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Abstract — Total hip prosthesis (THP) is a highly successful orthopaedic device. However, its durability is
generally limited to a few decades due to difficult conditions in the human body and huge demands it is
subjected to. A hip prosthesis is deteriorating due to high surface pressures caused by mechanical movements

of the body.

The aim of this project is to improve the characteristics of hip prostheses, in order to increase their
functionality and their life span. This paper presents an analysis regarding the topography and tribological
parameters of femoral heads structures and of femoral heads coated with TiN. We studied the tribological
properties of the surfaces of some femoral heads made of Ti alloys or coated with TiN. These femoral heads
were obtained from some prostheses after revision surgery. Afterwards, we used TiN nanostructured coatings
for reducing the wear process. TiN thin films were deposited using physical vapour deposition (PVD) and
some scratch tests have been realized on these coatings surfaces. The study of coatings surfaces was made
using atomic force microscopy (AFM) that offers the possibility to obtain nanometric 3D control of thin films.

Main result of these researches is that used coatings offer the possibility to improve the system properties.

Index Terms — atomic force microscopy, coatings, titanium alloy, total hip prosthesis, wear.

I. INTRODUCTION

The hip is a ball and socket joint, formed by the
articulation of the rounded head of the femur and the cup-
like acetabulum of the pelvis. It forms the primary
connection between the bones of the lower limb and the
axial skeleton of the trunk and pelvis. The head of the
femur attaches directly to the acetabulum and by a thin
neck region to the shaft.

A hip joint can realize six different kinds of
movements: flexion and extension (on or from the spine
and on or from the thigh), abduction and adduction of the
femur, internal (medial) and external (lateral) rotation of
the pelvis, thigh or spine.

Normal function of hip joints may be disturbed due to
illness and under the negative influence of other factors
determined by the mode of human life and professional
activity. Surgical problems (e.g., problematic orientation
or problems in wound healing), host abnormalities or
diseases, infection, material fracture, wear, and corrosion
are the most common failures of hip prostheses. For this
reason damaged bones are replaced by total hip prosthesis
(THP) consisting of (Fig. 1):

- a cup that replaces the hip socket;

- metallic encasing;

- a ball that replaces the fractured head of the femur;

- a stem that is attached to the shaft of the bone to add

stability to the prostheses.

Total hip prosthesis is also a highly requested bio-tribo-
system, on which many mechanical, thermal, chemical
and biological factors act.

Durability and stability of this prosthesis depends on
mechanical stress, movements and heat [1] that support
artificial hip joint, bone-cement and cement-stem

interfaces strength for cemented stems [2]. It also depends
on the growth of bone inside for uncemented stems [3],
and on the resistance to wear of femoral stems, acetabular
cups and femoral heads [4]. High superficial pressures
produced by mechanical movements of the body have an
important influence on the articular surfaces deterioration.

Taking into account the hip prostheses components,
there can be acetabular cup — ball wear and acetabular cup
— encasing wear.

_‘«! S? Metallic £ncasing

Acetabular
component

Fig. 1. Components of a total hip prosthesis.

These deterioration processes have a complex
mechanism, combining abrasive wear, adhesive wear,
third body wear and fatigue wear [5]. Abrasive wear [6]
represents the removal of material from one surface by
the other. Adhesive wear is produced where localized
bonding of the two surfaces occurs, such that the
attachment force is stronger than the yield strength of the
material. A small piece of material is removed from one
surface and is attached to the other. Third body wear
refers to the insertion of a wear particle between two
moving surfaces [7]. Fatigue wear can lead to subsurface
cracks propagating and flaking off of particles from the
surface. High subsurface stresses can also be caused by
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third bodies between the two articulating surfaces leading
to accelerated fatigue wear.

Composition of hip prostheses (e.g. ceramic, metals)
and materials properties have a great influence on the
period of time that these systems are used. Stainless steel,
titanium alloys, polymers and ceramic composites
undergo degradation after 10-15 years of use.

Metallic materials are resistant to breakage, even if
they are relatively soft. Generally, pure metals are rarely
toxic. Metallic biomaterials have different influences on
the human body, is distinguishing different forms of
biological reactions, according to: concentration of metal,
exposure time and route of administration. Two
compounds of the same metal can induce strong, but
different responses.

Titanium and titanium alloys are commonly used for
THP due to their high mechanical strength, good
corrosion resistance and biocompatibility. Ti6AI4V is a
compound with thermo-mechanical processed
microstructure to create the desired amount of two phases
with fine particles for optimum mechanical properties. In
particular, Ti6Al4V alloy has high resistance to stress and
fatigue, an excellent corrosion resistance, a very high
biocompatibility and high strength relative to weight. For
these reasons it is an alloy widely used for advanced
biomedical applications.

However, the compounds have poor tribological
characteristics, especially in abrasive and sliding
conditions. High friction coefficient and low wear
resistance occurs frequently when Ti6Al4V alloy is
sliding against other engineering materials.

In order to improve mechanical properties of hip
prostheses, these have been coated with different
materials, which have superior properties.

Taking into account the problems regarding THP’s
deterioration presented before, we are trying to improve
their tribological properties using nanostructured coatings.

Il. MATERIALS

We analysed a series of total hip prostheses with
modular femoral heads of Ti6Al4V alloy and PVD
coated with TiN. These were recovered following
revision surgery. All of the studied prostheses had
acetabular cups made of ultra-high molecular weight
polyethylene (UHMWPE).

Wear processes produce different changes in total hip
prostheses that are impossible to see with the naked eye.
A methodology of ascending degrees of resolution was
established using macroscopic (resolution millimeters),
microscopic  (resolution microns) and nanoscale
(resolution  nanometers)  measurements.  Different
methods of investigation were used during the years to
establish the surface topography of total hip prostheses.

We realized topography of hip prostheses components
by atomic force microscopy (AFM), because its images
display high quality and dense nanocrystalline structure
of the surfaces. An atomic force microscope (NTEGRA
Probe Microscope — Fig. 2) working in the noncontact
mode was used in our experiments. It is composed of a
base unit where we have the sample, a special measuring
head made of a cantilever with a pointed end, and an

optical viewing system. AFM images are processed using
Nova SPM software. In this way, tribological parameters
that offer information about the uniformity of femoral
heads surfaces were obtained, like:

- maximal and average height of surface;

- roughness of the studied surface describing its
uniformity;

- ten point height (S,) expressing surface roughness
by the selected five maximal heights and hollows,
nm;

- surface skewness (Sg) characterizing the non-
symmetry of distribution;

- coefficient of Kkurtosis (Sx.) characterizing the
distribution spread.

Fig. 2. NTEGRA Probe NanoLaboratory: a) 1 — base unit;
2 — measuring head; 3 — vibration isolation system; 4 —
optical viewing system.

In order to improve resistance of femoral heads we
made studies about deposition of TiN thin films on
stainless steel disks by physical laser deposition (PLD).
We used TiN for coatings due to the fact that it is a hard
biocompatible material with excellent resistance to
abrasion.

PLD experiments were realized using a KrF* laser (1 =
248 nm, trwhm = 25 ns, v = 10 Hz), into a deposition
chamber, with stainless steel reaction chamber to 5000,
10000 and 20000 pulses. Disks samples (22.5 mm in
diameter and 10 mm in height), made of 316L stainless
steel were used as substrates.

TiN thin layers obtained after PLD have been also
characterized using NTEGRA Probe Microscope,
working in the nonocontact mode.

Adhesion resistance of deposited TiN layers was
evaluated by scratch testing with the system presented in
Fig. 3. This system has a diamond spherical tip and the
movement is pure sliding. The tested body is the 316L
stainless steel disks coated with TiN. The applied loads
were in the range of (2.5 — 125) N. Each scratch was
analysed at the end by optical microscopy (OM) and
AFM.

Fig. 3. General view of scratch tester.
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I1l. RESULTS

Numerous scratches and some local rubbing were
observed on the surfaces of hip prostheses extracted from
the human body. Such scratching may be attributed to
wear resulting in loss of material or plastic deformation of
the surface without loss of material. These are possibly
caused by a hard particle embedded in the cup.

Microscopic studies of these surfaces revealed that
femoral heads and acetabular cups suffered damages by
scratching, cracking, peeling, tribocorrosion and material
transfer.

We used AFM for a more clearly identification of the
damages nature and determination of topographic
parameters of the investigated femoral heads surfaces.
Various irregularities more or less pronounced can be
observed, like particles ripped from the material of the
femoral head or scratching. There are also some areas
with uniform surfaces.

The mean value of the maximum height (Fig. 4) of the
damages from the femoral heads varies depending on the
material, in the present case Ti6AI4V (341.19 nm) > TiN
(198.79 nm).

Ti6Al4V
- Amount of samping 1
ax 286,397 nm

Min m
Peakto-peak, Sy 286,397 nm
Ten point height. 5z 142,983 nm
Average 178.972 nm
Aveiage Roughness, S 54.3122nm
Second moment 190.811
Root Mean Square. Sq 66,1636 nm
Suface skewness, Ssk  -0.921342
Coefficient of kurtosis, Ska  -0.150474
Entiopy 665689
Redundance 17327

Amount of samping 2601
Mas 425,553 nm
Min Onm

2 Peak-topeak, Sy 425559 nm
z al w o o Ten point height, 5z 203096 nm
5 P > Average 77,9124 nm
£ Average Roughness, Sa 395426 rm

: Second moment 930841
" Root Mean Square, Sq 59,5831 nm

Suface skewness, Ssk 25443

Coefficient of kutosis, Ska  8.03919

Entropy 592954

Redundance 105918

TiN
Amount of sampling 2801
Max 205.325 nm
Min 0nm
Peak-to-peak, Sy 205.325 nm
Ten point height, Sz 100.185 nm
Average 132564 nm
Average Roughness 52 20.0518 nm
Second moment 135465
Root Mean Square. Sq 27.8355 nm
Surface skewness, Ssk 131433
Coefficient of kutosis. Ska 316253
Entropy 581532
Redundance -20.5868
Amount of sampling 2601
Max 134842 nm
Min O0nm
Peak-topeak. Sy 194,842 nm
Ten point height, 52 97.0764 nm
Average 458572 nm
Average Roughness, Sa 17.2833nm
Second moment 523672
Root Mean Square, Sq 252872 nm
Surface skewness, Ssk 23542
Coefficient of kurtosis, Ska 852445
Entiopy 546486
Redundance -20.2789

Fig. 4. AFM characterization of femoral heads made up of
Ti6Al4V and TiN

The roughness values (Fig. 4) also varied in a wide
range, in different parts of the same femoral head,
depending on the movements of the body that uses the
prostheses. The roughness value of the surfaces also
varied depending on the material making up the studied
femoral head. This proves the existence of more or less
pronounced irregularities, which could have emerged
from the wearing process. Largely uniform surfaces were
observed, but several pronounced holes left after pulling
away some particles appeared. A decrease of the
roughness value depending on the material, thus:

Ti6AI4V (50.7 nm) > TiN (26.5 nm) was observed from a
brief analysis of the obtained mean values.

The mean values of the maximum height and
roughness obtained prove the strength of material, wear
producing to a much lower depth and a lower alteration of
the uniformity.

After the study of used prostheses, TiN thin layers
deposited with 5000, 10000 and 20000 pulses have been
characterized using AFM. The average thickness of
deposited layers was determined by different methods:

- by optical microscopy (OM): 1,1 um for 5000 pulses

and 1,62 pm for 20000 pulses;

- by AFM: 1,67 um for 5000 pulses, 2,11 um for

10000 pulses and 2,72 pm for 20000 pulses;

- by SEM: 0,8 — 1 um for 5000 pulses, 1,2 — 1,4 um

for 10000 pulses and 1,5 — 1,6 um for 20000 pulses.

It can be observed that the thickness of the layer
increases with the number of laser pulses. Considering
that the surface of the substrate has shown some minor
defects, an important conclusion is that the layer becomes
more uniform along with a more complete coating of
initial defects.

The values of layers roughness (Fig. 5) vary depending
on the number of pulses the layer has been deposited to
(40.013 nm for the sample with 5000 pulses, 26.334 nm
for the sample with 10000 pulses, 2.527 nm for the
sample with 20000 pulses). A decrease of roughness
value with increasing number of pulses was observed.

5000 pulses
Amount of samping 2601
/ Man 242,952 om
Hin Unm
r - g Peak-opeak, 5y 242,252 om
r - Ten paint height, 52 122,28 nm
Average 107 487 nm
f ’ Average Roughness, 32 47,4002 rm
: Second moment 122117
r B ; ¥ . Root Mean Square, Sq 57.9577 rm
£ - Surtace skewness, Ssk 0671953
Coefficient of kurtosis, Ska 040671
-~ Vi ' Entiapy 663905
, Redundance -20.4024
(4 .\fj
10000 pulses
-~ Amount of sampling 2601
Ha 134,842 e
Hin Onm
Peak-topeak, 5y 194,342 ne
Ten point height, 52 98 4558 ne
. werage 116,975 ne
Average Roughress, Sa 27.989 nm
Second moment 122112
Rool Mean Square. 5a 35,0471
Surtace skewness, Sk -0.246765
Coefficient of kurtosis, Ska  0.21478
Entropy 631693
Redundance 235967
Amaunt of sampling 2601
3 2203 rm
Min 0rm
Peak-to-peak, Sy 22.0%4 nm
Ten paint height, 52 11133 rm
Average 11333 nm
- Average Roughress, Sa 2.41788nm
5 zcand moment 11,7928
- * RoctMeanSquere, 53 203753nm
- Suface skewness 5k 00304503
Coefficient of kurtosis, Ska 0172165
Enlropy 403
Redundance Am548

Fig. 5. AFM characterization of TiN layers deposited at
5000, 10000 and 20000 pulses.

TiN layer deposited at 5000 pulses has a surface with
lower uniformity, which could be the result of more
pronounced irregularity of the substrate. The surface of
TiN layer deposited at 10000 pulses has a higher
uniformity than that of the layer deposited at 5000 pulses.
It can be seen from the images presented small surface
defects, but their size is reduced. The surface of the TiN
layer deposited at 20000 pulses has the highest uniformity
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of the all 3 types of realized samples. It is the lowest
mean roughness value of these samples, as demonstrated
by the uniformity of surface coating, visible from AFM

scanning.
> F Amount of sampling 2601
- : 3 | 5N Max 294,82 rm
Y > o Min Orm
‘. - Pealtopeak, Sy 284,82 rm
4 Ten point height, Sz 147.622 m
Aversge 15261 nm
- Average Aoughness, 5a 39.9569nm
S econd moment 106.62
e Rool Mean Square, S 54,6886 nm
Surface skewness. Ssk 1.45021
Coefficient of kurlosis, Ska ~ 2.30443
Entiopy £.40502
Redundance 161831
Amount of sampling 2601
a 375.261 rm
Min 0rm
Peak-lo-peak, Sp 325.261 nm
Ten point height, 52 163,967 nm
Average 132,128 rm
Aversge Floughness, 5a 686843 nm
- Second moment 157,353
Flaat Mean Square, 5q 85,4543 rm
Surface skewness, Ssk 0612641
Coefficient of kurtosis, Ska 0357782
Entiopy £.65363
Redundance 15,8694
Amaunt of sampling 2601
ax 325.261 nm
Min Orm
Peakto-peak, Sy 325,261 nm
Ten point height. Sz 162,408 nm
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Average Foughness, 52 79,8345 nm
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- oot Mean Square, 5q 928038 nm
Surface skewness, Ssk 01379532
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Fig. 6. AFM characterization of TiN layers deposited at
5000 pulses after the scratch test.
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Amount of sampling 2601
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Min Onm
Peak-to-peak, Sy 446,189 nm
Ten point height, 5z 222312 nm
Awerage 167.722 nm
Ewerage Foughness, 55 92.0958 nm
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Surface skewness, Ssk 0.440098
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Fig. 7. AFM characterization of TiN layers deposited at
10000 pulses after the scratch test.

Surfaces of TiN layers have been subjected to scratch
tests in order to analyse their adhesion to the substrate.

The applied loadings, between 2.5 N and 125 N created
scratches with different depth and width. Surfaces
obtained after the scratch tests have been characterized
using AFM in order to determine different tribological
parameters (Fig. 6, Fig. 7, Fig. 8).
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Peak-to-peak, 5y 105,113 rm
& | Ten poirt height, Sz 516732 nm
Awerage 59.0843 rim
Awerage Roughness, 5 14.8225om
Second moment 61.9447
Root Mean 5quare, 53 186897 nm
: Surface skewness, ok 0440132
' Cosficient of kunasis, Ska  0.162879
Entropy 584187
* _ Fredundance 385116
| =

Amount of sampling 2601
10 N Man Z30.854 nm
Min Onm
5 Peaktopesk, Su 230,854
Ten paint height. Sz 112175
- Average 104.237 nm
> Average Roughness. 52 43531 nm
. - Second moment 119,683
T ®" " FRoot Mean Square, 5g 58,8036 nm
. . Surface skewness, Ssk -0.0B25728
Coelficient of kurosis, Ska 105198
Eriiopy £.69907
Fledundance 21,355
fmount of sampling 2601
20N May 212,467 nm
‘ - Min Unm
Peak-ta-peak, Sy 212,467 nm
- Ten paint height, 52 104 433 nm
= Average £5.5603 nm
- Average Fioughness, 55 455231 nm
R B ¥ Secand moment 851732
B Fioot Mean Square. 5g 54372 nm
3 : =" Suiface skewness, Ssk  0.64004
: Cosfficient of kuntosis, Sk -0.712351
Entropy £.29507
Fredundance 21663
fmount of sampling 2601
Man 265.873 nm
Min Onm
77 Peak-to-peak, Sy 265,873 nm
. - Ten point height, Sz 132,735 nm
= fverage 130.51 nm
g |z Average Fioughness, 5a 911085 nm
| S . Second moment 163,005
- < Floot Mean Square, 5q 97 6616 nm
Surface skewness, Ssk 0.052457
Coefficiert of kurtosis, Ska  -1.E3707
Enlrapy 655068
. Fledundance 182592

Fig. 8. AFM characterization of TiN layers deposited at
20000 pulses after the scratch test.

Results showed that the roughness values of the TiN
layers surfaces varied depending on the applied loads.
These values increased with the increase of the applied
load. Lower values of the roughness compared with the
values of the uncoated surfaces were determined. In this
way it was demonstrated that TiN layers have a more
uniform surface even after the scratch tests. This can be a
prove for a higher resistance of TiN layers.

Width and depth of the scratches were measured by
OM and AFM. Graphic variation curves of scratches
depths depending on the applied normal load were drawn.

On the OM images were measured in ten places scratch
traces widths, then were calculated their depths h based
on a simplified relationship (indent method), which takes
into account the radius of diamond tip (r) and the means
values of measured widths of the indent (I):

h=1/8r. 1)

Variation curves of scratching depth function of
applied normal load (Fig. 9) show some "indenter drops"
due to indentation on voids or other defects of coatings.
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Fig. 9. Variation of scratching depth (um) function of
normal load applied over the indenter (N), on SS316L
samples, coated with TiN by PLD, (a) at 5000 pulses, (b)
10000 pulses and (c) 20000 pulses, respectively.

IV. CONCLUSION

Atomic force microscopy was a useful technique to
characterize the topography of femoral heads surfaces
made of titanium alloys. Taking into account the results
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obtained after these characterization we deposited TiN
layers on 316L stainless surfaces in order to improve the
characteristics of total hip prostheses.

Following the performed scratch tests and AFM
measurements, it was observed that the femoral heads
uncovered surfaces show roughness values higher than
those of the femoral heads surfaces covered with TiN thin
films.

The main conclusion of this study is that TiN
nanostructured protective coatings deposited by PLD
technique offer the possibility to improve the properties of
hip prostheses. Another important thing is that deposition
of thin films by PLD with 20000 pulses can be an
alternative technology to ensure scratch resistance of
femoral heads.
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