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Tribological performance of surface engineered low-cost beta titanium alloy 

Eleanor Redmore , Xiaoying Li and Hanshan Dong  

University of Birmingham, Birmingham B15 2TT, UK 

Abstract 

Low-cost beta (LCB) alloy (Ti-6.8Mo-4.5Fe-1.5Al) is developed specifically for non-aerospace (e.g. 
automotive and motor sports) applications. However, as for all other titanium alloys,  LCB alloy is 
characterised by a high and unstable coefficient of friction and a strong scuffing tendency. Hence, a 
new surface engineering process based on optimal integration of bulk heat treatment with surface 
ceramic conversion has been developed, and this paper reports the tribological performance of 
surface engineered LBC titanium alloy. TEM analysis carried out on the microstructure of the ceramic 
conversion layer. Reciprocating pin-on-disc sliding wear tests were conducted against both WC and 
hardened steel balls under unlubricated and oil lubricated conditions. Post-examination of the wear 
tracks, counterparts and wear debris was carried out to investigate the wear mechanisms involved. 

The experimental results show that the wear resistance of the LCB alloy can be improved by 4-16 
times by the novel combined bulk/surface treatment; the coefficient of friction is reduced from 0.8-
1.0 for the untreated material to 0.2-0.4 for the treated samples. The wear mechanisms evolve from 
severe adhesive wear for the untreated material to mild abrasive wear for the treated material when 
sliding against a WC-Co ball in air. However, severe wear to the steel counterpart occurred and 
hence large frictional forces formed, which led to delamination wear of treated surfaces. It is also 
interesting to find that oil lubrication cannot reduce but rather increases the wear of treated 
surfaces especially when sliding against a hardened steel ball mainly due to oil pressure induced 
delamination wear. 

Key words: Low-cost beta alloy; Combined bulk and surface treatment; Solution & ageing; Ceramic 
conversion; Reciprocating sliding wear 

 

  

1 
 







2.3 Microstructure characterisation 

Metallographic cross-sections of the treated samples were prepared using the standard procedures 
described in Section 2.1. An etching solution of 2% HF, 10% HNO3, and 88% H2O was used to reveal 
the layer structures of the treated samples.  

Surfaces and cross-sections of the samples were examined under a Phillips XL30 scanning electron 
microscope (SEM) equipped with energy dispersive X-ray spectroscopy (EDX) for composition 
analysis. The phase constituents of the as-received and treated samples were studied by X-ray 
diffraction (XRD) from 20-100°. Sample STA500_8 was XRD scanned on the top surface and the 
interface by removing the surface layer precisely. The X-Pert Highscore software was used to 
analysis the diffraction peaks for identifying the phases presented.  

STA500_8 sample was prepared in cross-sectional for transmission electron microscope (TEM) 
analysis. The sample was cut and thinned by using a Quanta 3D FEG focused ion beam (FIB) miller. A 
JEOL TEM-2100 LaB6 transmission electron microscope with the operating voltage of 200 kV was 
used to characterise the microstructure and the phase constituent of the surface layers. 

2.4 Mechanical and tribological property evaluation 

MVK-H1 hardness testing machine was used with a Vickers indenter at 100g load for microhardness 
measurements. Load bearing capacity tests were also carried out by measuring the surface hardness 
from 10g to 1000g load, individually, to find the critical load at which the oxide layer cracked. Three 
indentations were inserted under each load and the average value was taken. Polished cross-
sectional mounted samples were used to generate hardness-depth profiles from the oxygen 
diffusion zone to the substrate beneath the top oxide layer. Nano-indention was carried out to 
measure the surface hardness and the Young’s modulus with a Nano-Test 600 machine 
(Micromaterials, UK). 

Reciprocating ball-on-disc sliding wear tests on as-received (untreated) and the optimally treated 
STA500_4, 8, 16 and 32 samples were conducted using the TE79 multi-axis tribology machine. A 
schematic view of reciprocating-wear tribometer is shown in Figure 2. The reciprocating sliding wear 
tests were carried out against two different counterparts, 8 mm tungsten carbide (1800HV0.1) and 
hardened steel (830HV0.1) balls in air (dry) and in oil (lubricated) under a load of 10 and 20 N. The 
reciprocating amplitude was 10mm, the average sliding speed was 10 mm/s and the tests were 
repeated for 3750 cycles with an equivalent sliding distance of 7.5 meters.  

The resultant wear tracks were measured using an Ambios XP-200 profilometer and the wear 
volume loss was calculated by integrating the cross-sectional area of the wear track and then timing 
the length of wear track.  The friction force was recorded and the coefficient of friction (CoF) was 
calculated according to the recorded friction force and the applied normal load.  Post-examination of 
the wear tracks and the wear scars formed on the counterpart ball surfaces by SEM observation and 
EDX analysis was carried out to investigate the wear mechanisms involved. 
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Figure 3 SEM images of the cross-section view at low and high magnifications: (a) and (b) for ST0.5 
sample; (c) and (d) for ST6 sample. (e) top view SEM image of the ST6 sample. 

c) Aging duration effect 
As described in section 2.2, the effect of different aging durations of 4, 8, 16 and 32 h on the 
microstructure and surface properties were studied. SEM observations on these samples revealed 
that they possessed a similar layer structure with a top rutile layer and a beneath ODZ. In general, 
the thickness of these two sublayers increased with the aging time but marginally. Figure 5 shows 
the surface hardness and the critical load, at which surface cracking appeared around the indents, 
against the aging durations. It can be seen that a high hardness value, >1200HV0.025, was gained for 
all the aged samples compare with the substrate hardness of 530HV0.025. Between the aged 
samples, 8 hours aged samples possess the highest surface hardness.  The critical load decreased 
with increasing the ageing time mainly due to reduced interface bonding between the surface oxide 
layer and the ODZ. Nano-indentation measured Surface hardness and Young’s modulus for the as-
received and STA500_8 surface treated samples are listed in Table 2 with the calculated E/H values. 
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Figure 4 SEM micrographs of the oxygen diffusion zone at different magnifications from samples 
STA500_8 (a&b), STA550_8 (c&d) and STA600_8 (e&f)  

 

Figure 5 Critical load and surface hardness as a function of ageing time. 
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