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Tribological behavior of Ti-6Al-4V and Ti-6Al-7Nb

Alloys for Total Hip Prosthesis

Mamoun Fellah,! Mohamed Labaiz,! Omar Assala,! Leila Dekhil,’
Ahlem Taleb,' Hadda Rezag,l and Alain Iost’

! Surface Engineering and Tribology Group, Laboratory of Metallurgy and Engineering Materials, BADJI Mokhtar-University,

PO. Box 12, 23000 Annaba, Algeria

? Laboratory of MSMP, Arts et Metiers ParisTech, 8 Louis XIV Street, 59046 Lille Cedex, France

The aim of the study is to evaluate the friction and wear behavior of high-strength alloys Ti-6Al-7Nb used in femoral stem and
compare it with a Ti-6Al-4V alloy cylindrical bar corresponding to ISO 5832-3 part 3/01-07-199 standard. The tribological behavior
was investigated by wear tests, using ball-on-disc and pin-on-disc tribometers. These tests consisted of measuring the weight loss
and the friction coefficient of samples. The oscillating friction and wear tests have been carried out in ambient with oscillating
tribotester in accordance with standards ISO 7148, ASTM G99-95a, and ASTM G133-95 under different conditions of normal loads
(3, 6, and 10 N) and sliding speeds (1, 15, and 25 mm-sfl). As counter pairs, a 100Cr6 steel ball with 10 mm in diameter was used.
Results show that the two alloys had similar friction and wear performance, although their grain structures and compositions are
different. Occurrence of large frictional occurred, is probably caused by formation and periodic, localized fracture of a transfer
layer. Higher friction with larger fluctuation and higher wear rate was observed at the higher siding speed. The Ti-6Al-4V wear
mechanism transforms from ploughing and peeling off wear at low sliding speed to plastic deformation and adhesive wear.

1. Introduction

Titanium and its alloys have been used as implant materials
due to their very good mechanical and corrosion resistance
and biocompatibility [1-4]. The most used biomaterial was
commercially pure titanium (CP-Ti) [5, 6], although it
has been pointed out that CP-Ti has disadvantages of low
strength, difficulty in polishing, and poor wear resistance.
Therefore, titanium is still insufficient for high-stress appli-
cations, for example, long spanned fixed prostheses and the
frameworks of removable partial dentures [7, 8].

Ti-6Al-4V alloy, originally developed as an aeronautical
material, has been tested as a replacement for CP-Ti, because
of its high mechanical properties with sufficient corrosion
resistance [9-11]. However, the cytoxicity of elemental vana-
dium is questionable [12, 13]. Subsequently, some researches
prove that vanadium and aluminum ions released from this
ternary alloy can induce cytotoxic effects or neurological

disorders, respectively [14]. Also, for long term, this alloy
has transferred insufficient load to adjacent bones, resulting
in bone resorption and eventual loosening of the implant
(15, 16].

Another ternary vanadium free o + f3 alloy, used as
implant material, was Ti-6Al-7Nb alloy [17-19] that revealed
improved mechanical characteristics, corrosion resistance,
and biocompatibility. Alloy was developed for orthopedics
application as a wrought material and has been evaluated as a
new alloy for total hip prostheses. Niobium exhibits a similar
effect to vanadium in stabilizing 8 phase in the Ti-Nb binary
system, which is necessary for providing the « + 8 two-phase
structure. Therefore, niobium was used as the ternary element
to produce the desirable microstructure in the Ti-6Al-7Nb
alloy [20].

As compared with Ti-6Al-4V alloy, in a tensile test, Ti-
6Al-7Nb alloy shows slightly lower strength and about 40%
higher elongation. In addition, after long term immersion in
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1.0% lactic acid, the amount of titanium ion released from
Ti-6Al-7NDb alloy was less than that from Ti-6Al-4V alloy
and comparable to that from CP-Ti [21]. Ti-6Al-7Nb alloy
showed slightly lower castability than that of CP-Ti but less
casting porosity, which is advantageous in terms of reliability
of castings [21].

Although Ti-6Al-7Nb alloy castings have been inves-
tigated for orthopedics application from several aspects,
such as mechanical properties, corrosion resistance, and
castability, no studies have reported on its friction and wear
resistance, which is an important factor for total hip prosthe-
ses material. In this study, friction and wear characteristics
of Ti-6Al-7Nb and Ti-6Al-4V alloys were evaluated by ball-
on-disc and pin-on-disc tribometers in accordance with ISO
7148, ASTM G99-95a, and ASTM G133-95 standards.

2. Materials and Methods

2.1. Materials Characterization. The materials used in this
study are the Ti-6Al-7Nb as a total hip prosthesis (femoral
stem) and Ti-6Al-4V that was cut from a titanium cylindrical
bar corresponding to ISO 5832-3 part 3/01-07-199 (supplied
by ENSAM, Lille, France). The chemical composition of
titanium alloys used in this study is specified in Table 1.

The alloy surfaces were ground with 600 SiC abrasive
grinding paper and polished with colloidal silica since it is
known that the fixation of the implant is greatly dependent
on good mechanical interlocking between the rough surface
of the implant and tissue [22]. All the samples were cleaned in
an ultrasonic bath with acetone, ethanol, and distilled water,
for 10 min in succession and then dried in hot air and saved
in the desiccators till their use.

2.11. Surface and Microstructural Analysis. An acidic etchant
(3ml HE 6ml HNO; and 100ml H,O for 10s) was
used to reduce the influence of surface hardening, the
microstructure was studied using optical microscopy (Leica
DMLM). The alloys chemical composition presented in
Table 1 was acquired using spectrometer (Spectrolab) and
energy-dispersive spectroscopy (EDS using PHILIPS XL 30
ESEM-FEG and EDX IMIX-PTS). The phases presented in
alloy microstructure were identified by X-Ray diffractometry
(Intel CPS 120/Brucker AXS) using Cu K« generated at
40kV and 35mA. Scanning electron microscopy (SEM)
and energy-dispersive X-ray (EDX) analyses were used to
study the chemical composition of investigated materials. The
roughness of the samples in 3D was studied using Surface
Data Veeco: Mag 5.0 X, Mode VSL

2.2. Tribological Study. Pin-on-disc, ball-on-disc, and tribo-
logical tests (Figures 1 and 2) were carried out using the
following prosthetic materials: Ti-6Al-4V and Ti-6Al-7Nb
alloys, against 100Cr6 steel and abrasive paper number 320
(Sic).

2.2.1. Weight Loss (Pin-on-Disc). The contact pair, which
studies the tribological pair, is, in this case, the sample (Ti-
6Al-4V, Ti-6Al-7Nb and sandpaper (320 abrasive papers)).

FIGURE 1: Scheme of plane contact (pin-on-disc): (1) speed regulator,
(2) support, (3) rotating tray, (4) load applied, (5) sample, (6)
retaining frame; friction pairs used: Ti-6Al-4V and Ti-6Al-7Nb
sliding against number 320 abrasive paper; sliding distance: 1400 m.

TaBLE 1: Chemical composition, hardness, and microstructure of the
metallic materials studied.

Ti C Mo Ta Fe Al Nb \%
Ti-6Al-7Nb

Bal 0.004 0.005 0.46 010 62 74 —

Hardness: 340 + 10 HV Microstructure: 80% «—20%
Ti-6Al-4V

Bal 0.03  0.01 — 010 6.7 — 4.2

Hardness: 360 + 10 HV Microstructure: 80% «—20% f

The parameters taken into account for this test are the applied
load and the rotational speed. The test time and sliding
distance (1400 m) are kept constant, while the weight loss is
determined as a the difference in the weight of the sample
weighed before and after the test. Microelectronic balance,
whose accuracy is of the order 107 g, was used for weight
measurements. The samples were cleaned with acetone before
each weight and the surface roughness of the test sample is
measured before and after the test.

2.2.2. Friction and Wear Behavior (Ball-on-Disc). Friction
and wear tests have been carried out, in ambient air with
oscillating tribometer in accordance with ISO 7148, ASTM
G99-95a, and ASTM G133-95 standards (Figure 2).

Samples were prepared for testing in accordance with
ASTM F136-02, ASTM F86-01, and ASTM E1078-02. Each
specimen was thoroughly cleaned by ethyl alcohol, then
cleaned in ultrasonic bath for 60 minutes, and dried in hot
air afterwards. After that, samples were cleaned in isopropyl
alcohol by staying in the solution for 60 minutes and dried
in hot air. Samples were stored in a desiccator, prior to
testing. Duration of each test was 40000 cycles (distance of
40 m), whereat one cycle is represented by full amplitude



FIGURE 2: (a) Photography of ball-on-disc contact and tribotester system. (1) Table in alternative movement. (2) A sensor to measure heat

and humidity. (3) Ball 100Cr6 steel. (4) Load applied F. (5) Sample.

TABLE 2: Work condition of alternative movement wear test (oscil-
lating tribotester).

(1) 100Cr6 steel/Ti-6Al-7Nb

riction pairs used (2) 100Cr6 steel/Ti-6Al-4V

Sliding speed 1,15 and 25 mms™"
Applied load (N) 3,6and 10N
Wear track radius 5mm
100Cr6 steel diameter 10 mm
Temperature 25°C
Humidity 38%

sliding distance (half amplitude, 0.25 mm). Selected sliding
velocities lie in the range typically found in hip joints (1, 15,
and 25 mm-s ') under different normal loads (3, 6, and 10 N).
The friction coeflicient, that is, dynamic friction coefficient,
was automatically recorded during the testing, using data
acquisition software. Simultaneously, the friction coeflicient
curve was recorded and plotted. Test conditions are shown in
Table 2.

3. Results

3.1. Surface and Microstructural Analysis. Samples of the
titanium-based alloys (Figure 3) were examined using (EDX)
analysis. The spectra for the overall analysis are shown in
Figures 4 and 5. In the case of Ti-6Al-4V alloy titanium,
Ti peak is more pronounced than aluminum as expected in
the EDX phases. Vanadium, molybdenum (Mo), and nickel
are also present; for the Ti-6Al-7Nb, the Ti peak is more
pronounced than that of aluminum(Al), niobium(NDb), iron
(Fe), molybdenum (Mo), and tantalum (Ta) are also present.
The chemical compositions of the studied samples were
in compliance with that of a Ti-6Al-7Nb and Ti-6Al-4V,
respectively.

3.1.1. Microstructure. The samples are mechanically pol-
ished and chemically etched with a solution of 3mL HEF,
6 mLHNO;, and 100 mL H,O for 10s to reduce the influ-
ence of surface hardening. The microstructure of titanium
alloy is shown in Figures 3(a) and 3(b), respectively. Alloys
microstructure consists of globular and acicular « grains
(white grains) within a matrix containing equiaxial grains 3
(dark grains). The acicular shape of the « phase is present
in Figure 3 in an arrangement known as basket-weave which
characterizes the Widmanstitten structure. The microstruc-
ture of the Ti-6Al-4V alloy consists of alpha grains (white in
the optical micrograph; (Figure 3(b)) and lamellar alpha plus
beta grains (black in Figure 3(b)).

3.1.2. Microhardness. Microhardness experiments were per-
formed using a Zwick Roell Z 2.5 micro-compression tester
type ZHU/Z 2.5, equipped with a diamond indenter, located
in a room temperature of 22°C and atmosphere of laboratory.
Using the P-h (load-displacement) curves during micro-
hardness experiments with a loading speed (0.2 mm-min"),
under a maximum load of 50 N, each test was conducted three
times, and the average values were calculated automatically
by MCT as the load and displacement. The experimental P-h
curve of Ti-6Al-7Nb and Ti-6Al-4V is shown in Figure 6.

3.1.3. Roughness Analysis. The studied substrates are of bio-
medical interest. They must therefore meet the standards
imposed by the field of biomedicine particularly at the
surface of the material deposited on the articular surfaces
of hip prostheses in which Ti-6Al-4V and Ti-6Al-7Nb are
the hip implant. The obtained roughness of the samples
(Table 3 and Figure 7) meets the standards of biomedicine,
as specified in ISO 7206-2:1996 standard [23]. The roughness
values were 5.03 and 0.01 ym for Ti-6Al-7Nb alloy before and
after polishing, respectively, and 0.06 ym for Ti-6Al-4V after
polishing.
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FIGURE 4: EDX spectrum of Ti-6Al-7Nb alloy.

TABLE 3: Roughness parameters of Ti alloy after polishing.

Parameters/(nm) Ti-6Al-7Nb Ti-6Al-4V
Ra 0.04 0.06
Rq 0.05 0.08
Rz 0.97 1.05
Rt 1.04 1.19

Ra: arithmetic average of absolute values, Rq: root mean squared, Rt:
maximum height of the profile, and Rz: the average distance between the
highest peak and lowest valley in each sampling length, ASME Y14.36 M-1996
surface texture symbols.

3.2. Tribological Study

3.2.1. Weight Loss (Contact Plane). The weight loss (Figure 8)
of titanium samples, tested at 3.5N load, is approximately
proportional to the number of disk revolutions. Neverthe-
less, the wear was systematically greater to Ti-6Al-7Nb as
expected. The behavior observed for both samples suggests
that the wear mechanism during the test is the same (abrasive
wear). In the case of Ti-6Al-4V samples, its weight loss
was ~85% of the one observed for the Ti-6Al-7Nb samples.
According to the Archard’s law, the volumetric loss of the
material is inversely proportional to the hardness value of the
material [24, 25]. This implies that the higher the hardness of

(b)
FIGURE 3: Optical micrographs of (a) Ti-6Al-7Nb and (b) Ti-6Al-4V alloys.

the material, the smaller the volume loss. The present alloys
exhibit significant difference in hardness values, so that the
experimental sliding wear data correlate well with Archard’s
law.

3.2.2. Friction Coefficient. Dependence of Ti-6Al-7Nb and
Ti-6Al1-4V alloys coeflicient of friction (COF) on sliding
distance, that is, number of cycles, is given in Tables 4 and 5
and from Figures 9, 10, 11, 12, 13, 14, 15, and 16, are almost the
some in the load and speed conditions. The analysis of these
curves permits it to distinguish several periods or successive
regimes of friction and wear.

(1) The first is accommodation period, during which the
friction coefficient increases rapidly is the surface of
the first body the most ductile [26], in this case the
steel. The roughness of the steel surface is reduced by
plastic deformation.

(2) The second period is characterized by a slight
decrease in the friction coefficient. Probably, the third
body on the track generated by frictional wear of
the steel plays a role comparable to that of a solid
lubricant.

(3) The third period is defined by a significant increase in
the friction coeflicient. The third body is fragmented
and oxidizes and probably plays an abrasive role.

(4) The fourth and final period correspond to the stabi-
lization of the friction coefficient up 1400.

It is seen from Figure 9, that the friction coefficient displays
a lower value (approx. 0.248) up to 20 cycles and then it
increased to the average 0.4 value between 40 and 1000 cycles.
The reason might be due to oxide layer formed on titanium
alloys and, therefore, the coefficient of friction showed the
lower value. However, that oxide layer was torn and then
100Cr6 steel ball was completely touched on the substrate
and, therefore, the friction coefficient obtained a higher value
(0.538).

Figures 9 and 10 display the evolution of friction coef-
ficient curves of Ti-6Al-7Nb and Ti-6Al-4V, respectively,
under different condition of applied loads and tow sliding
speeds (15 and 25 mm-s}). The results obtained showed the
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FIGURE 5: XRD spectrum of Ti-6Al-7Nb alloy.

50 7 50
40 40
Z 30 Z 30 ]
g ] g ]
S 207 S 20
10 10
0""I""I""I""I"" O-||||||||||||||||||||||||
0 10 20 30 40 50 0 10 20 30 40 50
Displacement (uM) Displacement (yM)
(a) (b)

FIGURE 6: P-h curves during microhardness experiments with loading speed (0.2 mm-min~'), under a maximum load (50 N) of (a) Ti-6Al-4V,
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FIGURE 7: Optical 3D photos of Ti alloys: (a) Ti-6Al-7Nb and (b) Ti-6Al-4V.
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FIGURE 8: Weight loss of Ti alloys during wear sliding against
abrasive paper.
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FIGURE 9: Friction coefficient of Ti-6Al-7Nb alloy versus sliding
distance at tow sliding speed (15 and 25 mm-s ).

same form for all curves. The average COF value obtained at
15mm-s~" and under 3 N was 0.54 and 0.8 for Ti-6Al-7Nb and
Ti-6Al-4V alloy, respectively. The results are shown in Figures
13-19 and Tables 4-5.

(1) Influence of Load. The friction test results of samples Ti-
6Al-4V and Ti-6Al-7Nb alloy at alternative movement versus
100Cr6 steel ball are illustrated in Tables 4-5 and in Figures
8-16. Tables 4, 5, and 6, and Figures 11-13 represent the
influence of normal load applied on the evolution of friction
coeflicient, under different conditions of loads and sliding
speeds it is seen in Figure 11 (at 1mm-s ') that the Ti-6Al-
4V displayed lower values compared to the Ti-6Al-7Nb in

COF

0.2

0.1

0 500 1000 1500 2000 2500 3000
Distance (cycles)

—_— 15mm~sfl,3N _— 25mm-sfl,3N
— 15mms~, 6N — 25mm-s 6N
— 15mm-s ', 10N — 25mm-s 10N

FIGURE 10: Friction coefficient of Ti-6Al-4V alloy versus sliding at
tow sliding speed (15 and 25 mm-s™").
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FIGURE 11: Friction coeflicient of titanium alloys versus sliding

distance at 1 mm-s™".

the other portion, Figure 11 also shows that the Ti-6Al-4V has
higher mean values of friction coefficient Ti-6Al-7Nb.

Figures 12 and 13 display the evolution of friction coeffi-
cient of Ti-6Al-7Nb and Ti-6Al-4V; the results show that the
coefficient of friction almost has the convergent value under
investigated conditions.

Table 4 and Figure12 show that the average friction
coefficients were 0.59, 0.473, and 0.452 for the Ti-6Al-4V alloy
and 0.40, 0.413, and 0.398 for the Ti-6Al-7Nb alloy, at normal
loads 3N, 6N, and 10N, respectively. It is also obvious in
Figure 12 that the coefficient of friction displayed lower values
(0.229, 0.351, and 0.308) up to 100 cycles for the Ti-6Al-4V



TABLE 4: Friction coefficient of Ti-6A1-4V and Ti-6Al-7Nb alloy at Imm s sliding speed (after running in distance).

Speed/mms” COF COFg,, COF,, COF,,,, COFy0n
Load/N  Ti-6Al-4V  Ti6AI7Nb  Ti6Al4V  Ti6AI7Nb  Ti6Al4V  Ti6Al-7Nb  Ti6Al4V  Ti6AI7Nb
3 0,158 0,129 0,038 0,068 0,521 0,589 0,356 0,339
1 6 0,064 0,325 0,058 0,197 0,498 0,546 0,297 0,36
10 0,23 0,251 0,217 0,213 0,54 0,518 0,374 0,357
3 0,229 0,248 0,229 0,248 0,809 0,538 0,597 04
15 6 0,406 0,405 0,351 0,339 0,659 0,508 0,473 0,413
10 0,308 0,397 0,308 0,325 0,607 0,48 0,452 0,398
3 0,193 0,349 0,193 0,349 0,754 0,49 0,489 0,419
25 6 0,355 0,333 0,355 0,333 0,904 0,482 0,565 0,418
10 0,372 0,367 0,349 0,344 0,648 0,54 0,476 0,407

TABLE 5: Mean coefficient of friction of Ti-6 Al-4V and Ti-6Al-7Nb alloy versus sliding distance under different conditions of loads and sliding

speeds.
Sliding
Loads Imm-s™" 15mm-s" 25 mm-s '
Ti6Al4V Ti6Al7Nb Ti6Al4V Ti6Al7Nb Ti6Al4V Ti6Al7Nb
3N 0,356 0,339 0,597 0,4 0,489 0,419
6N 0,297 0,36 0,473 0,413 0,565 0,418
10N 0,374 0,357 0,452 0,398 0,476 0,407
Sliding speed 15 mm-s~! Sliding speed 25 mm-s™*
0.9 . . . .
=9
o
O
a5
o
|©)
0 500 1000 1500 2000 2500 3000 3500
01 Distance (cycles)
0 —— Ti-6Al-7Nb, 3N —— Ti-6Al-4V, 6N
0 1000 2000 3000 4000  Ti6AL4V, 3N Ti-6AL-7Nb, 10N

Distance (cycles)

—— Ti-6Al-7Nb, 3N
— Ti-6Al-4V, 3N
—— Ti-6Al-7Nb, 6N

— Ti-6Al-4V, 6N
—— Ti-6Al-7Nb, 10N
—— Ti-6Al-4V, 10N

FIGURE 12: Friction coefficient of titanium alloys versus sliding

distance at 15 mm-s .

and (0.248, 0.339, and 0.325) for the Ti-6Al-7Nb alloy and
then it sharply increased to the average values of 0.809 and
0.538, until 2300 distance (cycle) for the Ti-6Al-4V and Ti-
6AI-4ND alloys.

It is seen in Table4 and Figure13 that the friction
coeflicient has higher values for the Ti-6Al-4V (0.754, 0.904,
and 0.648) than for Ti-6Al-7Nb values (0.49, 0.482, and 0.54)
alloy. It is also obvious in Figure 13 that the coefficient of
friction displayed a lower value at 0.193 and 0.349, up to 50
cycles, and then it sharply increased to the average values of

—— Ti-6AI-7Nb, 6 N Ti-6Al-4V, 10N

FIGURE 13: Friction coefficient of titanium alloys versus sliding

distance under different conditions of loads at 25 mm-s™".

0.75 and 0.49 until 1400 cycles for Ti-6Al-4V and Ti-6Al-7Nb,
respectively.

(2) Influence of Speed. Figures 14-16 represent the influence
of applied load to the evolution of the friction coefficient of
Ti-6Al-7Nb and Ti-6Al-4V alloy under different loads and
sliding speeds. It is seen that the mean coefficient of samples
displayed a lower value at Imm-s™!, and then it sharply
increased to the average value with increasing of sliding speed
as shown in Figure 17.

The contact pressure calculated has the same value (690,
870, and 1031 MPa) for both alloy at applied loads, respec-
tively, and alternative movement speed.



TaBLE 6: Volumetric wear rate (mm’N"-mm™) of Ti-6Al-7Nb and Ti-6Al-4V under different conditions.

Sliding speed
Load/N Imm-s ™ 15mm-s ! 25 mm-s
Ti-6Al-4V Ti-6Al-7NB Ti-6Al-4V Ti-6Al-7NB Ti-6Al-4V Ti-6Al-7NB
3N 5.45x 107 5.48 x 107 22.35x 107 22.06 x 107 27.32%x107° 31,38 x107°
6N 9.53 %107 9.64x107° 37.98x 107 38.1x107° 42.15%107° 4528 x 1072
10N 12.08 x 1072 13.12x 1072 51.55%x 10~ 57.35x 107 5421 %107 57.62%x 107
Normal load Fyy = 3N Normal load Fy; = 10N
0.9 . 0.7 e
0.8 : 06 ,
0.7 ‘ i , l
I 0.5 | h
i ,Aa ‘r,_"r! m‘ g i
m ‘ W 5 el ’\“”
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0.1 0
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0 1000 2000 3000 4000

Distance (cycles)

— Ti-6Al-4V, 15mm-s "
—— Ti-6Al-7Nb, 25 mm-s '
— Ti-6Al-4V, 25mm-s !

— Ti-6Al-7Nb, I mm-s
— Ti-6Al-4V, 1 mm-s !
—— Ti-6Al-7Nb, 15 mm-s "

FIGURE 14: Friction coeflicient of titanium alloys versus sliding
distance under different sliding speed at 3N.
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FIGURE 15: Friction coeflicient of titanium alloys versus sliding
distance under different sliding speeds at 6 N.
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FIGURE 16: Friction coeflicient of titanium alloys versus sliding
distance under different sliding speeds at 10 N.

3.2.3. Wear Behavior. The volumetric wear rate (Table 6) was
calculated using the mechanical profilometer. A 100Cr6 steel
ball did the grinding from the sample surface; that is, abrasive
wear occurred on the surface and this is illustrated in Figures
18 and 19. Volumetric wear was determined as 5.45 x 10, 9.53
x10*and 12.08 x 10> mm’ N"'-mm ™" for the Ti-6Al-4V and
5.48 x 107, 9.64 x 107, and 13.12 x 10 %at Imm-s ™" sliding
speed under load 3, 6, and 10 N, respectively, for the Ti-6Al-
7Nb. Finally, the volumetric wear was the same (convergent
values) for both the sliding speeds 15 mm-s™ and 25 mm-s™*
between 22.06 x 107> and 57 x 107> mm® N""-mm™" for both
samples. Table 6 provides the wear volume of the investigated
alloys as a function of the sliding speed. The volumetric
wear data reveal that the volume loss, irrespective of alloy
composition and microstructure, increases as the sliding
speed increases.

4. Discussion

4.1. Friction Behavior. The results of the hardness testing
show that Ti-6Al-4V alloy is characterized with higher
hardness than Ti-6Al-7Nb. Dependence between wear char-
acteristics and hardness was reported earlier and it was
observed that wear value decreased with hardness increase
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FIGURE 17: Mean coefficient of friction of titanium alloys under
different conditions of loads and sliding speeds.

[27]. When the properties of titanium alloy were evaluated
by parameters obtained from indentation depth, depth was
found to decrease with increasing content of impurities
[27]. The change in depth value is caused by the effect
of yield strength [28] and flow stress [29]. The differences
in weight loss and worn surface characteristics among the
three metals can be partially attributed to the differences
in hardness and the deformation process associated with
microstructural characteristics. In addition, there are other
factors which influence material wear characteristics. Wear
particles have an influence by a surface-damage mechanism
[30], and the surface condition was reported to be influential
in the wear characteristics of biomaterials alloys [31]. In
order to identify phase constitution, titanium alloys were
subjected to X-ray diffraction analysis using CuKe radiation.
Presence of both « and 8 phases was confirmed, and mostly
the peaks corresponding to the « phase (hexagonal closed
packed) and f3 phase (body-centered cubic) appeared [32, 33].
Microstructure of the Ti-6Al-7Nb alloy exhibits « refined
two-phase structure consisting of acicular « phase in prior-
B grains. Strength of the alloy is considered to stem from this
refined structure.

4.2. Wear Behavior. The results of the wear volume losses
of the studied alloys are presented in the Table 6 us func-
tion of sliding speed. The volumetric wear data reveal
that the volume loss, irrespective of alloy composition and
microstructure, increases as the sliding speed increases. The
wear resistance of Ti-6Al-4V alloy is higher than that of Ti-
6Al-7ND alloy. As can be seen from Figure 8, the weight loss
of Ti-6Al-4V is lower than that in the case of Ti-6Al-7Nb
alloy.

According to the Archard’s law, the volumetric loss of the
material is inversely proportional to the hardness value of the
material [24]. This implies that the higher the hardness of
the material, the smaller the volume loss. The present alloys
exhibit significant difference in hardness values, so that the

experimental sliding wear data correlate well with Archard’s
law.

Moreover, its wear substantially increases as the sliding
speed is increased. It has been observed, for instance, that,
at a sliding speed of 25mm-s™', the wear loss of the Ti-
6Al-7Nb alloy is about 31.38 x 107°, while 27.32 x 107>
(mm’ N"'-mm™") wear loss is observed for Ti-6Al-4V alloy.
At higher sliding speeds, the difference in wear loss is even
much higher. This can be explained by the fact that, as
sliding speed increases, the oxidative wear decreases because
of the reduction of the time available for the out-of-contact
oxidation [34]. The oxidative wear is characterized by the
formation of surface oxide islands which are continuously
formed and worn away. If the oxide scales on the worn
surface are not sufficiently supported by the underlying
strain-hardened material and do not adhere to the substrate,
they tend to be continuously fragmented. Therefore, they
are not protective and the resulting wear is severe. Since
the surface of fixed specimens in the present investigation
is under continuous contact, one of the reasons for poor
wear resistance of investigated alloys is their inability to form
protective oxide layer during wear. Although the Ti-based
alloys exposed to oxidative environment rapidly form an
oxide layer on the surface due to their high reactivity, it’s
subsequent removal during the sliding contact is the reason
for the interaction between the tribological pair surfaces. The
effect of sliding speed on the weight loss of all materials
is presented in Figure 8. The estimated values of wear rates
indicate that at any sliding speed the wear rates of Ti-6Al-
7Nb, Ti-6Al-4V, and ceramic alloys are in decreasing order.

The morphological analysis of the wear tracks confirms
the above results. The SEM micrographs presented in Figures
18 and 19 show the typical worn surface morphologies of
the specimens tested at the lowest and highest sliding speed.
The morphologies of the specimens worn at the intermediate
sliding speed are not shown because they show intermediate
characteristics between these two extremes. On the worn
surfaces of both alloys, evidences of abrasion wear can be
detected in all tested specimens.

Continuous sliding marks with plastically deformed
grooves and ridges are seen on the wear tracks independently
of the sliding speed. However, the extent of plastic defor-
mation or “ploughing” is found to be smaller in the case of
the Ti-6Al-7Nb alloy (Figures 19(a) and 19(b)). Layers with
consistent plastic deformations are relatively smooth at all
evaluated speeds (Figure 19). Only the shallow wear grooves
that resulted from the penetrating of hard rigid abrasives
and subsequent scratching of the specimen surface by the
penetrated abrasives can be observed. The penetration depth
depends on the relative hardness of the abrasive with respect
to the specimen surface hardness. As the hardness of the Ti-
6Al-4V alloy is higher than that of the Ti-6Al-7Nb alloy it is
expected that the depth of penetration of the abrasive in the
Ti-6Al-4V surface is less. This results in less material removal
from the surface due to ploughing action and smaller extent
of plastic flow in the case of Ti-6Al-4V. Thus, Ti-6Al-4V alloy
exhibits significantly less wear rate as compared to the Ti-6Al-
7Nb alloy.



FIGURE 18: SEM micrographs of circular wear marks on Ti-6Al-4V sample after the friction test (severe deformation and plastic flow). Arrows

indicate the sliding direction.

The SEM examination also shows that at least two wear
mechanisms are operative in these alloys. Existence of the
flakes removed from the contact surface by delamination
of material strongly suggests the occurrence of adhesive
wear. During sliding, the contacting asperities experience an
incremental plastic deformation, which accumulates during
repeated contacts [35]. When a critical value of the accumu-
lated plastic strain is attained, cracks nucleate below the sur-
face and propagate parallel to the surface. As a consequence,

flakes of material are detached from the surface by adhesion
to the counterpart. Some of transferred material is lost, but
some is reembedded and smeared over the contact surface.
In this theory of delamination [35], successively discussed
and implemented by numerous authors, it is supposed that
a critical plastic strain is given by the ductility of the material.
Titanium and its alloys are chemically active and have a high
ductility, giving rise to the strong tendency to adhesion [36].
Therefore, the adhesive strength of the junctions formed is



(a)

(b)

FIGURE 19: SEM micrographs circular wear marks on Ti-6Al-7Nb sample after the friction test (severe deformation and plastic flow). Arrows

indicate the sliding direction.

usually much higher than the strength of Ti alloy and such
junctions will rupture within the weaker Ti asperities, which
accounts for the many craters on the worn surface of Ti
alloy. The removal of materials by adhesion is related to large
wear loss and it appears that wear rate is determined by the
contribution of adhesive wear to total wear.

SEM micrographs presented in Figure 19 show the worn
surfaces of Ti-6Al-7Nb alloy. It is evident that fracture on

a much larger scale is occurred and that large flakes are
removed from the surface. Detailed investigation of delam-
inated regions reveals ridges and cracks perpendicular to the
sliding direction. Smeared areas can also be easily detected
on the worn surfaces. These features indicate that the wear
occurs predominantly by adhesion. In this case, the adhesion
overlaps the abrasion and accelerates the wear of the Ti-6Al-
7Nb alloy. Occurrence of delamination is more prominent



when wear tests are carried out at higher sliding speeds
(Figures 19(e) and 19(f)). The same behavior was observed by
Manivasagam et al. [37].

The other factor contributing to the observed wear
behavior may be the strain hardening. Namely, sliding wear
processes of ductile materials may produce large amounts of
plastic deformation in the material layers adjacent to contact
surfaces [38, 39].

5. Conclusions

Wear characteristics of high-strength Ti-6Al-7Nb and Ti-
6Al-4V alloys were evaluated in a wear test simulating the
friction for total hip prosthesis application. The oscillating
friction and wear resistance examinations have been carried
out in ambient air with oscillating tribotester in accordance
with the standards ISO 7148, ASTM G99-95a, and ASTM
GI133-95. On the one hand, the friction and wear tests were
carried out to see the type of wear and to quantify the weight
loss and, on the other hand, to see the variation in the friction
coeflicient of the studied couples under different conditions.
The following observations and conclusions were obtained.

(1) The wear resistance of Ti-6Al-7Nb alloys with two-
phase & + f microstructure is substantially lower
than that of the Ti-6Al-4V alloy with higher hardness
tested under the same testing conditions. The extent
of wear is smallest for Ti-6Al-4V with highest hard-
ness.

(2) The coefficient friction of both alloys increases with
the sliding speed increase. However, Ti-6Al-7Nb alloy
shows no significant variation of coefficient of friction
with sliding speed variation, while in the case of
Ti-6Al-4V alloy the coefficient of Ti-6Al-4V alloy
increases linearly with increasing sliding speed. This
behavior can be attributed to the predominant wear
mechanism.

(3) The two Ti alloys had similar friction and wear
performance, although their grain structures and
compositions are different.

(4) Large frictional fluctuations occurred, probably as a
result of formation and periodic, localized fracture of
a transfer layer.

(5) Higher friction coeflicient with more distinct value
fluctuation and higher wear rate was observed at the
higher siding peed.

(6) For both investigated alloys and under all investigated
conditions, the friction coefficient firstly decreases
and then increases as a function of the sliding
distance. The evolution of the friction coefficient is
related to the composition of the worn surfaces.

(7) The Ti-6Al-4V alloy wear mechanism transforms
from ploughing and peeling off wear at low sliding
speeds to plastic deformation and adhesive wear at
elevated speed.

(8) The weight loss, which quantifies the wear of a soft
body slipping on a hard surface, is proportional not

only to the distance from the slip but also to the
normal load applied.

(9) The sliding speed has for a principal effect to act on
the temperature of the contact zone. Going beyond a
critical speed involves the surface fusion of the most

tusible body.

(10) The increase in the temperature of the contact zone
with the increase of the sliding speed induces struc-
ture transformations and increases the reactivity of
contact surfaces with respect to the environment, that
is, oxidation in the presence of air. Above a certain
temperature and thus for sliding speeds higher than
a breaking value, the oxide film, resulting from a
permanent oxidation, is reconstituted with the fur as
it is destroyed by wear.
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