microstructure exhibited flat facets of grains on its fracture interface, as 

shown in Figure 9.11(c), indicating that the crack propagated mainly along the grain 

boundaries of Ti matrix (intercrystalline). The splitting of Ti grains resulted in 

indented edges (as circled in Figure 9.11(c)) on the fracture interface, thus confirming 

the transcrystalline propagation of the crack. 

9.4 Conclusions 

In this investigation, 3DQCN microstructural TiB-TMCs were fabricated by 

in-situ LD-AM process. For the first time, the effects of laser power on the formation 

of 3DQCN microstructure as well as mechanical properties (such as compressive yield 

strength and toughness) were analyzed. Major conclusions were drawn below: 

(1) Laser power had a great impact on the rearrangement of TiB reinforcement 

in the Ti matrix and hugely influenced the formation of 3DQCN microstructure. 

Results showed that the 3DQCN microstructure was from non-existence to existence 

by increasing laser power from 125 W to 200 W. 

(2) The yield strength of TiB-TMCs was modeled by taking grain refinement, 

TiB reinforcement, and dislocation strengthening effects into account. The predicted 

yield strength values were in good consistent with tested yield strength values of TiB-

Ti composites. Due to the increased aspect ratio of TiB and decreased TiB-whisker 

size, the yield strength of TiB-TMCs increased with the laser power increasing. 

(3) Owing to the presence of brittle TiB reinforcement, TiB-TMCs without 

3DQCN microstructure (125 W laser power) exhibited smaller ductility and 

toughness, as compared with CP-Ti parts. By increasing laser power, the 3DQCN 

microstructure started to appear and contribute to toughening effects on TiB-Ti 

composites.  

(4) The fracture interface of TiB-TMCs without 3DQCN microstructure (125 

W laser power) was dominated with randomly distributed TiB whiskers and dimples. 
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Analyses on fracture interface of TiB-TMCs with 3DQCN microstructure (200 W 

laser power) indicated that the crack propagated both along the grain boundaries and 

across the grains of the Ti matrix. 
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CHAPTER X 

CONCLUSIONS & SCIENTIFIC CONTRIBUTIONS 

10.1 Conclusions 

In this dissertation, a review on laser deposition-additive manufacturing (LD-

AM) of ceramics and cerami reinforced composites was provided. Investigations on 

LD-AM of zirconia toughened alumina (ZTA) and TiB reinforced titanium matrix 

composites (TiB-TMCs) were conducted to reveal microstructures and improve 

mechanical properties. The major conclusions are drawn as follows: 

(1) A novel ultrasonic vibration-assisted LD-AM process for fabrication of 

bulk ZTA parts was performed in this dissertation. The effects of ultrasonic vibration 

on crack suppression, microstructure, and mechanical properties of the fabricated parts 

were studied. Results showed that the initiation of cracks and the crack propagation in 

the deposition direction were suppressed in the parts fabricated by LD-AM process 

with ultrasonic vibration. Compared with the part fabricated without ultrasonic 

vibration, the part fabricated with ultrasonic vibration exhibited smaller grain size, 

better material dispersion, higher microhardness, higher wear resistance, and better 

compressive properties. In compressive tests, the fracture interface of parts fabricated 

without ultrasonic vibration mainly demonstrated intercrystalline cracking, however, 

both intercrystalline cracking and transcrystalline cracking occurred in the parts 

fabricated with ultrasonic vibration. 

(2) At lower levels of ZrO2 content, ZrO2 particles tended to aggregate at grain 

boundaries of Al2O3 matrix, forming a network microstructure. The network 

microstructure was quasi-continuous and spatially distributed as a 3DQCN 

microstructure, which benefited ZTA parts on enhancing their mechanical 

performance. At higher levels of ZrO2 content, eutectic microstructure dominated the 

whole part. The eutectic microstructure contained randomly oriented colonies with 

granular ZrO2 grains presenting at boundaries of these colonies. With the increase of 

ZrO2 content 0 wt.% to 41.5 wt.%, the microhardness was firstly increased then 



Texas Tech University, Yingbin Hu, August 2019 

200 

decreased, whereas the fracture toughness increased. Phase transformation (t-ZrO2 to 

m-ZrO2) toughening effects, crack bridging, crack branching, and crack deflecting 

were the reasons for toughening ZTA parts.  

(3) In order to achieve better surface quality of LENS-fabricated ZTA parts, an 

efficient and effective rotary ultrasonic machining (RUM) process was utilized for 

surface grinding of ZTA parts. Experimental results showed that the surface quality of 

ZTA parts were singnificantly improved after RUM process. In addition, the 

introduction of ultrasonic vibration in RUM was beneficial for reducing cutting force. 

(4) The effects of TiB reinforcement on part quality, microstructure 

characterization, microhardness, and wear resistance were analyzed. Due to the in-situ 

reaction between Ti and B, new phase of TiB was generated in form of both prismatic 

primary TiB and needle-like eutectic TiB. In addition, a flower-liker microstructure 

was formed with TiB reinforcement being embedded into the Ti matrix. The newly 

formed TiB particles exhibited a long prismatic shape with a high aspect ratio. The 

presence of TiB reinforcement led to the “balling” phenomenon at the surfaces of 

fabricated parts. Compared with CP-Ti parts, TiB-TMCs exhibited higher 

microhardness and higher wear resistance. Within the certain range (125 W – 200 W), 

high level of laser power was beneficial for improving part quality and enhancing 

microhardness and wear resistance.  

(5) The effects of laser power and Z-axis increment on densities and 

compressive properties of both TiB-TMCs and CP-Ti parts were investigated. Results 

showed that the densities of parts increased with the increase of laser power and the 

decrease of Z-axis increment. The difference of densities between TiB-TMCs and CP-

Ti parts was mainly attributed to the combined actions of laser absorption, reaction 

induced pores, and reaction generated energy. With the laser power increasing, the 

UCS increased but ductility slightly changed. Z-axis increment had negligible effects 

on compressive properties. The presence of the rigid TiB reinforcement led to the 

increase of UCS but decrease of ductility. SEM imaging analysis was conducted on 

the fracture surfaces of CP-Ti parts and TiB-TMCs. For CP-Ti parts, the ductile 
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fracture features prevailed with smooth fracture facets. For TiB-TMCs, the brittle 

fracture features dominated with dimples and tearing ridge lines. 

(6) In this dissertation, innovative 3DQCN microstructural TiB-TMCs with the 

crosslinking eutectic TiB nanofibers aggregating at the Ti grain boundaries were 

fabricated by in-situ LENS process. The formation mechanism of the 3DQCN 

microstructure was investigated. It was found that the laser power had a great impact 

on the formation of 3DQCN microstructure. Results showed that the 3DQCN 

microstructure was from non-existence to existence by increasing laser power from 

125 W to 200 W. Compared with TiB-TMCs without 3DQCN microstructure, TiB-

TMCs with 3DQCN microstructure demonstrated higher ductility and higher 

toughness. SEM analyses showed that the fracture interface of TiB-TMCs without 

3DQCN microstructure was dominated with randomly distributed TiB whiskers and 

dimples. Analyses on fracture interface of TiB-TMCs with 3DQCN microstructure 

indicated that the crack propagated both along the grain boundaries and across the 

grains of the Ti matrix. 

10.2 Scientific contributions 

The major scientific contributions of this dissertation are: 

(1) This dissertation proved the feasibility and strengthes of intergrating LD-

AM with ultrasonic vibration and explored material melting and solidification 

mechanisms in ultrasonic vibration assied LD-AM process, in order to improve 

fabrication quality and enhance mechanical properties of fabricated ZTA parts. 

(2) This dissertation discovered novel microstructures and generated 

knowledge on the relationship between novel microstructures and the mechanical 

performance of ZTA parts with different levels of ZrO2 content, which would facilitate 

ceramic materials development and broaden the applications of LD-AM process in the 

major industries where ceramic materials are heavily used. 

(3) This dissertation generated fundamental knowledge and provided 

engineering solutions to toughen TiB-TMCs through tailoring 3DQCN microstructure 



Texas Tech University, Yingbin Hu, August 2019 

202 

and exploring the governing processing-microstructure-property relationships, in order 

to broaden the application fields of ceramic reinforced metal matrix composites. 

(4) In this dissertation, the spatial distribution of TiB within titanium matrix 

and formation mechanisms of 3DQCN microstructure were explored. The yield 

strength of TiB-TMCs with 3DQCN microstructure was modeled by taking grain 

refinement, TiB reinforcement, and dislocation strengthening effects into account. In 

addition, the toughening mechanism due to the presence of 3DQCN microstructure 

was investigated. 
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