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SINTERED METALS AND ALLOYS 
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The tribological properties of heterogeneous Ti–Si–Zr titanium alloys with an e(*-Ti + (Ti, Zr)2Si) 

eutectic were studied in different friction conditions. Tribological tests were performed with two 
methods. The samples were subjected to shaft–bush (counterface–material) tests by dry friction 
against ShKh15 steel employing an M-22M machine at a load of 20 N and a sliding speed of 
1−6 m/sec with one method. The other method involved quasistatic and dynamic sphere–plane tests 
with an effective load of 30 N employing a computer-assisted tribology system. The indenter 
materials were ShKh15 steel and Si3N4 ceramics. The tests were performed at a sliding speed of 

approximately 0.0147 m/sec in water. The linear and weight wear rate for the cast Ti–10Si–10Zr–1Sn 
sample with a superfine eutectic structure determined with the first method at the greatest test speed 
(6 m/sec) was found to be 1.4 times higher than that of the Ti–9Si–7.6Zr alloy. The Ti–10Si–10Zr–
1Sn alloy showed the lowest wear resistance under quasistatic and dynamic loads with the second 
method, regardless of the indenter material (ShKh15 or Si3N4). Contrastingly to the previous data 

for cast irons and steels, the eutectic Ti–Si–Zr titanium alloys for the first time showed smaller wear 
under dynamic loading than under quasistatic loading. Thermomechanical treatment of the hypoeutectic 
Ti–9Si–7.6Zr alloy was established to increase its wear resistance by more than 1.6 times. 

Keywords: eutectic Ti–Si–Zr titanium alloys, tribotechnical properties, quasistatic and dynamic 
wear. 

INTRODUCTION 

Titanium alloys are finding increased application in various industries as structural materials. In addition, 
titanium-based alloys are currently used in biotribology, where the influence of different loading methods 
(quasistatic and dynamic) on friction processes is very important. Nevertheless, their applications are known to be 
significantly limited by low wear resistance caused by the tendency to contact seizure and, as a consequence, 
significant wear and mechanical damage to the contacting surfaces [1–3]. 
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Should titanium alloys be used in tribotechnical units, heat (thermochemical) treatment or coating 
deposition can significantly decrease the friction losses and increase the wear resistance of parts [4–9]. 

An alternative method to increase the tribotechnical properties of titanium alloys is to develop structures 
that should be substantially heterogeneous and consist of hard grains distributed in an elastoplastic metal matrix [10, 
11]. Such materials include metal-matrix composites representing a strengthening precipitate phase and a metal 
matrix. According to their mechanical properties, these materials are intermediate between metal and ceramic 
materials and combine high hardness, wear resistance, and ductility. Materials with such structures, including 
coatings, are commonly produced by powder metallurgy methods. 

The so-called natural (in situ) composites, resulting from the crystallization of eutectic alloys under 
conventional casting, have a heterogeneous structure as well [12, 13]. Note that the reliable operation of wear-
resistant materials requires strong adhesive bonding between the hard inclusions and the matrix, which is peculiar to 
eutectic alloys [12, 13]. 

In situ composites in the binary Ti–Si system, the so-called ‘titanium pigs’ [14], generally meet the above 
requirements: -Ti (*-Ti) is the matrix and Ti5Si3 is the strengthening phase in such alloys [14– 16]. The papers 

[17–19] reported that additional doping of binary Ti–Si alloys with zirconium allowed their phase composition and 
the mechanical properties of respective phases to be changed. Thus, when more than 10 at.% (5 wt.%) Zr is 
introduced, a ternary intermetallic (Ti, Zr)2Si phase is formed instead of Ti5Si3. This phase significantly differs 

from Ti5Si3 both in the morphology and size and in the properties [17–20].  

Note that the antifriction properties of eutectic titanium alloys have not been extensively studied [21–23]. 
The paper [21] examined the tribological properties of Ti–Si–Zr alloys with 2–10 at.% Si and 2.6 at.% Zr and 
established that the antifriction properties of the Ti–10 at.% Si–2.6 at.% Zr alloy with an e(-Ti + Ti5Si3) eutectic 

were more than five times greater than those of the commercial Ti–6Al–4V alloy. The papers [22, 23] show that 
additional doping (Al, Ga) of the eutectic Ti–Si alloys can significantly improve their wear resistance. 

The objective is to examine the tribotechnical properties of eutectic Ti–Si–Zr alloys with increased 
zirconium content and to evaluate and compare their behavior in different friction conditions. 

EXPERIMENTAL PROCEDURE 

Two titanium alloys were examined, Ti–10Si–10Zr–1Sn and Ti–9Si–7.6Zr (Table 1), whose structure and 
mechanical properties were studied in [18, 20]. The Ti–10Si–10Zr–1Sn alloy friction samples were made of a cast 
100 g ingot produced by arc melting with a nonconsumable tungsten electrode on a water-cooled copper hearth in 
an argon atmosphere additionally purified with a molten titanium getter. The starting materials were iodide-refined 
titanium and zirconium (99.97%), tin (99.99%), and silicon (commercially pure).  

The Ti–9Si–7.6Zr alloy samples were made from an ingot weighing ~5 kg produced by argon-arc melting 
and were examined in as-cast state and after thermomechanical treatment such as rolling at 1000C to 66% 
reduction. The starting materials were VT-0 titanium, zirconium (99.97%), and silicon (commercially pure). 

Tribological tests were performed using two methods under different friction conditions [24–26]. In one 
method, the samples were subjected to shaft–bush (counterface–material) wear tests by dry friction employing an 

 
TABLE 1. Chemical and Phase Compositions, Vickers Hardness, and Elastic Modulus  

of Eutectic Ti–Si–Zr Alloys [18, 20] 

Chemical composition, at.%  Phase composition  HV30, GPa E, GPa 

Ti–10Si–10Zr–1Sn (cast) -Ti + (Ti, Zr)2Si + Ti5Si3* 3.6 137 

Ti–9Si–7.6Zr (cast) -Ti + (Ti, Zr)2Si + Ti5Si3* 3.9 128 

Ti–9Si–7.6Zr  (treated thermomechanically) -Ti + (Ti, Zr)2Si + Ti5Si3* 4.0 134 

*Ti5Si3 traces. 



434 

M-22M machine at N = 20 N and sliding speeds of 1, 2, 4, and 6 m/sec in normal conditions. The friction path was 
3 km for each speed. The samples were tested by friction against ShKh15 steel with HRC 61–63 hardness and Ra = 

= 0.32–0.63 roughness [24]. 
The other method included sphere–plane tests employing a computer-assisted tribology system equipped 

with a dynamic load module [25, 26]. Quasistatic or dynamic effective loads of 30 N acted on a spherical steel 
(ShKh15) or ceramic (Si3N4) indenter with a diameter of 8 mm that was reciprocally sliding over a plane sample. 

The experiments were performed in distilled water at a sliding speed of ~0.0147 m/sec, friction length of ~1200 sec, 
and friction path of ~17.64 m. Linear wear was determined with a Kalibr K-201 surface recorder/analyzer [25]. The 
friction force was indicated on the tribological patterns plotted with the self-recorder. 

The structure of friction paths was examined employing a Jenaphot-2000 optical microscope. 

RESULTS AND DISCUSSION   

According to [18], the cast Ti–10Si–10Zr–1Sn alloy has a superfine heterogeneous structure with an            
e(-Ti + (Ti, Zr)2Si) eutectic (Fig. 1a, b) and approximately 50 vol.% (Ti, Zr)2Si.   

Contrastingly to the Ti–10Si–10Zr–1Sn alloy, the cast Ti–9Si–7.6Zr alloy has a hypoeutectic structure with 
an -Ti matrix and an e(-Ti + (Ti, Zr)2Si) eutectic (Fig. 1c, d; Table 1) [20]. Figure 1d shows a TEM  

 

 
Fig. 1. Structural microphotographs for the cast Ti–10Si–10Zr–1Sn (a, b) and Ti–9Si–7.6Zr (c, d) 
alloys and for the thermomechanically treated Ti–9Si–7.6Zr alloy (e, f): optical (a, c, e) and  

transmission (b, d, f) microscopy [18, 20] 
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TABLE 2. Tribotechnical Characteristics for the Eutectic Ti–Si–Zr Alloy Samples Determined  
by Tests Using an M-22M Friction Machine with a ShKh15 Steel Indenter 

Alloy 
Sliding 

speed V, 
m/sec 

Friction 
coefficient f 

Linear wear rate  
for the friction pair I, 

m/km 

Weight wear rate I, mg/km Friction force 
F, N 

(F =  f · N) Sample Counterface 

Ti–10Si–10Zr–1Sn 
(cast) 

1 0.7 9.8 7.2 0.7 14 
2 0.6 27 18 0.33 12 
4 0.47 28 21.7 0.23 9.4 
6 0.38 27 28.4 0.23 7.6 

Ti–9Si–7.6Zr 
(cast) 

1 0.63 8.3 6.4 1.4 12.6 
2 0.6 16 13.9 1.1 12 
4 0.58 13 12.2 0.5 11.6 
6 0.35 19 20.8 0.2 7 

 
microphotograph of the cast alloy from the eutectic grain area. According to [20], further thermomechanical 
treatment refines the alloy, including eutectic grain areas, resulting in a cellular deformation structure. This ultra-
fine, virtually grain deformation structure with grain sizes varying from several tens of a micrometer to 1 m is 
shown in Fig. 1e, f. Note that the phase composition of the alloy following thermomechanical treatment did not 
change according to X-ray diffraction (Table 1). 

Two cast alloy samples, Ti–10Si–10Zr–1Sn and Ti–9Si–7.6Zr, were tested by dry friction against a 
ShKh15 steel indenter using an M-22M machine. Analysis of tribotechnical characteristics (Table 2) indicates that 
the friction coefficients of the Ti–10Si–10Zr–1Sn and Ti–9Si–7.6Zr alloys are quite close. Moreover, this 
characteristic decreases nonlinearly with increasing sliding speed. At a speed of 6 m/sec, the friction coefficient is 
~0.38 for the Ti–10Si–10Zr–1Sn alloy and ~0.35 for the Ti–9Si–7.6Zr alloy. At the same time, the linear and 
weight wear rates for the cast Ti–10Si–10Zr–1Sn sample at the greatest test speed are 1.4 times higher than those 
for the Ti–9Si–7.6Zr alloy. Note that the friction coefficients are significantly lower than the values peculiar to 
titanium alloys in the absence of lubrication (~0.6 [1, 2]). For all V values studied, the total linear wear rate for the 
cast Ti–10Si–10Zr–1Sn alloy is ~91.8 m/km (average value for the four sliding speeds is 22.95 m/km) and for 
the cast Ti–9Si– 7.6Zr alloy is 56.3 m/km (average value is 14.08 m/km). The difference is ~60%. 

Small dark separation film developed on the contact surfaces of the Ti–10Si–10Zr–1Sn sample and the 
counterface in friction at sliding speeds of 1 and 2 m/sec and disappeared when the sliding speed increased to 6 
m/sec. Note that there were individual areas where the sample stack to the counterface, being indicative of frictional 
seizure. This was not the case in the friction of the cast Ti–9Si–7.6Zr sample at the same sliding speeds, but dark 
separation film developed on the counterface without any obvious signs of seizure. Seizure [27] is one of the most 
undesirable types of surface damage; it is especially intensive at low sliding speeds and significant loads. Hence, in 
the second series of tests, the tribological behavior of Ti–Si–Zr alloys was studied in more severe conditions under 
quasistatic and dynamic loads with Si3N4 and ShKh15 indenters at a much lower sliding speed than in the first 

method. The test results for the second method using a computer-assisted tribology system are presented in Table 3. 
According to this method, the thermomechanically treated Ti–9S–7.6Zr alloy was studied along with the cast alloys. 

The study of wear in two loading modes using steel and ceramic indenters revealed significant differences 
in the friction of eutectic Ti–Si–Zr alloys. 

The antifriction properties of both cast alloys were virtually the same in the first (Table 2) and second 
(Table 3) test methods, but the friction coefficient for the cast Ti–9Si–7.6Zr alloy was 20% lower than that for the 
cast Ti–10Si–10Zr–1Sn alloy. 

Table 2 shows that the wear rate for the cast hypoeutectic Ti–9Si–7.6Zr alloy determined with the first 
friction method is 1.4 times lower than the wear rate for the Ti–10Si–10Zr–1Sn alloy with a superfine eutectic 
structure. Contact load is an important factor that directly influences processes in the contact area [28]. Hence, the  
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TABLE 3. Tribotechnical Characteristics for the Eutectic Ti–Si–Zr Alloy Samples Determined  
at Quasistatic and Dynamic Loads Using a Computer-Assisted Tribological System 

Alloy, at.% 
Indenter 
material 

Linear wear, m Friction force, N  Friction coefficient 

Ist Idyn Fst Fdyn fst fdyn 

Ti–10Si–10Zr–1Sn (cast) ShKh15 23.20 18.45 22.25 4.69 0.74 0.16 
Si3N4 23.29 15.47 29.76 3.82 0.99 0.13 

Ti–9Si–7.6Zr (cast) Si3N4 18.92 13.64 22.55 5.31 0.75 0.18 

Ti–9Si–7.6Zr (treated 
thermomechanically) 

ShKh15 4.92 5.89 18.20 1.23 0.29 0.08 
Si3N4 11.44 8.33 31.64 5.69 1.05 0.19 

 
Ti–9Si–7.6Zr alloy remained advantageous in terms of wear resistance determined with the second method of 
friction against Si3N4, but its value was somewhat lower in both loading modes. Dynamic loading led to lower wear 

than quasistatic loading did (Table 3), in contrast to the data reported previously in [29–31], in particular, for cast 
irons and steels [26] for which the opposite effect was observed. The wear of eutectic Ti–Si–Zr alloys is lower 
under dynamic loads and is similar to the wear for some ceramic materials that are also characterized by high 
friction coefficient (~0.7) [32, 33]. This fact is confirmed by studies on the relief of friction paths (Fig. 2). The 
friction surface of the thermomechanically treated Ti–9Si–7.6Zr alloy sample tested with Si3N4 (Fig. 2a, b) has 

sliding paths with numerous seizure areas, which may be indicative of predominant adhesive friction [10]. When 
friction changes from quasistatic to dynamic, the surface becomes smoother with noticeable sliding paths (Fig. 2b). 
The appearance of typical clear sliding paths may result from the participation of hard silicide particles that 
strengthen the alloy in the wear process. Strong bonding at the silicide–titanium matrix interface is promoted by 
special conditions for the crystallization of eutectic alloys; this was mentioned previously [12, 13] and confirmed 
for the Ti–Si alloys in [34, 35]. 

Under dynamic testing, being characterized by lower friction force than observed in quasistatic loading 
(Table 3), adhesive wear may change to predominant abrasive wear, and lower wear under dynamic loading is 
indicative of the features peculiar to the eutectic Ti–Si alloys. 

The friction process for the eutectic Ti–Si–Zr alloys also differs by high wear characteristics in use of the 
Si3N4 indenter compared to the ShKh15 indenter, as evidenced by the data reported in Table 3 and by the 

appearance and width of the friction paths in Fig. 2. 
According to the results obtained, the eutectic Ti–10Si–10Zr–1Sn alloy with a superfine structure 

demonstrates the lowest wear resistance under quasistatic and dynamic loads, regardless of the indenter material 
(Table 3). Under quasistatic loading, the alloy shows high friction coefficientfst = 0.74 and 0.99 for ShKh15 and 

Si3N4 indentersand wear rate is maximum among all the alloys. The best tribotechnical characteristics with the 

lowest friction coefficients, fst = 0.29 and fdyn = 0.08, and the lowest wear rates, Ist = 4.92 and Idyn = 5.89, are shown 

by the thermomechanically treated Ti–9Si–7.6Zr sample in friction against the ShKh15 indenter. This friction 
behavior is probably due to changes in the structural state of the thermomechanically treated alloy resulting from 
the formation of a deformation cellular structure and the refinement of eutectic grains and silicides (Fig. 1f) [34] and 
from better compatibility with the ShKh15 indenter. With use of the Si3N4 indenter, this alloy has a friction 

coefficient greater than one under quasistatic loading, and friction force Fst = 31.64 N exceeds the load (N = 30 N). 
Similarly to [10, 36], this fact may be indicative of seizure or adhesion between the contacting bodies in the 
quasistatic loading conditions concerned. 

The data determined under different friction conditions for the eutectic Ti–Si–Zr alloys (Tables 2 and 3) 
contradict the generally accepted views according to which a finer structure promotes better tribotechnical 
properties under the same test conditions [10]. In this case, the eutectic Ti–10Si–10Zr–1Sn alloy has approximately 
50 vol.% of the strengthening phase, and the sizes of silicides are very small (~0.3–1.0 m). This heterogeneous  
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Fig. 2. Microphotographs of friction paths for the Ti–9Si–7.6Zr alloy (treated thermomechanically) 
with ceramic Si3N4 (a, b) and steel ShKh15 (c, d) indenters: a, c) static loading and b, d) dynamic  

loading (optical microscopy) 

structure may not comply with the general requirements for wear resistance of the materials, pursuant to which the 
volume content of the strengthening phase should not exceed ~40% to reach the optimal tribotechnical 
characteristics [11, 37]. 

On the other hand, the structural refinement of the thermomechanically treated Ti–9Si–7.6Zr alloy is, as 
discussed above, one of the influencing factors that contribute to increase in the wear resistance: it became higher 
by more than 1.65 times compared to the cast alloy.  

Change in the counterface material does not always influence the tribotechnical properties of titanium-
based alloys [6], which was confirmed by studies of the cast Ti–10Si–10Zr–1Sn alloy (Table 3). However, the 
noticeable difference in the tribological characteristics of the thermomechanically treated Ti–9Si–7.6Zr alloy tested 
with steel (ShKh15) and ceramic (Si3N4) indenters is indicative of a significant role of the counterface material and 

confirms the physicochemical interaction between the sample and counterface. Silicon that is present in the ceramic 
indenter may lead to greater adhesive interaction between the sample and the counterface in friction under 
quasistatic loading for all samples, especially for the thermomechanically treated Ti–9Si–7.6Zr alloy, which 
intensifies wear processes and significantly increases the friction force. 

Thus, reduction in the effect of adhesive frictionboth through changes in the loading and indenter 
material and in the refinement of silicidesresults in transition to ‘normal’ mechanochemical wear [38], which is 
characterized by small wear and low friction coefficient (Table 3). Better wear resistance and compatibility are 
promoted by the thermomechanically treated Ti–9Si–7.6Zr alloy in friction against ShKh15 under quasistatic and 
dynamic loading. 

CONCLUSIONS 

The wear of cast in situ Ti–Si–Zr composites with high zirconium content was studied in different 
conditions of friction against ShKh15 steel. The hypoeutectic Ti–9Si–7.6Zr alloy showed improved tribotechnical 
properties compared to the eutectic Ti–10Si–10Zr–1Sn alloy characterized by a heterogeneous superfine structure. 
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The wear resistance of the Ti–9Si–7.6Zr alloy was found to be almost 60% higher than that of the cast Ti–10Si–
10Zr–1Sn alloy; i.e., the linear wear rate of the cast Ti–10Si–10Zr–1Sn alloy was higher than that of the Ti–9Si–
7.6Zr alloy.  

Contrastingly to conventional tribotechnical materials (cast irons and steels), the wear resistance of eutectic 
Ti–Si–Zr alloys was shown for the first time to increase when loading changed from quasistatic to dynamic. In this 
case, when the friction coefficient was artificially reduced under dynamic loading conditions, the wear mechanism 
changed from predominant adhesive to predominant abrasive. Hence, the behavior of such alloys under dynamic 
loading resembles the behavior of some ceramic materials, being characterized by high friction coefficient as well 
(~0.7).   

The noticeable difference in the tribological characteristics of the thermomechanically treated Ti–9Si–7.6Zr 
alloy determined in friction against steel (ShKh15) and ceramic (Si3N4) indenters is indicative of physicochemical 

interaction between the sample and counterface and confirms that the counterface material is significant for the 
friction of heterogeneous Ti–Si–Zr alloys with an e(*-Ti + (Ti, Zr)2Si) eutectic. Better wear resistance and 

compatibility of the titanium alloy are observed in friction against ShKh15. 
The thermomechanical treatment of the cast hypoeutectic Ti–9Si–7.6Zr alloy (rolling at 1000C to 66% 

reduction) increases its wear resistance compared to the cast alloy by more than 60%. Thermomechanical treatment 
refines the structure, including eutectic grains and silicide phase, and results in a superfine, virtually grain 
deformation structure. This, in turn, is one of the factors that promote transition from predominant adhesive and 
abrasive wear to normal mechanochemical wear in test conditions. 
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