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Abstract: 

 Ti and Ti-TiB composite materials were produced by selective laser melting (SLM). Ti showed 

an α΄ microstructure, whereas the Ti-TiB composite revealed a distribution of needle-like TiB 

particles across an α-Ti matrix. Hardness (H) and reduced elastic modulus (Er) were investigated 

by nanoindentation using loads of 2, 5 and 10 mN. The results showed higher H and Er values for 

the Ti-TiB than Ti due to the hardening and stiffening effects of the TiB reinforcements. On 

increasing the nanoindentation load, H and Er were decreased. Comparison of the 
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nanoindentation results with those derived from conventional hardness and compression tests 

indicated that 5 mN is the most suitable nanoindentation load to assess the elastic modulus and 

hardness properties. The wear resistance of the samples was related to their corresponding H/Er 

and H
3
/Er

2
 ratios obtained by nanoindentation. These investigations showed that there is a high 

degree of consistency between the characterization using nanoindentation and the wear 

evaluation from conventional wear tests.  

 

Keywords: Selective laser melting; Nanoindentation; Titanium material; Mechanical property; 

Wear    

 

1. Introduction  

Titanium materials possess good mechanical properties, excellent corrosion resistance and high 

biocompatibility which make them outstanding candidates for various applications in the 

biomedical, aerospace and automotive industries [1-4]. Over the past years, a large number of 

titanium materials have been developed especially in the biomedical area [5-10]. Among them, 

commercially pure titanium (CP-Ti) is still one of the most commonly used metallic biomaterial 

for implants [1]. Due to their enhanced properties Ti-TiB composites have the potential to be 

used not only for biomedical applications, but also in the aerospace and automotive industries in 

particular due to their improved wear and strength properties [11, 12].   

Nowadays, fabrication of complex-shape titanium parts with desirable properties is in high 

demand. In recent years, selective laser melting (SLM), a 3D metal printing technology, has 

received a great deal of attention for processing various metallic parts from aluminium [13], 

Inconel [14], steel [15] and even bronze materials [16]. Various types of titanium materials have 

been also developed using SLM [17-20], since this technology is not only able to produce 

complex-shape parts in a highly efficient way, but it also possesses great potential to provide 
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properties comparable or even superior to those produced by other common commercial methods 

[21, 22]. The SLM technology has been demonstrated to be highly compatible with processing of 

titanium materials, representing another key advantage of this technology [23].   

In general, the rapid melting and cooling rates associated with the condensed laser source applied 

during SLM processing can influence microstructure and, consequently, the resulting mechanical 

and wear properties of SLM-processed materials. Therefore, it is important to study the properties 

of SLM-processed materials and their relationship to processing variables involved in order to 

ensure that they can meet demanding performance requirements. Although conventional testing 

methods are widely used for measuring the mechanical properties of materials, these techniques 

often require bulk, standard sample geometries which can make them unsuitable for testing 

samples with specific attributes such as small sample sizes or irregular shapes and geometries. 

Nanoindentation is a well-established method for measuring the mechanical properties of a wide 

range of materials especially when a non-destructive approach is required [24, 25]. The 

advantage of using nanoindentation techniques in comparison to conventional testing methods 

includes the ability for in-situ measurement of material properties without disrupting the 

microstructure and causing significant damage. Additionally, no special conditions are required 

regarding the size and shape of the test samples.  

To our best knowledge, nanoindentation investigations of SLM-processed titanium materials with 

a comparative assessment to conventional mechanical and wear tests have not been carried out. 

Previous investigations [26] have shown that 3D metal printing of titanium matrix composites 

with improved wear properties are necessary to broaden the scope of applications for titanium 

materials, particularly for those involving wear and friction. Therefore, this work evaluates the 

nanoindentation properties (hardness and elastic modulus) of CP-Ti and Ti-TiB materials 

produced by SLM. It compares the resulting properties with those derived from conventional 

mechanical tests. In addition, the study evaluates the wear properties of CP-Ti and Ti-TiB 
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composite and the fundamental wear mechanisms involved. The work provides a guide to 

suitable nanoindentation loads for assessing the mechanical and wear properties of SLM-

produced CP-Ti and Ti-TiB composite materials.   

2. Experimental   

Commercially pure titanium (CP-Ti) powder and a blended mixture of Ti-5 wt.% TiB2 powders 

were applied for SLM processing using an SLM Solutions machine (MTT SLM 250 HL) under 

the protection of argon gas. SLM is a bed process in which a powerful laser beam selectively 

scans across a powder bed, thus selectively melting the exposed powders, which solidify to make 

a solid layer. Afterwards, a new powder layer is deposited on top of the previously formed solid 

layer and the cycle continues until the fabrication of component is complete [27]. A set of laser 

processing parameters including energy density of 120 J/mm
3
 combined with a zigzag 

manufacturing pattern were applied in order to produce almost fully dense samples. The density 

of the SLM-produced samples was measured using Archimedes’ principle. The relative density of 

the samples was measured to be more than 99.7%.  

Prior to performing microstructural, nanoindentation and wear studies, samples were sectioned 

by a Struers cutting device. Their surfaces were then mechanically ground followed by polishing 

using standard metallographic procedures. Samples were also etched for microstructural 

characterizations and were examined using a Zeiss Gemini scanning electron microscope (SEM) 

and a Tecnai T20 transmission electron microscope (TEM) operated at 200 kV. Samples for TEM 

investigation were prepared by cutting thin lamellae with Ga ions using the focused ion beam 

(FIB) technique. A CP-Ti specimen fabricated by casting was also used for comparison between 

the microstructures obtained from SLM to those from casting.    

The mechanical properties of the SLM-produced samples were investigated using 

nanoindentation. The dimensions of the disk samples used for nanoindentation were 5 mm in 

diameter and 3 mm in thickness. A Fused Silica reference sample was used for calibration before 
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conducting the nanoindentation tests. The nanoindentation tests were performed on the SLM-

produced samples using a UNAT SEM 2 from ASMEC equipped with a Berkovich pyramidal-

shaped indenter tip. Three different loads of 2, 5 and 10 mN with a constant loading rate of 20 

μN/s were applied on the polished surface of the samples and at least 50 indentations per load 

were made. In general, elastic modulus and hardness are measured using Oliver-Pharr analysis 

[28] or continuous stiffness measurement (CSM) technique [29]. In the current work, Oliver-

Pharr analysis [28] was used to determine hardness and reduced elastic modulus of the samples 

with the reduced elastic modulus (Er) calculated from the unloading curves.  

Generally, the hardness (H) is defined as the ratio of the maximum load (Pmax) to the projected 

area of the indentation (Ac) according to the following equations [30]:                                                                 (1)      

    (   )                                        (2) 

where hc is the contact depth at the peak load and can be calculated based on the equation below 

[30]:                                                       (3) 

where hmax is the displacement at the peak load, ε is a constant related to the geometry of the 

indenter and S is the unloading stiffness at the peak load. S can be determined from the initial 

unloading slope at Pmax as follows [31, 32]:               √   √                                    (4) 

where P and h indicate the applied load and penetration depth during nanoindentation, 

respectively, the term β is a constant related to indenter geometry (β = 1.034 for a Berkovich 

indenter) [33] and Er is the reduced elastic modulus defined as: 

                                                              (5)  
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here, Ei and vi represent the elastic modulus and Poisson’s ratio of the indenter, while E and v are 

the corresponding values for the specimen [30]. 

In addition to the nanoindentation tests, dry sliding wear testing was performed at room 

temperature using a pin-on-disk tribometer testing machine according to the ASTM G99 

standard. The cylindrical CP-Ti and Ti-TiB samples (5 mm diameter × 20 mm height) produced 

by SLM were abraded against a hardened steel disk under a constant load of 40 N with a sliding 

velocity of 0.54 m/s and a total sliding distance of 250 m. Then, the wear resistance of the SLM-

produced samples was evaluated using the weight loss method by measuring the weight of the 

samples before and after the wear test using an accurate microbalance. SEM was also used to 

study the worn surfaces of the samples. 

  

3. Results and discussion  

Figs. 1 (a-b) show the microstructural characteristics of CP-Ti parts after SLM processing and 

after casting. It is noteworthy that SLM-produced CP-Ti shows an acicular martensitic (α΄) phase 

structure, whereas the cast-fabricated counterpart indicates a plate-like (α) phase structure similar 

to those reported in previous works [34, 35]. Moreover, the average width of α΄ (~1.06 µm) in the 

microstructure of the SLM-fabricated CP-Ti is smaller than that of α in the cast CP-Ti sample 

(~1.88 μm). The martensitic phase and grain refinement observed in SLM-produced CP-Ti can be 

attributed to a very high cooling rate (10
3
 – 10

8
 K/s) during SLM [22].  
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Fig. 1 SEM images of CP-Ti produced by (a) SLM and (b) casting. 

 

SEM and TEM observations of the composite sample indicate the presence of TiB particles with 

needle-like morphology distributed across the α-Ti matrix (Fig. 2). It has been shown that [36] 

the formation free-energy of TiB particles by a reaction between Ti and TiB2 is negative and this 

reaction is favored when the amount of boron is less than 18.5 wt%. As the boron solubility in 

titanium is very low (below 0.02wt% at room temperature [37]), during laser melting of the Ti-

TiB2, TiB2 is transformed into TiB through in-situ chemical reaction between the Ti and TiB2 

[27]. In fact, the reaction between Ti and TiB2 is exothermic [38] and this reaction may also act 

as an additional source of heat in the melt pool which supports intermixing of the powders, 

leading to a fine and random distribution of TiB reinforcements across the Ti matrix similar to 
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the Ti-TiB composite materials produced by laser engineered net shaping (LENS) [39]. A similar 

reaction between various types of titanium materials and boron or its compounds has been also 

observed in other previous works using different technologies [27, 34, 40-42] for the formation of 

titanium-based composite materials. The reason for the formation of an α-Ti matrix in the Ti-TiB 

composite material is related to boron’s tendency to reduce the martensitic transformation 

temperatures [43].   

In the present work, the diameter and length ranges for needle-like TiB particles are around 30-50 

nm and 0.7-1.5 μm, respectively and the average width of the α-Ti grains is 0.75 μm. The 

titanium grain refinement observed in the Ti-TiB composite compared to that of CP-Ti is mainly 

related to the rejection of boron during solidification which restricts the growth rate of the 

primary β-Ti grains [44-46]. According to the Ti-B phase diagram [44], solidification of Ti-TiB 

occurs in the hypoeutectic zone as the boron content was measured by chemical analysis method 

(inductively coupled plasma atomic emission spectroscopy) to be around 1.5 wt% for the SLM-

processed Ti-TiB material. Accordingly, the TiB phase is formed after the primary β-Ti and it is 

reasoned that the TiB particles cannot act as nucleation sites for formation of β-Ti, thus grain 

refinement via inoculation is not expected to occur [44]. The partitioning of boron has also been 

shown to promote a transformation of the β-grain morphology from a planar (or globular) 

interface to a dendritic interface. The TiB intermetallics distribute in the interdendritic regions 

and result in significant refinement of the α-microstructure by reducing the α-colony size. The 

mechanism for this refinement is proposed to be increased nucleation directly on TiB, on grain 

boundary impurities and potentially on the prior-β grain boundaries themselves [45]. This 

mechanism has been shown to be an effective means to refine the α phase structure in titanium 

fabricated using additive layer manufacturing technologies, even in the case of trace boron 

additions [47].      
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Fig. 2 (a) SEM and (b) bright-field TEM images of Ti-TiB composite materials after SLM 

processing. 

Figs. 3 (a-b) show the nanoindentation load-depth curves for SLM-processed CP-Ti and Ti-TiB 

materials with increasing loads from 2 mN to 10 mN. Fig. 4 shows an SEM image of the 

indentations applied on the CP-Ti sample. The curves show three segments: loading, holding at 

maximum load and unloading. The curves have a smooth shape without evidence of pop-in 

effects. Larger values of maximum penetration depth, obtained at the end of loading, were 

observed for CP-Ti for all applied loads, demonstrating that this material possesses lower 

hardness than Ti-TiB (Figs. 3 (a-b)). Table 1 summarizes the values of H and Er obtained for the 

CP-Ti and Ti-TiB composite materials by nanoindentation with different loads. As can be seen, 

the hardness values for the Ti-TiB composite material are rather high (3.33 - 4.75 GPa) and are 
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greater than those obtained for CP-Ti (2.39 - 3.64 GPa) mainly due to the hardening effect 

induced by the TiB particles dispersed throughout the Ti matrix. It has been also reported that 

hardness is inversely proportional to the material’s grain size in accordance with the Hall-Petch 

relationship [48]. Therefore, the greater hardness values obtained for the Ti-TiB composite can 

also be related to titanium grain refinement due to boron as described earlier.  

According to Table 1, it is also evident that the hardness values decrease with increasing 

indentation test load. This type of trend can be attributed to indentation size effects (ISE) [49]. In 

general, the ISE phenomenon involves a reduction in the measured hardness with increasing 

applied test loads and is associated with differing degrees of dislocation activity around the 

indents [50]. Thus, this effect makes it difficult to report a hardness value from only one 

indentation load. Therefore, it is essential to compare the resulting nanoindentation values with 

those obtained from conventional mechanical testing methods in order to evaluate the optimum 

nanoindentation load to characterize the hardness of a given material. To this end, the Vickers 

microhardness values of SLM-fabricated CP-Ti (261 Hv) and Ti-TiB (402 Hv) materials obtained 

in previous work [27] have been converted to the unit of GPa [51] and are summarized in Table 

1.  
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Fig. 3 Nanoindentation load-displacement curves of the SLM-fabricated (a) CP-Ti and (b) Ti-TiB 

composite materials at loads of 2, 5 and 10 mN; (c) Comparative nanoindentation curves of CP-

Ti and Ti-TiB at a load of 5mN. 
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Fig. 4 SEM image of the SLM-fabricated CP-Ti after nanoindentation with different loads of (a) 

2 mN, (b) 5 mN and (c) 10 mN. 

 

It is evident that the nanoindentation hardness of CP-Ti (2.95 GPa) and Ti-TiB (4.49 GPa) 

materials tested with a load of 5 mN is close to those values obtained from the Vickers method 

(Table 1 and Fig. 3(c)). It is also noted that hardness values obtained with the 5mN load for CP-

Ti and Ti-TiB composite materials show good consistency with other published works [52-54], as 

can be seen in Table 1.     

As mentioned, the unloading curves were analyzed using the Oliver-Pharr method to determine 

the Er values. As can be seen in Fig. 3 (c), the initial slope of the unloading indentation segment 

(i.e. the contact stiffness) is higher for Ti-TiB relative to CP-Ti, indicating that Ti-TiB has a 

higher Er. Table 1 also lists the values of reduced elastic modulus (Er) for both CP-Ti and Ti-TiB 

composite materials. The Er values for CP-Ti and Ti-TiB composite are in the range of 102 - 134 

GPa and 122 – 153 GPa, respectively. Additionally, the Ti-TiB material exhibit higher values of 

Er compared to those of CP-Ti which can be related to the stiffening effect induced by the TiB 

particles.  
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Table 1 Comparison of mechanical properties of the SLM-fabricated CP-Ti and Ti-TiB materials 

obtained by nanoindentation and conventional methods. Er indicates reduced elastic modulus, E 

is the elastic modulus and H denotes Vickers hardness. 

Material Nanoindentation 

Load (mN) 

Er 

(GPa) 

E 

(GPa) 

Nanohardness 

(GPa) 

H 

(GPa) 

Reference 

CP-Ti 2 134 - 3.64 - This work 

5 116 - 2.95 - This work 

10 102 - 2.39 - This work 

Ti-TiB 2 153 - 4.75 - This work 

5 149 - 4.49 - This work 

10 122 - 3.33 - This work 

CP-Ti - - 113 - 2.75 [22, 34] 

CP-Ti - - 112 - 2.7 [52] 

CP-Ti - - 119 - - [55] 

Ti-TiB - - 145 - 4.23 [27, 34] 

Ti-TiB - - - - 4.3 [53] 

Ti-TiB - - 142 - 4.26 [54] 

 

From Table 1, it is evident that variations of the reduced elastic modulus with applied loads are 

pronounced for both CP-Ti and Ti-TiB materials, similar to the trend observed in nanoindentation 

hardness values suggesting that elastic modulus of the studied materials is load dependent. 

Therefore, it is again shown that the reduced elastic modulus cannot be properly characterized by 

nanoindentation using one load, unless an optimal load value has been determined. As reported in 

previous work [34], the elastic modulus values obtained from compression testing of the SLM-

fabricated CP-Ti and Ti-TiB composite materials are 113 GPa and 145 GPa respectively. The 

comparison between the elastic modulus values obtained from compression and nanoindentation 

again indicates that 5 mN is a suitable load for measuring the elastic moduli of SLM-fabricated 

CP-Ti and Ti-TiB materials using nanoindentation. In addition, the elastic modulus for CP-Ti 

(116 GPa) obtained using the 5mN load shows good consistency with previous nanoindentation 

studies of the CP-Ti elastic modulus (119 GPa and 112 GPa [52, 55]). It is also noteworthy that 

the elastic modulus of the Ti-TiB material obtained using the 5mN load (149 GPa) is close to that 
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reported for cast-fabricated Ti-TiB material (142 GPa) [54]. Since the same conclusion was also 

drawn for hardness, it is proposed that 5mN is an optimal load for testing hardness and elastic 

modulus of the aforementioned materials for consistency with those derived from conventional 

Vickers hardness and compression tests.   

A number of mechanisms are believed to account for the strength increase associated with TiB 

reinforcements in Ti-TiB composites and the effects of short oriented TiB reinforcement on 

composite strength and modulus have previously been rationalized using micromechanical 

models [56]. In the case of the SLM-fabricated Ti-TiB composite, microstructural observations 

suggest that the orientation of the discontinuous TiB reinforcements is approximately random 

[27] in which case a simple rule of mixtures approach can be used in order to estimate the 

stiffness of the composite material. In this case, the modulus of the composite (  ) is given by:                      (6) 

where       is the modulus of the TiB,      is the volume fraction of the TiB,     is the modulus 

of the titanium matrix and     is the volume fraction of the titanium matrix. Boron reportedly has 

a very low solubility in titanium below 0.02 wt% at room temperature [37]. Based on the 

assumption that all boron which is not in solution in titanium reacts to form TiB and given that 

the relative densities of the Ti and TiB phases are 4.51 gcm
-3

 and 4.54 gcm
-3

 [27], respectively, 

the estimated volume fraction of the TiB phase,     , is 8.30 vol.%. Then incorporating values of 

116 GPa for the modulus of titanium,    , and 480 GPa for the modulus of TiB [57],     , into 

equation (6) yields 146 GPa for the estimated modulus of the Ti-TiB composite. This is in good 

agreement with the bulk and nanoindentation derived values and supports the assertion that the 

needle-like TiB reinforcements are randomly oriented in the Ti matrix. 

In addition to the reduced elastic modulus and hardness, nanoindentation can be used to assess 

the wear resistance of a material [30]. In fact, it is increasingly recognized that the wear 
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resistance of a material is related to its ability to resist elastic strain to failure at the nanometer 

scale which is indicated by the ratio of hardness to reduced modulus (H/Er) [33, 58]. A 

combination of high hardness and low elastic modulus typically indicates good wear properties 

[33]. Another parameter, H
3
/Er

2
, referred to as yield pressure [33, 59], shows the resistance to 

plastic deformation. Therefore, this parameter can also be used to evaluate the anti-wear 

capabilities, since wear caused by gradual removal of a material is reliant on plastic deformation 

[58]. In the current study, the reduced elastic modulus and the hardness at the testing load of 

5mN were used to determine H/Er and H
3
/Er

2
 for both SLM-produced CP-Ti and Ti-TiB 

materials. The obtained values are around (0.025 and 0.002 GPa for CP-Ti, respectively) and 

(0.030 and 0.004 GPa for Ti-TiB, respectively) indicating a higher wear resistance for the Ti-TiB 

composite than the CP-Ti. This concurs with the weight loss of 0.055 g and 0.021 g for CP-Ti 

and Ti-TiB materials, respectively, determined from conventional wear testing.   

Fig. 5 shows typical surface features of worn samples which include ploughing grooves and 

delamination across the surfaces. It is evident that the worn surface of the SLM-fabricated CP-Ti 

shows deeper wear scars and more significant delamination than the Ti-TiB material which can 

be related to its lower hardness relative to Ti-TiB. According to Archard’s wear equation [60], 

the volume of wear is inversely proportional to the hardness of the material under investigation. 

Therefore, CP-Ti which exhibits lower hardness has undergone higher surface and subsurface 

plastic deformation which leads to increased delamination and more material removal. This 

results in increased surface roughness and, consequently, higher abrasion rates of CP-Ti 

compared to the Ti-TiB material. Enhanced wear properties are an important factor for various 

industrial applications of titanium based materials, especially in the biomedical area because 

orthopedic implants are usually subjected to abrasion with surrounding bone and hard tissue. 

Thus, enhanced wear resistance can reduce the formation of wear particles which can cause 
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inflammatory reactions, resulting in loosening of the implant and the subsequent need for 

revision surgery [1, 61].  

Finally, it is concluded that the nanoindentation load can be appropriately adjusted to measure 

mechanical properties including hardness and elastic modulus to give good consistency to those 

values obtained from conventional mechanical tests. It was also shown that nanoindentation can 

be used to evaluate the wear resistance of the SLM-fabricated CP-Ti and Ti-TiB materials. This 

is very important for the production of SLM titanium parts of small sizes, unusual geometries or 

for those that may require regular inspection and testing during their operational lifetime.    

 

 

Fig. 5 SEM images of worn surfaces after wear testing of (a) CP-Ti and (b) Ti-TiB composite 

materials produced by SLM. 
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4. Conclusions 

In this study, CP-Ti and Ti-TiB composite materials were processed by selective laser melting 

(SLM). CP-Ti had an acicular martensitic (α΄) microstructure due to the high cooling rates 

present during SLM. In contrast, the Ti-TiB material showed a fine distribution of TiB particles, 

formed by in-situ chemical reaction between Ti and TiB2 powders, dispersed within an α-Ti 

matrix. Hardness and reduced elastic modulus measured by nanoindentation were higher for Ti-

TiB composite than those of CP-Ti due to hardening and stiffening effects induced by the TiB 

particles as well as titanium grain refinement due to boron. It was also observed that CP-Ti 

possesses lower wear resistance compared to Ti-TiB composite likely due to its lower hardness 

and lowered resistance to elastic strain to failure. Although nanoindentation testing showed a 

dependency for both hardness and elastic modulus on the applied load, it demonstrated that the 

values obtained from a 5 mN load had high consistency with those from conventional mechanical 

tests. It is proposed that 5 mN is an optimal load for measurement of elastic modulus and 

hardness properties of the titanium materials studied in this work.       
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