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Abstract 

The dry sliding wear behaviour of different Ti-Nb and Ti-Mo surfaces was investigated 
in order to evaluate the role of Nb and Mo β-stabilizing elements in titanium wear 
resistance to consider them for biomedical applications. Dry sliding wear tests were 
performed under unlubricated conditions using a ball-on-plate tribometer (UMT) with 
reciprocating lineal movement of 1 Hz frequency at different loads (2 and 5 N) and 
against two counterface materials (alumina and stainless steel) to assess the effect of 
these parameters on wear. 
The results indicated an improvement in wear resistance for all the modified Ti surfaces. 
Metal-on-metal surfaces exhibited higher wear rate than ceramic-on-metal, and higher 
wear was observed for the more severe conditions. Wear rate values on modified 
surfaces were between 53-96 % lower compared to pure Ti tested at 2 N, and up to 79 
% lower than Ti at 5 N. In both cases the highest wear reduction was observed for Ti-
MoNH4Cl surface.  

KEYWORDS: β-gradient Titanium; Diffusion Treatments; Mo; Nb; Wear; Powder 
Technology. 
 
1. Introduction 

Recently, β-titanium alloys are increasingly being investigated due to their enhanced 
mechanical performance, high corrosion resistance and suitable biocompatibility ideal 
for knee and hip implants [1]. However they are no exempt from wear with the 
subsequent wear debris formation and metallic ion release to the surrounding biological 
tissues [2]. Titanium presents poor tribological behaviour due to low abrasive wear 
resistance, and this is an important factor in the failure of orthopedic joint implants [3], 
[4]. Thus, many of hip or knee joints studies focus on the wear of the femoral head 
against the acetabular cup employing different materials in order to solve the wear 
related problem, since the wear behaviour is highly dependent on materials, 
displacement, load and velocity [5]. The wear mechanisms identified in orthopedic 
implants are abrasive, adhesive, fatigue, fretting or corrosion, depending on numerous 
and interconnected factors including the material composition, surface properties, 
hardness and corrosion resistance [6]. Therefore, as it has been reported that bearing Ti 
surfaces can influence the bone-implant interface due to the poor wear resistance, many 
works are dedicated to wear protection of pure Ti and Ti alloys via different surface 
modification processes to enhance the hardness and abrasive wear resistance [3], [7], 
[8], [6]. Ion implantation, PVD coatings, plasma spray coatings, thermal oxidation, 



carburization or boriding, or thermal treatments such as diffusion, nitriding or hardening 
are among the most used surface modification techniques for wear improvement [3], 
[9]. However, diffusion-based surfaces like those reported in this article are less 
common and the understanding of the wear behaviour is necessary in order to compare 
them to the currently used CP-Ti and Ti6Al4V alloys. 
On the other hand, Nb is found to be beneficial to enhance the wear resistance of Ti 
because of its Nb2O5 passive layer which repassivates earlier and seems to stay longer 
than those passive layers with V or Al [4], [5], [10]. In that sense, Nb and Mo are 
employed in this study to create multifunctional surfaces with improved wear behavior 
and bioactivity, maintaining or enhancing corrosion resistance and providing lower 
Young’s modulus without reducing material strength. 
Recent investigations have been reported with similar strategies for wear improvement. 
Mo alloying in Ti6Al4V resulted in higher hardness and wear rate reduction [11]. There 
is evidence that a Ti-Nb layer deposited by double-glow plasma technology led to 
reduction in wear rate compared to pure titanium and improved the corrosion resistance 
[7]. However, the dry sliding wear behaviour of the superelastic Ti10V2Fe3Al alloy 
was studied at different load conditions; showing wear improvement at loads lower than 
2 N while higher wear rates with loads superior to 2 N. Moreover, a relationship 
between wear mechanism and load was found, since loads lower than 2 N resulted 
mainly in oxidation whereas at higher loads the titanium alloy exhibited more tendency 
to adhesion [12]. Another important issue since implants are placed inside the body 
surrounded by biological fluid, both wear and tribocorrosion behaviour were evaluated 
for a β-Ti alloy used in femoral stems fabrication (Ti12Mo6Zr2Fe) and compared to 
that of the α+β Ti6Al4V alloy. The generation of unacceptable levels of wear debris due 
to hydroxyapatite particles formation during immersion in SBF, led to three-body 
abrasive wear deteriorating their tribocorrosion properties [13]. On the other hand 
regarding hardness, higher surface hardness is expected to be more wear resistant 
because of lower plastic deformation, lack of delamination and reduced wear volume. 
This was confirmed by a series of TixNb7Fe alloys, where abrasion and oxidation were 
the wear mechanisms observed (similarly to those of the employed CP-Ti), and where 
the hardest surface displayed superior wear resistance [14]. A wear rate reduction was 
also found for Ti5Al5Mo5V1Cr1Fe alloy after nitriding or thermal oxidation process 
[15]. In this work the thermo-reactive diffusion treatment is used as another way of 
wear improvement due to a nitriding process that takes place on surface during the 
reaction by the presence of an activating agent [16]. 
Therefore, this study is a contribution to fully evaluate the wear response of low elastic 
modulus and improved hardness β Ti-Nb and Ti-Mo surfaces in order to determine their 
potential for orthopedic applications since their bioactivity and cell behaviour have been 
already evaluated obtaining positive results [17], [18]. Hence, an extensive wear study 
of a series of Ti-Nb and Ti-Mo surfaces designed with microstructural β / α+β / α 
gradient or nitride porous surface processed through powder metallurgy has been 
carried out evaluating the effect of counter material, load and stroke length on their 
wear behaviour comparing it to titanium wear resistance. 
 
 
2. Experimental procedure 

2.1 Materials and sample preparation 

A series of Ti-Nb and Ti-Mo surfaces were designed and fabricated by surface 
modification of Ti substrates produced from hydride-dehydride (HDH) commercially 



pure titanium powder (CP-Ti grade 4) (GfE Metalle und Materialien GmbH, Germany) 
with mean particle size of 45 μm. The Ti substrates were fabricated by uniaxial pressing 
at 600 MPa and sintering in high vacuum (10-5 mbar) at 1250 oC for two hours with a 
heating and cooling rate of 5 oC/min [19]. 
Surface modification was carried out by thermochemical treatments to promote 
diffusion and/or thermo-reactions on the substrate surface. As diffusion elements, 
micro-sized Nb (1-5 μm) and Mo (1-2 μm) powders were used, and diluted aqueous 
suspensions were prepared and deposited by spraying [20] on the surfaces of sintered 
samples. Thermo-reactive treatment comprised of the inclusion of an activator (NH4Cl) 
on the surface of the Ti substrates in addition to the Nb and Mo diffusion elements.  As 
another via of diffusion treatment, the Nb suspension was also deposited onto green Ti 
substrates (as-pressed, before sintering) to investigate the effect of co-sintering on the 
final structures. The final surfaces were obtained after a thermal treatment at 1100 oC for 
3 h in high vacuum (10-5 mbar) with heating/cooling at 5 oC /min and they were finished 
by a soft grinding step with a 1200# SiC emery paper.  In the case of thermo-reactive 
diffusion a controlled Ar atmosphere was employed during the heat treatment. A 
schematic view of the material processing is given in Figure 1, summarizing diffusion 
elements, diffusion processes, final surface states and the nomenclature of the materials 
used in this study. 
The samples were labelled according to the diffusion conditions. GreenTi-Nb makes 
reference to the Nb co-sintering + diffusion process in which the sample reached the 
surface modification in a single step during the thermal treatment in high vacuum (10-5 
mbar). Ti-Nb and Ti-Mo refers to the Nb or Mo diffusion in a sintered Ti under high 
vacuum (10-5 mbar). Finally Ti-NbNH4Cl and Ti-MoNH4Cl refer to surface modification 
treatment through Nb or Mo thermo-reactive diffusion with the addition of an activator 
agent (NH4Cl) in a controlled Ar atmosphere. The reference material was a polished 
sintered titanium substrate. 

 
 
Figure 1. Scheme of the different β-type Ti-Nb and Ti-Mo surfaces designed. 
 
2.2 Dry sliding wear tests 

Dry sliding tests were performed on a ball-on-plate tribometer (UMT, Bruker) using 
reciprocating lineal movement. In the tests, the samples acted as the moving body 



whereas the static body was the counter material. They were performed in ambient air 
under unlubricated conditions, and with purpose of comparison different conditions of 
counter material, load and amplitude were used since they have an important role on the 
tribological properties of materials [21], [22]. On one hand, the materials were tested by 
rubbing a 10 mm stainless steel ball under 2 N load, 1Hz frequency and 10 mm of total 
stroke length for 1800 s. On the other hand, a 6 mm alumina ball under 2 N and 5 N 
loads at 1 Hz frequency with a total stroke length of 10 and 5 mm, respectively, during 
1800 s. All the conditions are summarized in Table 1. The tests were made in triplicate 
to obtain reliability in coefficient of friction (COF). 
 

Parameters Setup [1] Setup [2] Setup [3] 
Load (N) 2 2 5 

Counter material,  
Ball diameter 

(mm) 

Stainless steel,  
10 

Alumina, 
6 

Alumina, 
5 

Stroke length 
(mm) 10 10 5 

Frequency (Hz) 1 1 1 

Sliding time (s) 1800 1800 1800 
 
Table 1. Summary of the wear conditions tested together with the experimental scheme of the 
setup. 
 
2.3 Wear rate 

The wear tracks obtained from the dry sliding wear tests were measured in terms of 
width and depth by an optical profilometer (Olympus, DSX500, Opto-Digital 
Microscope). Three 2D profiles were taken from the middle (line 1), upper (line 2) and 
bottom part (line 3) of the wear track for each material (Figure 2). Before the calculation 
of the wear rate, the average depth (mm) and the volume loss (V) were obtained with 
the following parameters: Āw (average wear loss area of three 2D profiles in mm2), W̅ 
(average width of each track in mm), R (radius of the alumina ball; constant as 3 or 5 
mm) and l (total stroke length; constant as 10 or 5 mm). Then, the wear rate, Wv, (in 
mm3/mm) was calculated as the quotient of the volume loss, V, (in mm3) between the 
total sliding distance (S) constant as 36000 or 18000 mm. For the calculation, the 
following formulas were used [23]: 
 

 = Āw /W̅      (1) 

V = [1/3 * 𝜋 * 
2 * (3R - )] + (Āw * l)  (2) 

Wv = V/S     (3) 

 
 



Figure 2. Model used for the wear loss volume calculation where line 1, 2 and 3 are the 2D 
profiles taken from the wear track of each material. 
 
2.4 Microstructural characterization 

A field emission scanning electron microscope FE-SEM (FEI, Teneo) equipped with 
EDAX, energy dispersive X-ray spectroscopy (EDS) was used to examine both the 
cross-section of all the materials to evaluate microstructure and phase transformation, as 
well as the worn surfaces after wear tests. Before and after wear evaluation, samples 
were ultrasonically cleaned in propanol for 10 min followed by distilled water for 5 
min. 

 
3. Results and discussion 
 
3.1 Microstructure characterization 

Figure 3 shows the microstructure of the modified Ti surfaces designed through Nb and 
Mo diffusion treatments. Based on the diffusion treatment applied (diffusion or thermo-
reactive diffusion), two different types of microstructure are observed: i) β / α+β / α 
gradient of phases from surface to inward in the case of GreenTi-Nb, Ti-Nb and Ti-Mo; 
and ii) porous surface with a TiN layer created on surface in the case of Ti-NbNH4Cl and 
Ti-MoNH4Cl. As seen from the SEM images, various depths of diffusion layers were 
obtained depending on the different mostly on the deposition treatment used. The 
diffusion layer of GreenTi-Nb, Ti-Nb and Ti-Mo showed a depth around 110-120 µm, 
consisting of a 30 µm β-phase region closer to surface corresponding to higher content 
in Nb or Mo plus a 80 µm α+β region with a decreasing Nb or Mo content, respectively. 
On the contrary, the diffusion layer of Ti-NbNH4Cl and Ti-MoNH4Cl exhibited a depth 
around 20-30 µm composed of a porous surface with the Nb or Mo remained on the 
surface together with a TiN layer originated by thermo-reactive diffusion due to the 
addition of the activating agent (NH4Cl) which nitride the surface of these samples [16]. 
Mechanical properties of the modified Ti surfaces has previously been presented 
elsewhere [16], [24]. They showed an improved hardness of 4-5 GPa (twice the 
hardness of CP-Ti), where GreenTi-Nb, Ti-Nb and Ti-Mo exhibit a low elastic modulus 
between 53-64 GPa compared to 100-110 GPa of cp-Ti.  





diffusion layer composed of α+β phases. This will be later discussed analyzing the 
depth of the wear tracks. In the case of the activated sample Ti-MoNH4Cl (TiN surface) 
the COF increase could be attributed to higher wear debris formation since the 
examination of its worn surface (Figure 5d) did not show a significantly damaged 
surface. 
On the other hand, friction test results between the modified Ti surfaces against alumina 
are given in figures 4(b, c). In general, the COF values from Figure 4(b) remain lower 
for longer times as compared to Figure 4(a) suggesting that the α+β region of the 
diffusion layers are reached later. This could be ascribed to lower friction and less wear 
debris formation since metal on metal produces higher friction due to adhesion 
mechanism than metal on ceramic [5]. The COF of Ti-MoNH4Cl remains very low (0.1) 
and stable as compared to that obtained against stainless steel. The surface remained 
unaltered due to the hard nitride layer which seems to be practically not affected by the 
wear action. This behaviour was also found for a ion-nitrided Ti-10V-2Fe-3Al alloy and 
it was attributed to the compound layer formed which provokes no delamination wear 
mechanism [25]. Regarding COF of Ti-Nb and Ti-Mo surfaces, both of them showed 
similar values initially, increasing gradually from 0.1 to 0.5-0.6 coinciding with that of 
bare titanium. This increase in COF starts earlier in the Ti-Mo surface than in Ti-Nb 
(300 s and 1600 s, respectively). This suggests that the β-region is gradually worn in 
both materials and the abrasion mechanism reaches the steady state at these points when 
the coefficient of friction becomes until the end of the tests coinciding with the value of 
Ti. Moreover, it seems that the α+β region is reached earlier in Ti-Mo than in Ti-Nb, 
since the COF increases more rapidly in the former. Considering that the β-region depth 
is similar in both surfaces, the better friction behaviour of Ti-Nb could be explained due 
to the fact that Nb repassivates quickly and the Nb2O5 passive layer has an important 
lubrication effect [5]. Moreover, the stable COF values also could be related to the very 
little presence of Al found in EDS results (Figure 6f) which suggests the absence of 
adhesive wear.  
In Figure 4(c), a similar COF behaviour could be observed for all the surfaces at short 
times. However, the COF increase is more pronounced for each sample compared to 
Figure 4(b).  As it could be expected, a bigger load and shorter stroke length (5 N, 5 
mm) had a significant effect on friction, and all modified surfaces reach earlier the COF 
of Ti. This means that the β-phase has a positive effect on the sliding wear behaviour 
and load bearing capacity of the material but it is affected by load conditions. This 
behaviour was also reported by [26] studying Ti-15Mo-xNb alloys under 1 N and 2 N 
load.   
Although it is difficult to stablish a comparison with other investigations, similar 
conditions (4 N load and 8 mm stroke length) were used to evaluate a nitrided Ti-6Al-
4V surface which resulted in COF values of 0.38-0.4 [27] similar to that obtained for 
this Ti-NbNH4Cl surface. As seen from these results, it could be suggested that the 
surface modification employed by means of Nb and Mo diffusion and thermo-reactive 
diffusion (nitriding) have a positive effect lowering the friction between surfaces which 
also agrees with other related investigations where these elements are employed [7], 
[28]. 
 
 
 
 
 
 



(a) Setup 1 

 
(b) Setup 2    (c)  Setup 3 

    
 

Figure 4. Coefficient of friction (COF) during the dry sliding wear tests according to: (a) Setup 
1 (2 N, 10 mm against stainless steel), (b) Setup 2 (2 N load, 10 mm against alumina) and (c) 
Setup 3 (5 N load, 5 mm against alumina). 

 
Figure 5 illustrates general images of the worn surfaces showing the general aspect of 
wear tracks together with their higher magnification observations at 2 N load, 10mm 
stroke length against stainless steel. On one side, from the general view of the wear 
tracks, similar width tracks were detected for GreenTi-Nb and Ti-Nb which are slightly 
wider than Ti; but an important reduction of wear track width was found for Ti-MoNH4Cl 
surface with a value of around 580 µm compared to 780 µm of Ti. On the other hand, 
examination of wear tracks shows the abrasive wear mechanism is dominant on Ti, 
GreenTi-Nb and Ti-Nb surfaces (Figure 5a-c) as evidenced by the parallel grooves. On 
the contrary, these are not observed in Ti-MoNH4Cl (Figure 5d), where its structure 
remained unaltered which could be attributed to its higher surface hardness due to the 
nitride layer on surface. Apart from the grooves detected in SE, some dark areas are 
found in BSE images as indication of accumulated wear debris zones formed on Ti 
surface (Figure 5a). However, positively they were less evident in GreenTi-Nb and Ti-
Nb (Figure 5b, c). EDS analysis (Figure 5e) taken from these areas revealed higher O 
and Fe content, indicating higher oxides formation in Ti that in all the modified Ti 
surfaces as well as higher Fe content as indication of adhesion wear. This type of wear 
mechanism is related to the adhesion between the surface atoms controlled by 
thermochemistry. Thus, the degree of adhesion can be determined by the mutual 
solubility of the materials [23]. Therefore, Fe seems to be more soluble in Ti than in Nb 
since Ti-Nb and GreenTi-Nb surfaces present lower Fe content compared to Ti (Figure 
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Second, from Figure 8(b) and Figure 8(c) the effect of load and stroke length on wear 
track profile is discussed. As indicated in the COF graphs, COF values increased more 
quickly at 5 N than at 2 N. This COF behaviour suggested that the α+β region of the 
diffusion layers is reached earlier when a bigger load and a shorter stroke length are 
applied. As it was expected, the maximum depths of the wear track are less deep for the 
less severe conditions. The wear loss reduction for both nitrided surfaces (Ti-MoNH4Cl 
and Ti-NbNH4Cl) and Ti-Mo is highly noticed in Figure 8(b) where the maximum wear 
profile is around 7 µm deep for all three of them compared to 20 µm for Ti. Regarding 
microstructure, this would correspond to the Mo-rich region (β-phase) in Ti-Mo 
material, and the nitride layer of the activated materials. 
A very similar behaviour is shown for the surfaces in Figure 8(c). In this case, Ti-Nb 
and Ti-Mo showed maximum depths of 35 and 25 µm, respectively.  In the cross-
section, this depths correspond to the α+β region in both materials (Figure 3). These 
depths can be correlated to the change in COF behaviour indicating that α+β region is 
reached earlier compared to tests at 2 N load. Regarding nitride surfaces, Ti-NbNH4Cl 
presented a maximum depth around 20 µm which corresponds to the diffusion layer in 
the cross-sectional microstructure (Figure 3) whereas Ti-MoNH4Cl exhibited the lowest 
wear track depth of a maximum of 7 µm which remained in the nitride layer. This is in 
accordance with by the lower and stable COF behaviour shown by this material. 
Therefore, under the three testing conditions, the wear tracks remained in the diffusion 
layers of the modified Ti samples. Specifically, in the microstructural (β / α+β / α) 
gradient, the maximum depth of the wear tracks reached the α+β region of the diffusion 
layers but not the α-area of the Ti substrate. This explained the COF evolution from 
lower to higher values, suggesting the partial removal of the β-area of the surfaces. This 
was more noticeable depending on the severity of the wear conditions: 2 N-ceramic was 
found to wear the least, 5 N-ceramic the most and 2 N-metal in-between both of them. 
Wear was less pronounced in the case of the hardest surfaces (Ti-NbNH4Cl and Ti-
MoNH4Cl) indicating superior wear resistance and an improvement of the load-bearing 
capacity. 

 

 

 

 

 

 

 

 

 

 

 

 



a) Setup 1 

 
b) Setup 2      c) Setup 3 

     
 

Figure 8. Wear track profiles for the modified Ti surfaces and Ti control material after dry 
sliding wear tests according to: a) Setup 1 (2 N, 10 mm against stainless steel), b) Setup 2 (2 N 
load, 10 mm against alumina) and c) Setup 3 (5 N load, 5 mm against alumina). 

 
3D profile images of worn surfaces after wear testing against alumina are shown in 
Figure 9. Alumina was the counter material selected in order to evaluate the effect of 
load and stroke length (2 N-10 mm or 5 N-5 mm) on wear volume. This is an important 
issue in biomaterials since high wear volume is related to metallic ions release and 
adverse reactions in the body [5], [30]. 
Figure 9(a) corresponds to surfaces after 2 N load-10 mm stroke length (setup 2) while 
Figure 9(b) refers to 5 N load-5 mm stroke length (setup 3). In Figure 9(a), Ti surface 
exhibited a bigger and deeper wear track whereas Ti-Nb showed a smaller one. The rest 
of the surfaces practically remained unaltered which resulted in lower wear volume. The 
average wear volume obtained was around 6.8x10-2 mm3, 3.2x10-2 mm3, 7.5x10-3 mm3, 
7.3x10-3 mm3 and 2.8x10-3 mm3 for Ti, Ti-Nb, Ti-NbNH4Cl, Ti-Mo and Ti-MoNH4Cl, 
respectively. 
A similar tendency was obtained for the more severe wear condition (Figure 9b). In this 
case the average wear volume remained around 8.03x10-2 mm3, 7.22x10-2 mm3, 
4.49x10-2 mm3, 2.63x10-2 mm3 and 1.71x10-2 mm3 for Ti, Ti-Nb, Ti-NbNH4Cl, Ti-Mo and 
Ti-MoNH4Cl, respectively. 
In the end, Ti-MoNH4Cl surface presented the minimum wear volume in both conditions. 
This is related to the high hardness due to the TiN layer of this treated-surface. On the 
other hand, a wear volume reduction was found in all the modified surfaces compared to 
Ti, but comparing Nb and Mo surfaces, the modification with Mo led to lower values of 
wear volume. This probably due to the Ti-Mo surface presents a slightly higher 
hardness value than Ti-Nb [24]. 



   
 



Figure 10. Wear rate values after dry sliding tests at 2 N load, 10 mm against stainless steel 
(setup 1); 2 N load, 10 mm against alumina (setup 2); and  5 N load, 5 mm against alumina 
(setup 3). 

 

4. Conclusions 

In this study, the dry sliding wear behaviour of different functionally gradient Ti-Nb 
and Ti-Mo surfaces composed of a microstructural gradient (β /  α+β / α) was examined 
and compared to that of the (α-single phase) CP-Ti fabricated through powder 
metallurgy, exploring the effect of counter material, load and stroke length on their wear 
resistance. The main conclusions can be summarized as: 
 

i) The modified Ti surfaces exhibited higher wear resistance compared to CP-
Ti under all conditions, confirming the surface modification of titanium by 
niobium and molybdenum diffusion treatments as positive alternatives to 
improve the wear behaviour of Ti. 
 

ii) Metal-on-metal (stainless steel on Ti surfaces) produced more signs of 
abrasion and adhesion wear, leading to higher wear rate than ceramic-on-
metal (alumina on Ti surfaces). 

 
iii) Comparing loads in ceramic-on-metal wear tests, wear rate was higher at 5 N 

load and 5 mm stroke length than at 2 N and 10 mm, indicating more signs 
of abrasion wear mechanism and material transfer due to more accumulation 
of wear debris. 
 

iv) At 2 N load, the modified Ti surfaces showed wear rate values between 53-
96 % lower compared to Ti. Similarly, at 5 N load they exhibited reduced 
values up to 79 % lower than bare Ti surface.  

 
v) Ti-MoNH4Cl surface indicated the highest wear reduction under all conditions 

respect to Ti wear resistance. 
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