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Abstract Near-a titanium alloys possess enhanced prop-

erties such as high specific strength, low density, corrosion

resistance and an excellent creep behaviour at high oper-

ating temperatures which makes them suitable for a wide

range of aerospace application areas. However, titanium

and its alloys are known for their poor tribological prop-

erties which limit their applicability to structural materials.

Due to increasing demands on efficiency and environ-

mental restrictions, the application of Ti–6Al–2Sn–4Zr–

2Mo as bearing material should also be considered.

Experiments were performed on a linear reciprocating tri-

bometer for a constant sliding distance of 300 m, a fixed

stroke of 10 mm, at normal loads between 5 and 20 N

varying the frequency between 2 and 4 Hz. For the lubri-

cation tests a biodegradable hydraulic oil based on syn-

thetic esters was applied between the two solid bodies.

Mechanical properties of the tribotechnical system were

determined by tensile tests, hardness and roughness tests as

well as microstructural observations. Under dry condition,

the Coefficient of Friction (CoF) decreases with increasing

load and increasing frequency, whereas the wear volume

increases with increasing load and decreasing frequency.

Generally, the CoF significantly decreases by applying a

lubricant and tends to increase with increasing load and

increasing frequency whereas the wear volume increases at

higher loads and frequencies. The protective effect of the

lubricant against wear is absent. Either the wear volume

shows the same values or possesses higher values com-

pared to dry condition. The occurring wear mechanism was

determined using a scanning electron microscope to

observe the wear track and conduct an elemental analysis

using energy-dispersive X-ray spectroscopy.

Keywords Linear reciprocating tribometer �
Ti–6Al–2Sn–4Zr–2Mo � Tribology � Wear

1 Introduction

Ti–6Al–2Sn–4Zr–2Mo (Ti–6–2–4–2) is a near-a high-

strength titanium alloy developed for elevated temperature

applications at which the most common a ? b titanium

alloy Ti–6Al–4V (Ti–6–4) deteriorates due to its poor

creep and oxidation resistance [1–4]. The major application

field of Ti–6–2–4–2 can be found in aircraft constructions.

Gas turbine engine components like discs, impellers,

compressor blades, high performance automobile valves,

cam and followers and pistons, and sheet metal compo-

nents like afterburner cans and hot airframes are also made

out of Ti–6–2–4–2 [5, 6]. The replacement of former

aerospace materials like higher strength steels, aluminium

and nickel-based superalloys with titanium alloys have

achieved great advantages e.g. weight reduction, higher

strength and furthermore improves resistance to creep,

oxidation and corrosion [3, 5]. Concerning the mechanical

properties, Ti–6–2–4–2 shows an outstanding combination

due to its high strength to weight ratio, low density,

exceptional corrosion and creep resistance and furthermore

high temperature stability for long term applications up to

565 �C [1, 3, 5, 7, 8].

The mechanical properties depend mainly on the

microstructure, the chemical composition and the
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thermomechanical treatment during processing [3, 6]. The

alloying elements can be divided into two stabilizer types.

Ti–6–2–4–2 contains 6% Aluminium as a potent a-stabi-
lizer which raises the beta transus temperature, whereas 2%

Molybdenum as a b-stabilizer makes the b-phase appear at
lower temperatures. The a-phase has a hexagonal closed

packed structure (hcp) which is characterised by lower

density, higher strength and lower ductility compared to the

body centred cubic (bcc) b-phase [1, 3, 4]. Tin has a neutral
effect on the b-transus temperature and promotes the for-

mation of precipitates which act as a barrier for dislocation

glide and climb [2]. In some cases, silicon is added to

improve the creep resistance. It precipitates as silicide

along the grain boundaries of the a - b interface and

hinders dislocating motion at higher temperatures up to

520 �C [1, 2]. The high temperature resistance is achieved

by the formation of a thermally stable oxide film decreas-

ing the oxygen diffusion rate. Furthermore, the TiO2 layer

supplies corrosion resistance so that painting gets unnec-

essary except in galvanic corrosion cases [3].

Fine, equiaxed microstructures with lower grain sizes

increase the strength and ductility, retard crack nucleation

and support superplastic behaviour, while coarse and

lamellar microstructures are more resistant to creep and

fatigue crack growth [3, 8, 9]. Concerning friction and

wear, only few papers about Ti–6–2–4–2 are available,

whereas the tribology of the most commonly used alloy

Ti–6–4 has been studied extensively. Zhong et al. [10]

investigated the wear behaviour of Ti–6–4 in vacuum

condition and Wang et al. [11] did an experimental

investigation using a pin-on-disc tribometer with temper-

atures up to 600 �C. Mao et al. [12] concluded, that the

wear resistance at 400–500 �C is improved due to the

appearance of hard oxides, which play a protective role.

Regarding the near-a alloy Ti–6–2–4–2, the research has

been focused mainly on the oxidation behaviour and the

formation of the a-case layer. Investigations on temper-

ature effects, oxidation kinetics, diffusion rates have been

made [2, 13, 14]. Additionally, the stress corrosion

cracking behaviour and the use of Ti–6–2–4–2 in hot

sheet metal forming has been investigated [8]. The solid

film lubrication by an h-BN coating applied by polymer

derived ceramic for higher temperature tribology has been

studied by Yuan et al. [15]. Qu et al. [16] conducted

friction and wear tests with Ti–6–2–4–2 discs against a

440C stainless steel ball at ambient temperature. He

concluded, that wear as well as the coefficient of friction

decrease with increasing sliding speed. High sliding speed

causes higher surface temperatures and reduces shear

strength though.

Despite these published papers, a systematic approach

towards the influence of key process parameters, e.g. nor-

mal load, sliding speed and surface contact conditions on

tribological performance of Ti–6–2–4–2 alloy is still

missing which is the main reason for the current research.

An investigation of wear mechanism of this material is

another motivation of this research that has been done by

microscopic studies. The results can be useful for designing

Ti–6–2–4–2 alloy for applications with sliding contacts.

2 Materials and Experimental Procedure

The Titanium alloy was received as hot rolled duplex-an-

nealed sheet with a thickness of 1.6 mm. The bearing ball

material was AISI E52100 steel, hardened to 58HRC with a

diameter of 10 mm. The chemical compositions of the

mating materials are summarized in Table 1.

The friction and wear tests were conducted on a Ducom

TR-282 Linear Reciprocating Tribometer (LRT). The

experimental procedure was based on ASTM International

standard test method for linearly reciprocating ball-on-flat

sliding wear [17]. The stroke length was kept constant at

10 mm while the frequency was varied between 2 and 4 Hz

under different applied loads between 5 and 20 N. All tests

were performed until a sliding distance of 300 m was

reached. In case of lubricated tests, a synthetic ester

hydraulic oil was applied between the two mating surfaces.

It is worth pointing out that most applications of Ti–6–2–

4–2 are for dry contact conditions; however some appli-

cations such as high performance piston valves and pistons

work under lubricated contact conditions. Because of this,

the tests were conducted both dry and lubricated contact

conditions.

To achieve higher reproducibility, each test was iterated

three times. The titanium sheets were cut with Electrical

Discharge Machining (EDM) into quarters

(39.8 9 39.8 mm). Due to surface scratches and printings

on the received sheet, a surface finish was necessary for

similar and reproducible surface conditions. The quarters

were grinded with a wet SiC 1000 grid paper and the

average roughness was measured using a Taylor Hobson

Form Talysurf 50 profilometer. The output parameters of

the reciprocating tests were frictional force and Coefficient

of Friction (CoF). The wear volume was calculated over

the mass loss and density. The density of Ti–6–2–4–2 is

4.45 g/cm3 [4] and the density of AISI E52100 is 7.81 g/

cm3 [18].

DV ¼ D m=q ð1Þ

The mass loss was determined by weighing the samples

before and after the tests. To gain more accurate result, the

samples were cleaned before weighing. Cleansing by an

80% ethanol was used for the removal of debris or

contamination of the surface finish or the wear process. In

the following, the samples were weighted by a Mettler
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Toledo analytical balance with an accuracy of 0.1 mg. The

specific wear rate k, which describes the sliding wear was

calculated using the simplified Archard equation in

dependency of the wear volume DV, the normal load Fn
and the sliding distance L [19]:

k ¼ DV=FnL ð2Þ

The wear mechanisms were determined by observations

of the surface topography and an elemental analysis using a

Hitachi SU-70 scanning electron microscope (SEM)

combined with energy dispersive spectrometry (EDS).

For the metallographic preparation, small quarters

(10 9 10 mm) of the wear track were separated by a

Struers 40A25 water cooled cut off wheel. Thereafter,

either the cross sections or the surface track sections were

mounted with a Struers PolyFast hot mounting resin at

180 �C for a duration of 2 min. The grinding was

conducted on a rotary grinder with SiC grinding papers

in the sequence of P180, P500, P1200 and P2400 grid.

Afterwards, the samples were polished on a Struers

synthetic MD-Nap cloth with firstly 6 lm and secondly

1 lm diamond paste including the application of a 3%

H2O2 solution. The etching was performed by submerging

the samples in Kroll’s reagent which contained 2% HF, 6%

HNO3 and 92% distilled H2O for a duration of about

10 min. Mechanical properties of the received Ti–6–2–4–2

material were also determined using tensile tests. Tensile

tests were based on the ASM International standards using

pin gripped dog bones with a gage length of 10 mm and a

constant strain rate of 0.03/s [20]. The indentation hardness

was measured using a Rockwell Hardness tester.

Furthermore, the contact pressure in dependency of the

applied normal load was calculated by the Hertzian

pressure equation for a ball-on-flat case [21].

3 Results and Discussion

This chapter is divided into three subsections. Firstly, the

properties of the TTS which influence the output variables

as well as the loss variables are illustrated. Secondly, the

behaviour of the CoF will be discussed for both dry and

lubricated contact condition. The last section is about wear.

Occurring wear volumes and wear scars are discussed and

the wear mechanisms are determined using SEM and EDS.

3.1 Tribotechnical System (TTS) Properties

The microstructure of the as-received Ti–6–2–4–2 is shown

in Fig. 1. A fine microstructure with grain sizes in the

range of 20 lm can be observed. The a - b phase is

dominated by the harder a-grains due to the content of 6%

Aluminium as an a-stabilizer. The content of 2% Molyb-

denum as a b-stabilizer makes transformed b-grains appear
at lower temperatures. Additionally, precipitation can be

observed on the a - b phase.

The indentation hardness for both materials is measured

by a Rockwell test under the respective Rockwell scale

HRC with an applied major load of 150 kgf. The surface

roughness is represented by the arithmetic average of the

absolute values, Ra, after the surface finish. The results are

given in Table 2.

The Ti–6–2–4–2 sheets possess distinctly lower hard-

ness values and higher roughness values compared to the

bearing balls out of AISI E52100. To gain the material

properties e.g. Yield Strength (YS) and Ultimate Tensile

Strength (UTS), tensile tests have been performed at

ambient temperature with a strain rate of 0.03/s with three

iterations. The tensile test specimen dimensions, which are

Table 1 Chemical composition of the materials [4, 18]

Composition (wt%)

Ti Fe Al Sn Zr Mo N O C P S Si Cr Mn

Ti–6–2–4–2 86 0.25 6 2 4 2 0.04 0.15 – – – 0.08 – –

AISI E52100 – 97 – – – – – – 0.95–1.1 0–0.025 0.025 0.2–0.35 1.3–1.6 0.25–0.45

Fig. 1 SEM picture of the microstructure of duplex-annealed Ti–

6–2–4–2 at a magnification of 5000
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illustrated in Table 3, comply with the ASTM E8 standard

[20].

The engineering stress strain diagram is illustrated in

Fig. 2.

The average tensile test results are summarized in

Table 4 in comparison to properties of AISI E52100.

Concerning the fracture surface, Ti–6–2–4–2 shows a quite

ductile fracture mode containing dimples with a diameter

of 20–30 lm and microvoids with a width of 5–10 lm.

The contact stress Sc within the mating solids is calcu-

lated by the elastic Hertzian contact stress theory for a

sphere-on-flat case with the composite modulus E*, the

poisson’s ratio of each body v1/2, the normal force Fn and

the diameter of the ball D [21].

Sc ¼ 0:918 Fn=DE
�2� �1=3 ð3Þ

E� ¼ 1� m1ð Þ=E1 þ 1� m2ð Þ=E2 ð4Þ

The resulting contact stresses for each applied normal

load are summarized in Table 5. It is worth mentioning that

the Hertzian contact pressure is not proportional to the

applied load and is only valid for the beginning of the test

before any wear taking place (for elastic deformation case).

It should also be noted that the applied load of 20 N results

in a contact stress of 995.52 MPa which is above the

ultimate tensile strength of Ti–6–2–4–2 alloy. However,

the calculated Hertzian contact pressure is just an

indication of real contact stress and only valid for elastic

deformation. No permanent deformation is observed on the

surface of the test pieces after applying the 20 N loads and

before running the sliding wear tests. 20 N loading

Table 2 Average Rockwell hardness (HRC) and roughness Ra of the

mating materials

Material Hardness (HRC) Roughness Ra (lm)

Ti–6–2–4–2 35.1 ± 1.2 0.4 ± 0.12

AISI E52100 58.0 ± 1.5 (� 0.4)

Table 3 Dimensions of a tensile flat test specimen in mm

Gauge length Width Thickness Fillet radius Overall length Length of reduced section Length of grip section

8 ± 0.01 1.5 1.6 1 75 13 30

Fig. 2 Engineering Stress–Strain diagram for duplex-annealed Ti–6–2–4–2 at a strain rate of 0.03/s and a typical SEM image of the dog bone

fracture surface with a magnification of 5000. a Stress–Strain diagram and b dog bone fracture surface

Table 4 Average tensile properties with their standard deviations

Yield strength (MPa) Ultimate tensile strength (MPa) Youngs modulus (GPa) Total strain (%) Poisson’s ratio

Ti–6–2–4–2 933.3 ± 7.4 966 ± 7.1 112.8 ± 1.2 29.4 ± 0.01 0.32

AISI E52100 – – 200 – 0.3
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condition can actually be considered as near the onset of

yield for this material and for this specific test set-up.

3.2 Friction

The mean CoF values for different loads and frequencies

under dry and lubricated sliding conditions are illustrated

in Fig. 3. Under dry contact condition, the CoF generally

reaches higher values compared to lubricated condition.

The application of a lubricant results in a decreasing

resistance against movement. The CoF slightly increases

with increasing load and tends to be higher at higher fre-

quencies. As can be seen in Fig. 3, three normal loads of

10, 15 and 20 N have been selected for comparison

between dry and lubricated contact conditions. A normal

load of 5 N has also been tried for lubricated condition, but

the sensor is unable to indicate a friction force due an

occurring hydrodynamic lift force at this loading case for

frequencies of 2 and 4 Hz, corresponding to the sliding

speeds of 40 and 80 mm/s respectively. This speed range is

comparable to practical applications such as cam follower

system, or a deep drawing process. These two frequencies

have been selected based on the range of real applications

of this alloy as well as limitations of the tribometer.

The application of a biodegradable synthetic ester

lubricant effects lower sliding resistance. Related to dry

sliding, the effects of the varied input parameters like load

and frequency on the CoF are different. Concerning dry

sliding, the CoF tends to be higher at lower frequency,

whereas lower frequencies under lubricated condition

cause minor resistance to movement. Furthermore, the CoF

decreases with increasing load under dry sliding, whereas it

remains constant or slightly increases under lubricated

conditions. Figure 4 illustrates the course of the CoF over

the sliding distance under dry and lubricated condition.

The curve of the CoF under dry condition is character-

ized by a short break-in with the lowest CoF followed by a

transition process with increasing CoF values. The steady

state sets in after 80 m sliding distance, categorized with

the highest CoF values and massive fluctuations. Under

lubricated contact condition, lower CoF values and little

fluctuations as well as a different curve shape compared to

dry conditions can be recognized. The run-in process is

characterized by decreasing CoF values to about 200 m.

Whereas in dry condition, the CoF increases towards the

steady state reaching its maximum values, the CoF under

lubricated condition achieves its lowest values with lower

fluctuations. The initial surface roughness is worn off,

leaving smoother surfaces and results in a reduction of

friction.

3.3 Wear

The wear volumes as well as the wear rates under dry and

lubricated sliding conditions are illustrated in Fig. 5. In

general, the wear volume tends to increase with higher

load, whereas the effect of lubrication and frequency is

different. Regarding dry sliding, a low frequency (2 Hz)

Table 5 Hertzian contact stress between an AISI E5200 sphere on a Ti–6–2–4–2 flat

Applied load Fn (N) 5 10 15 20

Contact stress Sc (MPa) 627.14 790.15 904.5 995.52

Fig. 3 Mean values of CoF over the applied load under dry and

lubricated contact condition with frequencies of 2 and 4 Hz

Fig. 4 Coefficient of friction over sliding distance under dry and

lubricated contact condition under 20 N load and 2 Hz frequency
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results in less wear in case of lower loads and outcomes

with high wear volumes for higher loads. This is also

supported by the specific wear rate. The curve of 2 Hz

under dry sliding rises with increasing load above 15 N.

The wear rate at 4 Hz under dry sliding decreases with

increasing load and results in the minimum wear volume of

all tests under the maximum applied load of 20 N. In case

of lubricated tests, the protective function of the lubricant

against occurring wear is absent. The occurring wear vol-

ume corresponds approximately to the resulting wear vol-

umes at dry conditions. The wear volume increases with

increasing load while higher frequencies lead to higher

wear volumes. This can also be confirmed regarding the

wear rate. With increasing load, a higher frequency (4 Hz)

increases the wear rate whereas a lower frequency (2 Hz)

shows a decreasing wear rate. Compared to dry sliding a

reverse effect of the frequency with increasing load on the

occurring wear can be determined. With increasing loads,

the wear rate is more sensitive to the frequency. In case of

dry sliding with 20 N load, the wear volume at 2 Hz is

significantly higher compared to 4 Hz.

Figure 6 illustrates various cross sectional scans of the

wear scar in dependency of lubrication and applied load. It

can be stated, that the valley deepness increases with

increasing load. Concerning 10 N load, the valley deepness

after lubricated sliding is significantly higher compared to

dry sliding, whereas the deepness of dry and lubricated

sliding almost concurs at higher loads. Additionally,

material attachments can be found at the edges of the cross

sections under dry sliding. To determine the occurring wear

mechanism, the wear track is observed using a SEM

including EDS for elemental analysis. Pictures of the wear

track topographies are displayed in Fig. 7 for different

loads under dry and lubricated contact condition. Consid-

ering dry sliding, the wear track is dominated by abrasion

grooves. The harder counter body made out of AISI

E52100 (58HRC) ploughs into the softer sheet made out of

Ti–6–2–4–2 (35 HRC). Additionally, delaminated plate-

lets, adhesive material as well as oxidative areas can be

detected on the surface. The occurrence of several mech-

anisms such as abrasion, adhesion, delamination and tribo-

oxidation is designated as a Mechanically Mixed Layer

(MML). The white spots in Fig. 7a, c are oxide layers

created on the surface of the wear track, while the loose

particles and the rough fractured areas show the presence

of abrasion and adhesion mechanisms. For lubricated tests,

the grooves and fractured areas in Fig. 7b, d are showing

adhesion and delamination.

With increasing load, abrasion grooves grow in their

width. The atomic percentage of oxygen increases, whereas

the atomic percentage of the elements like iron and oxygen

decreases. It can be inferred that with an increase in the

applied load, oxidative and adhesive wear increases while

the abrasion mechanism is still predominant. Regarding

lubricated sliding motion, abrasion is the main wear

mechanism. Very fine abrasion grooves with a typical

width in the range of 10–20 lm can be detected at all

loading conditions. With increasing normal load, the

grooves appear more significant and furthermore very little

areas with detached platelets occur on the wear track. The

predominance of abrasion without oxidation and adhesion

is supported by the elemental analysis of the EDS. Oxygen

and iron couldn’t be detected whereas nitrogen with an

atomic percentage in the range between 5 and 7% has

appeared. The atomic percentage of identified elements are

summarized in Table 6.

4 Conclusions

1. Properties of the TTS like microstructure, deformation

and fracture features, hardness, roughness and the

Fig. 5 Wear volumes and specific wear rate in dependency of the applied normal load and frequency under dry and lubricated contact conditions
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contact pressures have been investigated due to their

significant influence on friction and wear.

2. Concerning the resistance against motion, dry contact

conditions result generally in higher CoF values.

Fig. 6 Cross sectional scan of the wear scar for different loads under dry and lubricated contact conditions using a profilometer

Fig. 7 SEM images of the wear track under linear reciprocating sliding with 2 Hz frequency under dry and lubricated contact conditions for 10

and 20 N applied load. a Dry condition, 10 N load, b lubricated condition, 10 N load, c dry condition, 20 N load and d lubricated condition,

20 N load
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Additionally, the CoF decreases with increasing load

and tends to be higher at lower frequencies. The CoF

reaches its steady state after 100 m sliding distance

towards maximum CoF values. Regarding the effec-

tiveness of the applied lubricant in the form of a

synthetic ester oil, the resistance to movement

decreases. The CoF slightly increases with increasing

load and tends to be higher at higher frequency. The

CoF reaches its steady state after 200 m sliding

distance resulting in the minimum CoF values.

3. The wear volume of both dry and lubricated sliding

condition increases with increasing load and are

generally in the same range. This is also supported

by cross sectional profilometer scans. Concerning dry

condition, low frequencies result in less wear for lower

loading forces, whereas high frequencies are more

preventive for higher loads. In case of lubricated

sliding, high frequencies generally result in higher

wear, whereas lower frequencies result in a decreasing

wear rate with increasing load. Concerning the wear

volume, dry and lubricated sliding indicate approxi-

mately identical values. That means, that the protective

effect of the lubricant against wear is absent.

4. A Mechanically Mixed Layer (MML) consisting of

abrasive grooves, adhesive regions and oxidized

surfaces can be found under dry condition. With

increasing load, the stake of adhesion and abrasion

decreases while the abrasive grooves grow in their

size. In case of lubrication, the predominant wear

mechanism consists of abrasive grooving and plough-

ing where oxidation as well as adhesion is absent.
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