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Tribological behavior of biomaterial for total hip prosthesis

M. Fellah2, M. Labaiz!, O. Assala!, L. Dekhil?, N. Zerniz! and A. Iost®

Abstract — Friction and wear plays an important role in determining the performance of biomaterials. To
this end, the present research is carried out to understand the tribological behavior important biometallic
alloy, Ti-6A1-4V under sliding contact. The friction and wear experiments were carried out using ball-on-
disc and pin-on-disc tribometers in ambient air, under different conditions of normal applied loads (3, 6
and 10 N) and sliding speeds (1, 15 and 25 mm.s~!) for 3000 m. The obtained research results revealed
the lowest coefficient of friction was 0.038 at 1 mm.s~! and 3 N) while the higher value was in the range of
0.90 at 25 mm.s~! and 3 N). Results show that the specimens have similar friction and wear performance,
although the sliding speed and applied loads are different. The tribomechanical wear, as evident from the
observation of abrasion, adhesion and cracking, is the predominant wear mechanism.

Key words: Tribological behavior / friction coefficient / wear / biomaterial / Ti-6A1-4V

1 Introduction

The wide use of Ti materials for biomedical appli-
cations is constantly growing due to their specialized
properties such as high specific strength, good mechan-
ical properties, low elastic modulus, superior corrosion
resistance, and higher biocompatibility compared with
the other conventionally used metallic biomaterials [1].
These outstanding properties were a motivating force
for the early offering of (@) cp and (o + 3) Titanium
alloys. Ti-6A1-4V alloys as well as for the more recent
development of Ti-alloy compositions of a, & + 3, 3 and
metastable 3 Ti alloys. One of the main concerns for fur-
ther development of Ti alloys for biomedical applications
is undoubtedly its fretting and sliding wear resistance,
when they are subjected to action of sliding and rubbing
contact of articulating surfaces during their service in
the body [2]. Generally, wear property can be defined
as damage to a solid surface, involving progressive loss
of material, due to relative motion between that surface
and a contacting substance or substances. Recently main
concern, for further development of biometallic implant
materials, is, among others, stress transmission between
hard tissue and biometallic components which are in
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contact since further bone degradation and bone adsorp-
tion should be avoided [3,4]. Namely, great difference
between bone and biometallic implant materials rigidity
and other mechanical and tribological characteristics
may lead to further bone loss and degradation. Fretting
and sliding wear conditions lead to damage and then
fracture of the passive oxide film [5-8] which could be
disrupted at very low shear stresses [9]. Unfortunately,
Ti is an extremely reactive metal and has a reputation
for poor tribological properties [10, 11] and inferior
performance when compared with other implantable. In
general, the friction, wear and corrosion failures are the
main reasons of degradation [12] and great difference of
tribological characteristics between bone and implant
must be limited to increase the service life of the surgical
implants and to avoid bone degradation and adsorp-
tion [4]. The poor tribological properties of Ti alloys,
attributed to their low resistance to plastic shearing and
low mechanical stability of the passive surface oxide
layer, are significant clinical problems [13-18] which
may lead to the premature removal of the prostheses.
Therefore, it is of great interest to enhance the surface
friction and wear resistance of orthopedic Ti alloys
inside the human body that will increase the longevity
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Table 1. Chemical composition, hardness and microstructure
of the metallic material studied.

Ti C Mo Ta Fe Al Nb N

Bal 003 001 - 010 67 - 42
Hardness: 360 + 10 HV ~ Microstructure: 80%a20% S

of total joint components. Much research efforts have been
devoted to study and improve the performance in terms
of the wear behavior of the biomedical Ti alloys. Vari-
ous proper surface modification techniques, such as ion
implantation, TiN coating, thermal oxidation, composi-
tion adjustment and selection of appropriate thermal and
thermomechanical processing procedures have thus been
proposed to improve the wear resistance by changing the
nature of the surface [19-21]. The aim of the present study
was to study the friction and wear behavior of Ti6Al4V
alloy under different condition of applied load and slid-
ing speed. The tests were carried out under dry sliding
conditions against a 100Cr6 “counter material”.

2 Materials and methods
2.1 Materials characterization

The material used in this study is the Ti-6Al-4V as
a total hip prosthesis (femoral stem), 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 abra-
sive papers and polished with colloidal silica since it is
known that the fixation of the implant is greatly depen-
dent 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 dessicator till their use.

2.1.1 Surface and microstructural analysis

After etching by a solution of 3 ml HF, 6 ml HNO;
and 100 ml H5O for 10 s to reduce the influence of surface
hardening, the microstructure was studied using optical
microscopy (Leica DMLM). The alloys chemicals com-
position presented in Table 1 was acquired using spec-
trometer (Spectrolab) and energy-dispersive spectroscopy
(EDS using PHILIPS XL 30 ESEM-FEG, and EDX
IMIX-PTS). The phases presented in alloy microstruc-
ture were identified by X-Ray Diffractometry (Intel CPS
120/Brucker AXS) using Cu Ka generated at 40 kV and
35 mA. Scanning electron microscopy (SEM) and en-
ergy 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
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Fig. 1. Scheme of pin on disc system: 1 — Speed regulator,
2 — support, 3 — Rotating tray, 4 — load applied, 5 — Sample,
6 — retaining frame.
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Fig. 2. Scheme of ball on disc contact (alternative

movement).

2.2 Tribological study

Pin on dise, ball on disc and tribological tests (Figs. 1
and 2) were carried out using the following prosthetic
materials: Ti-6Al-4V alloys, against 100Cr6 steel and
abrasive Sic paper grade 320.

2.2.1 Weight loss: (Pin on disc)

The contact pair, used to study the weight loss is the
sample and the 320 abrasive paper. The parameters taken
into account for this test are the applied load (3.5 N) and
the rotational speed.

The test time and sliding distance (1300 m) are kept
constant, while the weight loss is determined as a the
difference in the weight of the sample before and after
the test. A microelectronic balance, whose accuracy is
of the order 10~2 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)

Experiments tests have been carried out, in ambi-
ent air with an oscillating tribometer in accordance with



Table 2. Work condition of alternative movement wear test.

100Cr6 steel/Ti-6A1-4V
1, 15 and 25 mm.s~ "

Friction pairs used
Sliding speed

Applied load (N) 3,6 and 10 N
‘Wear track radius 5 mm
100Cr6 steel diameter 10 mm
Temperature 25 °C
Humidity 38%

ISO 7148, ASTM G99-95a and ASTM G133-95 standards
(Fig. 2) Samples were prepared for testing in accordance
with ASTM F136-02, ASTM F86-01, ASTM E1078-02.
Each specimen was thoroughly cleaned by ethyl alcohol,
then cleaned in ultrasonic bath for 60 min and dried in
hot air afterwards. After that, samples were cleaned in
isopropyl alcohol, by staying in the solution for 60 min
and dried in a hot air. Samples were stored in dessicator,
prior to testing. Duration of each test was 4000 m (dis-
tance of 300 m), whereat one cycle is represented by full
amplitude sliding distance (half amplitude, 0.25 mm). Se-
lected 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 coefficient, i.e. dynamic
friction coeflicient, was automatically recorded during the
testing, using data acquisition software. Simultaneously,
the friction coefficient 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 (Fig. 3) were ex-
amined using (EDX) analysis. The spectra for the overall
analysis are shown in Figures 4 and 5. In the case of Ti-
6A1-4V alloy titanium, Ti peak is more pronounced than
aluminum as expected in the EDX phases. Vanadium,
molybdenum (Mo), nickel is also present. The chemical
compositions of the studied sample in accordance with

that of a Ti-6Al1-4V.

3.1.1 Microstructure

Alloy microstructure (Fig. 3) consist of globular and
acicular o grains (white grains) within a matrix con-
taining equiaxial 3 grains (dark grains). The acicular
shape of the a phase is present in the Figure 3 in an
arrangement known as basket-weave which characterizes
the Widmanstéatten structure.

3.1.2 Microhardness

Microhardness experiments (Fig. 6) were performed
using universal hardness testing machine type ZHU/Z
2.5, equipped with a Vickers diamond indenter, located

W < ; _
Fig. 3. Optical micrographs of Ti-6A1-4V alloys.
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Fig. 4. EDX spectrum of Ti-6A1-7V alloy.
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Fig. 5. XRD spectrum of Ti-6A1-4V alloy.

in a room temperature of 22 °C and atmosphere of lab-
oratory. Using the P-h load-penetration curves during
micro hardness experiments with a 0.2 mm.min—?! load-
ing speed; under a maximum load of 50 N, each test
was conducted three times, and the average values were
calculated automatically.

3.1.3 Roughness analysis

The studied substrates are of biomedical interest.
They must therefore meet the standards imposed by the
field of biomedicine particularly at the surface of the ma-

terial deposited on the articular surfaces of hip prosthe-
ses in which Ti-6A1-4V is the hip implant. The obtained
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Fig. 6. P-h curves during micro hardness experiments.
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Fig. 7. Optical 3D photos of Ti-6Al-4V after polishing.

Table 3. Roughness parameters of Ti alloy after polishing.

Parameters  Ra Rq Rz Rt
(pm) 0.02 0.08 1.05 1.19

Ra: arithmetic average of absolute values, Rg: root mean
squared, Rt: maximum height of the profile and Rz is the
average distance between the highest peak and lowest valley
in each sampling length.

roughness of the samples (Tab. 3 and Fig. 7), meets the
standards of biomedicine, as specified in ISO 7206-2:1996
standard [23]. The roughness values Ra were 6.03 and
0.02 pm for Ti-6Al-4V alloy before and after polishing,
respectively.

3.2 Tribological study
3.2.1 Weight loss (contact plane)

The weight loss (Fig. 8) of titanium samples, tested
at 3.5 N load, is approximately proportional to the num-
ber of disc revolutions. Nevertheless, the wear was sys-
tematically greater to ceramic (a-alumina) as expected
in Figure 8. The behavior observed for both samples sug-
gests that the wear mechanism during the test is the same
(abrasive wear). In the case of Ti-6Al-4V samples, its

TG AlAV
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Fig. 8. Weight loss of Ti6Al4V alloys during wear sliding
against abrasive paper.

weight loss was ~85% of the one observed for the ceramic
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 the material, the smaller is 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-6A1-4V alloys coeflicient of friction
(COF) on sliding distance, i.e. number of cycles, is given
in Table 4 and from Figures 9-11, are almost the same
form wholes in terms of load and speed. The analysis of
these curves permits to distinguish several periods or suc-
cessive regimes of friction and wear:

1. The first is accommodation period, during which the
friction coeflicient increases rapidly, it is the surface of
the first body (the most ductile) [26]. The roughness of
the sample surface is reduced by plastic deformation.

2. The second period is characterized by a slight decrease
in the friction coeflicient. 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 and final period corresponds to the stabi-
lization of the friction coeflicient up 1300 m.

It is seen from Figures 10-12, that the friction coeflicient
displays a lower value (approx. 0.248) up to 20 m and
then increases up to the average 0.4 value between 40 and
1000 m. 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 titanium alloy and, therefore, the friction coefficient
reached a higher value (0.538).

Figures 10 and 11 displays the evolution of friction
coeflicient curves of Ti-6A1-4V, under different condition
of applied loads, and sliding speeds (1, 15 and 25 mm.s1).
The results obtained showed the same form for all curves.



Table 4. Friction coefficient of Ti-6A1-4V alloy under different condition of applied loads and sliding speeds.

Speed mm.s~' Load N COFstart COFmin COFumax  COFiean
3 0.158 0.038 0.521 0.356
1 6 0.064 0.058 0.498 0.297
10 0.23 0.217 0.54 0.374
3 0.229 0.229 0.809 0.597
15 6 0.406 0.351 0.659 0.473
10 0.308 0.308 0.607 0.452
3 0.193 0.193 0.754 0.489
25 6 0.355 0.355 0.904 0.565
10 0.372 0.349 0.648 0.476
1 3 I 1 a) s FN=3N o Fn=6N s Fp=10N
COF
>

Sliding distance (m)
Fig. 9. Different periods distinguished in friction curves.

A. Influence of load

Table 4 and Figure 10 represent the influence of ap-
plied load on the evolution of friction coefficient, under
different conditions of loads and sliding speeds. It is seen
in the Figure 10a at 1 mm.s~!, that the Ti-6Al-4V dis-
played a lower value at 6 N up 500 m, compared to the 3 N
and 10 N. The results presented in Figures 10b and 10c
show that the coeflicient of friction almost has the con-
vergent value under investigated conditions.

The results show in Figure 10b that the average fric-
tion coeflicients were 0.59, 0.473 and 0.452 for the Ti-6Al-
4V alloy, at normal loads 3 N, 6 N and 10 N respectively.
It is also obvious that the coeflicient of friction displayed
a lower value (0.229, 0.351 and 0.308) up to 100 m for the
Ti-6Al-4V and then it sharply increased to the average
value of 0.809, until 2300 distance (m) distance.

It is seen in Figure 10c, that the Ti-6Al-4V has higher
values of friction coefficient (0.754, 0.904 and 0.648). It
is also obvious, that the coefficient of friction displayed a
lower value at 0. 193 and 0.349, up to 50 m, and then
it sharply increased to the average value of 0.75 until
1400 m.

Figure 11 represents the influence of applied load to
the evolution of the friction coefficient of Ti-6A1-4V alloy
under different loads and sliding speeds. It is seen that,
the mean coefficient of samples displayed a lower value
at 1 mm.s~!, and then it sharply increased to the av-
erage value with increasing of sliding speed as shown in
Figure 12.
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Fig. 10. Friction coeflicient of titanium alloys versus sliding
distance under different conditions of loads at: (a) 1 mm.s™?!,

(b) 15 mm.s~! and (c) 25 mm.s~!.
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Fig. 11. Friction coefficient of titanium alloys versus sliding
distance under different sliding speeds at: (a) 3 N, (b) 6 N and
(c) 10 N.

B. Influence of speed
3.2.3 Wear behavior

The volumetric wear rate (Fig. 13) was calculated us-
ing the mechanical profilometre surftest SJ-301. A 100Cr6
steel ball did the grinding from the sample surface, that
is, abrasive wear occurred on the surface and is illustrated
in Figures 12 and 13. Volumetric wear was determined as
5.45x1073,9.53x 1072 and 12.08 x 10 * mm®* N~! mm~!
for the Ti-6Al-4V at 1 mm.s~! sliding speed under
load 3, 6 and 10 N respectively. Finally, the volumet-
ric wear was the same (convergent values) for both slid-
ing speed 15 and 25 mm.s~! between 22.35 x 10~2 and
54.21 x 103 mm3 N—! mm~! for both samples. Figure 13

eI N esffembN cobe=10N

07
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Fig. 12. Mean coefficient of friction of titanium alloys under
different conditions of loads and sliding speeds.
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Fig. 13. Wear rate (mm® N~!mm~1!) Ti-6Al-4V under dif-
ferent conditions.

provides the wear volume of the investigated alloy as a
function of the sliding speed. The volumetric wear data
reveal that the volume loss, increases as the sliding speed
increases.

4 Discussion
4.1 Friction behavior

The results of the hardness testing show that Ti-
6A1-4V alloy is characterized with high hardness. De-
pendence between wear characteristics and hardness was
reported earlier and wear value decreased with hard-
ness increase [27]. When the properties of titanium alloy
were evaluated by parameters obtained from indentation
depth, depth was found to decrease with increasing con-
tent 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 (Fig. 8) and
worn surface characteristics among the two metals can be
partially attributed to the differences in hardness and the
deformation process associated with microstructural char-
acteristics. In addition, there are other factors which in-
fluence 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 or-
der to identify phase constitution, titanium alloys were



subjected to X-ray diffraction analysis using CuKa radia-
tion. Presence of both « and 3 phases was confirmed, and
mostly the peaks corresponding to the a phase (hexag-
onal closed packed) and [ phase (body-centered cubic)
appeared [32, 33]. Microstructure of the Ti-6A1-4V alloy
exhibits « refined two-phase structure consisting of aci-
cular o phase in prior-3 grains. Strength of the alloy is
considered to stem from this refined structure.

4.2 Wear behavior

Figure 13 provides the wear volume losses of the inves-
tigated alloys as a function of the sliding speed. The vol-
umetric wear data reveal that the volume loss, increases
as the sliding speed increases.

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 de-
creases 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 ox-
ide scales on the worn surface are not sufficiently sup-
ported by the underlying strain-hardened material and
do not adhere to the substrate, they tend to be continu-
ously fragmented. Therefore, they are not protective and
the resulting wear is severe. Since the surface of fixed
specimens in the present investigation is under continu-
ous contact, one of the reasons for poor wear resistance
of investigated alloys is their inability to form protective
oxide layer during wear.

The morphological analysis of the wear tracks con-
firms the above results. The SEM micrographs presented
in Figure 14 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 in-
termediate 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 indepen-
dently of the sliding speed. However, the extent of plastic
deformation or “ploughing” is found to be smaller. Layers
with consistent plastic deformations are relatively smooth
at all evaluated speeds (Fig. 14). Ounly the shallow wear
grooves resulted from the penetrating of hard rigid abra-
sives and subsequent scratching of the specimen surface
by the penetrated abrasives can be observed. The pen-
etration depth depends on the relative hardness of the
abrasive with respect to the specimen surface hardness.

The SEM examination also shows that at least two
wear mechanisms are operative in the Ti-6Al-4V. Exis-
tence 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 ac-
cumulates during repeated contacts [35].

Fig. 14. SEM micrographs of alternative wear marks on Ti-
6A1-4V sample after the friction test at 15 mm.s™', (a) 3 N,
(b) 6 N (c) 10 N and 25 mm.s~!, (d) 3N, (e) 6 N, (f) 10 N (se-
vere deformation and plastic flow). Arrows indicate the sliding
direction.

When a critical value of the accumulated plastic strain
is attained, cracks nucleate below the surface and prop-
agate 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 re-embedded 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 duc-
tility of the material. Titanium and its alloys are chem-
ically active and have a high ductility, giving rise to the
strong tendency to adhesion [36].

SEM micrographs presented in Figure 14 show the
worn surfaces of Ti-4A1-4V alloy. It is evident that frac-
ture on a much larger scale is occurred and that large
flakes are removed from the surface. Detailed investiga-
tion of delaminated regions reveals ridges and cracks per-
pendicular to the sliding direction. Smeared areas can also
be easily detected on the worn surfaces. These features in-
dicate that the wear occurs predominantly by adhesion.
In this case, the adhesion overlaps the abrasion and ac-
celerates the wear of the Ti-6A1-4V alloy. Occurrence of
delamination is more prominent when wear tests are car-
ried out at higher sliding speeds (Figs. 14e and 14f). The
same behavior was observed by Fellah et al. [37].
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Conclusions

The effects of friction and wear wvariables such as

sliding speed, applied normal load, and sliding distance
have been evaluated. The following conclusions are drawn
based on the experimental investigations.

1.

It was found from the SEM images that at low applied
normal load the wear track indicates a micro fragmen-
tation process, and on the other hand at high applied
normal load the brittle detachment of large particles
from the surface is clearly seen.

. Large frictional fluctuations occurred, probably as a

result of formation and periodic, localized fracture of
a transfer layer.

. Higher friction coefficient with more distinct value

fluctuation and higher wear rate were observed at the
higher sliding peed.

. Under all investigated conditions, the friction coeffi-

cient firstly decreases and then increases as a function
of the sliding distance. The evolution of the friction
coeflicient is related to the composition of the worn
surfaces.

. The Ti-6A1-4V alloy wear mechanism transforms from

ploughing and peeling off wear at low sliding speeds
to plastic deformation and adhesive wear at elevated
speed.

. The tribomechanical wear, as evident from the ob-

servation of abrasion, adhesion and cracking, is the
predominant wear mechanism.

. The observed cracking on the owned surface can be re-

lated to the heavy deformation and formation of per-
sistent slip bands.

Acknowledgements. This work was realized in collaboration
with the mechanical laboratory of MSMP Lille in France.
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