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Abstract 

Selective laser melting (SLM) is a metal additive manufacturing process that 

enables the production of complex, near net shape, parts with fully functional 

mechanical properties. The use of titanium alloys in SLM is a good fit due to a high 

material utilisation and net shape production with this expensive material. While 

titanium alloys have attractive properties of high specific strength and excellent 

corrosion resistance, these and other attributes may be modified through various 

methods for further improvements of the material. Strengthening mechanisms of 

interstitial hardening and particulate reinforcement are viable approaches for 

enhancing titanium alloys, however these often increase processing difficulty. 

Near net shape processes, like SLM, have the potential to produce functional parts 

with these modified properties. 

This study explored the use of SLM for the fabrication of titanium parts, modified 

in-situ during processing with small amounts of boron or oxygen to develop 

enhanced properties. The in-situ incorporation of these different elements was 

performed during SLM using blended powders. Simple mixing of feedstock Ti64 

alloy powder with small amounts of either amorphous boron or TiO2, and 

subsequent SLM consolidation, has the potential to develop interstitial (oxygen) 

and particulate (boron) strengthened materials.  

This work analytically compares the properties of samples created using different 

process parameters, related through energy density. By examining variation in 

porosity and hardness with respect to these process parameters, it was possible 

to establish optimum processing conditions for manufacturing the in-situ modified 

material. Novel samples were developed for SLM that simplify the multi-level, 

multi-factor investigation of these process parameters into a single specimen for 

easy preparation and testing. Further investigation of how processing may 

influence the distribution and homogeneity of the modified material was studied 

through the influence of stress relief and sub-beta transus annealing heat 

treatments. Characterisation of these materials and treatment conditions were 
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performed to determine the effect the additives have on the mechanical and wear 

properties.  

Most significantly this work demonstrated that small amounts (approx. 0.2 wt%) 

of boron or oxygen could be effectively combined with Ti64 via SLM processing. 

Optimised parameters (resulting in energy density of 54.4 J/mm3) were able to 

produce high density parts with uniform incorporation. Typical microstructures 

were developed for SLM produced Ti64, consisting of columnar colonies of fine 

lamellar martensite that extend in the build direction. Additional oxygen changed 

this very little, however boron had a significant effect, refining the grain structure 

and preventing the formation of columnar colonies. Enhancements in compressive 

strength and hardness resulted from boron or oxygen addition with compressive 

yield strength increased by up to 10% and 16% respectively. Improvements in 

these properties were retained in the different heat treatment conditions when 

compared to unmodified Ti64. While strengthening of Ti64 was achieved by 

inclusion of the additives, little improvement in wear performance was found. 

This work identifies a viable method of modifying properties of titanium through 

in-situ processes during SLM. The findings of this study will have implications for 

the production of Ti64 alloys during the SLM processes and may guide future work 

on developing materials specific for additive manufacturing. 
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Chapter 1 - Introduction and Literature Review 

Introduction and Literature Review 

1.1 Titanium and Titanium Alloys 

Titanium has many applications and uses in today’s society. Its unique 

combination of material properties, including: specific strength, corrosion 

resistance, and fatigue performance, make it applicable to a range of industries; 

these include medical, aerospace, and marine applications.  

The majority of elemental titanium is used in its oxide form as whitening and 

opacifying agents with applications in the paper industry and in paint pigments. 

Titanium also finds use in steel production as an additive to refine the grain 

structure and reduce the oxygen content of a number of different alloys [1]. 

Titanium is the fourth most abundant metallic element on earth, occurring in 

mineral deposits of rutile and ilmenite [2]. Despite being abundant with desirable 

material properties, titanium is restricted from wider use due to its complex 

extraction and difficult processing; making titanium alloys relatively expensive 

compared to iron and aluminium. 

Raw titanium metal is produced through the Kroll process developed in 1932. 

Titanium oxide in rutile and ilmenite ore is reacted with chlorine and coke to 

produce titanium tetrachloride. This is further reduced in magnesium to produce 

titanium metal in a sponge form. Impurities are removed from the sponge through 

acid leaching or for higher purity, through vacuum distilling. The sponge is sold as 

such and processed into ingots through a number of melting techniques [3]. 

Vacuum arc remelting is currently the most common production technique for 

ingot. Alloying elements are added to the sponge prior to melting to develop the 

desired alloy composition. Melting is typically performed twice to ensure 

acceptable homogeneity of the alloy, triple melting is occasionally performed for 

better uniformity off structure and diffusion of impurities [1]. 
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The most significant property of titanium contributing to cost of refinement is its 

high reactivity. This further complicates casting processes as many refractory 

materials can react and add impurities to titanium. Powder metallurgy techniques 

have been identified as potentially lowering the cost of titanium products [4]. 

Many powder metallurgy processes are near net shape, reducing machining costs. 

Lower temperatures for sintering further reduce production costs. The attractive 

nature of titanium powder processing has led to numerous investigations and 

development of this field [5].  Specific attention has been paid to the fabrication 

of titanium matrix composites (TMC’s) through powder metallurgy techniques to 

develop more diverse material properties than can be achieved by the metal and 

its alloys alone. 

Titanium’s reactivity means that in the presence of oxygen it rapidly reacts to form 

a protective titanium oxide passivating layer that prevents further attack. Titanium 

is also reactive with carbon and nitrogen and will easily form carbides and nitrides 

when in the presence of these elements at elevated temperatures [1]. The 

reactivity of titanium causes it to be highly corrosion resistant due to the highly 

stable reaction products, which form protective coatings. It is impervious to attack 

from dilute sulphuric and hydrochloric acids along with most organic acids. Hot 

chloride solutions also have little corrosive effect. Its corrosion resistance has led 

to applications in salt water environments and chemical processing plants [6]. 

The most recognised properties of titanium are its high strength to weight ratio 

and also corrosion resistance. Table 1.1 provides a comparison between the 

strength of commercially pure (CP) titanium (Grade 2) and its most common 

commercial alloy Ti64 (Grade 5) with those of common steel and aluminium 

grades. A density around 40% lower than steel and strength significantly higher 

than that of Aluminium 6061 clearly identifies titanium as being suited to high 

strength applications where mass must be minimised, for example aerospace. 
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Table 1.1: Select properties of common titanium alloys with commercial steel 
and aluminium grades [7]. 

Alloy Ultimate Tensile 

Strength (MPa) 

Density 

(g/cm3) 

Melting 

Point (oC) 

Aluminium 6061 T6 Tempered  300 2.70 588 

Titanium Grade 2, Annealed 430 4.51 1660 

Titanium Ti64 (Grade 5), 

Annealed 

950 4.43 1660 

AISI 1080 Steel, Cold Drawn 450 7.87 1370-1400 

ASTM A36 Steel Bar 400-550 7.85 1370-1400 

1.1.1 The Crystallography of Titanium 

Pure titanium exists in a hexagonal close packed (HCP) crystallographic structure, 

known as alpha phase (α), from room temperature to approximately 890°C. An 

allotropic transformation occurs at this temperature to body centred cubic (BCC) 

structure known as beta phase (β), which remains stable up to the melting point 

(1668°C). The alpha and beta structures are indicated in Figure 1.1. The transition 

temperature at which this phase change occurs is known as the beta transus 

temperature. This beta transus temperature can be modified by the addition of 

alloying elements [8].  

 

Figure 1.1: Titanium base crystallographic structures. Alpha phase hexagonal 
close packed (HCP) on the left and beta phase body centred cubic (BCC) structure 
on the right [8]1. 

 
1 Republished with permission of John Wiley & Sons, from Titanium and titanium alloys: 
fundamentals and applications, “Structure and Properties of Titanium and Titanium Alloys”, M. 
Peters, J. Hemptenmacher, J. Kumpfert, C. Leyens, Copyright © 2003 Wiley‐VCH Verlag GmbH & 
Co. KGaA (2003); permission conveyed through Copyright Clearance Centre, Inc. 
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Additional elements can be combined with titanium in a process called alloying, 

where these alloying elements result in materials with new combinations of 

properties. Generally speaking, alloying elements either raise or lower the beta 

transus and are known as alpha stabilising (aluminium, carbon, nitrogen, and 

oxygen) and beta stabilising (vanadium and molybdenum) respectively. Alloying 

elements are also added to refine the grain structure or strengthen the material 

as a whole. Different combinations of alloying elements give rise to a number of 

different classes of titanium alloys. Typically these are denoted: alpha, near-alpha, 

alpha-beta (α+β), and metastable beta [1, 6].  

A number of elements have a detrimental effect on many of the properties of 

titanium and efforts during production and processing are made to minimise 

these. Embrittlement of titanium is caused by nitrogen and carbon. Oxygen and 

iron have strengthening effects on the material but with large reductions in 

ductility. In titanium production these elements must be held to acceptably low 

levels as their effect on material properties is significant. Occasionally iron and 

oxygen content will be raised to develop high strength in alloys for specific 

applications [1, 9]. 

The allotropic nature of titanium makes the microstructures it forms numerous 

and fairly complex. Cooling from the beta phase causes the transformation of the 

close packed bcc plane (110) to that of the alpha HCP basal plane (0001). Twelve 

different close packed planes/slip directions exist in the beta phase which result 

in twelve differently orientated alpha lamellae nucleating and growing in a single 

beta grain. This finite number of alpha orientations gives rise to a basket weave 

microstructure known as a Widmanstätten pattern (Figure 1.2) within each beta 

grain [1, 8].  
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Figure 1.2: Optical micrograph of etched Ti64 material presenting a basket 
weave Widmanstätten pattern that typically forms from transformed β phase 
grains [8]2. 

Martensitic phases can be induced in titanium alloys with rapid cooling from above 

the martensite start temperature. A diffusionless transformation of BCC beta to 

HCP alpha occurs which generates a fine needle like structure in a basket weave 

pattern as orientations are controlled by the same processes described previously. 

Two different forms of martensite have been identified. Alpha prime martensite 

(α’)  is a hexagonal structure. Alpha double prime (α’’) is of super saturated 

orthorhombic structure. Martensites are unstable at room temperature and will 

subsequently decompose with heat treatment. Martensite formation does not 

coincide with embrittlement however does increase strength of the material [8]. 

1.1.2 Material Properties of Titanium Alloys 

Peters, et al. [8] present a chart (Table 1.2) that relates the properties of different 

classes of titanium alloys. Alpha alloys generally have higher strength, which 

comes at the cost of ductility. They are also known for corrosion and creep 

resistance. Beta alloys have increased ductility due to the higher number of slip 

systems in the BCC structure (twelve) as opposed to only three in HCP alpha. 

 
2 Republished with permission of John Wiley & Sons, from Titanium and titanium alloys: 
fundamentals and applications, “Structure and Properties of Titanium and Titanium Alloys”, M. 
Peters, J. Hemptenmacher, J. Kumpfert, C. Leyens, Copyright © 2003 Wiley‐VCH Verlag GmbH & 
Co. KGaA (2003); permission conveyed through Copyright Clearance Centre, Inc. 
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Table 1.2: Trends in properties for different classes of titanium alloy [8]3. 

 Alpha Alpha-beta Beta 

Density + + - 

Strength - + ++ 

Ductility -/+ + +/- 

Fracture Toughness + -/+ +/- 

Creep strength + +/- - 

Corrosion Behaviour ++ + +/- 

Oxidation behaviour ++ +/- - 

Weldability + +/- - 

Cold formability -- - -/+ 

Alpha alloys cannot be heat treated as they only exist as a single phase at room 

temperature and offer no opportunity for a phase transformation to modify the 

materials structure. Alpha-beta alloys have both titanium phases present at room 

temperature. Through heat treatment, the presentation of these phases can be 

varied greatly, resulting in significant changes in material properties. The response 

of an alpha-beta alloy, Ti64, to three heat treatments are given in Table 1.3. 

Different heat treatments can cause the strength of Ti64 to change by up to 200 

MPa and create changes in ductility, where the most ductile material presents with 

lower strength. This makes the heat treatment conditioning of Ti64 especially 

critical when considering its application. Beta alloys contain enough beta 

stabilisers to maintain beta phase at room temperature, however solution treating 

and ageing can also modify the strength of these alloys.  

  

 
3 Republished with permission of John Wiley & Sons, from Titanium and titanium alloys: 
fundamentals and applications, “Structure and Properties of Titanium and Titanium Alloys”, M. 
Peters, J. Hemptenmacher, J. Kumpfert, C. Leyens, Copyright © 2003 Wiley‐VCH Verlag GmbH & 
Co. KGaA (2003); permission conveyed through Copyright Clearance Centre, Inc. 
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Table 1.3: Effect of standard heat treatments on Ti64 [1]. 

Condition Yield Strength 

(MPa) 

Tensile Strength 

(MPa) 

Elongation to 

fracture (%) 

Duplex annealed 917 965 18 

Mill annealed 945 1069 10 

Solution treated +aged 1103 1151 13 

Of all titanium alloys, the most common is the alpha-beta alloy Ti64 (Grade 5) due 

to its excellent balance between properties and formability. Post fabrication heat 

treatments can be performed to further modify its properties to suit many 

applications. This material accounts for approximately half of produced titanium 

metal [10]. Ti64 is an alloy that incorporates approximately 6wt% aluminium and 

4wt% vanadium to develop alpha-beta alloy properties. The composition of this 

alloy is defined in the ASTM B348 standard and listed in Table 1.4 [11]. An extra 

low interstitial (ELI) version of this alloy is also available (Grade 23) where 

impurities, specifically oxygen content, are more carefully controlled. Select 

mechanical properties of these alloy grades are presented in Table 1.5. With only 

slightly reduced oxygen content, the yield strength of Ti64 ELI material is reduced 

significantly (up to 150 MPa below Grade 5 Ti64). This identifies how small 

differences in oxygen content can have significant effects on titanium’s material 

properties. This sensitivity of titanium to oxygen is another factor that contributes 

to its high cost as material refining must take place where oxygen and other 

contaminants are controlled to a very high standard.  

Table 1.4: Typical composition of Ti64 alloy [1, 11]. 
 

Alloying Elements wt% Impurity limits, wt% max 

  Al V N C H Fe O 

Ti64 
(Grade 5) 

5.5-6.75 3.5-4.5 0.05 0.08 0.015 0.4 0.2 

Ti64 ELI 
(Grade 23) 

5.5-6.5 3.5-4.5 0.03 0.08 0.0125 0.25 0.13 
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Table 1.5: Ti64 Grade 5 and Grade 23 mechanical properties for annealed 
condition material [1] 

Alloy Tensile Strength 

(MPa) 

0.2% Yield 

Strength (MPa) 

Elongation 

(%) 

Young’s Modulus 

(GPa) 

Ti64  

(Grade 5) 
900-993 830-924 14 110-146 

Ti64 ELI  

(Grade 23) 
830-896 760-827 15 110-146 

While titanium alloys have many desirable mechanical properties, they show poor 

tribological performance. This is especially notable as titanium’s biocompatibility 

encourages its use in medical implants such as joint replacements where wear 

performance is critical. These properties have limited the application of titanium 

directly in wear applications [12]. 

Characteristics of titanium alloys tribological performance include: high 

coefficients of friction, severe adhesive wear, low abrasion resistance, and a 

tendency to seize. Mechanisms contributing to these poor wear properties have 

been identified as [13, 14]: 

- Low thermal conductivity causing the contact patch to get hot which 

reduces local mechanical properties and encourages chemical erosion. 

- Reactivity of titanium causing severe adhesive wear with incompatible 

materials. 

- The oxide film responsible for titanium’s corrosion resistance has a low 

shear strength so is broken under wearing conditions. A new oxide film 

reforms and the process repeats, causing significant damage over time. 

The disrupted oxide debris further accelerates wear by changing the 

mechanism to three-body abrasion. 

Methods to modify the base properties of titanium alloys are in constant 

development. Investigating how the material may be improved results in new 

applications that benefit from other unique properties that titanium carries. Aside 

from alloying, some methods that are used to modify titanium include: coatings, 

diffusion hardening treatments, and metal matrix composites. Properties often 

targeted for improvement include hardness and wear resistance. 
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1.2 Modified Titanium Alloys 

1.2.1 Titanium Matrix Composites (TMC) 

Metal matrix composites (MMC’s) are a group of materials that consist of a 

reinforcing fibre, whisker, or particulate in a ductile metal matrix for the 

development of modified material properties. These composites are developed 

for a number of property enhancements. The improvement of thermal stability, 

specific modulus, strength, and wear resistance in MMC’s has been reported on 

by Tjong and Ma [15]. Through combining the strength and stiffness of ceramics 

with the properties of metals, improvements in shear, compression, wear, and 

service temperature can be achieved [16, 17]. One large development area is 

improving the specific properties of light metals and alloys for use in products 

where weight is a critical factor. Industries that make use of these alloys include 

aerospace and motorsport. Aluminium alloy MMC’s have been applied in a 

number of automotive applications including fibre reinforced pistons and crank 

cases. Titanium MMCs have also been developed for these industries and been 

applied in landing gear and valve components [18, 19]. 

Materials selection for a MMC system is critical to ensuring performance 

enhancement of the product. Key factors that must be considered for selecting a 

suitable reinforcement material for use in a metal matrix include[16]: 

- Superior mechanical properties such as stiffness, hardness and strength. 

- Physical material properties of melting point, density, and solubility in the 

metal matrix. 

- Thermal expansion coefficient should closely match that of the metal 

matrix to prevent stress cracking during heat cycles.  

- Thermodynamic stability in the matrix at elevated temperatures that will 

occur during processing and use. 

Various ceramics meet all the criteria for reinforcing materials in MMCs. The 

properties of some common types of reinforcement are listed in Table 1.6. These 

reinforcements exhibit a range of thermal expansion coefficients to match with a 

chosen matrix material. For MMC’s, processing is often at elevated temperature 
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(sintering or casting), so stability of the reinforcement must be considered not only 

for service temperatures but for fabrication. 

Table 1.6: Select properties of reinforcement materials commonly used in MMCs 
[16, 20]. 

 

 

Density 

(g.cm-3) 

Thermal 

Expansion Coeff. 

(10-6 oK-1) 

Tensile 

Strength 

(MPa) 

Elastic 

Modulus 

(GPa) 

Al2O3 3.98 7.92 221 (1090°C) 379 (1090°C) 

B4C 2.52 6.08 2759 (24°C) 448 (24°C) 

Si 2.33 3.06 (varied) 112 

SiC 3.21 5.40 (varied) 324 (1090°C) 

WC 15.63 5.09 (varied) 669 (24°C) 

TiC 4.93 7.60 118.6 (1000°C) 439.43 (24°C) 

TiB2 4.50 8.28 529 414 (1090°C) 

TiB 4.56 11.32 (varied) 427 

MMC’s can be made using continuous or discontinuous reinforcement. 

Continuous reinforcement uses long fibres aligned in the matrix to achieve 

directionally enhanced properties. These fibres are used in the form of 

monofilaments or fibre tows. Discontinuous reinforcement occurs through small 

whiskers or particulates evenly distributed throughout the MMC. These 

particulates can be incorporated into the matrix material by adding the 

particulates themselves (ex-situ) or be the result of reactions and precipitation 

that takes place between the matrix and elements present during processing (in-

situ).  

Titanium, with its very high specific strength and corrosion resistance is a viable 

material for replacing steel and other high strength alloys in aerospace and other 

weight critical applications. It has been the focus of large research efforts in terms 

of developing titanium matrix composite (TMC) materials. The properties typically 

displayed for TMC’s include corrosion resistance, thermal stability, and high 

specific properties of modulus and strength [21]. Investigations have also focused 

on improving other properties including wear resistance and creep resistance [22]. 

Both continuous and discontinuous reinforcement have been developed to 

achieve these ends. 
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1.2.1.1 TMC Continuous Reinforcement 

Continuous reinforcement of titanium occurs via ex-situ processes and was the 

focus of early work in this area with a number of different materials considered 

[23]. Carbon fibre tows proved too costly as a reinforcement of titanium due to 

severe chemical reactions between the fibre and matrix during processing that 

damaged the fibres and eliminated any benefits of the reinforcement [18]. 

Alumina (Al2O3) fibre reinforcement of titanium has also been considered. The 

alumina fibres are chemically unstable in a titanium matrix and degrade during 

processing and service. This degradation led to developments in thin unreactive 

coatings for alumina fibres to prevent chemical attack. Nano thickness Nb and Y2O3 

coatings on the alumina showed no reactions between the matrix and fibre. 

Despite the successful coatings the difficulties of achieving homogeneity with fibre 

alignment and coating has made the method of fibre tow reinforced titanium 

unviable [18]. 

Monofilament reinforcement has taken preference as the continuous reinforcing 

method for TMC’s, the most viable material has been silicon carbide. This 

reinforcement is not chemically stable in a titanium matrix and pyrocarbon 

coatings are commercially used to provide a barrier to chemical attack. This still 

develops a brittle reaction zone surrounding the fibre, the thickness of which is 

dependent upon time held at elevated temperatures. Despite the mismatch of 

thermal expansion coefficient and reactivity, silicon carbide monofilaments are 

still the primary continuous reinforcement used for TMC’s [24]. Applications of this 

material have included landing struts for the F16 Jet Fighter [25]. 

1.2.1.2 TMC Discontinuous Reinforcement 

Discontinuous reinforcement of titanium has also been investigated for several 

reinforcing materials. Benefits of discontinuous reinforcement include enhanced 

mechanical properties, isotropy of properties, and economic benefits in 

production and secondary processing. Specific enhancements of discontinuous 

TMC’s include increased creep resistance and wear resistance [22, 26]. 

Chemical stability issues have prevented the use of some common discontinuous 

reinforcements including alumina and carbon. With these materials added as ex-
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situ particulates, reactions occur at the interface resulting in brittle products and 

reduced interfacial strength. Protective coatings have been considered however 

applying these to particulates is a difficult process and not cost effective [27]. 

Although titanium’s reactivity eliminates several common reinforcements via ex-

situ processes there is good compatibility with other materials that offer excellent 

properties, and many can be incorporated via in-situ processes. Some 

reinforcements with application in titanium are listed in Table 1.7 along with select 

properties. There is a close match between the thermal expansion coefficient of 

titanium and many of these reinforcements suggesting they are suitable materials 

for TMC’s. High hardness of the particulates also suggests that reinforcement of 

the titanium matrix could be considerable. 

Table 1.7: Comparison between properties of reinforcements with application in 
a titanium matrix [28]. 

 Ti TiB TiB2 TiC TiN B4C SiC 

Density (g.cm-3) 4.57 4.56 4.52 4.92 5.43 2.51 3.19 

Elastic modulus (GPa) 110 371 540 450 390 445 430 

Thermal expansion at 

room temp. (x10-6 K-1) 
8.6 7.15 6.2 7.95 9.35 4.78 4.63 

Melting/decomposition 

Temp. (oC) 
1668 2200 2970 3054 3220 2720 2970 

Vickers hardness 

(kg/mm2) 
150 1800 2200 3200 2300 3870 2500 

A number of the discontinuous reinforcements listed in Table 1.7 are suitable for 

titanium as they are a product of reactions between the titanium matrix and other 

elements (TiB, TiC). An in-situ particulate generation process can be used for these 

materials where the reinforcement is the final stable product of a complete 

reaction with titanium. For in-situ processing the solubility of the elements in 

titanium across the full range of processing and service temperatures, as well as 

alternative, undesirable, reaction products must be considered. 

1.2.1.3 Boron Compound Discontinuous Reinforcement of Titanium 

Of the previously mentioned discontinuous reinforcements, compounds of boron 

and titanium offer great potential as titanium reinforcement materials. Titanium 

forms three intermetallic boron compounds with titanium: TiB2, Ti3B4, and TiB. The 
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phase diagram in Figure 1.3 indicates the transition concentrations and 

temperatures at which these Ti-B compounds form [29]. 

 

Figure 1.3: Titanium-Boron phase diagram [29]4.  

The eutectic point seen in the titanium rich sector of the Ti-B phase diagram occurs 

at 1532oC and 1.64 wt% boron (6.9 at%). The eutectic point discussed is for the 

addition of boron to pure titanium. Alloying elements added to the material can 

cause this to shift, for Ti64 this eutectic point is similar to pure titanium at 1.55 

wt% boron (6.5 at%). The solubility of boron in solid titanium is very low for both 

alpha and beta phases however is completely soluble in liquid phase, which is 

highly advantageous for processing [30]. This enables boron to be blended into 

the melt of titanium and during solidification, titanium can react and form the in-

situ discontinuous particulates.  

TiB2 has attractive properties for using as a reinforcing material in a titanium 

matrix. These include high hardness of 3000 kg/mm2, high melting point 3000°C 

 
4 Republished with permission of Elsevier Science & Technology Journals, from Journal of Alloys 
and Compounds, “Thermodynamic assessment of the Ti–B system”, X. Ma, C. Li, Z. Du, W. Zhang, 
Copyright © 2003 Elsevier B.V. (2004); permission conveyed through Copyright Clearance Centre, 
Inc. 
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and modulus of 540 GPa. Issues using TiB2 in titanium matrix arise as the brittle 

Ti3B4 easily forms at the interface during processing which greatly reduces the 

strength of the compound [28]. 

Titanium mono-boride (TiB) has been recognised as potentially the most 

advantageous reinforcement of titanium alloys with reviews summarising 

research into formation, properties, and applications performed by a number of 

researchers with [31-34]. Its high hardness, high elastic modulus, low solubility, 

and thermal expansion coefficient close to that of titanium, make it a clear choice 

for use in the discontinuous reinforcement of TMCs.  

TiB exhibits high stability in a titanium matrix without forming intermediate 

phases at the interface and has excellent crystallographic compatibility. This 

results in good adhesion between the two materials [30]. TiB also holds an 

economic advantage over other titanium compounds considered for 

reinforcement as solid-state synthesis can take place at low temperatures of 

between 900-1300oC. Perhaps the most advantageous property is that TiB 

naturally forms single crystal whiskers (particulates with high length to width ratio) 

in a titanium matrix. Whisker reinforcement offers greater improvements in 

stiffness and strength than other discontinuous reinforcement [28].  

The reaction chemistry for TiB composites has been well studied. Favourable 

reactions between the titanium matrix and a number of boron containing additive 

materials exist such that boron reinforcement materials can be generated in-situ 

during processing. These include TiB2, pure B, CrB, and B4C [34]. Titanium and 

boron can react in solid state, making fabrication through in-situ powder 

metallurgy processes viable such as reactive hot pressing and powder extrusion 

[26, 34]. Due to the high solubility of boron in liquid titanium, solution 

precipitation is favourable for in situ-TiB formation, where particulates react and 

precipitate during solidification, this also occurs under rapid solidification 

processes. Cai, et al. [22] reports the reactions that occur for in-situ synthesis of 

TiB in excess titanium are as follows with Gibbs free energy of reaction values also 

given for each:  
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Ti + B → TiB  ∆G(R, 1000K) = −157 kJ/mol Equation 1.1 

 
Ti + 2B → TiB2 ∆G(R, 1000K) = −308 kJ/mol Equation 1.2 

 
Ti + TiB2 → 2TiB  ∆G(R, 1000K) = −6.3 kJ/mol Equation 1.3 

 
The negative Gibbs free energy of Equation 1.1, 1.2, 1.3 indicates that both 

reactions to form TiB and TiB2 will proceed. However, Cai, et al. [22] and Zhang et 

al. [35] establish that in excess titanium the decomposition of TiB2 into TiB will 

occur as the Gibbs free energy of this reaction is also negative, making TiB the 

more stable reinforcing material.  

TiB forms as a mixture of both B27 orthorhombic phase and metastable Bf crystals. 

Intimate mixing of these two structures is possible as B27(200) plane exactly mates 

with the Bf(110) or (110) (with B27[010]//Bf[001]) [36]. In experiments where TiB 

is produced in the rapid solidification process of laser cladding on a titanium alloy 

substrate, three different morphologies of TiB are observed: fine needles (200 nm 

by 15 µm), plates (1 µm by 3 µm by 15 µm), and coarse single needles or whiskers 

(3 µm by 50 µm). The single whisker morphology develops in TiB as the growth 

rate is fastest in the (010) direction [34]. 

The properties of TiB can only be determined through approximation or estimated 

through multi-phase systems such as Ti-TiB composites as a single component 

sample of TiB for experimentation is yet to be produced. This difficulty arises as 

pure TiB forms at a peritectic point from liquid Ti and TiB2 at 50 at% as indicated 

in the phase diagram (Figure 1.3). 

In determining the stiffness of TiB whiskers the Tsai-Halpin theory has been 

successfully used by Atri et al. [37]. Varying volume fractions of TiB in titanium 

matrix were used to estimate the elastic modulus of TiB at 371 GPa. Suggestions 

have been made that TiB whiskers may exhibit elastic anisotropy due to the 

whisker morphology and growth characteristics. Gorsse and Miracle [33] again 

applied the Tsai-Halpin equation to this problem. Estimates were made for the 

transverse and longitudinal elastic moduli from measurements made on samples 
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with a high degree of whisker alignment. Transverse and longitudinal moduli were 

estimated at 450 GPa and 514 GPa respectively resulting in polycrystalline 

modulus of 482 GPa, much higher than previous models. Microstructural texture 

may have resulted in incorrect back-calculation as extrusion was used as the 

means to align the fibres. The extrusion textured titanium matrix would have a 

higher stiffness in the extruded direction and as such overestimation of the 

reinforcement stiffness would result. 

Thermal expansion coefficient is a critical property required for determining the 

compatibility between matrix and reinforcement. The most accurate method of 

determining this is from single crystals for determination of thermal expansion 

coefficient in principle crystallographic directions. Single crystals are yet to be 

produced for TiB and, as with stiffness, this has had to be approximated from TiB 

rich material. Estimates based on this material have determined an expansion 

coefficient of 7.45x10-6/K at room temperature and 11.6x10-6/K at 1625K [28]. 

The nature of the single crystal whisker morphology of TiB in titanium has seen 

dramatic increases in stiffness when relatively high proportions of TiB have been 

used. With 10vol% TiB an increase in elastic modulus of 20-25% was achieved by 

Godfrey et al. [38]. Gorsse et al. [39] reported TMC’s containing 20% volume TiB 

achieved near 50% increase in Young’s Modulus. With increasing volume fraction 

of TiB stiffness increases, however this is at the expense of ductility. Volume 

reinforcement of 30% typically results in very little, if any, ductility [34]. 

Strength of Ti-TiB composites varies greatly depending on composition. Values in 

ultimate tensile strength range between 673 MPa and 1820 MPa. Saito, et al. [4] 

provide an in depth study into the strength of TiB whisker reinforced commercially 

pure titanium. Compositions containing 10, 20 and 30vol% show ultimate strength 

increases from 1080 MPa to 1820 MPa, more than double that of wrought CP 

titanium, which typically exhibits ultimate strength of 550 MPa. Numerous 

investigations involving TiB reinforcement of titanium have been performed 

through many different methods. Morsi and Patel [34] have tabulated many of the 

mechanical property results from these studies for comparison. These tables can 

be found in the appendix at the end of this thesis. 
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Small boron additions to titanium have demonstrated significant refinement in 

grain size. Tamirisakandala et al. [40] investigated this mechanism and proposed 

it was due to TiB precipitating at beta grain boundaries during solidification of 

titanium, pinning them and forcing the initiation of new grains rather than the 

growth of existing ones. This formed the structures seen in as-cast material where 

TiB particles were observed at the prior beta grain boundaries. 

This grain refining effect is seen with very low additions of boron. In cast Ti64, low 

additions of boron (0.1 wt%) were seen to reduce the average grain size from 1700 

µm to less than 200 µm as presented in Figure 1.4. Above 0.1 wt% boron, little 

further effect on reducing grain size was observed [40]. 

 

Figure 1.4: Grain refinement in titanium alloys with small boron additions [40]5. 

The influence of low percentage boron additions on various properties have been 

studied. Additions of boron to cast titanium alloys have been explored between 

the ranges of 0.01 wt% and 2.5 wt% by Bilous et al. [41]. Below 0.05 wt% the 

plasticity of the material was improved. Higher boron additions, up to 2.5 wt%, 

resulted in hardness and yield strength increases, up to two times higher than the 

 
5 Republished with permission of Elsevier Science & Technology Journals, from Scripta Materialia, 
“Grain refinement of cast titanium alloys via trace boron addition”, S. Tamirisakandala, R.B. Bhat, 
J.S. Tiley, D.B. Miracle, Copyright © 2005 Acta Materialia Inc. (2005); permission conveyed through 
Copyright Clearance Centre, Inc. 
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unmodified alloy. Sen et al. [42] investigated additions of boron up to 0.55 wt% in 

cast Ti64 with increases in tensile strength observed. This increase in strength 

corresponded with reduction in ductility, which presented when more than 0.1 

wt% boron was added.  

The fatigue properties of boron modified Ti64 were investigated by Chen and 

Boehlert [43] as well as Sen et al. [44]. High cycle fatigue strength was improved 

by up to 50% with boron additions of 0.55 wt%. It was expected that a finer grain 

structure would improve the fatigue properties, however the enhancement in 

fatigue was attributed more to the presence of TiB particles. It was concluded that 

the strong interface between the titanium matrix and TiB could hinder crack 

initiation for improved fatigue performance. 

One of the major driving factors for adding TiB to titanium alloys is to try and 

improve the poor tribological properties of titanium. Investment casting of CP Ti 

and B4C has been used to fabricate TiB+TiC composites for investigation of wear 

properties. Additions of B4C (between 1 and 4 wt%) were made to Grade 2 CP 

titanium with in-situ synthesis of the TiB and TiC occurring during the casting 

process, following which the wear characteristics were investigated. Wear damage 

was reduced by the reinforcement addition which was attributed to the overall 

material hardness increase resulting from reinforcement particles. Reduced crack 

propagation was also suggested as a mechanism for improved wear resistance in 

the reinforced material as this would reduce debris generation [45]. 

Alman and Hawk [46] investigated the abrasive wear (pin on garnet abrasive drum) 

properties of sintered TMC’s reinforced with: carbides, borides, and silicon nitride. 

All materials had an improvement in wear resistance, also attributed to an 

increase in hardness and the strength of the interface between the matrix and 

reinforcing phases.  

1.2.2 Interstitial and Diffusion Hardening of Titanium 

Another process investigated for modifying the properties of titanium is interstitial 

and diffusion hardening. This is employed using elements that have increased 

solubility in titanium where the role of the added elements is not to precipitate as 

particulates but to form a solid solution. The solute element interacts with the 
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metallic crystal lattice disrupting dislocation slip [47, 48]. Oxygen and nitrogen are 

two such elements employed for interstitial hardening and strengthening of 

titanium.  

This process can also be called diffusion hardening as interstitial elements with 

high solubility are intentionally diffused within titanium during processing. 

Diffusion hardening can be employed as a coating process by thermal treatment 

of titanium with a high concentration of the solute present at the surface of the 

material. For example, heat treating titanium in a nitrogen atmosphere. Diffusion 

coatings produce a graded hardness profile into the substrate that is dependent 

on the concentration of solute. Where concentrations of the solute are greater 

than the elements’ solubility, such as the surface of titanium in the nitrogen 

diffusion coating example, compounds of the solute and titanium form [49]. 

Continuing through this review, the specific influence of oxygen on titanium will 

be explored as it is a subject of this work. 

The maximum solubility for oxygen in alpha-titanium is approximately 33 at%, the 

highest of any metal. This is seen in the titanium-oxygen phase diagram Figure 1.5. 

In beta-titanium phase the solubility of oxygen drops to a maximum of about 8 

at%[50]. It can also be determined from the phase diagram that oxygen is an alpha 

stabiliser as the alpha to beta transition is eliminated at higher oxygen levels. Being 

alpha stabilising also adds to the strengthening effect oxygen has in α+β titanium 

alloys such as Ti64. Increased oxygen will increase the proportion of alpha phase 

present [51]. As alpha phase is the stronger titanium phase this typically presents 

as an increase in material strength.  
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Figure 1.5: Titanium-Oxygen phase diagram [50]6. 

An increase in strength and hardness with corresponding drop in ductility is typical 

with increasing oxygen content up to a threshold of approximately 0.4 wt% 

depending on material processing. Petunina [52] found that an oxygen content of 

0.41 wt% increased the tensile strength of rolled, forged, titanium rods to the 

same degree as only 0.105 wt% nitrogen. Greater than these amounts caused a 

sharp decline in tensile strength and elongation. Simbi and Scully [53] also found 

that up to 0.4 wt% oxygen could improve the strength of CP titanium. 

When working with Ti64 alloy it has been noted that the influence of alloying 

elements can have significant effects on interstitial hardening. Forged and 

annealed titanium alloys with aluminium content greater than 3-4 wt% require 

oxygen content less than 0.35 wt% to maintain some ductility. This is due to the 

solubility of aluminium being reduced in titanium alloys with increased oxygen and 

the influence of oxygen and aluminium both being alpha stabilising elements [54]. 

Again, this is dependent on specific processing of the material.  

 
6 Reprinted by permission from Springer Nature: Journal of Phase Equilibria (and diffusion), “O-Ti 
(Oxygen-Titanium)”, H. Okamoto, Copyright © 2011, ASM International (2011); permission 
conveyed through Copyright Clearance Centre, Inc. 
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Jones et al. [55] made small additions of TiO2 up to 1.5 wt% to Ti64 alloy using 

spark plasma sintering and extrusion. Differences in mechanical properties were 

studied along with ballistic performance, as compared with Ti64 rolled plate. A 

notable increase in UTS and yield strength was observed while elongation was 

reduced. These differences were attributed to a combination of grain refinement 

and the additional oxygen content, with oxygen increase being the more 

significant factor. An 8% improvement in ballistic performance over rolled Ti64 

plate was also reported. 

As with the discontinuous reinforcement, interstitial hardening through the 

increase in oxygen content impacts the wear performance of titanium materials. 

As wear performance is primarily a surface property, investigation of surface 

oxygen diffusion coatings have been studied to identify differences in wear 

behaviour. These coatings have been identified as causing a reduction in the wear 

rate of titanium with less adhesive wear taking place. The effect of oxygen content 

on the tribological characteristics of titanium after isothermal surface oxidation 

were investigated by Aniołek et al. [56]. This treatment increased resistance to dry 

sliding wear of grade 2 titanium, reducing volumetric wear by up to 61%. While 

this is beneficial, any breakdown of the hardened oxygen diffusion layer quickly 

propagates and degrades wear performance to that of the original titanium alloy 

[57, 58]. 

Kümmel et al. [59] investigated the wear performance of Ti64, coated with an 

oxygen diffusion layer. By grinding away specific amounts of the diffusion coated 

surface prior to testing, the effect different oxygen concentrations had on wear 

performance could be identified. Hardness and oxygen content decreased 

exponentially, approaching bulk material levels at a depth of 30μm. The wear rate 

was reduced close to the surface (10μm depth) where oxygen content was high. 

Beyond 10μm below the surface there was a step change in wear behaviour with 

the wear rate approaching that of the bulk Ti64. This indicates there may be a 

threshold level of oxygen content, below which wear properties are not 

significantly impacted. 
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When seeking to strengthen titanium alloys by incorporating additives both 

particulate inclusion and interstation/diffusion strengthening have been shown to 

be effective. Specific manufacturing conditions can change how these 

modifications can perform and many different processes can be used for 

generation of these modified materials. Additionally, titanium wear behaviour can 

be modified through particulate and interstitial modification, which is the subject 

of an expanding amount of research. Wear performance is also highly sensitive to 

the material condition and specific wearing application. In particular, the 

counterbody, loading, system dynamics, and environment can all have significant 

impact on a materials wearing behaviour [60]. 

Metal additive manufacturing (AM) is one such method that provides some 

valuable benefits including net shape production. In-situ processing of blended 

powder feedstocks can also be used for development of particulates as well as 

diffusion strengthening. The impact of this processing on wear performance of the 

modified materials requires characterisation. Details on additive manufacturing 

technologies and the application to producing modified titanium alloys are 

covered in the following section. 

1.3 Metal Additive Manufacturing 

All current commercial technologies for the additive manufacture of metals use a 

similar process of fabricating parts layer by layer to achieve the full 3D part. These 

processes start with a 3D digital model of the part to be manufactured. This is then 

post processed into layer/slice information for the additive manufacturing 

machine. This slice information provides the machine with the processing paths 

required to generate the surfaces and solid sections of the part. An energy source, 

often a laser or electron beam, is used to melt and consolidate a metal feedstock 

such as a powder, in accordance with the processing paths to build 3D parts. A 

number of different technologies have been commercialised, the most common 

being directed energy deposition (DED) and powder bed fusion (PBF) processes 

1.3.1 Directed Energy Deposition (DED) Technologies 

DED processes are typically defined by the simultaneous application of heat and 

feedstock material alongside one another. The metal feedstock materials can be 
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in the form of wire, powder, or both which are fed or directed into a melt pool 

established by the energy source. This energy source can be a plasma arc, laser, or 

electron beam. The energy source and material feed system are typically 

combined in a deposition head which is moved over the printing surface. They are 

characterised by high build rates (kg/hour) targeted at producing large near net 

shape parts that require additional post processing for finishing. 

1.3.2 Powder Bed Fusion (PBF) Technologies 

PBF uses a metal powder as feedstock material and electron beam or laser as the 

heat input. The energy beam is used to melt consecutive layers of metal powder 

in accordance with part slice data. Powder is spread evenly on the build platform 

via a sweeping recoating mechanism. The heat source is then scanned over the 

powder layer to selectively melt and consolidate it to build up the part. After each 

layer exposure is complete the build platform lowers in accordance with the 

programmed layer thickness and a new powder layer is deposited. The process 

repeats until the part is completed. As the name suggests, electron beam melting 

(EBM) uses an electron beam as the energy input. A high vacuum is required in the 

build chamber as electrons are refracted and deflected by atoms in the 

atmosphere, which reduces the focus of the beam. Selective laser melting (SLM) 

uses lasers as the energy source and can operate within a chamber of inert gas.  

The SLM process is the focus of this research and is the ongoing subject of this 

review. Similar ideas and concepts can be applied to the other AM technologies 

described previously but are not specified.  

1.3.3 Selective Laser Melting (SLM) 

1.3.3.1 SLM Process Properties 

Figure 1.6 demonstrates the build process and chamber layout in SLM. Typically, 

layers between 20 µm to 100 µm are used depending on the material and powder 

particle size. SLM is capable of fabricating parts to tolerances of 30-50 μm 

depending on part geometry. Maximum part sizes are limited by the build 

chamber. Current machines on the market such as the SLM280HL have build 

volumes of 280x280x350 mm3 [61]. Developments are on-going to increase the 

build volumes to allow larger parts and greater production volumes. SLM is often 
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mistakenly called selective laser sintering (SLS) or laser sintering (LS). Historically 

laser technology did not enable full melting of metal powders. The process of SLS 

partially melted and consolidated the powder (hence sintering) which requires 

post processing to achieve full density and strength. The development of high-

powered fibre lasers allowed full melting of the powder which is capable of 

producing fully dense, full functionality parts. 

 

Figure 1.6: SLM build process schematic identifying mechanism of powder 
recoating and laser scanning of a part [62]7. 

SLM’s capability to form highly complex, functional metal products has resulted in 

an increased popularity for this manufacturing process. This growing interest and 

the need to classify and improve the technology has resulted in a significant 

amount of research effort aimed at characterising the physical phenomena of the 

SLM process. 

Variation in processing parameters of SLM have a huge impact upon the final 

product performance. Rehme and Emmelmann [63] state there are over 130 

processing parameters that are suggested to influence the quality of a part 

produced via SLM in terms of density, material properties and surface finish. 

Approximately 13 of these parameters are critical to achieving fully dense parts 

with few defects, good surface finish, and good mechanical properties. Without 

 
7 Republished from MATEC Web of Conferences, “Investigation into Effects of Scanning Speed on 
in Vitro Biocompatibility of Selective Laser Melted 316L Stainless Steel Parts”, Y. Shang, Y. Yuan, Y. 
Zhang, D. Li, Y. li, (2017); use permitted under the Creative Commons Attribution License CC BY 4.0 
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careful consideration of the energy input and consolidation pathways, the part 

density and mechanical properties can be greatly affected. The parameters 

associated with SLM can be broadly categorized into two sections: processing 

parameters and material parameters. 

Processing parameters include all those associated with the build of parts in the 

machine and the process environment. This includes energy imparted to the 

powder bed, the layout of scan patterns and laser pathways, and build chamber 

atmosphere. Material parameters are those relating to the powder feedstock 

including powder morphology, size and distribution, as well as powder material 

properties.  

Different properties of SLM produced parts can be investigated to identify suitable 

process operating parameters. One of the most important attributes of 

manufactured parts is density, as this is a measure of porosity and defects within 

the SLM manufactured part [63]. Porosity defects form through a number of 

mechanisms that relate to incorrect processing parameters [64, 65]. Lack of fusion 

(LOF) porosity is a form of defect that typically results from insufficient energy 

input during SLM. A new layer of powder may not be fully melted with low energy 

or may not form a melt pool overlap with neighbouring laser scan paths. This 

results in large, irregular defects, within which partially melted powder particles 

can often be observed [66]. 

One mechanism in forming LOF pores is the phenomena of balling. Balling is a 

complex process that occurs due to thermal and surface tension gradients in the 

melt pool [67]. This results in molten metal forming into solidified spheres larger 

than the powder size. Gu and Shen [68] identified two different balling 

mechanisms in SLM. Low laser power produced large, coarsened metal particles, 

developed by reduced liquid formation and capillary forces. Of lesser concern was 

the formation of laser induced melt splash balls. These were formed by capillary 

instability in the melt and formed spheres on the surface no greater than those of 

the powder feedstock. Shen et al. [69] also highlighted that high energy input 

could cause melt pool instability, resulting in discontinuous track formation, due 

to large melt pools of low viscosity. The formation of large spheres through the 
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balling process is detrimental to the quality of parts as it introduces inconsistencies 

into the consolidated material along laser paths and can result in LOF pores 

forming. The large ball particles produced also promote porosity by interrupting 

the recoating of consecutive layers of powder. These studies have determined 

balling can be eliminated through increasing the energy input to the melt pool.  

Further porosity defects can be formed when SLM energy input is too high. A form 

of pore that can form under these conditions is gas entrapment porosity [64, 70]. 

With higher energy input a larger, deeper, melt pool can form under the laser. This 

can become very unstable due to the rate of temperature change, gas forces and 

other physical effects. Gas bubbles can become trapped within the unstable pool 

as it solidifies, creating a defect. This can also be referred to as keyhole porosity 

where the higher laser power forms a pit in the melt pool, further increasing the 

laser energy absorbed due to internal reflection. The subsequent collaps of this pit 

results in trapped gas pockets [71, 72]. Gas entrapment pores are identified by 

their more regular spherical shape. A balance needs to be achieved between low 

energy input causing LOF defects, and gas entrapment from melt instability at high 

energy densities [73]. 

The impact of build parameters on part density and porosity has been the focus of 

many investigations into SLM [74]. Regression analysis of process parameters and 

their effect on part density are often used to establish processing parameters 

empirically [75-77]. Other studies by Childs and Hauser [78] and Wright et al. [79] 

target the optimisation of processing conditions in single track formation through 

controlling melt pool stability to achieve high density products. Surface roughness 

and material hardness of fabricated parts are also properties that researchers 

have focused on for optimising SLM parameters [74, 80-82]. These are also easily 

measurable with suitable equipment and can identify the effect different 

parameters have on part characteristics. Henceforth in this review these variables 

will be referred to as part quality. High quality parts are defined as having high 

density (>98%), low surface roughness, and hardness comparable to that of billet 

material.  
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For parameter development, key process parameters are often combined into the 

energy density factor, E in J/mm3. This represents the amount of energy imparted 

to a volume of new powder and is calculated by Equation 1.4. This factor is a 

representation of the energy input for the melting/consolidation process which 

impacts the densification of parts and microstructural development [83]. Energy 

density is useful for parameter development and optimisation, enabling 

comparison between different parameter sets and the resultant properties of the 

SLM manufacture material [77, 84]  

𝐸 =
𝑃

𝑣 ∙ ℎ ∙ 𝑡
 Equation 1.4 

E – energy density (J/mm3) 
P – laser power (W) 
𝑣  – laser scanning speed (mm/s) 
h – hatch distance or spacing between laser scans (mm) 
t – layer thickness (mm) 

The use of the energy density equation in selecting/optimising parameters is 

somewhat limited. A range of different parameters can be selected to give the 

same value of energy density. Investigation has shown that the properties of 

consolidated material can vary greatly despite identical energy density calculated 

using Equation 1.4 [85]. Material parameters such as powder morphology also 

have a significant influence on consolidation and are not accounted for within 

energy density. When comparing different SLM systems the energy density factor 

can be used for approximate comparisons however different SLM systems operate 

with different hardware such as pulsed vs. continuous lasers. The large number of 

parameters that have an influence on material consolidation make it difficult to 

accurately compare different systems without extensive characterisation relating 

the parameters used in each process.  

In addition to energy density parameters, processing features such as the laser 

scan pattern can have an impact on SLM part quality. Figure 1.7 presents a typical 

laser scan pattern for SLM processing, comprising contour or border scans around 

the periphery of the part and an internal hatch pattern of scan lines. These 

parameters are set to ensure overlap of the melt pool under the laser and 

consolidated material of adjacent paths to produce fully dense, high quality parts. 
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To improve the homogeneity of the parts and eliminate any directional effects that 

may occur due to the scan pattern. a rotation of the scan pattern is normally 

performed. Thijs et al. [86] reported an increase in density of parts fabricated with 

a layer rotating scan strategy compared to unidirectional scanning. A more 

equiaxed grain structure was also observed with reduced directional effects.  

 

Figure 1.7: Example of a SLM scan pattern and 90° rotation of the scan pattern 
in sequential layers of the process [87]8. 

To achieve optimal processing conditions, the build chamber in the SLM process is 

purged with argon to reduce the oxygen concentration below 0.2%. This 

eliminates flammability issues with powdered materials and prevents oxidation of 

the metal at the high processing temperatures. An inert gas flow across the build 

platform is maintained to remove bi-products of the laser processing which 

include vaporised powder (condensate). This helps maintain a clean atmosphere 

for the laser which is important for beam quality. The condensate is filtered from 

the argon and recycled in a continuous loop. Studies by Dadbakhsh, et al. [87] and 

Ferrar et al. [88] have identified that this gas flow can have an effect on the quality 

of parts produced by SLM. Dadbakhsh, et al. [87] identified that part layout and 

cooling rates created by the gas flow influenced the mechanical properties of 

stainless steel parts. Ferrar, et al. [88] determined that gas flow uniformity had an 

effect on the porosity of parts. With uneven gas flow across the powder bed the 

porosity was found to vary and resulted in difficulty creating repeatable results, 

 
8 Republished with permission of Emerald Publishing Limited, from Rapid Prototyping Journal, 
“Effect of selective laser melting layout on the quality of stainless steel parts”, S. Dadbakhsh, L. 
Hao, N. Sewell, Copyright © 2012, Emerald Group Publishing Limited (2021); permission conveyed 
through Copyright Clearance Centre, Inc. 
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both within a single build at different part positions and between different builds. 

Design improvements to the gas delivery system were implemented that reduced 

the observed variation. 

Thermal modelling has been especially helpful in the development of SLM. Das 

and Chung [89] developed an early 1D model in treating the rapid melting and 

solidification under laser processing as a Stefan problem. This enabled the 

determination of the melt and solidification times along with melt penetration 

with varying scan speed, spot size, and laser spot profile. This was a highly 

simplified model and has since been improved upon. Tolochko et al. [90] produced 

an in-depth study on the theory behind laser processing which identifies the ability 

of laser processing to fabricate fully dense parts through the full melting of metal 

powders. 

Although analytical models have been developed these involve assumptions and 

simplifications of boundary conditions. Numerical methods such as FEA have 

proven capable of simulating the laser melting process despite the systems’ 

complexity. Simulation of the laser power and scan speed by Chen and Zhang [91] 

gave an improved understanding of the melt pool development and penetration 

into the powder bed. A number of other studies have been performed using 

various techniques to develop the understanding of the SLM process and improve 

the technology and its application [92-94]. 

SLM processing maps have been produced for various materials however given 

the large number of variables that have an impact on the process these are not 

standardised. These maps can identify general effects that process parameters 

have on material properties and indicate the range within which parameters can 

fail to produce high quality products. Gong et al. [95] developed the process map 

in Figure 1.8 for titanium alloy Ti64 based on parameters in the volumetric energy 

density formula. Laser power and scanning speed were varied to identify different 

“zones” of behaviour with respect to part density. Zone I is classified as producing 

fully dense parts. Features of over-melting and incomplete melting are 

represented by Zone II and Zone III respectively.  
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Figure 1.8: Process map for SLM of Raymore Ti64 powder [95]9. 

Song, et al. [81] also optimised parameters for Ti64 based on the investigation of 

forming single tracks on Ti64 plate. A laser power of 110 W and speed of 400 mm/s 

were identified as optimal for producing the best quality parts. When compared 

to the work of Gong, et al. [95] in Figure 1.8, these parameters are identified as 

over melted (Zone 2).  

This highlights the fact that there are additional factors influencing part quality 

within these studies leading to considerable variability between optimised 

parameters used by researchers. Further, using the energy density factor for 

optimisation does not account for additional process variables and is somewhat 

limited, as claimed by Lu, et al. [85]. Process maps may only be applicable to the 

study within which they are performed as the number of other unreported 

variables that have an influence on part quality is high. Other investigations that 

do not reproduce the same conditions on similar equipment will have difficulty 

reproducing results. This is made obvious in literature by the significant range of 

energy density values reported for SLM processing of a material. For SLM of Ti64, 

energy density values between 40 J/mm3 and 120 J/mm3 [74, 96-98] are reported 

as optimum. While the large number of influential process parameters add 

complexity to optimisation of SLM processes, trends such as those identified in 

Figure 1.8 by Gong, et al. [95] should still apply. 

 
9 Reproduced from Solid Freeform Fabrication Symposium Proceedings, “The effects of processing 
parameters on defect regularity in Ti-6Al-4V parts fabricated by selective laser melting and electron 
beam melting”, H. Gong, K. Rafi, T. Starr, B. Stucker (2013); with permission within Solid Freeform 
Fabrication (SFF) Symposium guidelines, https://www.sffsymposium.org/ 



 

Page | 31  
 

When considering commercialisation of SLM it is important that the parameters 

used follow the most efficient method. Part turnover is one of the greatest 

requirements in industry, alongside part quality. As such the time to manufacture 

should be minimised. Sun et al. [99] identified SLM parameters of 80 W laser 

power and 200 mm/s scanning speed as optimal for Ti64. While providing insight 

into the mechanisms behind SLM, the speed of this process is fairly slow and does 

not prove to be commercially viable. Vrancken et al. [100] identify a more 

commercially applicable set of process parameters with laser power of 250 W and 

speed of 1600 mm/s. Depending on other parameters, these parameters would 

reduce laser time by a factor of eight. This is especially significant when building 

larger volume components with fabrication times greater than 48 hours. 

The temperature gradients and rapid phase changes in SLM cause some unique 

challenges to the process. Cooling rates in laser processing range have been 

identified as being in the range of 1-40 K/μs [101, 102]. These cooling rates give 

rise to some unique microstructures. A significant challenge that is also introduced 

by this rapid cooling is the residual stress induced in the built components. These 

stresses are caused by the rapid solidification and associated solidification 

shrinkage as the material transitions from liquid to solid. The largest stress has 

been identified as occurring at the top surface of the parts [74]. These thermal 

stresses can cause parts to break away from the substrate plate or crack if the 

residual stress becomes great enough. Large overhangs also demonstrate a 

tendency to curl upwards due to these thermal stresses. 

Shiomi et al. [103] experimented with chrome molybdenum steel to determine an 

effective means of reducing residual stresses. Build chamber heating, layer re-

scanning, and post fabrication heat treatment all served to reduce residual stress 

in the products by greater than 40%. In the case of heat treatment, the reduction 

in residual stress was up to 70%. 

Modelling of track formation and stress development has also led to identification 

of stress reducing parameters. Matsumoto et al. [104] used FEA to determine that 

scanning strategy and pattern could be used to greatly reduce the internal stress. 

They identified the stress and deflection is a function of scan vector length. By 
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reducing scan vector lengths and using a random checkerboard pattern the 

residual stress and likelihood of parts failing due to stress cracking in the 

fabrication process could be minimised.  

1.3.3.2 SLM Powder Properties 

SLM has specific requirements with respect to the quality of metal powder that 

can be processed successfully to produce high quality parts. The morphology and 

size of the powder can have a number of effects on the recoating and 

consolidation. Spherical metal powders are required for SLM due to the flowability 

and attainable packing density. Recoating of the powder during SLM processing 

requires a thin layer, between 20 µm and 100 µm, to be deposited. This is done by 

sweeping new powder over the build platform after the platform has been 

lowered to allow a thin layer of new powder to be left behind. Non-spherical 

powder is more prone to clumping and results in uneven recoating which in turn 

can lead to defects in the build and makes reproducibility of parts very difficult. 

Suggestions have been made that powder of more irregular shape can be used in 

the SLM process if greater layer thicknesses are used as this reduces the variation 

in the powder layer [105].  

Powders used in SLM are not of uniform size and often follow a Gaussian 

distribution due to manufacturing conditions and sieving capabilities. Bourell et al. 

[106] identified that powder distribution affected the part mechanical properties. 

Larger proportions of smaller particles resulted in better melt pool development 

and greater part densities with lower energy input. Larger mean particle 

distributions were found to develop greater elongation properties while higher 

strength parts were obtained from smaller powders. It is proposed that to achieve 

high quality parts the powder distribution should be smaller than the layer 

thickness and contain a high proportion of small particles. 

The packing density of the powder is another important property that can improve 

part quality. The density of the powder bed in SLM has been identified to affect 

the final part density by Liu et al. [107]. A greater bed density is capable of better 

laser energy absorption and results in a more stable melt pool. For SLM, the 

packing density is estimated as being equivalent to the loose poured density 
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(apparent density) of the powder. Measurement and simulation for  the packing 

density of spherical particles in a have determined the maximum apparent density 

of SLM metals powders is approximately 60% [108, 109].  

1.3.3.3 SLM Materials - Titanium Properties  

Market development of SLM has seen the expansion of the technology into a 

number of materials. Current reported materials that have progressed to 

commercial use through additive manufacturing are listed in Table 1.8. 

Table 1.8: Selected materials commonly used in SLM for commercial purposes. 

Titanium Aluminium Tool 

Steels 

Super 

alloys 

Stainless 

steel 

Refractory 

Ti64 

ELI Ti 

CP TI 

γ-TiAl 

Al-Si-Mg 

6061 

H13 

Cermets 

IN625 

IN718 

Stellite 

316/316L 

420 

347 

PH 17-4 

MoRe 

Ta-W 

CoCr 

Alumina 

One of the most investigated alloys for additive manufacturing is titanium alloy 

Ti64 due to the advantageous economics of producing net shape, complex 

geometry, for batches of low production volume parts. 

The nature of rapid melting and solidification in SLM results in the development 

of microstructures that are very process specific. Thijs, et al. [86] has extensively 

classified the microstructure that develops from SLM processing of Ti64. The rapid 

cooling rates develop a fully martensitic alpha prime structure. The grain structure 

of the material is very dependent on processing, exhibiting features that align 

within the material. Figure 1.9 presents the typical microstructure of SLM 

fabricated Ti64 as characterised by Rafi et al. [110]. The overall structure consists 

of fine alpha prime martensite lathes. These are arranged in colonies/prior-beta 

grains, displaying alignment specific to the build direction. Long columnar grains 

in vertical cross sections, (a) and (b), extend in the build direction. The horizontal 

section in plane with the build layers, (c) and (d), presents an equiaxed grain 

appearance. It has been noted that the equiaxed grains are approximately the size 

of the laser spot (70-100 µm) [100] 



 

Page | 34  
 

 

Figure 1.9: Microstructure of Ti64 fabricated by SLM. (a,b) Vertical section 
showing columnar grains extending in the build direction. (c,d) horizontal 
section in plan with build layers showing equiaxed cross section of columnar 
grains. [110]10. 

This grain structure is developed due to the directional solidification that takes 

place as the laser processes consecutive layers. As a new layer is added, the 

previous layer is also partially melted. A single point in the material may 

experience remelting and subsequent directional solidification a number of times 

as further layers are added [111]. This process allows the growth of the columnar 

grains. Solidification occurs from the bottom of the melt pool aided by pre-existing 

grain boundaries. This causes these grains to elongate in the build direction. 

Murr et al. [112] classified the anisotropic nature of Ti64 parts fabricated through 

SLM. The fully martensitic structure develops high strength material however this 

is at the expense of ductility. The nature of the microstructure and processing was 

seen to develop directional effects in the mechanical properties. Table 1.9 lists 

some properties observed, showing these anisotropic properties for Ti64 products 

fabricated at different orientations [96, 110]. Cecchel et al. [113] also investigated 

 
10 Reprinted by permission from Springer Nature: Journal of Materials Engineering and 
Performance, “Microstructures and Mechanical Properties of Ti6Al4V Parts Fabricated by Selective 
Laser Melting and Electron Beam Melting”, H.K. Rafi, N.V. Karthik, H. Gong, T.L. Starr, B.E. Stucker, 
Copyright © 2013, ASM International (2013); permission conveyed through Copyright Clearance 
Centre, Inc. 
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these anisotropic effects of microstructure on mechanical properties. In the 

direction of columnar grains (vertical) the as-built strength properties were 

marginally higher than in the horizontal direction, in contrast to those of Table 1.9. 

This can be explained due to the solid-state transformation that takes place as Ti64 

cools. The resultant phase and fine lamella structure of the material forms within 

the columnar grains in coordination with the grain crystallographic arraignment, 

which is not necessarily dependent on the overall columnar appearance. Thijs, et 

al. [86] determined that aligning the laser scanning direction throughout a part did 

result in preferential alignment within columnar grains and as such anisotropic 

properties were observed. The variation in anisotropic properties presented 

through literature highlights the influence individual processing conditions have 

on SLM manufactured material.  

Table 1.9: Orientation effects on mechanical properties of SLM Ti64. 

Orientation 0.2% Yield 

Stress (MPa) 

Ultimate Tensile 

Stress (MPa) 

Young’s 

Modulus 

(GPa) 

Elongation 

(%) 

Ref. 

Vertical 1143 1219 - 4.9 [110] 

Horizontal 1195 1269 - 5.0 [110] 

Vertical 978 1143 115 11.8 [96] 

Horizontal 1075 1199 113 7.6 [96] 

 

1.3.3.4 SLM Titanium Heat Treatments 

Heat treatments are commonly performed on Ti64 to modify various properties 

through altering the microstructure. The condition of the material prior to heat 

treatment influences the resultant properties as any changes are developed from 

the initial microstructure [9]. SLM Ti64 parts have a fine martensitic 

microstructure with some anisotropic features as described previously and 

presented in Figure 1.9. The effect of heat treatments on this material have been 

studied to identify differences compared to heat treating Ti64 produced through 

traditional manufacturing methods. 

Stress relieving treatments are seen as important to reduce residual stress and 

distortion that is a characteristic of the SLM process. These treatments are 

designed to minimise the transformation of the original fine martensite lamella 
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and are typically performed around 600°C to 700°C for a few hours [1, 9]. Kruth, 

et al. [74] noted in a review that hardness (369 HV) and toughness of SLM printed 

Ti64 were not altered after stress relief treatment at 595°C for 3 hours. In a further 

investigated treatment of 730°C for 2 hours, toughness decreased slightly, and 

hardness was increased to 386 HV. Eshawish et al. [114] noted that the martensitic 

structure of as-built SLM printed Ti64 was maintained after treatment at 702°C for 

2 hours, resulting in a hardness of 408 HV. 

Annealing treatments on SLM Ti64 parts are performed at temperatures above 

that of stress relieving to transform the alpha prime martensitic structure to an 

alpha+beta structure. Sub beta-transus annealing (below approx. 980°C for Ti64 

[1]) does not change the lath colony (prior-beta grain) size but coarsens the lathes 

within them as they transform from martensite to alpha phase, interspaced by 

beta phase [115]. The coarsening of the lathes of alpha and beta is dependent on 

the duration the material is held at elevated temperature [100, 116]. The 

columnar colonies in the build direction, with equiaxed cross section are preserved 

[100]. Mechanical properties developed in sub-beta annealed Ti64 are typically 

reduced yield and ultimate tensile strengths (UTS), with improved elongation to 

fracture. Cecchel, et al. [113] investigated the directional properties of SLM 

produced Ti64, annealed at 800°C for 4 hours. Differences were identified, with 

the vertical orientation having increased tensile strength and elongation 

compared to horizontal samples. 

Heat treating above the beta-transus transforms the columnar martensite lath 

colonies completely to beta phase at this elevated temperature. Again, the 

duration of the heat treatment above the beta-transus will cause 

growth/coarsening of these already large columnar beta grains. Different cooling 

rates for this treatment will alter the room temperature microstructure. Rapid 

quenching at a cooling rate greater than martensite critical cooling rate (410 K/s) 

will again result in a martensitic structure forming [117, 118]. Slower controlled 

cooling will develop alpha+beta phases. These are typically in a coarser lathe 

structure however more globular alpha phase grains have been observed [100, 

113, 116]. An alpha phase boundary can also be formed around prior-beta grains 
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[100]. The yield strength and UTS of beta annealed material is further reduced 

compared to sub-beta annealing with little change in elongation to fracture.  

Through these heat treatments and combinations of them, a range of different 

properties can be developed. A feature that remains is that of aligned columnar 

prior-beta grains. Through heat treatment alone it is difficult to eliminate this 

feature of SLM produced Ti64, and often coarsening of these anisotropic features 

can occur to the detriment of material properties. Other options exist alongside 

heat treatments that can alter the materials performance, including particulate 

inclusion and interstitial strengthening, as discussed previously in this chapter. 

Heat treatments can be applied in conjunction with these modifications and may 

result in new options for adjusting the materials microstructure and properties. 

1.4 In-Situ Modification of Titanium using Oxygen and Boron 

The traditional manufacturing processes of producing TMC’s reinforced with in-

situ TiB whiskers include powder compaction and sintering methods, extrusion 

and some casting capability as outlined by Tjong and Ma [15]. All of these 

processes are limited in terms of product shape with post processing required to 

generate more complex components. The nature of titanium makes machining 

difficult with the reinforcement adding to these difficulties. This makes this 

material more expensive to process and therefore limits application in fields 

where it is highly suited. As a result, net shape fabrication of these composites 

through additive manufacturing has received attention. 

DED processes with powder feedstock have been used to produce titanium 

composites containing TiC particles and TiB whisker reinforcement. Banerjee et al. 

[119] successfully synthesised TiB whisker reinforcement in-situ within a Ti64 

matrix through a powder fed DED process using a laser as the energy source. 

Elemental boron powder was included within the feed material and reacted with 

titanium during solidification of the melt. A homogeneous distribution of TiB 

whiskers was produced with lengths between 1-5 µm. Characterisation of the 

microstructure was performed through SEM imaging and TEM. The microstructure 

of the matrix was found to be refined slightly from that of unreinforced DED 

fabricated Ti64. 
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Zhang et al. [120] also investigated the development of Ti64 matrix TiB/TiC 

composites fabricated through laser and powder DED fabrication. In-situ reactions 

between the matrix alloy and B4C reactant powder were induced in the melt. A 

volume fraction of 25% TiB and TiC reinforcement was produced. TiB existed as 

whisker-like particulates while TiC formed a granular morphology. Some of the B4C 

was identified as unreacted due to reaction products forming at the surface of the 

added B4C particles, forming a barrier that prevented a complete reaction from 

taking place during the rapid solidification and cooling of the material.  

Wang et al. [121] also used laser and powder DED for the fabrication of Ti64 with 

1.55 wt% and 3.1 wt% boron added. The focus of their work was to establish the 

tribological properties of the composite in dry sliding pin on disk experiments. The 

wear rate was reduced through the addition of boron into the material although 

this was attributed to the increase in hardness of the material rather than any 

direct effect of the TiB particulates. In unmodified Ti64 wear began as two body 

abrasion and progressed to three body abrasion and adhesive wear due to the 

interaction between titanium and the iron counterbody. With boron added, the 

wear process was dominated by micro-grooving, attributed to three body abrasion 

between TiB particles pulled from the surface. 

Trace boron additions (less than 0.13 wt%) in Ti64, processed using wire fed DED 

with an arc energy source, have been found to control unfavourable 

microstructures that are established through the manufacturing process. Grain 

boundary-alpha and colony-alpha microstructure features were found to be 

eliminated by the boron addition. Grain refinement of alpha-lathes were also 

observed. After heat treatment a strength increase of 10% and up to 40% 

improvement in ductility were achieved for the boron modified alloy [122]. 

Research by Attar, et al. [77] has seen the application of SLM to the fabrication of 

TiB in a CP titanium matrix from the reaction of 5 wt% TiB2. Mechanical milling of 

initial feedstock was used to initially blend the titanium with TiB2 resulting in 

irregular shaped feedstock powder. Fully dense parts were still achieved with fully 

developed TiB whiskers. Processing parameters of the SLM system were 

investigated with an energy density of 120 J/mm3 established as suitable for 
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processing this material. Compressive mechanical properties developed from this 

material included hardness of 402 HV, yield strength 1103 MPa and compressive 

strength 1421 MPa compared to 261 HV, 560 MPa and 1136 MPa in SLM fabricated 

CP titanium. Refinement of the titanium grains was also observed as a result of the 

boron addition. Further work by Attar et al. [123] looked at wear performance of 

SLM manufactured CP titanium with 5 wt% TiB2 added. An improvement in wear 

properties was observed in the boron modified material. This presented as 

reduced delamination which was determined as consistent with the increased 

hardness and grain refinement. 

Minor additions of B4C up to 1 wt% have been made to Ti64 parts through SLM 

manufacture by Li et al. [124]. This was found to develop nanoscale TiB whiskers 

and TiC particulates via in-situ reactions during manufacture. The particulates 

formed a network like structure with concentrations of particulates forming 

between lamella grains and contributing to a finer grain structure overall. An 

increase in hardness and compressive strength were observed as a result of grain 

refinement and solid solution strengthening. Ultimate compressive true strength 

in material with 1 wt% B4C improved by more than 350 MPa, to 1747 MPa. 

Along with the boron addition to titanium for modified properties, oxygen content 

in titanium alloys fabricated through SLM has also received some attention. 

Quintana and Tong [125] studied changes in tensile properties and fatigue 

performance of Ti64 with respect to oxygen content (ranging between 0.110 wt% 

and 0.164 wt%.) The higher oxygen content material had higher yield strength, 

ultimate tensile strength, and elongation properties after hot isostatic pressing. It 

also demonstrated a higher fatigue limit. The strengthening effect of low levels of 

oxygen serves to improve several properties of titanium so may offer a route to 

tailor the mechanical properties in-situ during AM for specific applications. 
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1.5 Summary 

The current studies performed into SLM of modified titanium alloys provide a 

foundation for further research in this area. Low percentage additions of boron or 

oxygen provide different mechanisms for achieving hardness and strength 

improvements. Current work on AM titanium composites have explored the 

modification of material properties with these low element additions however 

comprehensive studies on as-built material and heat treatment effects is limited.  

Wear performance is one of the key areas identified as poor in titanium alloys. 

Through these modified alloys this may be improved however little information 

on the AM processing routes and resultant tribological properties with low levels 

of boron and oxygen enhancement exist. 

1.6 Objectives 

The aim of this work is to develop understanding around the influence of 

manufacturing parameters on the consolidation of Ti64, modified in-situ with 

boron and oxygen. Specifically, the effect of process parameters, laser power and 

scanning speed, will be evaluated with respect to part density, microstructure, and 

hardness. Compressive properties and wear resistance are also investigated with 

regards to the additives and the influence they have. 

1.6.1 Objective 1:  

Analytically compare sample properties using different process parameters to 

generate processing windows for the in-situ modified material. 

An energy density formula is commonly used to combine the effects of different 

process parameters into one metric of energy input per unit volume. This is often 

used as a point of comparison between different processing conditions. Different 

combinations of the same parameters can give the same value of energy density, 

so comparisons using this formula can demonstrate variation. Comparisons 

between sample properties and parameters are made through the energy density 

formula to test its sensitivity and its applicability as a single metric for process 

comparisons. 
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1.6.2 Objective 2:  

To investigate how processing may influence the distribution and homogeneity 

of the modified material. 

Using a blended powder approach to fabricating Ti64 modified by adding boron 

and TiO2 powders may result in segregation of different phases and uneven 

distribution of the added material. A standard stress relief heat treatment was 

compared to the as-built material to see how this may result in changes in 

distribution of the added elements. An annealing treatment was investigated to 

identify further influence of thermal treatments on the additives. In particular to 

test higher temperature effects on the precipitation of titanium-boron 

compounds. 

1.6.3 Objective 3: 

Characterise the effect the additives have on the mechanical and wear 

properties of the resultant materials. 

Changes in compressive properties were related to change in hardness, modified 

microstructure, and any different phases or compounds that were formed from 

the oxygen and boron modifiers. These properties were again related through 

heat treatments to understand the nature of these materials and determine if they 

may be applied in practical applications. The reciprocating wear behaviour of 

these materials was evaluated for the paring against a silicon nitride counterbody 

in a salt water environment. 

1.7 Thesis Structure 

This thesis is structured in the following way to explore the results of experiments 

that investigate the listed objectives. 

Chapter 2 – Materials and Methodology 

The methodology chapter presents the procedures and experimental design 

employed in undertaking investigation of processing parameters and material 

properties of the modified titanium materials. It covers the parameters of material 

consolidation using SLM and presents details of data collection and analysis. 
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Chapter 3 – Process Development and Optimisation of SLM 

This chapter investigates the effect process parameters have on the consolidation 

of these in-situ modified titanium materials. Density and hardness are explored 

along with microstructure investigation relating to the effective incorporation of 

the boron and oxygen additives. This chapter addresses Objective 1 and also 

presents results relevant to Objective 2 for the incorporation of additives for 

modification of Ti64. 

Chapter 4 – Microstructure and Mechanical Properties 

This chapter presents an investigation into microstructures, compressive 

properties, and hardness of the modified materials. The influence of heat 

treatments are also explored in regards to these properties with discussion of the 

observed trends relating to the manufacturing method and in-situ modification. 

Objective 2 is explored further in this chapter with regards to heat treatment 

effects on the material additives. Mechanical properties are also investigated in 

pursuit of Objective 3.  

Chapter 5 – Wear Performance 

The wear performance of the modified titanium materials pared against silicon 

nitride in salt water are investigated in this chapter. Discussions of wear rate and 

wearing observations are made relating performance with current titanium wear 

knowledge and other investigated properties in this work. This relates further to 

Objective 3 in the understanding of properties to determine applicability of these 

materials. 

Chapter 6 – Conclusions and Recommendations 

A summary of the conclusions of this work are made regarding the SLM 

manufacture of in-situ modified Ti64 and subsequent material properties. 

Recommendations for future work are proposed from the findings of this study to 

further explore the field of material enhancement through metal additive 

manufacturing 
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Chapter 2 - Materials and Methodology 

Materials and Methodology 

2.1 Materials  

Ti-6Al-4V (Ti64) gas atomised powder was sourced from FalconTech Co. Ltd., 

China. The composition of this powder meets the ASTM B348 standard for grade 

23 Titanium [11]. Grade 23 is an extra low interstitial (ELI) grade of the most 

common titanium alloy, Grade 5. In the ELI form, the oxygen content of the Ti64 

alloys is more carefully controlled to below 0.13 wt%. The composition of the 

powder used in this study alongside ASTM specification for grade 23 and grade 5 

titanium are included in Table 2.1. 

Table 2.1: Ti64 powder composition reported by supplier and compared to ASTM 
specification. 

 Ti Al V O Fe N C H 

FalconTech 
Ti64 - Batch 
150129-002 

Bal. 6.05 4.10 0.096 0.03 0.0157 0.007 0.001 

Grade 23 
Titanium 
[11] 

Bal. 5.5-6.5 3.5-4.5 0.13 0.25 0.03 0.08 0.0125 

Grade 5 
Titanium 
[11] 

Bal. 5.5-6.75 3.5-4.5 0.2 0.4 0.05 0.08 0.015 

 
The powder batch was kept consistent throughout the study to control 

composition variability as well as ensuring the powder size and shape were 

equivalent. The morphology of the powder used was spherical as presented in 

Figure 2.1 with a specified particle size distribution (D10-D90) of 15-45 µm diameter. 

In commercial SLM processes, spherical powder with this size distribution is 

commonly used as it is shown to meet flowability and packing density 

requirements for SLM printing of layer thicknesses between 30 and 60 µm, 

resulting in high quality parts [126].  
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Figure 2.1: SEM image of a sample of gas atomised Ti64 powder used for SLM. 

In this study blended powders were used to investigate the effect of small 

additions of boron and oxygen on the resultant properties of the manufactured 

material. Amorphous boron powder, 95% pure, was sourced from Sigma Aldrich 

Inc. with a particle size less than 1 µm. Commercial titanium dioxide (TiO2) powder 

used in titanium powder metallurgy and reduction processes was supplied by a 

local company, Titanox Ltd., particle size was less than 1 µm. 

These powders were mixed with Ti64 powder by simply adding measured amounts 

to an aluminium container that could be sealed. This container was large enough 

to contain the entire batch (approx. 5kg) of mixed powder for SLM printing, with 

20% free space to ensure powder was able to be agitated inside. The Ti64 and 

boron or TiO2 powders were blended by rolling/tumbling the container followed 

by sieving through a 73 µm sieve to prevent any large agglomerations of the added 

powders. This powder was then tumbled again for approximately 1 hour and 

sieved once again to ensure homogenous mixing. The blends manufactured are 

detailed in Table 2.2. 
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Table 2.2: Powder blends that are investigated in this study. 

 Additive 
Intended 

Composition Weight % Atomic % 
Mass of 
additive/kg Ti64 

Ti64 - - - - 

Ti64+B 0.27 wt% 
Boron 

0.012 at% 
Boron 

2.7 g/kg (boron) 1.5wt% TiB 

Ti64+O 0.21 wt% 
Oxygen 

0.006 at% 
Oxygen 

5.1 g/kg (TiO2) 0.2wt% O 

The material blends were selected to compare the result of low levels of boron 

addition with that of additional oxygen. Boron is predicted to produce TiB 

particulates within the titanium alloy and has low solubility while oxygen is soluble 

as an interstitial. The oxygen addition is comparable to that of boron on a mass 

basis. From literature an oxygen content above 0.4 wt% can cause significant 

embrittlement of Ti64 [52-54]. The oxygen addition made in this study was 

selected to ensure a total oxygen content in the final Ti64 alloy of less than 0.4 

wt%, considering the oxygen content present in the supplied Ti64 powder.  

2.2 Sample Manufacture and Conditioning 

2.2.1 Additive Manufacturing (SLM) 

An EOSINT M270 SLM machine with a 200W NdYAG laser was used for producing 

samples from the powder blends. The fabrication parameters for these materials 

were investigated to identify a suitable operating point for making high density 

parts. Key parameters that have an influence on the quality of samples are those 

in the volumetric energy density equation (Equation 2.1), as discussed in the 

literature review (Section 6.3.1).  

𝐸 =
𝑃

𝑣 ∙ ℎ ∙ 𝑡
 Equation 2.1 

𝐸 – Energy density (J/mm3) 
P – laser power (W) 
𝑣  – laser scanning speed (mm/s) 
h – hatch distance or spacing between laser scans (mm) 
t – layer thickness (mm) 

The focus of this work was an investigation into the variables of scanning speed 

(𝑣) and laser power (P). Hatch spacing and layer thickness (h and t) were kept 
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constant throughout this study. This was in part due to limitations of the SLM 

machine used for manufacture which did not allow fine adjustment of the layer 

thickness. A hatch spacing of 0.1 mm and layer thickness of 30 µm were used, 

which are in line with standard processing parameters of Ti64 on the EOSINT M270 

machine. Figure 2.2 presents a set of samples manufactured for this work by SLM. 

 

Figure 2.2: Various SLM manufactured samples for this work including wear 
plates (a), compression cylinders (b), density cubes (c), and segmented disk 
parameter experiment samples (d). 

2.2.2 Heat Treatment 

Heat treatments were performed on the different materials to investigate how 

properties could be influenced with regards to their condition. These treatments 

were completed using a vacuum furnace capable of maintaining vacuum to less 

than 1 Pa with the treatments carried out under a small flow of argon (approx. 5 

L/min). Two treatments were selected to compare to the material in the as-built 

condition. These were: 

- Stress relief treatment which is common for metal products made by 

additive manufacturing. This is due to high internal stress developed by the 

layer-wise deposition and highly localised heat application.  

- Annealing treatment at a higher temperature but below the β-transus for 

Ti64. This was selected to represent another common treatment applied 

to commercial production of SLM Ti64 parts. This is also a similar thermal 

treatment cycle to that used in hot isostatic pressing [1]. 

The parameters of these heat treatments are outlined in Table 2.3 with the 

furnace temperature log for the different processes presented in Figure 2.3. 
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Table 2.3: Heat treatment parameters for thermal treatments of SLM samples in 
this study. 

 
Figure 2.3: Furnace temperature for stress relief and annealing treatments 
performed on the different modified Ti64 materials (actual furnace logged data). 

2.3 Experimental Techniques 

2.3.1 Material Investigations 

A number of different techniques were used to investigate the properties and 

behaviour of the materials. 

Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA ICP-MS) was 

used to measure the composition of the manufactured materials. Oxygen and 

nitrogen contents were further measured by Inert Gas Fusion (IGF) using a LECO 

628 Series machine. The LA ICP-MS system is unable to measure oxygen content 

accurately for these materials, so IGF was used for the oxygen measurements.  

Treatment Heating 

Ramp 

Atmosphere Hold 

Temperature 

Hold 

Time 

Cooling 

Stress 

Relief 
10 °C/min 

Low pressure with Ar 

flow. 

approx. 200 Pa 

approx. 5 L/min Ar 

700°C 2 hours Natural 

furnace 

cooling Annealing 920°C 2 hours 
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Density of the fabricated parts was measured using Archimedes’ Principle. A 

balance accurate to five decimal places was used for making measurements of dry 

mass and the buoyancy force in deionised water. Density was calculated using 

Equation 2.2. Density of water is dependent on temperature, which was 

monitored during measurements to ensure an accurate density of water was used 

in calculations. At 25°C water density is 0.99705 kg/m3. 

𝜌𝑝𝑎𝑟𝑡 =
𝑀𝑑𝑟𝑦 × 𝜌𝑤𝑎𝑡𝑒𝑟

𝑀𝑑𝑟𝑦 − 𝑀𝑠𝑢𝑏𝑚𝑒𝑟𝑔𝑒𝑑
 Equation 2.2 

𝜌 – Density (kg/m3) 
𝑀 – Mass (kg) 

2.3.2 Microstructure Techniques 

Polishing of samples was performed using a Buhler automatic polishing system. 

Samples were coarse ground using silicon carbide abrasive papers to a depth of at 

least 0.2 mm (6 SLM layers = 0.18mm) to expose the bulk material and remove 

direct surface effects. For hardness measurements, samples were prepared to at 

least a 9 µm diamond polish. In preparation for etching, samples were polished 

using a 20% H2O2 colloidal silica suspension. Care was taken to ensure the 

polishing steps did not introduce smearing of the surface which is typical of 

titanium samples when polishing loads are high or the cutting media is degraded. 

Etching was performed using Kroll’s reagent, 2% Hydrofluoric acid, 6% Nitric acid, 

balance water. Highly polished samples were submerged in the etchant for up to 

20 seconds to expose the microstructure. Imaging and analysis of the 

microstructures were performed using both optical (Buehler) and scanning 

electron (Zeiss) microscopy (SEM). 

SEM was performed using a Zeiss EVO MA25 SEM. Secondary electron (SE) and 

back scatter diffraction (BSD) imaging were used to investigate fine details and 

microstructures that were not able to be resolved with optical microscopy. 

The SEM was also equipped with Energy-dispersive X-ray Spectroscopy (EDS – 

Oxford Instruments) for performing elemental composition investigations. EDS is 

limited regarding the quantitative measurement of light elements, boron and 

oxygen included, as well as having a relatively high minimum detection threshold 
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of 0.2wt%. EDS was therefore able to report bulk composition of the alloy and for 

spot analysis of specific features but not for measuring the amount of the additives 

used. The other techniques (LA ICP-MS and IGF) described previously were used 

for this purpose. 

2.3.3 Phase Identification 

Material phases formed through the SLM process and subsequent heat treatments 

are identified using X-ray diffraction (XRD). Investigations were performed using a 

Bruker D8 XRD machine with CoKα X-ray source. Samples, 2 mm thick, were cut 

from printed material and analysed, with XRD patterns produced between 10 and 

120 degrees (2θ angle). These XRD patterns were compared with crystallographic 

reference patterns to identify the phases present. 

2.3.4 Mechanical Properties 

2.3.4.1 Hardness Measurement 

Hardness measurements of polished samples were performed using a Buhler 

microhardness tester fitted with calibrated optical indent measurement system. 

Hardness tests were performed in accordance with ASTM E384 [127]. Indents 

were made using a diamond tipped indenter with a load of 500 gf (4.9 N) and hold 

time of 5 seconds. Typically, five acceptable indents such as the one shown in 

Figure 2.4 were recorded from each sample. Vickers hardness results reported 

throughout this work and will have units of HV0.5 

 

Figure 2.4: Example of diamond Vickers hardness indent in additively 
manufactured Ti64. 
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Automation of this process was performed to speed up data collection by installing 

a CMOS microscope camera (iCube NS1500CU) and imaging each of the indent 

sites. The microscope images were calibrated using a microscope calibration scale 

with increments as fine as 0.02 mm. Semi-automatic processing of the hardness 

indent images were performed using ImageJ with a custom macro [128]. This 

macro allowed the manual selection and alignment of the vertices of the 

indentation diamond and automatically calculated the resultant Vickers hardness. 

The semi-automatic image processing method was initially compared to the 

original manual hardness measurement method to verify it performed accurately. 

Both methods produced equivalent results with the semiautomatic method 

appearing to have reduced error/scatter due to more accurate and repeatable 

identification of the indent vertices. 

2.3.4.2 Compression Testing 

Compression testing was performed using an Instron 5985 Universal testing 

machine equipped with a 250 kN load cell. Cylinders approximately 10 mm in 

diameter were manufacture for compression testing. These cylinders had the ends 

machined flat in preparation for testing. The machined length of the samples was 

approximately 20 mm. Accurate dimensions of each sample were recorded before 

each test. Compression properties were only tested on samples manufactured in 

a vertical build orientation on the build plate, where the axis of the cylindrical 

sample aligned with the build direction (stacking of layers). The surface of the 

compression samples was in the as-printed state, aside from the machined ends 

(Figure 2.5).  

 
Figure 2.5: Compression sample with machined ends. Approx. 10 mm diameter, 
20 mm long. 
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Compression tests were performed in accordance with ASTM E9 standard for 

compression of metallic samples [129]. The compression testing setup was initially 

tested against aluminium compression samples, as per the mentioned standard, 

with repeatable results for yield and elastic modulus achieved. A constant cross 

head speed of 0.06 mm/min was used up to 8% strain for all samples. Yield was 

reported at 0.2% strain offset from the linear elastic region. 

In determining compressive elastic modulus, direct strain measurement was not 

available. The elastic modulus of compression samples was determined by 

applying a correction factor that accounted for the stiffness and deflection of the 

universal testing machine and testing hardware. To achieve this, tensile samples 

of Ti64 material in the stress relieved condition, equivalent to the stress relieved 

compression samples, were tested in accordance with ASTM E8/E8M standard 

[130]. A tensile extensometer (Instron axial clip-on extensometer 2630-100 series, 

25 mm gauge length) was used for these tensile samples enabling the strain under 

tenson to be measured accurately in the elastic region. From this, the elastic 

modulus of the SLM printed Ti64 material in the stress relieved condition was 

accurately reported as 119.2 GPa.  

Compression testing data for stress relieved Ti64 was then calibrated to match the 

accurate tensile stiffness. The stress strain curves for tensile and compression 

calibration are presented in Figure 2.6. This resulted in a calibration value for the 

combined machine and compression fixture stiffness which could be applied to 

the raw compression data for the different materials in this study. This calibration 

process enabled the comparison between the elastic moduli of the materials in as-

built and heat treated conditions. It is not expected to be as accurate as 

extensometers or strain gauge measurement however does standardise the 

processing of compression data for comparative discussion. 
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Figure 2.6: Stress-strain curves showing the calibration of compression data 
using tensile modulus. 

For further comparison between the SLM printed Ti64 and modified Ti64 materials 

a method of deriving a comparative stain energy under compression was 

developed. This method calculated the area beneath the stress strain curve up to 

a fixed value of strain (4%) to enable comparison between the different materials. 

The start of the stress strain curve (<100MPa) was also clipped to remove any 

variation upon initial loading. Calculating the area beneath the stress strain curve 

between these limits resulted in a strain energy value (J/mm3) that could be 

compared across all Ti64 materials and heat treatments of this study. This 

comparative strain energy value could be compared with yield strength to 

determine if the different additives and heat treatments had an influence on 

plastic deformation behaviour. 

2.3.4.3 Reciprocating Wear 

Wear performance of the materials was investigated by reciprocating pin on plate 

testing in saline solution (37g NaCl/L). Plates, 20x20x6 mm3 were produced by SLM 

for the different titanium materials in this study. The surface of these plates was 

ground down by 0.3 mm to remove any surface effects of the manufacturing 

process. The pin counter-body was a silicon nitride ball bearing (8 mm diameter) 

applied at a load of 23.79 N. A stroke length of 5 mm, oscillating at a frequency of 

5 Hz, was used. Wear track cross-sections were measured using a Bruker Dektak 

stylus profiler. 
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2.4 Experimental Design 

2.4.1 Manufacturing Optimisation Experimental Method 

Initial scoping work investigated the relationship between density and the 

manufacturing variables of laser power and scanning speed. 8 mm diameter 

cylinders 10 mm high were fabricated with various combinations of the 

parameters. Triplicates of each sample were fabricated in a grid pattern on the 

build platform with positions randomised to reduce systematic error. 

A full factorial experiment was designed with six levels of each variable as 

displayed in Table 2.4. This resulted in a range of energy density levels between 

30.30 J/mm3 and 70.37 J/mm3. 

These parameters were used to produce samples from Ti64 and Ti64+B. 

Archimedes principle (see section 2.3.1) was used to measure sample densities 

which were investigated against manufacturing parameters. Comparison of 

density with respect to sample location during fabrication was also carried out to 

check manufacturing was not introducing systematic errors. 

Table 2.4: Energy density values (J/mm3) for different levels of power and speed 
variables in initial scoping experiment. 

  
Scanning Speed (mm/s) 

La
se

r 
po

w
er

 (
W

) 

 900 1050 1200 1350 1500 1650 

150 55.56 47.62 41.67 37.04 33.33 30.30 

158 58.52 50.16 43.89 39.01 35.11 31.92 

166 61.48 52.70 46.11 40.99 36.89 33.54 

174 64.44 55.24 48.33 42.96 38.67 35.15 

182 67.41 57.78 50.56 44.94 40.44 36.77 

190 70.37 60.32 52.78 46.91 42.22 38.38 

 Energy Density (J/mm3) 

 
Further investigation of density was performed with regards to constant energy 

density. Different combinations of laser power and scanning speed can result in 

the same energy density. This experiment was performed to help determine the 
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separate effects of laser power and energy, on density. The parameters for this 

experiment were a subset of the initial trial in Table 2.4 and are presented in Table 

2.5. 

Table 2.5: Constant energy density manufacturing parameters. Scanning speed 
was calculated using the Equation 2.1. 

  
Energy Density (J/mm3) 

La
se

r 
po

w
er

 (
W

) 

 50 55 60 

170 1133 1030 944 

175 1166 1060 972 

180 1200 1090 1000 

185 1233 1121 1028 

 Scanning Speed (mm/s) 

 
The addition of boron to Ti64 is intended to modify the hardness of the material. 

To define parameters for further work, the relationship between hardness and 

processing parameters needed to be investigated. The sample in Figure 2.7 was 

developed to enable hardness investigation of various parameters. The sample 

consisted of a 30 mm diameter cylinder split into 16 segments, each connected to 

the centre and an outer ring. Each segment could be manufactured with different 

parameters in a single SLM build. The gap between segments minimised the effect 

any segment could have on neighbouring pieces. This sample fitted polishing 

equipment and allowed faster sample preparation for microhardness 

measurement and microstructure investigation. With 16 segments, each sample 

could contain a two-factor, four level, full factorial experiment. Furthermore, 

without the need of mounting resin for polishing, the samples could be 

investigated in the as-built condition and subsequently heat treated and prepared 

again for investigation of a second condition. 
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Figure 2.7: Segmented disk for microstructure and hardness investigation. 

The range of manufacturing parameters for the segmented disk samples was 

informed by the preliminary density studies carried out using the parameters in 

Table 2.4. Following these initial experiments, lower levels of power and scanning 

speed were explored to investigate consolidation in these regions. Initial trials 

printed the disk samples with scanning speed of 600 mm/s and laser power greater 

than 130 W, resulted in those segments failing to build. The energy input appeared 

to be too great for the material which resulted in those segments deforming and 

causing damage to the rest of the disk. Following this, those segments were 

printed with lower laser power to expand the process map. Parameters used to 

fabricate segmented disks are presented in Table 2.6.  

Table 2.6: Table of processing parameters for manufacture of segmented disks 
for hardness testing. Values are the parameter set energy density in J/mm3. 
  

Scanning Speed (mm/s) 
  

600 900 1200 1500 

La
se

r 
Po

w
er

 (
W

) 

70 38.89 x x x 

90 50.00 x x x 

110 61.11 x x x 

130 72.22 48.15 36.11 28.89 

150 x 55.56 41.67 33.33 

170 x 62.96 47.22 37.78 

190 x 70.37 52.78 42.22 

  
Energy Density (J/mm3) 
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The segmented disks were produced in all materials, Ti64, Ti64+B, and Ti64+O. 

Density cylinders were also produced with the Table 2.6 parameters to further 

compare with the original density data from Table 2.4 parameters. Parameter 

assignment was randomised around the disks along with the printing order. 

Replicate prints were performed to account for print-to-print variability. 

To confirm that boron and oxygen had become incorporated into the material 

through the SLM process, LA ICP-MS and IGF were used (section 2.3.1). A number 

of measurements (>5) were taken from different fabricated samples of Ti64, 

Ti64+B and Ti64+O to confirm the material composition and the proportion of 

additive that had been incorporated following powder blending and SLM 

consolidation. A sample of commercial Ti64 plate was used as comparison with 

the additive manufactured material to act as a reference. 

2.4.2 Material Properties Experimental Method 

Manufacturing parameters, defined by the results of the Manufacturing 

Optimisation Method, were used to fabricate all samples for investigation of 

mechanical properties. These parameters were a laser power of 180 W and 

scanning speed of 1100 mm/s, with the standard hatch spacing of 0.1 mm and 

layer thickness of 30 µm.  

Samples were manufactured in two builds for each material: Ti64, Ti64+B, and 

Ti64+O, to account for any build-to-build variability. 8 mm cube samples were also 

produced for microstructure analysis with regards to build orientation.  

Sets of compression samples and cubes were heat treated using the stress relief 

and annealing procedures outlined in section 2.2.2. Tensile samples were 

fabricated from Ti64 for calibrating the compression data as detailed in section 

2.3.4. Microstructures were investigated, using techniques described in section 

2.3.2, for the horizontal and vertical cross sections relative to the sample build 

direction for all material blends in all heat treatment conditions.  

2.4.3 Wear Performance Experimental Method 

Following from the mechanical properties and microstructure experiments wear 

tests were carried out on the as-built and stress relieved samples for the Ti64, 
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boron, and oxygen modified samples. Commercial Grade 5 titanium plate (Ti64) 

was also investigated to provide a commercially relevant comparison within the 

results. 

Plate samples were fabricated and heat treated to the same conditions as those 

of the mechanical properties experiments. Reciprocating pin on disk wear testing 

was carried out following the procedure described in section 2.3.4.3. 

Wear tests were conducted on three plates of material in the same condition at 

the same time. The plates were randomly aligned in the test to reduce systematic 

variability with regards to the laser hatch pattern. This replication, random 

alignment, and non-specific surface grinding depth ensured minimisation of 

systematic effects in the results. 

The simultaneous triplicate tests were performed for 1.5, 3, and 6 hours for each 

material. Each time interval represents an independent wear track on each plate, 

tested under the same conditions. The wear track cross sections were measured 

using profilometry in accordance with ASTM G133 [131]. Images of the wear tracks 

and the corresponding counterbody were recorded for each time period to 

identify visual features of wear and how these may change over the duration of 

testing. 

Material loss from the wear track was measured using profilometry across the 

wear path and reported in mm2 so is representative of the cross section increase 

rather than the mass removal. As this is reciprocating wear the profile of the track 

is not equal along its length. Three wear track profile measurements were taken 

through the middle of each wear track to reduce measurement error. 

2.5 Summary 

Figure 2.8 presents the connection between the experimental plan and thesis 

objectives. The experimental was adaptive and depended on the outcomes of 

previous investigations as the study progressed. The objectives of this work were 

completed throughout the different stages of investigation.  
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Figure 2.8: Overview of experimental and the connection between different 
investigations and the thesis objectives. 
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Chapter 3 - Process Development and Optimisation of SLM 

Process Development and Optimisation of SLM 

3.1 Overview 

This chapter presents the optimisation of manufacturing parameters for the 

modified Ti64 alloys that are the subject of this study. The tuning of these 

manufacturing parameters is required to produce successful parts which are fully 

dense.  

This optimisation was carried out in two parts. The first part was a preliminary 

study into the relationship between manufacturing parameters and density for 

Ti64 and Ti64+B. This information was used in conjunction with statistical analysis 

(ANOVA) to guide further study of all material blends (including Ti64+B, Ti64+O 

and Ti64). In the case of the modified Ti64 materials, manufacturing parameters 

must also incorporate the elemental additives uniformly into the material. 

Therefore, hardness variation and microstructure appearance were also 

considered during the second part of parameter optimisation. The resultant 

compositions of the modified Ti64, manufactured using the selected SLM 

parameters, are measured to determine the effectiveness of this processing 

technique for generating these modified alloys 

From these combined results a single set of operating parameters was selected 

that were suitable for all materials. These parameters were carried through to the 

manufacture of samples for subsequent work in this thesis. 

3.2 Effect of Process Parameters on Relative Density 

Additive manufacturing for any material using SLM requires the development and 

optimisation of process parameters to achieve well consolidated parts. This is 

because the process of laser melting is complex with multi-phase interactions 

occurring in very short time scales as the powder melts, flows, and solidifies [132]. 

The material properties, specifically: emissivity, melting point, thermal 

conductivity, melt viscosity, and powder particle size all influence how the 

material behaves under laser melting [74]. High density, or the reduction in 
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porosity, is a primary measure for establishing suitable operating parameters. 

Without high density, the material properties of the product are compromised by 

pores that introduce stress concentrations and lead to reduced material 

performance in additively manufactured parts [65]. Therefore, this study aims to 

compare the resulting density of manufactured parts to their process parameters.  

3.2.1 Correlation between relative density and energy density 

An array of initial investigation parameters (laser power and scanning speed) was 

used to fabricate samples for density investigation (Table 2.4 in section 2.4.1). 

These parameters were combined into the variable of energy density for 

comparison with relative part density as outlined in method section 2.4.1. The 

results of this first investigation are presented in Figure 3.1 for Ti64 and Figure 3.2 

for Ti64+B. These identify changes in relative density of the fabricated parts when 

compared to energy density. 

 

Figure 3.1: Ti64 relative density compared to manufacturing parameter energy 
density. Error bars present the 95% confidence intervals for the data to show 
sample variation. A power law curve is fitted to the data with R2 value indicated. 
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Figure 3.2: Ti64+B relative density compared to manufacturing parameter 
energy density. Error bars present the 95% confidence intervals for the data to 
show sample variation. A power law curve is fitted to the data with R2 value 
indicated. 

At low energy density (below 35 J/mm3) there is a significant reduction in relative 

density for both the Ti64 and the boron modified material. There is little difference 

between the two materials, Ti64 and Ti64+B, regarding density changes with 

respect to energy density. Both showing a reduction in density at below 35 J/mm3. 

Above 40 J/mm3 relative density plateaus at an average of 99%. There is significant 

variation about this average 99% density plateau where relative densities between 

98.5% and 99.5% are achieved. For both materials it was possible to produce parts 

with density greater than 99% across a range of different parameters.  

The observed trends are consistent with phenomena observed by Thijs, et al. [86] 

who determined that low energy input was insufficient to fully melt and 

consolidate the material in each layer, leading to increased porosity. This porosity 

is known as lack of fusion (LOF) porosity and is a well-established phenomenon in 

SLM processes [65, 68, 86, 133]. While it is necessary to discuss porosity with 

regards to manufacturing parameters, this is combined with the examination of 

material cross sections later in this chapter. The nature of variation between 
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relative density, energy density, and individual process parameters is first 

investigated. 

Variability in relative density was low for an individual sample condition, as 

represented by the 95% confidence intervals in Figure 3.1 and 3.2. The difference 

in relative density between samples manufactured with similar energy densities 

appears high with no clear explanation. For example, between 50 and 55 J/mm3 in 

Figure 3.1 and 3.2, there are different sample conditions where the 95% 

confidence intervals do not intersect. Meaning these conditions are expected to 

produce relative density results that are significantly different. Power law curves 

fitted to the Ti64 and Ti64+B density data in Figure 3.1 and 3.2 have low R2 values 

of 0.705 and 0.675 respectively, which identifies this as a poor fit and that 

presenting the comparison of relative density against the combined variable of 

energy density may not be the best method of investigating these process 

parameters.  

Energy density is a combined function of the process variables laser power and 

scanning speed. The variation in part density may therefore be better correlated 

with the underlying parameters of speed and power. Also, different combinations 

of power and scanning speed can result in the same energy density value but may 

not result in the same part density. This is not resolved in Figure 3.1 and 3.2. To 

separate out the variables and establish a processing window for the materials, 

contour plots of relative density with respect to scanning speed and laser power 

were generated. 

3.2.2 Relative density as a function of scanning speed and laser power 

Contour plots (Figure 3.3 and 3.4) display the interaction between laser power and 

scanning speed with regards to relative density. These plots only show the average 

relative density and therefore only represent the mean of each sample condition, 

not the variation presented by the error bars of Figure 3.1 and 3.2. Both materials 

show a significant reduction in relative density in the upper left of the plots at low 

power and high scanning speed. This is a low energy density combination that 

maps to the values at energy densities less than 35 J/mm3 in Figure 3.1 and 3.2. 
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Across the parameter range, excluding the low energy density values, the average 

relative density is high at around 99% for both materials.  

There is little difference between the Ti64 and Ti64+B contour plots. The boron 

modified material appears to have a larger region where higher density (>99.1%) 

was achieved however this is only marginally larger than the Ti64 material which 

presented at least 98.9% over the same region. 

 

Figure 3.3: Ti64 average density contour plot mapped against laser power and 
scanning speed. The straight dashed lines represent lines of constant energy 
density. The region surrounded by dot-dash line in the bottom right is the 
parameter region investigated further in Figure 3.5. 
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Figure 3.4: Ti64+B average density contour plot mapped against laser power and 
scanning speed. The straight dashed lines represent lines of constant energy 
density. 

The different combinations of power and speed which result in the same energy 

density are indicated by the dashed lines overlaid on the contour plots. An 

observation made from these contour plots is that in regions of higher relative 

density (>98.9) there is only a small amount of density change along constant 

energy density lines. It is also apparent that relative density increases with 

increasing energy density.  

Statistical analysis can provide further evidence and quantify the effect different 

process variables have on the variation in mean density. To explore this, a density 

experiment was performed with Ti64 samples manufactured using different 

combinations of power and scanning speed (Table 2.5 in method section 2.4.1), 

resulting in three levels of constant energy density calculated as per the energy 

density formula for SLM in section 2.2.1. 

The contour plot of relative density from this experiment is presented in Figure 

3.5. The range of these variables was selected to be a subset of parameters 

investigated in Figure 3.3 (indicated by the dot-dash line) and use parameters not 

tested in this previous experiment which still overlap with this region based on 
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energy density (parameter details given in Table 2.5 in methods section 2.4.1). A 

small difference in relative density is expected between the Figure 3.3 region and 

Figure 3.5 due to the different manufacturing parameters. This difference is 

relatively small with high relative density above 98.9% achieved in both regions. 

 

Figure 3.5: Ti64 average relative density with respect to different manufacturing 
parameters of scanning speed and laser power where these variables combine 
to give three levels of energy density (50, 55, and 60 J/mm3). 

When investigating causes of variance in data and determining statistically 

significant variables, an analysis of variance (ANOVA) can be performed. Constant 

levels of energy density were chosen to enable statistical analysis of the relative 

densities with respect to this variable. Therefore, this analysis has two 

independent variables (laser power and energy density) with one dependent 

variable (relative density). An ANOVA for this data is presented in Table 1.  

Table 3.1: ANOVA of density data presented in Figure 3.5. 

Source of 
Variation SS df MS F P-value F crit 

Energy Density 1.7029 2 0.8514 6.1057 0.0029 3.0648 

Laser Power 0.1822 3 0.0607 0.4355 0.728 2.6732 

Interaction 1.7294 6 0.2882 2.0669 0.0613 2.168 

Within 18.408 132 0.1395    

The ANOVA showed (P-value >0.05) that a change in laser power does not reject 

the null hypothesis that there is no variation in the mean of relative density for 
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the tested power levels. However, the energy density parameter does reject this 

hypothesis (P-value <0.05) suggesting that for changes in energy density there are 

changes in part density. The interaction effects have a P-value close to 0.05 

suggesting that variation could be caused due to some interaction variable.  

Scanning speed is a known variable that is dependent on laser power and energy 

density, as presented through the energy density formula. Therefore, it should 

have its effect on mean variation included in the interaction variable. Its effect 

could not be directly measured in an ANOVA as it was not a variable with set levels 

in this study, a requirement for this statistical test. Other unknown/unmeasured 

factors may also be included in the interaction category so this effect cannot be 

attributed to scanning speed alone.  

Overall, this ANOVA presents that relative density can be characterised by changes 

in energy density. This is perhaps not the only contributory factor in relative 

density as some combined effect between energy density and laser power also 

appears to have some significance.  

3.2.3 Reproducibility of results 

The data presented in Figure 5 can also be used to assess reproducibility across a 

region of different parameters. A difference map was calculated by subtracting the 

mean densities of Figure 3.5 with the corresponding region of Figure 3.3. This 

results in a map that represents the variation between manufacturing runs (Figure 

3.6).  
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Figure 3.6: Ti64 density difference map for contour plot region that is overlapped 
by Figure 3.3 and 3.5. 

The variation between these maps is a maximum of ±0.2%. This is less than the 

variation seen between samples in the equivalent energy density range in Figure 

3.1 and 3.2. Also, there is no obvious relationship in this variation with respect to 

the parameters as represented by the irregular contour map indicating low run to 

run variation.  

3.2.4 Variability introduced by part location during manufacture 

Variability introduced by part location on the plate was also considered to ensure 

that the manufacturing process was not introducing systematic error into results. 

Density samples were manufactured in a grid pattern in the build area 

corresponding to manufacturing coordinates X and Y. X is in the direction of sweep 

of the powder recoating and Y is perpendicular to this in plane with the build plate 

surface. To determine process variability across the build area, density samples 

were produced in Ti64 with single build parameters of 175 W power and 1060 

mm/s speed (energy density 55 J/mm3). A surface plot relating average part 

densities to its location in the build area is presented for Ti64 in Figure 3.7.  
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Figure 3.7: Ti64 relative density contour plot with regards to sample build 
location. 

The mean relative density for these parameters is 99.17% and the maximum 

difference in relative density across the build platform is ±0.21%. This variation is 

equivalent to the variation seen in the previous reproducibility experiment (Figure 

3.6). Therefore, plate build location cannot be concluded to be a significant source 

of systematic error as this variation is explained by inherent build and sample 

variations.  

In this section, process parameters have been investigated for their effect on 

relative density. Combining process parameters into the variable of energy density 

appears to be a suitable method of investigating effects on relative density. While 

energy density does not account for all variation seen in part density it does 

provide an effective means of estimating how density may change with selected 

manufacturing parameters. 

Variability of the process has been characterised to investigate sources of 

systematic error with a small amount of variation between builds and no 

significant systematic variation inherent to plate location. As variability between 

plates is low this is unlikely to be a problem in further analyses. 
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Overall, sources of systematic variation are relatively small compared to gross 

variation caused by process parameters, however it does reduce the effectiveness 

of establishing optimum parameters based on relative density alone. In general, 

high density parts can be produced for Ti64 and Ti64+B using parameters with an 

energy density greater than 40 J/mm3. Further investigation of the cause of 

density variation is required to narrow the process window along with other 

optimisation criteria, including homogeneous incorporation of the additives. 

3.3 Effect of Process Parameters on Microstructures and Porosity 

In developing a suitable set of operating parameters for the materials of this study, 

observation of material cross sections can help in identifying an operating point 

and causes for density variation. The addition of boron and oxygen into the 

feedstock powder, and reliance on the SLM process to incorporate them into the 

resultant material, makes the process parameters an integral part in the blending 

process. For investigation of blending and incorporation of the additives the third 

material, Ti64 with added oxygen (Ti64+O), was now introduced to the study 

alongside Ti64 and Ti64+B. Different parameters may vary how the additives are 

incorporated into the materials as well as potentially altering how process 

parameters effect the overall consolidation of the final material. Cross sections of 

the three material blends (Ti64, Ti64+B, and Ti64+O) were investigated with 

respect to process parameters in order to identify differences in porosity and 

microstructural features. This may further inform the selection of suitable 

operating parameters beyond what can be identified through relative density 

alone. This section is only a characterisation of differences in microstructural 

appearance with respect to parameters. Further detailed inspection of 

microstructures and phase identification is carried out on the optimised material 

in the following chapter on material properties. 

Previously, density was investigated as a measure of porosity and compared to 

processing parameters (parameter details in Table 2.6 in methods section 2.4.1) 

to identify a suitable region of operation where high density material was 

produced. By directly observing porosity in material cross sections and 

characterising this with respect to known pore forming mechanisms in literature 

[64-66, 68], a better understanding of the effect process parameters have on 
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material consolidation can be achieved. This may provide additional insight to help 

identify suitable operating parameters. Figure 3.8 (Ti64), Figure 3.9 (Ti64+B), and 

Figure 3.10 (Ti64+O) show etched cross-sections of material with respect to 

manufacturing parameters. In these images there are clear regions of porosity. 

The first, labelled ‘1’, is at low energy density where laser power is low and speed 

is high. A second region of porosity is also identified at high energy density, 

labelled ‘2’.This is most apparent in Figure 3.8 for Ti64 and Figure 3.10 for Ti64+O. 
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Figure 3.8: Ti64 etched cross-sections presented with respect to build parameters of laser power and scanning speed. Section is in the horizontal 
plane, perpendicular to build direction. 
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Figure 3.9: Ti64+B etched cross-sections presented with respect to build parameters of laser power and scanning speed. Section is in the horizontal 
plane, perpendicular to build direction. 
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Figure 3.10: Ti64+O etched cross-sections presented with respect to build parameters of laser power and scanning speed. Section is in the horizontal 
plane, perpendicular to build direction. 
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The porosity in the low energy density region (‘1’) of the material cross-sections is 

typical of lack of fusion (LOF) porosity. This type of porosity is identified by its 

irregular shape and large size [86]. The mechanism behind forming these pores is 

due to insufficient energy input to melt all the material under the laser. 

Solidification occurs too rapidly for the liquid to flow, fill, and wet any irregularities 

in underlaying layers and as such pores are formed [64, 66]. LOF porosity and its 

mechanism have been studied extensively and related to numerous parameters 

of the SLM process including energy input and powder feedstock properties (size, 

gas entrapment, morphology) [134, 135]. 

The second area where pores are observed is also an expected feature when high 

energy density parameters are used for SLM parts. The type of porosity known to 

occur with higher energy input is gas entrapment porosity [70]. In SLM processing 

the high rate of temperature change, application of very intense energy, and gas 

forces, result in a highly dynamic melt pool. This can cause a process that results 

in gas bubbles forming or being trapped in the molten metal leading to more 

regular, spherical shaped pores. A form of gas entrapment is through a mechanism 

known as keyhole porosity, which occurs with too much energy input to the melt 

pool [71]. When this happens the melt pool becomes larger and deeper with the 

incident laser forming a “keyhole” or pit within the molten metal. This further 

increases the laser energy absorbed due to internal reflection within the keyhole 

pit [136]. These keyholes can collapse, entrapping gas [72]. Pores that are 

characteristic of keyhole porosity are typically quite large spherical pores (up to 

50 μm diameter). These occur with regularity throughout the material due to high 

energy processing parameters enabling this keyhole mechanism to continue to 

take place [137]. 

No distinctive keyhole pores are observed in Figure 3.8, 3.9, and 3.10 indicating 

that porosity at increased energy density levels was not due to this mechanism. 

However, other methods of gas entrapment can occur at increased energy input 

through: melt pool instability, pores in the feedstock powder, gas absorption of 

the melt, and localised vaporisation [65, 138]. Gas entrapment porosity is 

recognisable by the spherical, more regular, pores it forms. The pores in the lower 

right of Figure 3.8, 3.9, and 3.10 (‘2’) appear to have this more regular shape 
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identifying them as likely gas entrapment pores. The formation of this porosity 

indicates that the energy input in this region is causing instability within the melt 

to entrap some gas however it is not so high as to cause the keyhole mechanism 

to take place which results in more significant porosity as described previously.  .  

The microstructures of Ti64 (Figure 3.8) and Ti64+O (Figure 3.10) appear very 

similar across the range of manufacturing parameters. Both materials show the 

same difference in appearance with respect to processing parameters. LOF pores 

occur in both materials at low energy density (‘1’) and there is some evidence of 

gas entrapment pores with higher energy input parameters (‘2’). Identifying 

parameter regions with porosity provides an explanation for some of the changes 

in density observed previously and helps to support the selection of parameters 

from regions of high density for the Ti64 and material with additional oxygen. 

In comparison, Ti64+B (Figure 3.9) presents a very different microstructure. In 

Ti64+B samples there are clear parallel lines running through each micrograph 

with some images displaying overlapping sets of parallel paths at angles to each 

other. The angle between these overlapped features is a constant 67° through all 

micrographs of this sample. This angle has a clear explanation as these cross-

sections are all in plane with the build layers. The laser scanning hatch pattern is 

rotated by 67° every layer so clearly these features align with the scanning pattern. 

The rotation of the pattern is a feature of the standard operating parameters on 

the EOS system to reduce porosity by preventing alignment of scan paths between 

layers. Clearly the addition of boron is influencing the material and causing it to 

retain some feature of the laser scanning paths as this is not clearly present in 

other materials of this study. 

In the boron modified material it is possible to identify material segregation 

features. At low energy density there is a clear distinction between some light and 

dark areas. Figure 3.11 presents a closer inspection of these regions of different 

contrast.  
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Figure 3.11: Ti64+B cross section detail image presenting incomplete melting and 
segregation of phases. ‘A’ indicates a circular, light feature that is indicative of 
an unmelted powder particle. ‘B’ indicates a light region of material that has not 
incorporated the boron additive. ‘C’ indicates a darker region of material that 
indicates it has blended well with the boron. 

Some of these light areas appear circular in nature (Figure 3.11 ‘A’). From this 

shape it can be concluded that these are metal powder particles that are not fully 

melted by the process, as is evident from their scale matching that of the feedstock 

powder (15-45 µm). These particles are unmelted in the process and appear with 

light shading. This appearance must be indicative of material where no boron has 

been incorporated, therefore having an appearance of only Ti64. Further, the 

differing contrast regions in the Ti64+B etched cross sections can only be the result 

of the added boron as the other materials (Ti64 and Ti64+O) do not display this 

feature despite all other manufacturing conditions being equivalent.  

Other areas in the micrograph of Figure 3.11 and some micrographs of Figure 3.9 

present highly swirled patterns that have the appearance similar to partially mixed 

paints or liquids. These swirled regions comprise of light (‘B’) and dark (‘C’) 

contrast regions. The light regions share contrast with the unmelted particles. This 

identifies them as regions that have not blended well with the boron during 

solidification. Where the microstructure is darker it indicates that boron has mixed 

into the material, altering its appearance in the etched cross-sections.  
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From the micrographs of the boron modified material in Figure 3.9 it can be seen 

that the more severe regions of incomplete mixing occur in regions with LOF 

porosity seen in the Ti64 and Ti64+O microstructures (Figure 3.8 and 3.10). This 

corresponds to lower energy densities where not all the material is melted under 

the laser and so cannot blend and incorporate the additives. Reduced energy 

density would also suggest reduced solidification time of the melt pool due to 

lower overheat of liquid metal in the melt pool. This would reduce the time where 

material in the melt pool is able to flow, resulting in poor mixing.  

At higher energy density (bottom right of Figure 3.9) there appears to be a 

reduction in these segregated regions, indicating better mixing with the boron as 

the overall contrast appearance is more homogeneous.  

From identifying pores and their relation to parameters a more informed decision 

can be made about an operating point for further investigation of mechanical 

properties. The region of parameters that produce low porosity and appear to 

incorporate the added materials, as identified by microstructures, have an energy 

density between 47 and 55 J/mm3. In literature an operating point for processing 

Ti64 materials has been identified as being around 65 J/mm3 [139] which 

corresponds well with the observations of this investigation. 

3.4 Effect of Process Parameters on Material Hardness 

Another aspect of this work is to investigate the effect the different additives have 

on the hardness of Ti64. The additives to Ti64 are expected to result in changes in 

hardness through different mechanisms, including: particulate reinforcement, 

grain refinement, and interstitial hardening. To help identify a suitable operating 

point for processing parameters their relation to hardness needs to be 

characterised. This will help in selecting parameters for further study that take any 

changes in hardness into account. The parameters and procedure for this data is 

presented in methods section 2.4.1. 

Microhardness was investigated for Ti64, Ti64+B, and Ti64+O. Presenting average 

microhardness of the different materials shows clear increase in average hardness 

with the addition of both additives (Figure 3.12). This section will only focus on any 

relation between hardness and manufacturing parameters. Further investigation 
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into the difference in hardness between materials will be explored in the following 

chapter on material properties.  

 
Figure 3.12: Average hardness of SLM printed Ti64, Ti64+B, and Ti64+O. 

To determine trends in hardness with respect to fabrication parameters the 

hardness data across the range of build parameters was normalised with respect 

to the average hardness for each material from Figure 3.12. These normalised 

hardness results are presented in Figure 3.13. 

 
Figure 3.13: Normalised Vickers hardness (HV0.5) with respect to fabrication 
energy density for Ti64, Ti64+B, and Ti64+O. 

Comparing the normalised hardness of the materials with energy density in Figure 

3.13 there is an increase in hardness with increased energy density. There is also 
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a decrease in hardness variability with increasing energy density as presented in 

Figure 3.14 showing size of the confidence intervals for hardness data. Comparing 

these trends in hardness with features presented in the micrographs of Figure 3.8, 

3.9, and 3.10 presents some explanation for the features seen. 

 
Figure 3.14: Size of 95% confidence intervals (CI max–CI min) from Vickers 
hardness measurements in Figure 3.13 with respect to energy density for Ti64, 
Ti64+B, and Ti64+O. 

At low energy densities hardness is more variable, which corresponds well with 

incomplete particle melting and segregation of different phases, most clearly seen 

in the Ti64+B (Figure 3.9). The measurements made are microhardness indents on 

polished samples without etching where no visual distinction can be made 

between different phases and as such was a randomisation of measurement 

locations. Measurements of Ti64+B would likely be taken in locations that 

incorporated boron as well as in areas unmelted or unmixed which would have 

resulted in the greater hardness variation seen in Figure 3.14. 

As a similar trend of large hardness variation at low energy density is seen across 

all materials in Figure 3.14, this provides evidence that there is incomplete mixing 

of the different added materials and incomplete melting of the starting powders. 

Incomplete mixing and melting would generate regions of differing hardness and 
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present as large hardness variation. This effect could also be true for the Ti64 as 

unmelted powder particles may have a different hardness to the resolidified SLM 

melt material (Figure 3.8). At higher energy density the Ti64+B appeared more 

homogeneously mixed in the earlier micrographs and correspondingly there is a 

reduction in hardness variation.  

The apparent increase in hardness of the materials with increasing energy input 

can also be explained through the more homogeneous distribution of the additives 

in the material. When evenly distributed, the additives would increase the average 

hardness with reduce variability. With incomplete mixing, the comparatively less 

hard, unmodified, Ti64 that is present due to unmelted powder, would appear as 

regions of lower hardness in these materials, increasing variability. Regions of high 

hardness where the added materials are incorporated appear alongside the 

unmelted Ti64 regions. This is evident in the hardness results presented by Figure 

3.13 as the upper bound of the 95% confidence intervals at low energy density 

almost encompasses the mean hardness of samples at higher energy input. 

The material hardness and variability in hardness can serve to inform selection of 

process parameters for manufacturing the modified Ti64 materials. Low variation 

in material hardness can be used as a representation of material homogeneity and 

incorporation of the boron and oxygen additives. Parameters resulting in energy 

density above approximately 55 J/mm3 result in high hardness with reduced 

variation. 

3.5 Composition Qualification 

Consolidation of blended feedstock powders by SLM has the potential to change 

the composition of the resultant material. Figure 3.15 present SEM images of Ti64 

powder that has been blended with the amorphous boron and TiO2 additives. The 

particulates of different additives are clearly seen on the surface of the titanium 

powder particles as small white flakes which appear distributed throughout the 

sample. As the additives are simply blended the resulting powders are still two 

separate materials that may become selectively separated through different 

mechanisms. 
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The process of SLM is very volatile at the melt pool due to the intense and highly 

localised heat input. As the boron and oxygen have been simply incorporated by 

mixing the two powder feedstocks they appear as particulates on the surface of 

the Ti64 powder (Figure 3.15). These surface particulates may become detached 

and ejected by laser-induced gas/vapour jets [140]. The intense local heat can also 

cause the selective evaporation of different alloying elements under the laser 

[141]. These effects may result in the consolidated material having a different 

composition than expected. 

 

Figure 3.15: Ti64 powder blended with amorphous boron and TiO2 powder. 

To confirm the composition of the final materials, energy dispersive X-ray 

spectroscopy (EDS) was used. This technique has a detection threshold of 0.2wt%,  

it is also inherently difficult to detect light elements like boron due to the 

elemental emission peak overlapping with heavy elements and low fluorescence 

yield [142]. Due to these challenges, EDS results were limited to verifying the bulk 

composition of the Ti64 with regards to ASTM-B348 specifications [11]. The results 

in Table 3.2 identify that the bulk Ti64 alloy falls within ASTM limits for 

concentrations of elements within detectible limits. The samples were prepared 

for EDS by polishing using silicon carbide and colloidal silica so there is likely to be 
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some silicon residue detected. The large variation in the silicon content (95% 

confidence interval values) support this case as there is variation as large or larger 

than the amount detected and as such the silicon measurements presented by 

EDS are likely not representative of any silicon contamination in the material itself. 

Table 3.2: Results of Energy Dispersive X-ray Spectroscopy (EDS) for SLM 
manufactured Ti64 and SLM Ti64 with added boron and oxygen. The ASTM 
standard composition for Grade 5 Ti64 is also presented. Results are in wt%. 
Boron and oxygen are below detectible limits of EDS. 

Material  B and O Ti Al V Fe Si 

SLM Ti64 
Average - 89.48 5.99 3.88 0.22 0.07 

95% CI - 1.16 0.08 0.33 0.35 0.05 

SLM Ti64+B 
Average - 89.98 5.99 3.94 0.06 0.04 

95% CI - 0.18 0.19 0.15 0.08 0.05 

SLM Ti64+0 
Average - 90.21 5.87 3.74 0.12 0.07 

95% CI - 0.13 0.05 0.11 0.17 0.10 

ASTM-B348  

Grade 5 [11] 
 - Balance 5.5-6.5 3.5-4.5 <0.4 <0.1 

As EDS was unable to provide an accurate quantitative measure of boron in the 

final material, Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA 

ICP-MS) was used. Table 3.3 presents the summation of LA ICP-MS results from 

different samples of Ti64 and Ti64+B. 

Table 3.3: Results of Laser Ablation Inductively Coupled Plasma Mass 
Spectroscopy (LA ICP-MS) for SLM manufactured Ti64 and SLM Ti64 with added 
boron. A sample of Grade 5 Ti64 plate has been included as a comparison. The 
results are presented in wt%. 

Material 
 

B Al V Fe Si 

SLM Ti64 Average 0.00 6.93 4.03 0.13 0.17 

 95% CI 0.00 0.29 0.12 0.004 0.03 

SLM Ti64+B Average 0.25 6.67 4.06 0.04 0.37 

 95% CI 0.015 0.24 0.11 0.002 0.11 

Ti64 Plate Reference Average 0.00 7.36 4.12 0.16 0.42 

 95% CI 0.00 0.25 0.17 0.01 0.20 
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The results in Table 3.3 showed that boron was successfully retained and 

incorporated into Ti64 through blending and subsequent SLM processing. The 

amount of boron detected in a manufactured sample, 0.25wt%, was only slightly 

lower than the amount added to the powder during simple blending, 0.27wt%. 

This indicates that almost all the added boron powder was successfully 

incorporated into the samples when the blended powder was processed by SLM. 

The small discrepancy between the boron powder added to the SLM feedstock 

powder and the measured amount in the samples may have been lost from the 

system during powder handling, or during manufacture through interaction with 

the laser as described earlier.  

Any loss of a small amount of boron within the fabricated samples has little impact 

on this work as it is consistent between samples, as indicated by the narrow 95% 

confidence interval. This work investigates the potential of incorporating a small 

amount of boron via this simple powder mixing approach so this small variation in 

composition is evidence that the boron is being incorporated effectively with little 

difference between samples. Further work could pursue any influence of the 

process on the loss of boron where a specific added amount is more critical. 

Some variation is to be expected from the boron composition results as the Ti64 

and boron are simply mixed and rely on the SLM process to incorporate them into 

the material. This might give rise to different local concentrations within the 

samples, however, the observed low variation in boron concentration gives 

confidence that the boron distribution in the materials is quite consistent. There 

is high confidence in the boron content reported by LA ICP-MS results as a NIST 

SRM610 calibration sample was run alongside the titanium materials. This 

standard has levels of boron (1 wt%) comparable to that used in the boron 

modified material of this study and provided a quantitative reference.  

The LA ICP-MS experiment identified that aluminium was present at higher 

amounts than the given specification for both Ti64 materials while vanadium and 

iron levels were within ASTM B348 limits [11], Table 3.2. This result is consistent 

through the Ti64 plate reference too with no indication as to the cause. Silicon was 

also reported at levels above those given in the ASTM standard however this could 
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be caused by the sample preparation technique as described earlier when 

discussing EDS results. 

The laser ablation process may cause a selective evaporation of aluminium and so 

report slightly higher detection. This has been observed with metal samples [143] 

and it is through this process that the high concentration of aluminium may be 

attributed. Laser ablation equipment for sampling material composition draws 

parallels to the SLM process in this respect. The selective evaporation of elements 

has been observed in the SLM process itself when very high energy input is used 

[141, 144]. Under these conditions, aluminium was shown to be susceptible to 

preferential ablation. If this was to have occurred in the fabrication of these 

samples the aluminium level would appear lower in the results of Table 3.2 and 

3.3, which is not the case so the fabrication of samples can be ruled out from 

causing significant change to the composition.  

Oxygen has a significant influence on the properties of titanium and the level of 

additional oxygen incorporated into the modified material required measurement 

to determine the final compositions. EDS and LA ICP-MS were both unable to 

measure oxygen contents of the materials due to low concentration, low atomic 

mass, and reactivity. For this purpose, the oxygen content was measured using 

Inert Gas Fusion analysis. The manufacturers report for the base Ti64 powder 

reported an oxygen content of less than 0.16 wt%. Samples of each of the 

manufactured materials were tested to confirm the base oxygen level and 

additional oxygen added. The results are reported in Table 3.4 and confirm that 

there is little change from the original oxygen content for the materials with no 

added oxygen. Nitrogen and hydrogen are also reported from this testing and are 

well below the allowable limit for grade 5 titanium. 

Table 3.4: Inert gas fusion composition results from different titanium samples. 

Material Oxygen (wt%) Nitrogen (wt%) Hydrogen (wt%) 

Ti64 0.153 ± 0.003 0.03 ± 0.001 0.002 ± 0.001 

Ti64+B 0.134 ± 0.004 0.02 ± 0.003 0.004 ± 0.001 

Ti64+O 0.337 ± 0.004 0.03 ± 0.000 0.004 ± 0.001 
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These results confirm the material with additional oxygen did incorporate the 

additive during manufacture. An addition of 0.2wt% oxygen in the form of TiO2 

was made to this material. The difference between the oxygen enriched material 

and the base Ti64 powder is 0.184 wt%. This is very close to the amount added 

and it can be concluded that the simple blending approach is effective at 

incorporating additional oxygen during the SLM process. There is an indication 

that some of the added oxygen was lost during processing. It is expected that this 

could occur through similar mechanisms as the boron, including during powder 

handling, selective evaporation under the laser, or removal by gas forces during 

SLM. As with the boron addition, the true balance of oxygen is not the significant 

focus of this work. The study focuses on the process of incorporating oxygen using 

TiO2 powder and comparison with boron addition by a similar method. 

Taking account of limitations of the various composition measurement techniques 

used and the low variability in their results there can be confidence that the 

material meets ASTM grade 5 alloy specification. The amount of boron added is 

accurately reported by LA ICP-MS and clearly being entrained in the solid material 

after SLM processing of the simply blended powders. The oxygen measured in the 

Ti64+O sample also closely matches the amount added to the feedstock Ti64 

powder before SLM processing. Both modified materials had low variability in 

concentration of the respective additives. From this it can be concluded that the 

SLM process effectively incorporated these materials into the consolidated 

samples. 

3.6 Summary 

Following the SLM parameter density study, a region of high density above 99% 

can be identified for Ti64 and Ti64+B above 40 J/mm3. Further investigation of 

porosity and microstructures narrow this range to between energy densities of 44 

J/mm3 and 55 J/mm3. Variation in relative density was shown to be fairly 

represented by the combined parameter of energy density, despite different 

power and speed levels having an effect. Increased porosity is the cause of low 

density at low energy density. Here, there was insufficient energy to fully melt and 

fuse the feedstock powder. Much smaller gas entrapment pores were also 

observed in the materials in samples made with higher energy input. 
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Hardness was found to increase with higher energy density, while variation in 

hardness was seen to reduce. This is attributed to reduced porosity and the more 

uniform distribution of hardening additives when processed with higher energy 

parameters. Energy density parameters with greater than approximately 55 

J/mm3 result in relatively low variation in hardness, indicating more homogeneous 

blending of the Ti64 and additives. 

Operating parameters of 180 W laser power and 1100 mm/s scanning speed were 

selected for manufacturing samples for further testing. These parameters give an 

energy density of 54.5 J/mm3 and fall within the region of density above 99% with 

low porosity. This parameter region has uniform distribution and incorporation of 

additives as identified by microstructures of the Ti64+B material and reduced 

hardness variability. A summary of relative density and hardness at these selected 

parameters is presented in Table 3.5. 

Table 3.5: Relative density and hardness properties of Ti64 and modified Ti64 
materials at the selected parameters of 1100 mm/s and 180 W. 

Material Relative Density Vickers Hardness HV0.5 

Ti64 99.1% 356.2 ± 6.1 

TI64+B 99.2% 391.0 ± 14.0 

Ti64+O 99.2% 395.9 ± 7.4 

While SLM has proven capable of fabricating these boron and oxygen modified 

Ti64 materials, further investigation is required to determine how the additives 

change the materials mechanical performance to identify new potential 

applications. Furthermore, post manufacturing heat treatment is common for SLM 

manufactured Ti64, for stress relief and to adjust other materials properties. The 

impact of heat treatments on these modified materials requires investigation as 

the effect further thermal processing has on the additives is unknown and could 

enhance or reduce any effects that they offer. 
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Chapter 4 - Microstructure and Mechanical Properties 
Microstructure and Mechanical Properties 

4.1 Overview 

This chapter investigates the properties of SLM manufactured Ti64, Ti64+B, and 

Ti64+O parts, produced using a common set of SLM operating parameters, 

identified in the previous chapter. The impact of different commercially relevant 

heat treatment conditions (as-built, stress relieved and annealed) are also 

evaluated for their impact regarding the additives of boron and oxygen that are 

incorporated into the Ti64. This builds upon work in Chapter 3 which 

demonstrated the successful incorporation of boron and oxygen into Ti64 through 

the SLM process.  

This study was carried out in two parts. The first investigates the microstructural 

changes for each of these three materials in three conditions by observing etched 

cross sections through the materials. The observations from this analysis are 

supported using X-ray diffraction (XRD) to identify phases present and the 

formation of new compounds e.g. TiB.  

The second part examines the relationship between microstructure, and material 

properties of hardness and compressive strength. While this is well-known for 

Ti64, the behaviour of these modified materials and the effect of heat treatments 

on them are understudied.  

The experimental method for this chapter is covered in method section 2.4.2. 

Specific experimental techniques in this chapter include: microstructural analysis, 

hardness, XRD, and compression testing. 
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4.2 Microstructure of SLM Ti64 and Modified Materials with 

Different Post Process Heat Treatments 

Microstructures of the different materials are examined in different heat 

treatment conditions. These conditions are: 

• As-built condition. This is relevant for the application of SLM parts direct from 

manufacturing. 

• Stress relief treated at 700°C for 2 hours. This treatment is commonly applied 

to SLM manufactured Ti64 to remove any internal stresses that result from the 

thermal cycling and layer based build up of parts in this manufacturing process. 

• Annealed at 920°C for 2 hours. Annealing can be performed to modify the 

microstructure of Ti64 to achieve different mechanical properties. The 

annealing process used in this study is also similar to a common hot isostatic 

pressing (HIP) thermal treatment. HIP is commonly used for medical and high-

performance parts as it can reduce porosity. This treatment could help identify 

if these modified materials may be suitable for HIP processing. 

Cross-sections of each material are examined in plane with deposited layers 

(horizontal X-Y plane) and sectioned through the deposited layers (vertical 

section). 

4.2.1 As-built microstructure 

Microstructures for the as-built condition of Ti64, Ti64+O and Ti64+B are 

presented in Figure 4.1, 4.4 and 4.7 respectively. Observed features are described 

and combined with XRD phase analysis enabling discussion of the mechanisms 

involved. Any differences in the as-built condition are also highlighted.  

The as-built Ti64 material presents with a somewhat crosshatched lamellar 

structure throughout the material as shown in Figure 4.1. This is formed into 

colonies that have a relatively equiaxed shape in the horizontal section (size of 

about 100 µm), and long columnar shape in the vertical section of the material. 

Figure 4.2 identifies the scale of these long columnar grains within a range of 1-3 

mm in length.  
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Figure 4.1: Ti64 microstructures for SLM as-built condition material. Horizontal 
and vertical cross-section micrographs are presented for different 
magnifications to show different scale features of the microstructures. 

 

Figure 4.2: Combined micrographs of a vertical cross section of Ti64 in the as-
built condition. This demonstrates the scale of columnar grains extending in the 
build direction (feature lengths highlighted by black lines). 

Ti64 microstructures that result during SLM processing are well characterised in 

literature [10, 145-149]. The lamellar colonies observed in as-built Ti64 have been 

identified as α’ martensite with the  mechanism of formation well established by 

Yang, et al. [146]. The formation of α’ martensite is due to high cooling rates (103 
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– 106 K/s [117, 118]) during the rapid quenching of material in SLM manufacture 

and reheating/cooling cycles of subsequent layers. These high cooling rates are 

greater than the critical cooling rate of 410 K/s [117, 150] allowing the 

diffusionless transformation of β phase (body centred cubic high temperature 

phase) into hexagonal α’ martensite [146, 149]. 

The transformation process of β phase into α’ martensite is responsible for the 

arrangement of the martensite lamellae into the colonies observed in Figure 4.1. 

α’ martensite lamellae form with respect to the β phase via classical Burgers 

orientation relationship of 〈1 1 1〉𝛽 ∥ 〈1 1 2̅ 0〉𝛼′[117, 146, 151]. The martensite 

primarily nucleates and grows from the parent β grain boundary. This mechanism 

will result in colonies of α’ martensite lamellae of equivalent size to the β grain 

within which they form. These colonies are termed prior-β grains [150]. 

A further feature identified in Figure 4.1 is the distinct difference in colony 

alignment presented by horizontal and vertical sections through the materials 

samples. This is also an established phenomena of as-built SLM Ti64 where 

equiaxed lamellar colonies/prior-β grains present in horizontal sections while in 

vertical sections they display long columnar prior-β grains extending in the build 

direction (Figure 4.1 and 4.2) [10, 86]. Researchers have investigated and 

characterised these anisotropic microstructures of SLM Ti64 and their 

mechanisms of formation [86, 96, 100, 152]. The epitaxial grain growth through 

the layers is the result of directional solidification of the transient melt pool, driven 

by the net direction of heat conduction into prior layers [74]. This results in grain 

growth through the build layers. These grains span multiple layers due to 

remelting and directional solidification.  

XRD results presented for the as-built SLM manufactured Ti64 in Figure 4.3 match 

well with the reference peaks of α titanium, although there is a slight right shift in 

the peak positions. No obvious β phase signal is present. 
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Figure 4.3: XRD pattern for SLM manufactured Ti64 in the as-built condition. 
Positions of titanium α/α’ and β phase reference peaks are indicated for phase 
identification of the measured pattern. 

α’ martensite and α phase share a very similar hexagonal close packed (HCP) 

crystal structure [147]. A small difference can be observed between these phases 

under optimal conditions with the α’ martensite having a small shift to slightly 

higher diffraction angles in XRD pattens due to the substitution of alloying 

elements (Al and V) [146]. A shift in the XRD pattern can also be exhibited by 

residual stress [153] so the distinction between α and α’ phases is not conclusive 

for these SLM samples. α and α’ phases can present together as reported by other 

researchers for Ti64 XRD [10, 154, 155]. Due to these influences the results of 

Figure 4.3 only identify α/α’ and differentiation between these phases is made 

through other observations. If β phase had been present this would have indicated 

that α phase is present as α’ martensite will decompose into α+β phase when 

subject to the correct conditions. Therefore, the absence of β provides evidence 

for the retention of α’. There is no identification of β phase in the as-built Ti64 of 

Figure 4.3 so the structure can be concluded to be fully α’ martensite, in line with 

literature and microstructure observations [10, 86, 100, 146]. 

  



 

Page | 92  
 

Ti64+O material in the as-built condition presented in Figure 4.4 has a very similar 

microstructure to that of the as-built Ti64 (Figure 4.1). Again, there is a lamellar 

structure throughout the material, formed into equiaxed colonies in the horizontal 

plane and columnar colonies in the vertical plane. There appears to be a distinct 

boundary region that surrounds the equiaxed lamellar colonies of the horizontal 

cross section. At higher magnification (bottom micrographs of Figure 4.4) there 

does not appear to be a discernible difference between the lamellar structure in 

the boundary region and that of the equiaxed colonies. Apart from the presence 

of the boundary region, there is no size difference between the colonies presented 

by the as-built Ti64 and the Ti64+O. These are 100 µm equiaxed in the horizontal 

section and 1-3 mm columns vertically through the samples as presented in Figure 

4.5.  

 

Figure 4.4: Ti64+O microstructures for as-built condition material. Horizontal 
and vertical cross-section micrographs are presented for different 
magnifications to show different scale features of the microstructures. 
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Figure 4.5: Combined micrographs of a vertical cross section of Ti64+O in the as-
built condition. This demonstrates the scale of columnar grains extending in the 
build direction (lengths highlighted by black lines). 

Oxygen is an α stabilising element in titanium alloys and also induces martensite 

transformation by increasing the β-transus and martensite transformation 

temperature [1, 156]. The overall phase of the as-built Ti64+O is therefore most 

likely to be α’ martensite with the possibility of some α phase forming depending 

on the thermal history of the local region within the part [157]. 

Again, the columnar prior-β grains form as a result of remelting and directional 

solidification inherent in layer based additive manufacturing [86, 96, 100, 152]. 

The higher oxygen content has not served to change this phenomenon to any 

extent. 

The boundary region around the equiaxed colonies has been observed before in 

SLM manufactured Ti64. Yang, et al. [146] identified this boundary region and 

attributed it to thermal history of the local area as adjacent laser tracks and 

subsequent layers overlap and remelt material in the manufacturing process. They 

identified the structure in this boundary as slightly coarser α’ phase. This 

remelted/heat effected zone at the edge of laser tracks/prior-β grain boundaries 

may also transform some α’ into α phase with increased oxygen content [158].  
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XRD analysis of the as-built Ti64+O in Figure 4.6 presents very similar peak 

positions when compared to as-built Ti64 under the same conditions. A subtle 

difference between the two materials is that the Ti64+O peaks are slightly left of 

those of the Ti64. As descried earlier, the difference between α and α’ martensite 

phases are subtle however α peaks present at slightly lower angles compared to 

α’ [146] and this peak shift may be evidence that more α phase is present with the 

addition of oxygen. The α stabilising effect of added oxygen would support this 

observation and a greater proportion of fine α lamella are likely to exist alongside 

α’ martensite. This is not the only contributor as other factors such as stress can 

influence peak positions. Interstitial elements cause a stressing of the lattice, so 

the presence of additional interstitial oxygen could cause this result. The SLM 

manufacturing process results in residual stress within parts due to thermal cycling 

and sequential build-up of material, which would also contribute to this effect. 

 

Figure 4.6: XRD pattern for as-built SLM Ti64+O compared to Ti64 in the same 
condition. Positions of titanium α/α’ and β phase reference peaks are indicated 
for phase identification of the measured patterns. 

The microstructure of the as-built Ti64+B material in Figure 4.7 is significantly 

different to that of Ti64. The horizontal section through the material presents a 

coarse pattern of parallel features overlayed at an angle upon other sets of parallel 

features. The centre distance between each parallel stripe is 100 µm, equal to the 

distance between each laser track. The angle between the overlayed parallel 
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features is 67°, the same as the amount of rotation made to the laser hatch pattern 

between every layer during deposition. These features therefore are related to 

the laser tracks of subsequent layers.  

 

Figure 4.7: Ti64+B microstructures for as-built condition material. Horizontal and 
vertical cross-section micrographs are presented for different magnifications to 
show different scale features of the microstructures. 

A further observation is that there is a thin band around the edge of each laser 

track, about 10 µm thick, with the edges of this band clearly distinct as darker lines 

giving the laser track features a skin and core type appearance. This is apparent 

around the edge of the tracks in the horizontal section and the edge of the scallop 

features in the vertical section. This boundary region is likely a heat affected zone 

of solid material surrounding the melt pool beneath the laser. Evidence for this 

can be seen in the higher magnification images of Figure 4.7. Different shaded 

regions of the material surrounding a laser track are seen to extend into the 

boundary region but do not continue into the laser track itself. This suggests that 

the boundary region was not melted by the track and its appearance is due to solid 

state mechanisms. 
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The vertical section has a somewhat scalloped or scaled appearance with 

overlapping semi-circular features that are all arranged in the same direction. 

These must also be features caused by the laser scan paths. These features are at 

least 50 µm deep in the build direction and appear to fully overlap with 

subsequent layers. The layer height was set at 30 µm in the build process so this 

clearly demonstrates that during manufacture the selected parameters are such 

that they partially remelt previously deposited material. The appearance of the 

scan pattern in the vertical section would result in the striped pattern observed in 

the horizontal section where the semi-circular features are representative of the 

depth of the melt pool along each track.  

It is difficult to ascertain the underlying structure and prior-β grains in the optical 

micrographs of Figure 4.7 due to the coarse laser pattern features. Using SEM back 

scatter diffraction imaging it was possible to identify, in Figure 4.8, that the 

material did consist of lamellae. These are much finer than those of the Ti64 

material without boron of Figure 4.1. The prior-β colonies also appear significantly 

reduced, being below 50 µm. There is no clear evidence of a difference in lamellar 

colonies between vertical and horizontal cross sections. 

 

Figure 4.8: BSD image of Ti64+B in the as-built condition presenting a lamellar 
texture within colonies in the microstructure. Vertical and horizontal cross 
sections present almost identical lamellar and colony structure. 

The lamellar structure and high cooling rates suggest the material primarily 

consists of α’ phase within prior-β colonies. Literature also supports this as the 

negligible solubility of boron has no effect on the alloy phase transformations and 

α’ martensite is still expected to form, as in the Ti64 sample [77, 159]. While boron 

is not soluble in titanium, it is highly reactive with titanium at the elevated 

temperatures of SLM processing and it is expected that all boron present in the 
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material will exist as reacted compounds of TixBy, such as TiB or TiB2 [28]. Under 

SLM processing, TiB phase has been seen to form where boron has been 

introduced in the form of B4C and TiB2 [77, 123, 159]. This is attributed to TiB 

having the lowest free energy (ΔG) for reaction pathways with boron in excess 

titanium. TiB2 has a more negative free energy of formation for titanium and 

boron, however in excess titanium, the formation of TiB from TiB2 also has 

negative free energy and as such TiB is expected to form under SLM conditions 

[28, 160]. Any boron containing compounds would be expected to present as very 

dark features in BSD imaging however this is not evident in Figure 4.8 and is most 

likely due to the low levels of boron in the material and size of any boron 

compounds that form under rapid solidification in SLM.  

XRD was used to further investigate phases formed under SLM processing of boron 

modified Ti64 (Figure 4.9. There is a very close peak match between the Ti64+B 

and the unmodified Ti64 in the as-built condition. The peaks observed correspond 

with the α/α’ phase with no significant β phase detected. The boron modified 

material presented no additional XRD peaks, compared to the Ti64, that would be 

associated with the expected boron related phases. 

 

Figure 4.9: XRD pattern for as-built SLM manufactured Ti64+B compared with 
unmodified Ti64 in the same condition. Positions of titanium α/α’, β, and TiB 
phase reference peaks are indicated for phase identification of the measured 
patterns. 
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The addition of boron is the only change made to the samples compared to as-

built Ti64. This has resulted in significantly different microstructural features 

(Figure 4.7 compared to Figure 4.1). No identification of TixBy phases was made 

however it is most likely that TiB compounds exist on a small scale where 

observation/identification via BSD and XRD is not possible. The observed 

microstructural differences must be the result of the boron presence and 

interaction during SLM processing. 

Boron has a significant grain refining effect on titanium which has been observed 

in previous studies [30, 40, 77, 161]. This occurs during solidification as boron is 

fully soluble within liquid titanium and precipitates as TiB during solidification by 

a eutectic reaction from liquid to β+TiB. The eutectic composition for Ti64+B has 

been measured at 1.55wt% boron [161]. Below this (0.2wt% in this study) 

solidification occurs in a hypoeutectic zone, within which β phase titanium grains 

nucleate and grow with boron rejected into the liquid due to its low solid solubility. 

This is shown to further nucleate fine titanium grains and restrict growth [77]. 

When the temperature falls below the eutectic temperature, 1545°C [161], the 

melt solidifies into TiB and β phase. Further cooling results in the diffusionless 

transformation of fine β grains into finer α’ martensite. This mechanism results in 

the fine lamellar microstructures of Figure 4.8. 

The formation of this fine microstructure also drives the macro features observed 

in optical micrographs of Figure 4.7. The grain refinement of boron eliminates the 

generation of larger prior-β grains observed in unmodified Ti64 and eliminates 

long columnar grains in the build direction. Each melt pool along a laser track 

solidifies under the influence of boron refinement and relative to the greatest 

thermal gradient. The heat affected zone surrounding each track is likely raised to 

temperatures that exceeded the β-transus, resulting in new β grain development 

from the previous α’ martensite. With subsequent rapid cooling these β grains 

reform α’ martensite in a different arrangement than it was previously, forming 

the identifiable boundary region. These combine into macro features where laser 

tracks are obvious in the microstructure and exhibit a layer-core appearance, 

similar to the effect observed in Ti64+O (Figure 4.4).  
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4.2.1.1 As-built microstructure summary 

As-built Ti64 presented the expected microstructure for SLM manufactured 

titanium, with an α’ martensitic structure formed in columnar colonies from prior-

β grains.  

The addition of oxygen had little impact on the microstructure but did form a 

boundary region around prior-β grains that is attributed to reheating of adjacent 

laser tracks and subsequent layers. The addition of oxygen made this effect 

manifest in an observable microstructural feature. No phase difference was 

identified, with the material consisting of α/α’. 

Boron addition to Ti64 had a profound effect on the materials microstructure 

appearance. A macro texture existed that was the result of laser tracks, presenting 

as parallel tracks in the horizontal section and scalloped track cross sections in the 

vertical micrographs. This effect is the result of grain refinement that occurs due 

to the solidification influence of boron. The phase of the material was no different 

to that of Ti64, being α/α’ phase, presenting as a finer lamellar structure. No TixBy 

products were detected in the material. 

4.2.2 Stress relieved microstructure 

Stress relief heat treatment was carried out in a vacuum furnace at 700°C for 2 

hours to eliminate any residual stress that is induced by the thermal cycling and 

layer-based melt and solidification of the SLM process. This is a standard 

treatment of SLM manufactured Ti64 in commercial settings for geometric 

stabilisation of parts however it is at the upper end of what would be considered 

a stress relief for titanium [1]. 

Microstructures for Ti64, Ti64+O and Ti64+B are presented in the stress relieved 

condition in Figure 4.10, 4.12, and 4.14 respectively. Observations of 

microstructural features are followed by discussion relating to phase changes and 

transformations that may result from the thermal treatment. The influence of the 

modifying elements of boron and oxygen are accounted for through comparison 

with unmodified Ti64 after identical processing. 
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Figure 4.10 presents micrographs for the stress relieved Ti64. Overall, the material 

has a lamellar structure, with equiaxed prior-β grains in the horizontal section and 

columnar prior-β grains in the vertical section. There is little visual difference 

between the stress relieved Ti64 (Figure 4.10) and the as-built Ti64 material 

(Figure 4.1). Prior-β grain size remained the same at around 100 µm in horizontal 

section and columnar grains extending beyond the size of the single micrographs 

presented here (these were observed to be comparable to as-built structures at 

1-3 mm).  

 

Figure 4.10: SLM Ti64 microstructures for stress relieved material. Horizontal and 
vertical cross-section micrographs are presented for different magnifications to 
show different scale features of the microstructures.  

A heat treatment study of SLM manufactured Ti64 by Wu et al. [162] identified 

that up to 600°C there was no difference in heat treated microstructure from the 

as-built material. For treatments over 750°C an observation was made that the 

material became more susceptible to etching. This was attributed to diffusion of a 

large proportion of the initial α’ martensite into α phase. Yu et al. [163] identified 

a small amount of β phase in SLM manufactured Ti64 using XRD after heat 

treatment for two hours at 750°C. XRD cannot easily distinguish between α’ 
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martensite and α titanium as they have similar hexagonal structures. However, 

from the presence of a small amount of β phase they concluded that there was 

sufficient time for diffusion of α to form β phase within α lamellae. Other 

investigations of SLM manufactured Ti64 processed with similar heat treatments 

have identified the transformation of most α’ to α phase, with some β phase 

identified with sufficient heat treatment time [96, 164, 165]. No change in prior-β 

structure occurred as expected from this sub-β transus treatment. 

The stress relief treatment performed on the samples presented in Figure 4.10 is 

between the above referred studies so it is expected that a small amount of 

diffusion may take place however primarily most of the original α’ martensite will 

transform to α phase, retaining the lamellar grain structure from the as-built 

condition. Some α’ martensite may be retained after this stress relief however 

appearance wise it is indistinguishable from α phase. 

XRD comparing the stress relieved TI64 to the as-built Ti64 in Figure 4.11 shows 

the two conditions are very similar. There is no discernible difference in peak 

positions with the material phase identified as α/α’. There is no evidence from XRD 

to suggest formation of β phase from the bulk transformation of α’ into α+β, which 

in accordance with literature, suggests the α/α’ phase structure remains [162, 

163]. This transformation may have partially taken place however on a small scale 

where any β phase is below the detection limits.  
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Figure 4.11: XRD pattern for SLM manufactured Ti64 in as-built and stress 
relieved conditions. Positions of titanium α/α’ and β phase reference peaks are 
indicated for phase identification of the measured patterns. 

The stress relieved Ti64+O microstructure of Figure 4.12 presents with lamellar 

structure arranged in colonies that are equiaxed in the horizontal section (100 μm 

diameter) and columnar in the vertical section (100 µm wide and greater than 600 

μm long). The distinct boundary region around these colonies is also observable in 

both vertical and horizontal micrographs of the stress relieved TI64+O, as it was in 

the as-built material. 
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Figure 4.12: SLM Ti64+O microstructures for stress relieved material. Horizontal 
and vertical cross-section micrographs are presented for different 
magnifications to show different scale features of the microstructures. 

Ti64+O appears to have followed a similar trend to the stress relieved Ti64, with 

little change in prior-β grain size between the as-built and stress relieved 

condition. Some of the columnar grains observed were shorter at 600 μm however 

columnar features longer than 1 mm were also observed. There is slight 

coarsening of some of the previously acicular α’ martensite lathes in Figure 4.12. 

This would be consistent with diffusion phase change from fine α’ martensite 

lathes, to more course lamellar α phase. The boundary region is still evident 

separating the horizontal equiaxed or vertical columnar prior-β grains. The visual 

appearance of the coarser lamellar structure is consistent with the transformation 

of α’ to α lamellae attributed to the α stabilising properties of the oxygen addition 

[1, 158].  

In the transformation of α’ to α phase, β phase forms between the α lamellae 

resulting in a fine α+β structure [96, 162, 163]. XRD for the stress relieved Ti64+O 

in Figure 4.13 identifies a peak at approximately 67° which corresponds with 

titanium β phase. This is not the primary β phase peak that should be observed, 
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which occurs at 46°. There is no clear signal identified here however the primary 

α/α’ peak may obscure this.  

 

Figure 4.13: XRD pattern of SLM Ti64+O in stress relieved condition with Ti64+O 
and Ti64 in as-built condition for comparison. Positions of titanium α/α’ and β 
phase reference peaks are indicated for phase identification of the measured 
patterns. 

The presence of β phase in the stress relieved Ti64+O is unexpected as oxygen is 

α stabilising and should result in a reduction in β formation compared to that of 

the stress relieved Ti64. It is possible that the signal at 67° is an artifact of some 

microtextural effect or altered diffusion behaviour to enable the transformation 

of α’ martensite into α+β phases.  

Micrographs of stress relieved Ti64+B in Figure 4.14 do not appear significantly 

changed from those of the as-built condition in Figure 4.7. In the horizontal 

section, the laser scan pattern is still clearly visible as overlayed parallel paths 

approximately 100 μm wide. The vertical section again presented the scalloped 

pattern that results from the laser tracks in the layer wise build-up of SLM 

manufacture, as described for the as-built condition.  
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Figure 4.14: Ti64+B microstructures for stress relieved material. Horizontal and 
vertical cross-section micrographs are presented for different magnifications to 
show different scale features of the microstructures. 

There is no evidence of columnar prior-β grains extending through layers in the 

vertical section indicating that the boron addition effectively eliminates this typical 

SLM microstructural feature. The difference between horizontal and vertical 

micrographs suggests that while the columnar prior-β grains are eliminated, there 

are still features of the microstructure (laser track texture) that may cause 

different material properties dependant on the alignment of the material..  

The finer microstructure is still somewhat indistinct and obscured in Figure 4.14 

so further investigation using BSD imaging in Figure 4.15 was required. A fine 

acicular phase is presented in the BSD micrograph with little to differentiate it 

from Figure 4.8 for the same boron modified material in as-built condition. Any 

TixBy phases are still not clear in the BSD images after stress relief.  
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Figure 4.15: BSD image of stress relieved Ti64+B showing materials 
microstructure. 

XRD of stress relieved Ti64+B in Figure 4.16 identifies the material as α/α’ phase. 

No distinct peaks indicating significant β phase are present suggesting that the 

stress relief treatment did not alter the bulk material to a great extent. A peak is 

detected at 34.2° which is a significant peak for B27 orthorhombic TiB phase which 

does not coincide with other titanium peaks. TiB is the most stable TixBy phase in 

excess titanium and is well established by other research in this field [28, 33, 34, 

77, 159]. The stress relief treatment has clearly enabled the formation/diffusion 

of detectible levels of TiB.  
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Figure 4.16: XRD pattern for SLM TI64+B in stress relieved condition compared 
with Ti64 in the same stress relieved condition and Ti64+B in the as-built 
condition. Positions of titanium α/α’, β, and TiB phase reference peaks are 
indicated for phase identification of the measured patterns. 

The diffusion and growth of TiB particles, referred to as whiskers due to their 

typically high aspect ratio, is observed to take place in solid state conditions such 

as the sintering of titanium powder [166]. Diffusion surface coatings of titanium 

with TiB and TiB2 have also been shown to generate at temperatures as low as 

700°C [167-169]. At the stress relief temperature of 700°C in this study the 

diffusion of boron and subsequent the accumulation of larger TiB particles 

explains the appearance of TiB phase in XRD results compared to the as-built 

condition.  

A further signal at 52° is also evident that does not match with any compounds of 

Ti64, boron, and other elements present. This peak was observed in other XRD 

profiles of small samples and is attributed to aluminium of the sample stage in the 

XRD machine. This peak is not in the correct position for aluminium due to 

different height and alignment of the stage but from other observations in 

different materials it is clearly attributed to this and can be discounted. 
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4.2.2.1 Stress relieved microstructure summary 

Stress relief treatment has had little visual effect on the overall microstructural 

appearance of the three materials as would be expected from this lower 

temperature treatment. 

The overall phase of all materials has likely undergone some diffusion from α’ 

martensite to α with some fine β phase interspaced between α lamelle. This is 

supported by XRD results showing some β phase for the Ti64+O stress relieved 

sample. 

The Ti64+B material indicated that some TiB B27 orthorhombic phase was present 

in XRD results. This suggests that some diffusion and growth of TiB particles has 

occurred under stress relief to enable detection of this material. 

4.2.3 Annealed microstructure. 

A higher temperature annealing treatment was also investigated in this study. The 

temperature of this treatment was selected at 920°C to be below the β-transus of 

Ti64 (approx. 980°C [1]) and held for 2 hours. This annealing treatment is also 

comparable with the temperature cycle of commercial hot isostatic pressing (HIP), 

a common treatment for SLM titanium products. The intention of this treatment 

was to identify changes in microstructure and changes caused by added boron and 

oxygen that may result from typical commercial post processing of SLM Ti64. 

Microstructures are presented for annealed Ti64, Ti64+O and Ti64+B in Figure 

4.17, 4.19, and 4.21 respectively. Observations are made from these, followed by 

discussions relating any changes to phase transformation mechanisms and the 

influence boron and oxygen have under this thermal processing history. 
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Figure 4.17: SLM Ti64 microstructures in annealed condition. Horizontal and 
vertical cross-section micrographs are presented for different magnifications to 
show different scale features of the microstructures. 

Ti64 experiences significant changes after the high temperature annealing 

treatment. The microstructure consists of relatively coarse lamellae in both 

horizontal and vertical cross sections of Figure 4.17. This is significantly different 

to the finer acicular microstructure of the as-built condition from which it 

transitioned. These lamellae retain coordination within prior-β colonies where the 

colony size and shape are unchanged compared to the as-built material (equiaxed 

100 μm in horizontal section and long columnar colonies in vertical section). 

XRD of the annealed SLM Ti64 identifies phases of α/α’ and a small among of β 

phase in the material. The development of some β phase, combined with the 

coarser appearance of the lamellar microstructure are consistent with expected 

changes to the material as a result of the annealing treatment. The treatment at 

920°C has allowed the full decomposition of the as-built α’ martensitic Ti64 

material into a fully α+β lamellar structure following well understood behaviour 

with regards to heat treatments [1, 86, 100, 162, 170, 171]. 
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Figure 4.18: XRD pattern for SLM Ti64 in an annealed condition compared to as-
built Ti64 material. Positions of titanium α/α’ and β phase reference peaks are 
indicated for phase identification of the measured patterns. 

Specifically, in SLM manufactured Ti64 the same behaviours were observed by 

Zhao, et al. [170] and Huang, et al. [171]. A full transformation to interspaced α 

and β lamellae that retain coordination within prior-β colonies with coarsening of 

the α phase is consistent with these results. 

Ti64+O microstructures after an annealing heat treatment in Figure 4.19 behaves 

similarly to unmodified Ti64 with a transformation to a coarser lamellar phase and 

no change in the prior-β colony sizes. The boundary region around the equiaxed 

prior-β colonies appears to have slightly coarser lathes than within the equiaxed 

colonies.  
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Figure 4.19: Ti64+O microstructures in annealed condition. Horizontal and 
vertical cross-sections of the microstructure are presented showing colony 
alignment that results from the build process. 

These changes in microstructure suggest that all α’ martensite in the as-built 

material has now become lamellae α+β phase with the annealing heat treatment 

providing sufficient time and temperature for the transformation to take place and 

the lamellae to become coarser. There is little difference between Ti64 and Ti64+O 

as they undergo an annealing treatment from the as-built condition. The only 

difference observed in the microstructures is the presence of the boundary region 

in Ti64+O, which is developed in the as-built condition and upon further heat 

treatment experiences equivalent effects to its structure as the rest of the 

material. 

XRD of the annealed Ti64+O compared to Ti64 in Figure 4.20 show both materials 

have almost identical profiles. The material clearly consists of both α and β 

titanium which is in line with literature regarding heat treatment effects on SLM 

material [51, 170-172].  
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Figure 4.20: XRD pattern for SLM Ti64+O in the annealed condition. Ti64 in the 
annealed condition and Ti64+O in the as-built conditions are included for 
comparison. Positions of titanium α/α’ and β phase reference peaks are 
indicated for phase identification of the measured patterns. 

Oxygen being an α stabilising element [1], it is expected that Ti64+O may have a 

different proportion of α and β phases compared to Ti64 in the same condition 

[51]. From a visual standpoint this cannot be concluded with the lathes of both 

materials appearing very similar. More detailed phase investigation would be 

required to fully determine if this was the case.  

High temperature annealing of the Ti64+B has had a significant effect on its 

microstructure (Figure 4.21) compared to the as-built condition (Figure 4.7). The 

previously obscured texture of the microstructure is now observable with a 

relatively fine lamellar appearance. The laser track features that were so clear in 

the other conditions of Ti64+B are much less obvious in the annealed condition. 

The edges of the laser tracks are still visible but are now identified by thin dark 

parallel lines (indicated in Figure 4.21).  
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Figure 4.21: Ti64+B microstructures in annealed condition. Horizontal and 
vertical cross-sections of the microstructure are presented to identify directional 
features that results from the build process. 

The fine acicular/lamellar structure visible only in BSD imaging for the as-built 

condition material, appears to have coarsened to give the microstructure 

observed here. This would be consistent with a full transformation to α+β phase 

with sufficient treatment time and temperature to allow some coarsening of the 

interspaced α and β. This behaviour is equivalent to that of both Ti64 and Ti64+O 

annealed materials.  

BSD imaging in Figure 4.22 shows a stark difference between the as-built 

martensitic material and this annealed sample. The BSD images  clearly shows the 

α+β lamellar structure with interspaced grey α phase and white β phase [1]. As 

with unmodified Ti64, the transformation to a coarser lamellar structure is in line 

with literature for this thermal treatment [100, 162, 170, 171]. The Ti64+B material 

has a finer lamellar structure than that developed by annealed SLM Ti64 which is 

consistent with the grain refining effect of the added boron [30, 40, 77, 161]. 
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Figure 4.22: BSD images of Ti64+B in the annealed condition at 2 different 
magnifications showing microstructure and TiB particulates. 

A new needle-like feature is also visible in the BSD cross sections, presenting as an 

almost black phase. These needle-like particles are expected to be TiB due to their 

appearance in accordance with literature [34, 173]. The annealing temperature 

(920°C) being greater than that of the stress relief treatment (700°C) enables 

greater diffusion of boron [167-169], allowing increased growth of the TiB 

particulates that have become visible in the BSD images. 

In these BSD images (Figure 4.22) there is no distinct phase that defines the dark 

bands that form the edge of the laser paths as observed in the optical micrographs 

of Figure 4.21. 

XRD identifies the phases present in the annealed Ti64+B material in Figure 4.23. 

As in the annealed, unmodified Ti64 there is some indication of β phase with a 

peak at approximately 67° with α/α’ phase clearly evident. In the annealed Ti64+B 

there is a TiB B27 orthorhombic phase peak at 34.2°. This, along with observations 

of needle like particles in the material, provides evidence that TiB has formed in 

this modified alloy as expected.  
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Figure 4.23: XRD of annealed Ti64+B and Ti64 along with as-built Ti64+B for 
comparison. Positions of titanium α/α’, β, and TiB phase reference peaks are 
indicated for phase identification of the measured patterns. 

EDS was carried out to further identify the particles and if they could be 

characterised as boron compounds. Table 4.1 clearly identifies the particulates 

consist of a high concentration of boron. The needle like appearance of these 

particles is consistent with studies of TiB. The needle/whisker like appearance of 

TiB is a result of established preferential crystallographic growth. The growth 

direction is parallel to [010] axis of the B27 orthorhombic unit cell of TiB [28, 34, 

174]. This leads to the development of high aspect ratio, needle like particles 

forming. These particles have not been visually present in the other conditions of 

the Ti64+B material. The darker aluminium rich α phase and light vanadium rich β 

are also correctly identified in the EDS analysis of Table 4.1 with spectrum 1 

characterising a β phase region while spectrum 3 identifies α phase. 
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Table 4.1: EDS elemental identification of phases and particulates in annealed 
Ti64+B material. EDS spectra are taken from different features that present in 
Figure 4.22. The results are presented in wt%. 

Spectrum B Ti Al V 

 

Spectrum 1 - 83.85 3.78 12.37 

Spectrum 2 21.26 73.55 1.91 3.28 

Spectrum 3 - 91.12 6.44 2.44 

Spectrum 4 21.81 72.64 2.41 3.14 

 

Annealed condition microstructure summary 

Across all three materials, the annealing treatment has developed a fully α+β 

lamellar structure with relative coarsening of the lamellae. This is consistent with 

the higher treatment temperature enabling the diffusion transformation of α’ 

martensite. 

There is no change in prior-β colony size as the treatment temperature remained 

below the β-transus temperature. The large columnar prior-β colonies in the build 

direction remain in the Ti64 and Ti64+O materials. 

This higher temperature treatment allowed further diffusion and growth of TiB 

particles. These were identified by phase (XRD), chemical (EDS), and visual analysis 

as needle like particulates in the microstructures.  

Features identifying the laser tracks remained present in the optical Ti64+B 

microstructures. These were unresolved in BSD imaging and do not identify as 

concentrations of TiB particulates or a different detectible phase in the material. 
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4.3 Hardness 

Vickers hardness of the different materials in different heat-treated states are 

presented in Figure 4.24. Hardness values are the combined measurements taken 

from horizontal and vertical cross sections of the materials. At least five 

measurements were taken from each sample. 

 

Figure 4.24: Hardness of different titanium materials with respect to their heat 
treatment condition. Error bars presented are 95% confidence intervals. 

In the as-built condition, Ti64 has a hardness of 356±6 HV0.5. Hardness increased 

to 370±4 HV0.5 after performing the stress relief treatment, while annealed 

material has very similar hardness to the original as-built condition at 351±8 HV0.5. 

This behaviour is expected in SLM Ti64 material and has been characterised by 

others working in this field [74, 162, 165, 170]. The increase in hardness after 

stress relief is attributed to partial decomposition of α’ martensite to α phase (and 

potentially some β phase however this was below detection limits) while retaining 

the very fine lamellar structure. This microstructural change was also identified 

when the material in this study was characterised (Figure 4.10).  

The decreased hardness of the annealed Ti64 is also explained by microstructural 

changes. After annealing, the microstructure of the Ti64 became coarser α+β 

lamellae (Figure 4.17). While the transition from metastable α’ martensite is 

attributed to an increase in hardness, as seen in the stress relieved material, 
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coarser lamellae of the annealed condition result in a similar hardness to the as-

built condition, as an increase in grain size causes a hardness reduction [175]. 

Across the different treatments, the Ti64+O material experiences very little 

change in hardness, remaining at approximately 395 HV0.5, even after the 

annealing treatment. The increase in hardness compared to unmodified Ti64 is 

significant across the range of treatments. The hardening effect is attributed to 

the oxygen addition through interstitial solution strengthening and α phase 

stabilisation [176]. Oxygen forms an interstitial solid solution with titanium and 

subsequently strengthens the material [158, 172, 177]. Solid solution 

strengthening is well studied with many resources available on the subject so is 

not detailed here [178, 179]. Oxygen is also known to stabilise α phase and as such 

generates a higher proportion of the harder α phase in the material. 

Microstructural investigation of the Ti64+O material (Figure 4.4, 4, and 4) did not 

visually identify a greater proportion of α, however with more targeted analysis 

this would be expected, in line with other literature [51].  

Annealing of the Ti64+O material did cause coarsening of the lamellar α+β phase 

as presented in Figure 4.19. This coarsening appears to have limited effect on the 

materials hardness, as there are almost no hardness differences in Ti64+O 

between the different heat treatments. It can be concluded that the increased 

oxygen content is the major contributor to the hardness difference and is 

effectively independent of the microstructural changes produced through heat 

treatment. 

The Ti64+B material has a mean hardness of 390 HV0.5 for both the as-built and 

stress relieved material. This is consistent with the microstructures of the material 

in these conditions being very similar as presented in Figure 4.7 and 4.14. As 

established in microstructural discussions, all boron in the material will exist as TiB 

particles. The addition of hard particulates can increase the hardness of a material 

as seen through the process of precipitation hardening [175, 180]. Hardening in 

this way is achieved by a distribution of very fine particulates throughout a 

material. These hard particles restrict slip and dislocations within the material, 

which results in an increase in hardness and strength. The effectiveness of 
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precipitation hardening depends on the size and distribution of the particulates 

[175]. 

The annealed hardness behaviour can also be associated precipitation hardening 

mechanisms. This heat treatment resulted in a hardness of the Ti64+B reducing to 

352±4 HV0.5. The microstructure of this material is significantly different compared 

to the as-built material, as described in reference to Figure 4.21. There is a coarser 

structure along with the development of relatively large TiB needles throughout 

the material. As established in the investigation of the microstructure, the 

development of TiB needles is due to diffusion and growth of TiB under the higher 

treatment temperature during annealing. Precipitation hardening is most 

effective with a large number of small particulates throughout the material. The 

diffusion and growth of TiB particulates means there must now be a smaller 

number of large particles in the material, having a reduced effect. This is 

commonly referred to as over-aging of precipitation hardened alloys [175].  

The reduced effectiveness of TiB particles and coarser α+β microstructure results 

in the significant decrease in micro hardness observed.. The annealed micro 

hardness of the Ti64+B is effectively equivalent to that of the unmodified Ti64, 

suggesting that the added TiB in this condition has limited effect. The larger 

particulates may possibly improve the macro hardness of the annealed material 

and provide some strengthening benefit however on the macro level the effect is 

diminished. 

4.4 Compressive Strength 

Compressive properties of the different heat treatment conditions allow further 

understanding of the different microstructures seen in this study and the impact 

the additives have on mechanical properties and potential applications. 

Compressive tests were performed in accordance to ASTM Standard E9 [129], on 

cylindrical samples manufactured axially in the build direction as detailed in the 

methods section.  

The effect of heat treatments on compressive yield strength of the various 

materials are presented in Figure 4.25. Across the different heat treatment 
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conditions all materials behaved similarly. In each condition Ti64 had the lowest 

yield strength and Ti64+O presented the highest, while boron modified Ti64 was 

between these. For each material, the stress relieved samples presented with the 

highest yield strength while annealing reduced yield strength compared to the as-

built condition. 

 

Figure 4.25: Yield strength (MPa) for the different titanium materials of this 
study and their heat treatment condition. Error bars represent 95% confidence 
intervals, some are small and obscured by the data points. 

Relating the yield strength trends to observations in the materials microstructures 

provides supporting evidence for the observed behaviour. The stress relief 

treatment caused little visible change to each of the materials microstructure 

compared to the as-built condition, as presented by Figure 4.10, 4.12, and 4.14. It 

is expected that there would be little difference in the as-built and stress relieved 

yield strength of each of the materials. This is the case, as presented in Figure 4.25, 

with yield strength increasing by only approximately 50 MPa for the three 

different materials. This small increase in yield strength can be attributed to the 

stress relief treatment partially decomposing the as-built α’ martensite into α 

phase (some β phase is likely generated but remained undetectable) as discussed 

in relation to XRD data and microstructure images (Figure 4.10, 4.12, and 4.14). 

The decomposition of α’ martensite to stronger α phase, while retaining a fine 

grain structure results in the minor yield strength increase [162, 163]. 
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Annealing results in a significant reduction in yield strength compared to the as-

built material. Annealing also resulted in the most significant changes in 

microstructure for these materials presented by Figure 4.17, 4.19, and 4.21. All 

annealed materials were identified as α+β phase with a significant coarsening of 

the grain structure. While α phase is slightly stronger than α’ martensite, coarser 

grains serve to reduce the materials strength. This is known through the Hall-Petch 

relationship in Equation 4.1. This defines that yield strength (𝜎𝑦) is inversely 

related to grain diameter (𝑑) through the Hall-Petch equation below. 𝜎0 is the 

stress at which dislocation movement starts for a material and 𝑘𝑦 is a material 

specific strengthening coefficient [175].  

𝜎𝑦 = 𝜎0 +
𝑘𝑦

√𝑑
 Equation 4.1 

The coarser grain structure of the annealed condition materials provides 

explanation for the corresponding reduction in observed yield strength. This 

behaviour is effectively summarised in a review of Ti64 by Liu and Shin [10].  

Ti64+B has a yield strength consistently higher than Ti64 through all treatments. 

This can again only be due to the influence of the boron. It is clearly seen in the 

microstructures of Figure 4.7 (as-built), 4.14 (stress relieved), and 4.21 (annealed), 

that the boron has a profound influence on the prior β grain size and lamellae grain 

size, both being smaller than that observed in Ti64 for the same heat treatment 

condition. Consistent with the Hall-Petch relationship, smaller grain size results in 

an increase in yield strength, which corresponds to the relative increase in yield 

for Ti64+B. 

Ti64+O has yield strengths in all conditions greater again than Ti64+B. The 

microstructures for Ti64+O in Figure 4.4 (as-built), 4.12 (stress relieved), and 4.19 

(annealed) are very similar to those of unmodified Ti64 in the corresponding 

conditions with very similar appearing grain sizes and phase composition 

according the previously presented discussion regarding XRD. Grain structure does 

not explain the significant difference in strength between Ti64 and Ti64+O. 

Notably, Ti64+O had a much greater hardness than Ti64 in all heat treatment 

conditions as presented in Figure 4.24. There are typically parallels between 
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hardness and yield strength of metals following an empirical relationship 

(Equation 4.2) between Vickers hardness (𝐻𝑉) and yield strength (𝜎𝑦) [181]. 

𝐻𝑉 ≈ 𝐴 ∙ 𝜎𝑦  Equation 4.2 

Where A is a value close to 3 for ductile materials [177, 182]. 

Testing this relationship, 𝐻𝑉/𝜎𝑦 values are plotted for each heat treatment 

condition in Figure 4.26. This empirical approximation appears to hold true for 

these materials and their heat treatment conditions with values varying between 

3 and 3.7. When comparing each heat treatment condition, Ti64+O does not differ 

significantly from the other materials. This is significant as it identifies that the 

ratio between hardness and yield strength remains approximately the same for all 

materials in the same condition. The higher hardness overall for the Ti64+O is 

matched by a proportional increase in yield strength. The solid solution 

strengthening of additional oxygen is causing the increase in yield across all heat 

treatments of Ti64+O and a proportional increase in hardness. 

 
Figure 4.26: Vickers hardness over yield strength ratio compared to the different 
heat treatment conditions for Ti64 and modified materials of this study. 

This relationship between hardness and yield strength also suggests that, in the 

Ti64+B materials, the increase in hardness above that of Ti64 (Figure 4.24) 

describes the increase in yield strength. In the annealed condition there is no 
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difference in hardness between Ti64 and Ti64+B while a difference in yield 

strength remains, which is linked with the smaller lamellar grain size. Both 

hardness and grain size are modified by the addition of boron and are identified 

as contributing to the increase in strength of Ti64+B. 

From compression testing, the Young’s moduli of the different materials were also 

compared (Figure 4.27). In the different heat treatment conditions, the relative 

order of stiffness of the different materials remained the same. Ti64 had the 

lowest Young’s modulus in each condition, followed by Ti64+B, and Ti64+O 

presenting with the highest. Heat treatments appeared to have almost the same 

effect on the modulus of all materials. Stress relief increased the modulus of the 

materials by an average of 21 GPa while annealing caused a more modest increase 

of 14 GPa on average.  

 

Figure 4.27: Young’s modulus (GPa) for the different titanium materials of this 
study and their heat treatment condition. 

Young’s modulus is dependent on the phases and their proportion within a 

material. α phase Young’s modulus is known to be stable however β phase 

modulus varies dependent on composition [183]. In α+β phase of Ti64 alloys, the 

modulus of α phase is reported to be 117 GPa while the β modulus is around 82 

GPa with some variation based on processing and heat treatment. α’ modulus is 

only slightly lower than α phase at 113 GPa [176, 183, 184]. The law of mixtures 
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directly relates the proportion and stiffness of each constituent phase to the 

overall stiffness of a material. The relative differences in Young’s moduli of the 

materials can be described by the phase changes that occur through the heat 

treatments [185, 186]. In the as-built condition the materials were predominantly 

α’ and as such have a Young’s modulus that matches this phase. Stress relief 

introduced some α phase transformation so consequently the modulus increased. 

Following annealing the structure transformed to α+β, the resultant being a slight 

increase from the as-built condition however less than that of the stress relief due 

to the presence of a greater proportion of β phase. This general change holds true 

for all the materials as observed in the microstructure images. 

Additional phases in the form of a composite, like the addition of TiB particulates 

seen in the annealed Ti64+B, adds an additional stiffening element as the Young’s 

modulus of TiB is reported to be between 371 GPa and as high as 550 GPa 

compared to 117 GPa in α+β lamellar Ti64 [16, 34]. The amount of TiB present is 

very small so this influence would likely be minor. The boron has a significant 

impact on the microstructure of Ti64 with grain refinement and additional phases, 

which clearly has the effect of increasing the Young’s modulus of the Ti64. 

In the oxygen modified material the increased Young’s modulus provides evidence 

that there is further stabilisation of α phase. This would result in more α phase 

present under all heat treatment conditions of the material. The resulting effect is 

an increasing of the modulus of this material across the range of heat treatments. 

Studies of oxygen content in Ti64 have seen this modulus increase through the 

processes of interstitial hardening and α stabilisation with an increase in oxygen 

content [187]. The same processes also result in a relative Young’s modulus 

increase for additional oxygen in SLM Ti64 material. 

To identify any difference between the Ti64 materials in this study and their 

processing, relative strain energy density during compression can be compared. 

Strain energy density (J/m3) is the area under the stress-strain curve. It is 

hypothesised that the additives may change the plastic behaviour of the materials. 

Specifically, the additives may change how the materials strain harden during 

plastic deformation due to the concentration of boron compound particulates or 
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oxygen interstitials. The presence of these additives may have a disproportionate 

effect on dislocation motion during compression, resulting in different energy 

requirements for deformation. Calculating and comparing strain energy density 

required to compress the samples by 4% will identify material specific differences 

in ductile behaviour. This comparative strain energy density will increase with yield 

strength as this increases the area under the stress-strain curve. It will also be 

sensitive to changes in the plastic portion of the stress strain curve. The materials 

strain energy up to 4% compression is compared with yield strength in Figure 4.28. 

 

Figure 4.28: Strain energy density up to 4% compression compared with yield 
strength for the different Ti64 material of this study in three different heat 
treatment conditions. R2 = 0.961 for the linear trend. 

There is a distinct linear trend between the comparative 4% strain energy density 

and yield strength that correlates well with all Ti64 materials in all heat treatment 

conditions. This is expected, as increasing yield strength results in a greater area 

beneath the stress-strain curve. There is no significant variation away from this 

trend between the different modified materials and their heat treatment 

conditions. This result concludes that there is little evidence to support any 

significant differences in plastic deformation behaviour between the different 

materials aside from an increase in yield strength. 
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4.5 Summary 

The addition of oxygen and boron have an effect on the microstructure of Ti64 and 

effect the response to different heat treatments. The material structure consists 

of prior-β colonies of fine or coarse lath/lamellar phases depending on heat 

treatment. Initially the materials consist fully of α’ martensite. Stress relieving 

decomposes α’ martensite into mostly α phase with little structure change, while 

annealing fully transforms the materials to α+β lamellar structure. Annealing also 

serves to coarsen the lamellar structure due to its higher temperature. 

Hardness and grain/lamellar size determine the compressive yield strength of the 

materials with oxygen addition providing a greater hardening and strengthening 

effect in line with its stabilisation of α phase and interstitial reinforcement within 

the Ti64. Boron particulates of TiB remain fine and distributed in the as-built and 

stress relieved condition however annealing serves to combine these particles into 

much coarser needles which reduces the hardening effect on Ti64. The hardening 

and strengthening effect of adding boron to Ti64 is due to a combination of 

particulate reinforcement and grain refinement. 

There is a small difference in Young’s modulus in each of the materials (Ti64, 

Ti64+B, Ti64+O) that can be attributed to the different phases and proportions of 

phases in the materials. 

Finally, the plastic compressive behaviour does not appear to be significantly 

influenced by the addition of boron or oxygen to Ti64. Any differences in 

comparing relative strain energy density values up to 4% strain are effectively 

described by differences in yield strength. 
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Chapter 5 - Wear Characterisation 
Wear Characterisation 

5.1 Overview 

This chapter explores the wear properties of SLM Ti64 and the materials with 

boron and oxygen addition. Reciprocating ball on plate wear properties were 

investigated by pairing these materials with silicon nitride (Si3N4) in salt water, 

with the experimental described in method section 2.4.3. The wear performance 

of these materials is discussed regarding the characteristics of the wear tracks, 

current literature, and the properties of these material determined through this 

work. 

5.2 Wear Characterisation 

Ti64 is recognised as performing poorly in wear applications. This has a significant 

impact on the applications of this material where its other properties would 

present a significant advantage. These include medical devices and marine 

applications where titanium’s other properties such as corrosion resistance have 

significant benefits. Any improvement in wear performance of titanium may 

expand the application of titanium in these fields.  

Titanium wear against Si3N4 in salt water has been the subject of a limited amount 

of research. Si3N4 has been observed to have tribochemical interactions in salt 

water that have aided lubrication [188-193]. It has however, been determined that 

there is little evidence of enhancement through lubricious tribochemical products 

when wearing against titanium. Wear in these cases was dominated by standard 

mechanical processes of adhesion and abrasion [194]. 

The SLM materials of this wear study were compared with commercial Ti64 plate 

material. This provided an effective, commercially relevant, reference of 

performance for how the modified Ti64 materials and respective heat treatments 

compared regarding wear properties. The microstructure of the plate material 

consisted of α+β lamellar structure, comparable to that of the annealed Ti64 
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material in this study as can be seen in Figure 5.1. The lathes of α are much coarser 

in the plate Ti64, however they are very similar overall. 

 

Figure 5.1: Etched microstructure images of SLM Ti64 in the annealed condition 
compared with commercial plate Ti64 as a reference material. 

5.3 Wear Track Size and Wear Rate Analysis 

5.3.1 As-built condition wear analysis 

The change in cross section of the wear tracks over time in Figure 5.2 show there 

is a difference in behaviour between the boron modified material and other 

materials in their as-built condition. Ti64 and the material with additional oxygen 

demonstrate similar behaviour with a linear increase in wear track cross section 

over time. Boron differs from this with an initial larger wear track cross section. 

However, at the completion of the test (6 hours) there was very little difference in 

size of the wear tracks in the boron modified material compared to Ti64 and 

Ti64+O. The commercial plate Ti64 has a very similar wear performance to the as-

built SLM Ti64. From a microstructure basis, the plate Ti64 is most comparable to 

the annealed Ti64 material, consisting of α+β lamellar structure as presented in 

Figure 5.1. The as-built Ti64 material is fully α’ martensite as presented and 

discussed in section 4.2.1. This suggests there is little difference in wear 

performance with regards to the phase and structure of the SLM Ti64 material. 
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Figure 5.2: Cumulative wear track cross section area for reciprocating wear on 
all SLM Ti64 materials of this study in the as-built condition. 95% confidence 
interval error bars are included but are not obvious due to the small size. 

For further comparison, the change in wear rates over the experiment are 

investigated in Figure 5.3. The rate of wear is determined by comparing the change 

in size of the wear profile cross section over each measurement interval.  

 

Figure 5.3: Average wear rate for the as-built materials over the different 
measurement time intervals of reciprocating wear. Note that the average is for 
the specific time interval, not a cumulative average.  
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It is evident that Ti64, Ti64+O, and the Ti64 plate samples have similar wear rate 

behaviour. Initially the wear rate starts at its highest for each of these materials. 

This is expected due to standard transient wear behaviour during the bedding in 

of the surfaces and high initial contact pressure. Following this transient period, 

the wear rate is shown to have decreased in the following measurement intervals 

with a relatively small reduction in wear rate when comparing 1.5-3 hour period 

and the 3-6 hour measurement. As the conditions of the test are not changing it is 

expected that wear will reach a steady state [195].  

The boron modified material presents a somewhat different behaviour with an 

initial transient wear rate almost double that of the as-built Ti64. There is a modest 

reduction in wear rate in the intermediate time interval (1.5-3 hours). In the final 

interval (3-6 hours) the rate of wear has reduced significantly to the point where 

this material presented the lowest rate of wear of all materials in this final 3 hours 

of testing. This is almost a 50% reduction in wear rate compared to Ti64 during the 

same wear interval. This response is significant with high confidence as the test 

was performed in triplicate on different samples with little difference in 

behaviour, as demonstrated by the very small 95% confidence interval error bars 

presented in Figure 5.2.  

To further identify if this result for as-built Ti64+B was not in error and that steady 

state wear had been achieved a further extended test was conducted to identify 

the long-term wear rate. After 3 hours the wear rate of the Ti64+B remains below 

0.02 mm2/hour as shown in Figure 5.3. This test identified that the wear rate 

remained low compared to the minimum wear rate observed after 6 hours for the 

other materials in the as-built condition.  

5.3.2 Stress relieved condition wear analysis 

After stress relief heat treatment, the wear performance of all materials was very 

similar, as presented in Figure 5.4. The Ti64, Ti64+O, and Ti64+B samples had 

almost identical wear track cross sectional area over the test period of 0.17 mm2 

after 6 hours. This was a slight reduction for Ti64 compared to the as-built 

condition where the wear track cross section was 0.2 mm2 after 6 hours.  



 

Page | 131  
 

 

Figure 5.4: Cumulative wear track cross section area for reciprocating wear on 
all SLM Ti64 materials of this study in the stress relieved condition. 95% 
confidence interval error bars are included but are not obvious due to the small 
size. 

The wear track size of stress relieved Ti64+O in Figure 5.4 was practically identical 

to the as-built condition (Figure 5.2) while the stress relieved boron modified 

material is significantly different. The stress relieved Ti64+B wear cross section 

matches identically with that of Ti64 and Ti64+O over the duration of the test, in 

contrast to the behaviour observed in the as-built Ti64+B material. Wear rates of 

the stress relieved materials in Figure 5.5 highlight this difference when compared 

to the as-built condition wear rates of Figure 5.3. 
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Figure 5.5: Average wear rate for the stress relieved materials over the different 
measurement time intervals of reciprocating wear. Note that the average is for 
the specific time interval, not a cumulative average. 

The wear rates of the stress relieved materials are all equivalent over the duration 

of the reciprocating wear test. In Ti64+B the process of stress relief appears to 

have eliminated the initial high transient wear of the as-built material seen in 

Figure 5.3.  

Stress relief was observed to have little effect on the microstructure of Ti64+B, 

and only minor changes in hardness and compressive yield strength as determined 

in the previous chapter (Section 4.2.2). The change in wear behaviour of the boron 

modified material from the as-built condition to stress relieved condition is 

therefore unexplained by differences in microstructure or measured mechanical 

properties.  

Further investigation of the wear tracks will be carried out later in this chapter to 

determine if there has been an obvious wear mechanism change that may be 

responsible for different transient wear performance. 

The wear performance of all SLM printed and stress-relieved materials was only 

slightly better than that of the reference Ti64 plate. From these results it is evident 
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that the additives of oxygen and boron have had little impact on the absolute wear 

performance of the Ti64. 

5.3.3 Annealed condition wear analysis 

In the boron modified material, TiB particulates were observed in the annealed 

material as presented in Figure 4.21 in section 4.2.3. Particulate reinforcement has 

been seen to have an impact on wear properties in titanium when a greater 

amount of particulate reinforcement is used [123, 196, 197]. To investigate if a 

small concentration of TiB particulate had any effect on wear performance under 

the conditions of this test a further investigation was carried out on the annealed 

boron containing sample and compared to the commercial Ti64 plate reference.  

Testing of wear performance in the annealed condition was limited to the Ti64+B 

material due to difficulty accessing equipment. It is also justified by the as-built 

and stress relieved conditions of Ti64 and Ti64+O having almost identical wear 

performance (Figure 5.2 and 5.4) and being very comparable to the Ti64 plate 

reference. Given that the Ti64 plate reference microstructure (Figure 5.1) is 

analogous to the annealed microstructures of Ti64 and Ti64+O characterised in 

section 4.2.3 (α+β lamellar colonies), results suggest that the microstructure and 

phase of Ti64 materials have little impact on the wear properties of the material 

under these reciprocating wear conditions. 

It was decided that the most significant insights could be gained by investigating 

only the Ti64+B in the annealed condition to determine the impact of the larger 

TiB particulates that were observed within the microstructure in this condition. 

Figure 5.6 clearly demonstrates there is very little difference in wear performance 

between the annealed Ti64+B and the stress relieved material condition. Further 

comparing with Figure 5.2 and 5.4 it can be seen that only Ti64+B in the as-built 

condition presented with different wear properties. 
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Figure 5.6: Wear track cross-sectional area for Ti64+B in different heat treatment 
conditions. AB=as-built, SR=stress relieved, HT=annealed. 

The behaviour of the Ti64+B in the annealed condition also supports the 

justification for not conducting wear testing the other materials in their annealed 

condition. The annealed Ti64+B and Ti64 plate materials both present similar 

behaviour and support the evidence that wear performance is not significantly 

dependent on the materials microstructure. 

The appearance of larger TiB particulates in the annealed condition Ti64+B has no 

impact on size and rate of wear track generated in these test conditions. Wear 

resistance improvement via particulate inclusion has been determined to be 

dependent on the fraction of particulate material with a greater proportion 

typically reducing the wear rate [197-199]; the small fraction of TiB in the Ti64+B 

material would therefore have a limited effect. Study of the wear surfaces may 

present different features with regards to TiB particulates being present and can 

determine if there has been a change in wear mechanism to further understand 

the materials wear behaviour. 
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5.4 Wear Track Observations 

The type of wear and performance of a material can be understood through 

analysis of resulting wear tracks. Different wear mechanisms will present different 

damage to the wearing surfaces. These can be characterised by identifying: 

tearing, parallel track scoring, presence of wear debris, or appearance of fracture 

as just a few examples [195]. 

In this study wear is taking place between titanium materials against silicon nitride 

in saltwater solution. Studies on the tribochemical and corrosive wear on titanium 

have found that water and salt water have minimal effect on the wear behaviour 

[200]. The impact salt water has on Ti64 wear is attributed to some lubrication and 

cooling of the wear surface as adhesive and abrasive processes break the 

protective oxide film, which continues to reform and be removed. There is little 

synergistic influence of corrosion and wear taking place that stand out with 

regards to the standard poor wear performance of titanium [201-203].  

The commercial Ti64 plate wear behaviour presented in Figure 5.7 shows typical 

titanium wear features. There is significant plastic damage as indicated by the 

parallel scoring of the surface. This is indicative of abrasive wear processes. In the 

case of titanium, oxides are removed from the surfaces and act as third body 

abrasive particles in the wearing interface which further increases the damage 

[204]. The dark pockmarks/speckling of the wear tracks are difficult to resolve at 

low magnification. Higher magnification in Figure 5.8 reveals this as tearing of the 

surface as the material breaks down under wear. This is a feature of adhesive wear 

processes that are common in the wear of titanium alloys [195, 204]. Particles can 

also be identified in the wear surface at higher magnification, as indicated in Figure 

5.8, which are likely to be oxides. 
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Figure 5.7: Commercial Ti64 plate wear tracks after different lengths of time 
wearing against Si3N4 in salt water. 

 

Figure 5.8: Higher magnification of commercial Plate Ti64 wear tracks after 
different lengths of time wearing against Si3N4 in salt water. 

Figure 5.9 presents the Si3N4 bearing counterbody after 3 hours of wear on the 

commercial Ti64 plate and that of the Si3N4 bearing after only a few cycles of wear 

on a hardened steel substrate to act as a “clean” reference surface. There is clear 

evidence of a transfer of titanium metal to the surface of the bearing through the 

different appearance of the contact region compared to the “clean” worn bearing. 

This transfer of metal supports the conclusion that an adhesive wear mechanism 

is taking place in this wear pairing. Titanium is highly reactive and with the 

subsequent breakdown of its surface oxide film, it will readily react with further 

materials under the right conditions. Titanium may react with both silicon and 

nitrogen in the counterbody. This is evident in the breakdown of Si3N4 in 

experiments investigating its use as a reinforcement of titanium [205]. The flash 

temperature at the contact points in the wear surface may provide the conditions 

to generate this reaction. Through this process, reaction leading to adhesive wear 

could take place and generate the metal transfer film observed. The wear process 

then partially becomes a titanium-titanium interface with debris particles 

removed from both surfaces to exaggerate scoring, smearing, and tearing.  
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Figure 5.9: Si3N4 bearing wear contact surfaces. A) After wear against commercial 
Ti64 plate for 3 hours. B) Reference surface after contact with hardened steel for 
only a few cycles. 

The SLM manufactured Ti64 (Figure 5.10) and boron modified Ti64 (Figure 5.11) in 

the as-built condition present the same mechanisms of wear when compared to 

the commercial plate material (Figure 5.7). The same plastic scoring of the surface 

is present with similar speckling indicative of smearing and tearing. The Si3N4 

bearing surfaces were also identified to have a transfer film of titanium (evident 

later in Figure 5.16). 

There are few observable differences between the as-built Ti64 and Ti64+B 

materials, limiting the ability to differentiate the materials in order to help 

understand the processes that result in high initial wear of the boron modified 

material. After 3 hours of wear the Ti64 material approaches approximately steady 

state wear while the boron modified Ti64 was still suffering from a high wear rate 

(identified in Figure 5.3). The differences between the tracks at 3 hours show more 

of the dark pockmarks/speckling in the boron sample. In higher magnification 

images (Figure 5.12). Particles are present in the wear surface of the boron 

modified material, as they were in the unmodified Ti64. It is noted that there is 

little difference in appearance of these torn regions or the nature of the wear 

damage occurring. After 6 hours of wear, the tracks of both materials appear very 

similar with regards to the amount of speckling and parallel scoring. Differences 

are difficult to resolve in optical micrographs and as such there is little conclusive 

evidence in these track images that explain why the boron might have a reduced 

wear rate compared to Ti64 after 6 hours.  
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Figure 5.10: Wear tracks of SLM Ti64 in the as-built condition after different 
lengths of time wearing against Si3N4 in salt water. 

 

Figure 5.11: Wear tracks of SLM Ti64+B in the as-built condition after different 
lengths of time wearing against Si3N4 in salt water. 

 
Figure 5.12: Higher magnification images of the wear tracks of as-built Ti64 and 
Ti64+B after 3 hours of wear. 

SEM imaging of the wear damage (Figure 5.13) provides a more detailed image of 

the wear damage. This indicates there is more tearing of the boron containing 

material with more breaks in the parallel abrasion furrows and rougher edges on 

these breaks. This is caused by adhesive wear processes with the counterbody via 
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possible reactions with the Si3N4 and the metal transfer film. The increase in 

breaks may be due to the boron content raising the hardness of the material and 

Ti+B compounds causing an increase in tearing of the materials rather than the 

more furrowed appearance in the Ti64 surface. An increase of this in the boron 

modified material would be consistent with an increase in material removal and 

the subsequent high wear rate. The SEM images of Figure 5.13 show fine 

particulates of wear debris throughout both materials. These are the result of the 

breakdown of the material under wear conditions and lead to the scoring of the 

surface. This debris acts as a third body in the wearing interface and further works 

to abrade the material [195]. 

 

Figure 5.13: SEM images of the wear tracks of as-built Ti64 and Ti64+B after 3 
hours of wear. 

The wear tracks for the as-built oxygen modified material in Figure 5.14 are very 

similar to the as-built Ti64 (Figure 5.10) across the different test periods. The same 

scoring and speckling features of abrasive wear, adhesion and tearing are present. 

This appearance is consistent with the similar wear rates between the Ti64 and 

oxygen modified material (Figure 5.3).  
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Figure 5.14: Wear tracks of SLM Ti64+O in the as-built condition after different 
lengths of time wearing against Si3N4 in salt water. 

After stress relief the materials all had very similar wear behaviour over the total 

duration of the tests (Figure 5.4 and 5.5). The wear tracks for all materials (Figure 

5.15) have a similar appearance that is indicative of the wear mechanisms of 

abrasion, adhesion, and tearing. The Ti64 and Ti64+B appear almost identical 

however the Ti64+O material appears to have less dark speckling (visually linked 

to adhesion and tearing in SEM images in Figure 5.13). The features of the 

corresponding worn Si3N4 counterbodies (Figure 5.16) appear to show some 

relation to the different behaviour from the oxygen enriched titanium. There 

appears to be less metal transferred to the surface of the counterbody. This 

suggests that oxygen addition is resulting in a slight change in how the material is 

worn. There is less tendency for adhesive tearing and formation of the transferred 

metal film. This does not appear to impact the wear performance of the material 

overall as no difference in comparative material removal is identified (Figure 5.4). 
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Figure 5.15: Wear tracks of stress relieved titanium materials after 3 hours 
against Si3N4 in salt water. 

 

Figure 5.16: Si3N4 wear counterbody after 3 hours against the different titanium 
materials in salt water. 

The wear surfaces of the annealed boron modified titanium in Figure 5.17 showed 

no visual difference compared to the same stress relieved material (Figure 5.15). 

This corresponds to the similar wear performance of these materials and supports 

the earlier conclusion that the low level of boron has little effect on wear 

properties.  
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Figure 5.17: Wear tracks of SLM Ti64+B in the annealed condition after different 
lengths of time wearing against Si3N4 in salt water. 

Overall, through heat treatments and small additions of boron and oxygen, the 

wear mechanisms of Ti64 appear to remain the same in this system. Abrasion and 

adhesive wear processes are both active. 

The impact of the Si3N4 counterbody has not been quantified through this work. 

There is clearly an interaction between this wearing pair under salt water as is 

evident by the metal transfer film being established. Further investigation of 

friction coefficients and wear chemistry may lead to better characterisation of this 

impact however these are not covered here. 
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5.5 Wear and Hardness Correlations 

Wear is recognised as being related to hardness for many metals [206] with an 

increase in wear resistance that corresponds with increased hardness. This is a 

general case and other factors such as toughness and tribochemical interactions 

can be more significant factors [195, 207-209]. Comparing the hardness with wear 

performance of the materials in this investigation it can be seen in Figure 5.18 that 

there is an apparent linear relationship between wear and hardness, with 

increasing hardness resulting in a reduction in wear damage. The as-built Ti64+B 

material is the only material that appears to break significantly from this 

relationship with much higher than expected wear with respect to average 

hardness after 1.5 and 3 hours.  

 

Figure 5.18: Wear track area compared with material hardness for Ti64 and 
modified alloys against Si3N4 in salt water. Conditions: AB=as-built, SR=stress 
relieved, HT=annealed. 

When further comparing wear rates with hardness in Figure 5.19 it is evident that 

the wear properties of boron containing material are somewhat different to the 

other materials of the study. Ti64+B differs from the trend in the as-built condition 

with an initial high wear rate and steady state low wear rate. This does not 

correspond to the average hardness when compared to Ti64 and oxygen modified 

material. Additionally, the annealed Ti64 with boron has an average wear rate 

lower than might be expected due to its comparatively low hardness. 
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Figure 5.19: Wear rate during the specified time intervals compared with 
material hardness for Ti64 and modified alloys against Si3N4 in salt water. 

Hardness appears to have a relationship with the wear performance of Ti64 and 

Ti64 with additional oxygen where higher material hardness results in a reduction 

in wear rate. This does not appear to be the case with boron addition. Adding 

boron to titanium does have an influence on the wear properties with the 

annealed condition presenting reduced wear rates below that which may be 

explained by the hardness of the material. 

The cause of this difference in wear is not clearly explained through observations 

in the wear tracks. The wear mechanisms of abrasion and adhesive tearing are 

both evident to a similar extent as the other titanium materials. There may be a 

difference in interaction between the surfaces of the wearing pairs with the 

inclusion of boron but is it not obviously evident in the wear tracks.  

Hardness of a material is a significant factor in wear performance along with many 

other properties that influence this process. Titanium wear is typically dominated 

by adhesive processes which result in free particle generation at the wearing 

interface and lead to three-body abrasion taking place [204]. Adhesive wear 

processes have been related to hardness through the Archard wear model where 

the wear volume is inversely proportional to hardness [210]. This model is limited 

in predictive capability due to the use of a factor known as the wear coefficient 
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that is empirically derived and accounts for other parameters involved in wear. 

Some wear mechanisms that are poorly described by Archard’s model include 

erosion, contact fatigue, corrosive wear, and micro-cracking [211-213]. 

The linear relationship between hardness and wear rate for most material of this 

study (Figure 5.19) suggest that these materials share a similar wear coefficient in 

Archard’s model. The Ti64+B material in the as-built and the annealed conditions 

do not appear to follow the same relationship. The presence of boron particulates 

have likely altered other wear related parameters not specifically accounted for in 

Archard’s model, and as such appears to deviate from the wear rate vs hardness 

relationship that describes the performance of the other materials. Either typical 

titanium adhesive wear processes have been altered, or other material properties 

have changed that influence wear behaviour. Further investigation of these 

materials would be required to characterise material properties not explored in 

this work that may describe this wear behaviour and identify the mechanism 

through which these apply to the observed wear performance.  

Additionally, the significance of the silicon nitride counterbody has also not been 

quantified through this work. The establishment of a metal transfer film on the 

Si3N4 suggests there could be an interaction in the wear paring under salt water. 

This could change the friction properties of these parings against the modified Ti64 

materials which could be explored in further experiments with equipment able to 

investigate friction coefficients. 

5.6 Summary 

There is little improvement in wear resistance of these materials under the 

conditions of this study with regards to commercially available Ti64 material. This 

was despite changes in microstructure, hardness, and mechanical performance. 

Hardness is a useful metric for identifying the wear resistance of Ti64 with regards 

to an increased oxygen content however boron addition does not follow this 

trend. The limited change in wear performance does not justify these materials for 

applications where wear resistance is required beyond the current performance 

of commercial Ti64.  
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Chapter 6 - Conclusions and Recommendations 
Conclusions and Recommendations 

6.1 Overview 

The conclusions of this thesis will be presented as a summary of the key findings 

from each chapter with reference to the implications of these results and the 

contribution this work makes to expanding the knowledge of the field. Outcomes 

of this work are summaries in reference to the thesis objectives and 

recommendations for future investigation are made 

6.2 Process Development and Optimisation of SLM 

Chapter 3 concluded that the optimisation of parameters using the energy density 

formula is an effective method for comparing processing parameters. While this 

does not account for all variation that is observed in density and hardness of 

manufactured samples, it does effectively represent general trends. There are a 

number of other parameters which have an influence on consolidation in the SLM 

processes which lead to significant differences in optimised SLM parameters 

reported by other researchers (making direct comparisons difficult between 

literature in the field, as not all parameters are published.) 

For this study it was observed that there was variation in sample hardness and 

density when parts were manufactured from different sets of parameters that had 

the same energy density. However, this variation was small and overall energy 

density values provide an effective metric for relating porosity and microstructural 

differences within an individual study.  

This study showed that fine boron and TiO2 powders could be added in small 

proportions to Ti64 powder feedstock for the SLM process by simply mixing these 

different materials. The added powders were successfully incorporated into SLM 

manufactured parts in-situ during the process with little disparity between the 

amount of added elements and the composition of the final product. In as-built 

material there was some incomplete mixing of the additives, which can be reduced 

by selecting suitable SLM operating parameters.  



 

Page | 147  
 

Porosity was identified in samples at both low and high energy density levels which 

is in line with literature. Lack of fusion porosity was identified in samples 

manufactured with low energy density and gas entrapment pores were generated 

using high energy density parameters.  

It was concluded that optimum SLM parameters for manufacturing both boron, 

and oxygen modified Ti64 had an energy density level of 54.5 J/mm3. This was 

identified as producing material with high relative density (>99%), low variation in 

hardness (<±10 HV0.5), and good incorporation and mixing of the additive 

materials, as identified in microstructure cross sections.  

Analysis in Chapter 3 also highlighted that efficient production of samples using 

additive manufacturing can be further improved for research by designing samples 

that take advantage of the additive manufacturing process. This process enables 

the manufacture of multiple samples with different parameters in a single build. 

Samples that combine different experiments into a single part can simplify 

preparation and streamline research investigations. A segmented disk sample was 

developed for this research which provided results of: hardness, microstructures, 

and porosity identification, for 16 different manufacturing parameter variations in 

a single, easy to process part. These samples aided in the investigations of this 

study and the optimisation of processing parameters for SLM manufacturing Ti64 

modified with additional boron and oxygen. This type of sample preparation is not 

present in the literature reviewed during this study and could aid researchers in 

the field by enabling rapid testing of multiple processing conditions at once, 

simplifying sample preparation and record keeping.  

6.3 Microstructure and Mechanical Properties 

Samples which successfully incorporated oxygen and boron were compared to 

Ti64 in Chapter 4. The influence the additives had on the development of the as-

built SLM microstructures and after two standard heat treatments (stress relief 

and sub β-transus annealing) were assessed. These microstructures were further 

compared to the mechanical performance of the materials to classify observed 

behaviour. 
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SLM fabricated Ti64 demonstrated expected behaviour with regards to different 

heat treatments, the as-built material consisted of fine lamella α’ martensite, the 

texture of which was mostly retained after stress relief treatment as α phase and 

any untransformed α’. Annealing below the β-transus transformed the material to 

lamella α+β phase with significant coarsening of the lamella. Columnar 

colony/prior-β grain texture was observed extending in the build direction through 

multiple layers and was unchanged by the heat treatments of this study.  

There were no significant differences in microstructure between the Ti64 and the 

Ti64 with additional oxygen across the different heat treatment conditions. One 

small difference was the presence of a boundary region around columnar prior-β 

colonies; however, the phases within this apparent boundary region were 

equivalent to that of the columnar colonies they formed around.  Heat treatments 

performed on the oxygen enriched material caused the same transformations as 

the unmodified Ti64, transforming from fine α’ martensite to coarser α+β 

arranged in prior-β colonies that persist through the heat treatments. 

In comparison, the addition of boron caused large changes to the microstructure 

of SLM Ti64. There was significant refinement of the α’ martensite colonies that 

form from prior-β grains. This included the elimination of the columnar structure 

that propagates through build layers. The presence of boron also results in texture 

effects linked with the laser scan pattern, with the boundary of laser melted tracks 

remaining visible when etched. This visible feature was retained through both heat 

treatment conditions but was not discernible as concentrations of particulates or 

different elemental concentrations. Relatively large needle like TiB particulates 

only became visible in the modified material after annealing at 920°C for 2 hours. 

These do not appear to form with any preference to the laser track features or 

prior-β grain boundaries. The appearance of the larger TiB needles is attributed to 

diffusion of boron and growth occurring during high temperature heat treatment. 

Much finer TiB must exist distributed throughout the as-built material which 

diffuses to form the visible TiB needles under heat treatment.  

The implication of the microstructural observations is that small amounts of boron 

may be added to Ti64 and result in significant refinement of the grain structure. 
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The process of adding and boron is simplified by the in-situ incorporation during 

the SLM process. This eliminates the appearance of columnar prior-β colonies that 

have been identified as contributing to anisotropic properties. Other features are 

introduced into the microstructure by the boron addition and investigation into 

the influence of these on anisotropy of the material is an area of future study. 

Both boron and oxygen addition increased the compressive yield strength and 

hardness of the SLM printed Ti64. In each heat treatment condition, the oxygen 

modified material had the greatest improvement in yield strength, up to 16% 

higher than that of Ti64. While hardness of the boron modified Ti64 was increased, 

in the annealed condition this was relatively small and corresponded to the 

appearance of larger TiB whisker particulates. Through diffusion of boron in the 

annealing process, these whiskers grew and reduced the distribution of boron 

compounds throughout the material, reducing the hardening effect. Overall, the 

observed strengthening of the materials was caused by interstitial hardening in 

the case of oxygen addition and predominantly through grain refinement in the 

presence of added boron.  

The Young’s modulus of the materials also changed with respect to the additives 

and the different heat treatments. The addition of boron increases the modulus 

of Ti64 in all material conditions and is attributed to the presence of TiB phase that 

is stiffer than the matrix material along with the refined grain structure. TiB 

particles were only observed in the annealed condition however, this stiffening 

effect is consistent across all conditions and is evidence of very fine TiB influencing 

the material. The low solubility of boron in titanium and reaction paths that occur 

determine that TiB must be present, the increase in stiffness is evidence of this 

however these very find TiB particles were not detected by techniques used in this 

study. The addition of oxygen causes an overall increase in Young’s modulus 

greater than that observed in the boron modified material. This is attributed to 

greater proportion of α phase being developed by the α stabilising effect of 

oxygen. 

No significant difference in plastic compressive behaviour was observed between 

the modified materials and their heat-treated conditions. Increases in strain 
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energy density required to deform the materials, up to 4% strain, is explained by 

the differences in compressive yield strength, with no discernible differences in 

plastic deformation behaviour. 

6.4 Wear Characterisation 

It was hypothesised that the wear performance of the modified Ti64 materials may 

be altered by the boron and oxygen inclusion, however there was little difference 

in wear mechanisms taking place between the materials of this study compared 

to commercial Ti64 plate material.  

Mechanisms of adhesion and third body abrasion were evident in wear tracks, 

which is consistent with typical performance of Ti64. Both Ti64 and the oxygen 

modified material present wear performance that changes linearly with respect to 

the materials hardness. This is an expected result as an increase in hardness 

corresponds with a reduction in the amount of wear damage in other materials.  

Boron modification resulted in different wear behaviour to that of the other 

materials. The as-built material had a high initial wear rate which reduced 

significantly as the test duration increased. After stress relief treatment this 

behaviour was lost, with wear performance equivalent to Ti64 and the oxygen 

modified material. Annealing results in a low wear rate that does not correspond 

to the relatively low hardness of this material, in contrast to Ti64 and Ti64 with 

oxygen added  

Overall, there is little difference in wear performance of the SLM materials 

compared to commercial Ti64 plate. Minor differences in the amount of wear are 

apparent with respect to hardness however these offer little advantage to 

extending the use of SLM manufactured Ti64 into wear applications. While these 

material combinations may not be suited for wear applications, in-situ 

modification of metals through the SLM process is possible, and does develop 

different behaviours in the resultant materials. For different reinforcement/matrix 

combinations the SLM process may enable significant improvements in wear 

performance. 
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6.5 Outcomes of Thesis Objectives 

This work achieved the thesis objectives as summarised below.  

Objective 1: Analytically compare sample properties using different process 

parameters to generate processing windows for the in-situ modified material 

This objective was met by successfully developing processing parameters for SLM 

manufacture of modified Ti64. Investigation of energy density levels and sources 

of variation identified energy density as an effective parameter for process 

optimisation. Variation in the process exists that are linked to a number of other 

parameters, however general trends are suitably correlated to energy density. 

Objective 2:  To investigate how processing may influence the distribution and 

homogeneity of the modified material. 

This investigated how the oxygen and boron additives became incorporated and 

distributed within the materials through parameter development and heat 

treatments. Suitable processing parameter levels could be identified that evenly 

distributed the additives through SLM processing. The additives, especially boron, 

had an impact on the microstructures developed from the process and after 

subsequent heat treatment, with annealing resulting in development of 

distributed, larger TiB whisker particulates. 

Objective 3: Characterise the effect the additives have on the mechanical and 

wear properties of the resultant materials. 

The effect of boron and oxygen modification on SLM manufactured Ti64 was 

investigated through hardness measurements, compressive properties, and wear 

performance. Heat treated conditions were also characterised. Hardness and 

compressive strength were increased by the modifying additions through all 

treatment conditions, although some of these increases were modest. Wear 

behaviour was also characterised and found to have no substantial change in 

performance that would enable new applications. While there were limited 

improvements in performance of these modified materials, differences in 

microstructure, specifically with the addition of boron, may improve other 

properties not investigated in this study. 
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6.6 Recommendations 

From this work a number of areas were identified for future study. These were not 

investigated in this work as they were either out of scope or because data 

collection was limited by available techniques.  These are: 

• Identify distribution and nature of proposed fine boron particulates in as-

built material. 

Fine TiB particulates are proposed to be broadly distributed throughout 

the modified Ti64 in the as-built condition. This could not be proven due 

to detection limits and availability of equipment. Further exploration via 

transmission electron microscopy would confirm the nature of boron in the 

as-built condition. This would help to explain the mechanism of TiB whisker 

formation and how this may be influenced to alter the distribution of TiB 

particulates observed after heat treatment. 

• Investigate anisotropy in the boron modified Ti64: 

The microstructure developed by the as-built Ti64 with boron after SLM 

processing eliminated the typical directionally aligned features 

microstructure of SLM manufactured Ti64. This was replaced by a macro 

texture of parallel features in the horizontal cross section, consistent with 

the path of the laser tracks. This new structure formed in the Ti64+B may 

introduce different anisotropic properties compared to those of traditional 

Ti64. As features are present that align with the laser tracks, different laser 

scan patterns may develop different directional properties. Developing an 

understanding this phenomenon may give rise to a new approach for the 

modification of SLM materials through boron addition and laser track 

orientation. This could be employed to produce parts where mechanical 

properties can be specified with a customisable orientation. 

• Investigate other mechanical properties of boron modified Ti64 to 

determine if the substantially different microstructure causes significant 

improvement. 
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The effect of a small addition of boron significantly alters the 

microstructure of SLM manufactured Ti64. Mechanical properties of 

compression strength, hardness, stiffness, and wear were investigated in 

this study and showed only minor differences compared to unmodified 

Ti64. The different microstructure in the presence of boron may 

significantly impact other properties of Ti64 outside the scope of this work. 

For example: creep resistance, fatigue, and impact strength. Investigations 

into these properties could identify new applications where this material 

has a significant benefit. 

• Investigate friction coefficients for these modified materials to improve the 

understanding of wear characteristics. 

Analysis of wear rates for these modified Ti64 materials identified as-built 

Ti64+B as initially having very high rates of wear. The wear mechanisms 

taking place did not obviously distinguish behaviour of this material from 

the others in this study. Friction coefficient data was unavailable with the 

reciprocating pin-on-disk equipment used. This data may provide evidence 

that clarifies this behaviour.  

• Investigate tribochemical interaction between the silicon nitride 

counterbody and titanium wearing materials: 

Si3N4 may have tribochemical interactions with the salt water and titanium 

paring which could have an influence on friction coefficients. Further study 

into the friction between the wearing materials in this study would help 

understand if any significant chemical interactions are taking place that 

have an influence on tribological properties. Study of wear debris 

composition could also help determine these interactions that might be of 

benefit in wearing applications of SLM modified titanium. 
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Appendix 

Table A.1: Mechanical properties of TMCs reported in literature [34].  
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Table A.1 Continued: Mechanical properties of TMCs reported in literature [34]. 

 

 


