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ABSTRACT

The subject of this study and analysis was titanium alloy, applied among others to the friction components of ortho-
paedic (artificial hip joint) implants. This material was subjected to abrasive finishing using a synthetic diamond as
a tool. The properties of the studied titanium alloy were characterised. The processing technology and the research
methods are discussed. The surfaces, after being subjected to abrasive machining, were studied using three re-
search instruments — an interference microscope, a scanning electron microscope, and an atomic force microscope.
Advanced metrology software was used to analyse the measurement data. The aim of the research was to present
the changes taking place in the forming of the surface of the studied titanium alloy, in particular those occurring
in the final sequential processing. A characterisation of the machined surfaces was prepared based on parametric
(surface topography — parameters and functions) and non-parametric (surface morphology — images) analysis.
The significant influence of the sequence and the tool (diamond grain and micro-grain) on the surface topography
shaped during the technological process is presented. Improvement in the surface quality and features was ob-
served. Parametric analysis showed no significant differences between TA-III and TA-IV surfaces (Titanium alloy
Ti-6.5A1-1.3Si-2Zr), while these differences were visualised by non-parametric analysis. Moreover, the hereditary
features of the surface topography (isotropy and pits/valleys) and their influence on the potential functional proper-
ties (place/area for accumulation/retaining of the lubricant in the friction zone) of the titanium alloy were analysed.

Keywords: orthopaedic implants, titanium alloy, surface metrology, surface topography, surface features, techno-
logical heredity, functional properties.

INTRODUCTION

One group of metallic materials widely used
in various industries are titanium alloys. Many
academic works, i.a. [1, 2, 3] concerning the pos-
sibility of using titanium alloys in medical tech-
niques (Figure 1) indicate their characteristic and
unique properties, including their low density,
their optimal (compared to other metallic bio-
materials) biocompatibility, and their ability to
connect with tissue bone (osseointegration), high
corrosion resistance, high tensile strength, rela-
tively low Young’s modulus as well as low ther-
mal expansion coefficient. These properties make
titanium alloys one of the basic materials used
for long-term orthopaedic implants (including
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components of artificial hip or knee joints), among
other things. There are also some problems with
the use of titanium alloys in implantology, includ-
ing [3, 4, 5]: inadequate resistance (durability) to
tribological wear, which results from insufficient
hardness (the possibility of loosening of artificial
joints) and the need for reoperation — from the pa-
tient’s point of view, this is unfavourable due to
the high risk of implantation failure and postop-
erative complications, as well as the increase in
total costs; still limited osseointegration (stabili-
sation of the tissue-implant connection).

New techniques of surface engineering offer
a good chance of solving the above problems.
It is also important to conduct multidirectional
and comprehensive scientific research on the
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TITANIUM ALLOYS USED IN MEDICINE TECHNIQUE
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Figure 1. Range of application the titanium alloys in medical techniques

functional properties of materials, in order to im-
prove the wear resistance of components (parts)
made of titanium alloys and co-acting parts [6, 7,
8]. This type of research has been conducted by
different research teams for various types of ma-
terials, and the results are widely published, i.a.
in the works [9, 10, 11, 12]. An equally important
aspect is the research and analysis of the surface
topography formed in the technological process
(machined surface) and during the operation pro-
cess (worn surface). Examples include the works
[13, 14, 15, 16], where the analysis of the ma-
chined surface topography is presented (grinding/
turning/lapping/coatings), and [17, 18, 19, 20]
where the authors describe the wear mechanism
(fatigue/fretting/cavitation, erosion and sliding
wear) in relation to the surface topography. At
this point it should be emphasised that despite
the possibility of characterising the surface to-
pography using several dozen surface parameters
(height parameters, functional parameters, spatial
parameters, hybrid parameters, feature parame-
ters, etc.) and several functions (Abbott-Firestone
curve, spectrum density, texture direction and
isotropy, fractal analysis, etc) [21], most authors
limit themselves to a few of these which, in their
opinion, most appropriately reflect the character-
istics of the analysed surface or research problem.
The same approach was used by the authors of
this work, and the data for analysis was chosen
based on previous experience.

An equally important aspect is the technolog-
ical heredity related to the technological process.
Technological heredity is the transfer of the own-
ership features of the parts from previous tech-
nological sequences (operations) to subsequent
ones. The features of the parts are nothing but the
properties that characterise the surface topogra-
phy, expressed by means of, inter alia, surface

parameters as well as functions. The results of
research on technological heredity which to date
have been presented in the literature display a
lack of a comprehensive, qualitative and quanti-
tative characterisation of surface topography. In
addition, these results do not sufficiently capture
the functional properties of the studied materials.
There are not many works on the technological
heredity of parts made of hard-to-machine mate-
rials [13, 22, 23, 24], which may result from a
lack of knowledge of this subject or other limita-
tions (lack of research infrastructure).

The aim of this work was to present the
changes taking place in the surface topography of
the studied material, titanium alloy, occurring in
the final sequential processing, based on the re-
sults of 2D (profile) and 3D (surface) analyses.
Moreover, the hereditary features of the surface
topography (technological heredity) and their in-
fluence on the potential functional properties of
the titanium alloy parts were analysed.

MATERIAL AND METHODS

The subject of research and analyses was
the titanium alloy Ti-6.5A1-1.3Si-2Zr (Table 1),
marked as TA (titanium alloy Ti-6.5A1-1.3Si-2Zr
(sample)), which, due to its properties and lack
of vanadium, is used in medical techniques, espe-
cially on the friction components of orthopaedic
implants (e.g. femoral head hip joint prostheses).
The use of Al increases the strength and reduces
the specific weight of the titanium alloy, and the
addition of Si increases its creep resistance, while
the addition of Zr, a non-toxic element, replaces
the carcinogenic vanadium. It should be empha-
sised that the use of chemical elements, includ-
ing Al, is not indifferent to the organism [25],
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Table 1. Characteristics of the studied material

Sample (TA) Chemical composition (wt %)
Ti Si Zr Others
Base <6.5% <1.3% <2.0% <2.2%
Properties [26]
Density [g-cm?] 4.43
37 x 17 x 7 mm® Tensile strength [MPa] 900
Young's modulus [GPa] 114

therefore additives should be carefully used in
appropriate amounts. The technological process
(final sequential processing) included: grinding,
TA-I (giving it shape and dimensions; synthetic
diamond grain ASO125/100), initial lapping, TA-
Il (removal of the surface damaged by grinding;
synthetic diamond micro-grain ASM28/20 and
ASM14/10), finishing lapping, TA-III (deliver-
ing the appropriate quality of the studied surface;
synthetic diamond micro-grain ASM3/1, 30 min-
utes), and polishing, TA-IV (reduction of surface
roughness; diamond micro-grain ASM1/0, 16
hours). After each sequence of the final techno-
logical process, the machined surface topography
was examined (studies of the machined surface
were conducted in ten areas on each of the three
samples) using three different research instru-
ments — a white light interference microscope
WLIM (Talysurf CCI, Taylor Hobson Ltd.), a
scanning electron microscope SEM (Quanta 3D
FEG SEM, FEI Co.), and an atomic force micro-
scope AFM (Q-Scope™ 250, Quesant Instrument
Co). The research methodology with measure-
ment detail is presented in Figure 2. Based on the

number of obtained results and their repeatability,
the representative results are presented in the sec-
tion titled Results and Discussion.

RESULTS AND DISCUSSION

The research results have been collected
and are presented in three figures and one table.
Figure 3 shows the 2D view (surface map) and 3D
view (surface axonometric) of the machined sur-
face topography obtained after each abrasive ma-
chining sequence. The results were obtained using
WLIM. The analysis was preceded, using Taly-
map Platinium v.7.1 advanced metrology software
(Taylor Hobson Ltd. in cooperation with Digital
Surf), by removing the measurement noise (spa-
tial filtering — median denoising filter) for remov-
ing noise and spikes (filter size 3x3) and suitable
filtering for the elimination of incorrect pits and/
or peaks with a threshold of 1% from the top and
99% from the bottom, which ensured obtaining a
statistically relevant effect. The non-measurement
points (non-contact measurement method, number

SEQUENCES

TECHNOLOGICAL PROCESS
- = NI -

MACHINING PARAMETERS AND TOOLS

— POLISHING TA-IV

— machined object speed 18+20 rpm

— GRINDING TA-I — grinding wheel speed 5 m/min
— LAPPING TA-II — table movement 20 double stroke/min
— LAPPING TA-III — lapping tool speed 22 rpm

RESEARCH METHODOLOGY

150 pum T
SR T A o

MEASUREMENT METHODS - INSTRUMENTS

— INTERFERENCE MICROSCOPE WLIM
(lens Mirau 10x, area: 1.65x1.65 mm?)

— SCANNING ELECTRON MICROSCOPE SEM
(Low Vacuum module, 750x)

— ATOMIC FORCE MICROSCOPE AFM
(WaveMode, non-destructive, area: 50x50 um?)

RESULTS

— SURFACE TOPOGRAPHY (surface map, surface axonometric)

— SURFACE TEXTURE PARAMETERS (Ra, Sq, Sp, Sv, Ssk, Sku, Spd, Spc)
— SURFACE MORPHOLOGY (real view of surface, detail)

— SURFACE DEFECTS

— TECHNOLOGICAL HEREDITY

— FUNCTIONAL PROPERTIES

RESULTS ANALYSIS AND CONCLUSIONS

Figure 2. Research methodology
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Figure 3. 2D and 3D views of the machined surface (WLIM): a) TA-I, b) TA-II, ¢) TA-III, d) TA-IV

of points unmeasured at the level of 0.01% per
1024x1024 points) were filled with a smooth
shape according to the neighbourhood. For anal-
ysis, areas with dimensions of 1.20x1.20 mm?

were separated. The results show the characteris-
tics of the surface, its surface topography (map-
ping of the machined surface based on the mea-
sured points — 2D and 3D views with parametric
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analysis) and surface features (including surface
defects). Differences and gradual changes can also
be seen in the surface morphology (real images of
machined surfaces with non-parametric analysis)
— Figure 4. The TA-I surface (Figure 3a and Fig-
ure 4a) has characteristic longitudinal traces, in ac-
cordance with the direction of the grinding wheel
movement relative to the surface of the machined
parts. The grinding operation (first sequence) us-
ing the ASO125/100 diamond tool provided the
required shape and dimensions of the machined
parts. Moreover, the traces on the TA-I surface in-
dicate clearly its textural direction, which should
be removed in subsequent sequences of technolog-
ical process, thus improving the machined surface,
ensuring appropriate functional properties. The
grinding surface was subjected to an initial two-
stage lapping using ASM28/20 and ASM14/10
diamond tools. As a result of the second sequence
(TA-ID) — Figure 3b and Figure 4b, a machined sur-
face characterised by a lack of directivity and an
even distribution of irregularities (peaks and pits)
on the TA-II surface was obtained. Since the TA-II
operation was to ensure the removal of the layer
damaged in the TA-I operation, it was done at the
expense of increasing the height of the peaks and
the depth of the pits, which is shown in scale in
Figure 3b, and the value of the distance between
the lowest and highest point of the machined sur-
face (5.318 um) in Figure 4b — AFM.

In order to improve the surface quality, non-
parametric analysis, as shown in Figure 3c-3d and
Figure 4c—4d, and parametric analysis, as defined
by the 2D and 3D roughness parameters (Table 2),
the surfaces were subjected to successive machin-
ing sequences, namely the TA-III operation (finish
lapping) and TA-IV operation (polishing). Com-
paring the obtained surfaces to the results of the
previous machining sequences, an improvement
in the surface topography/morphology and surface
features can be seen (including a reduction in the
number and dimensions of pits). Figure 5 shows
how the surface directivity (textural direction and
isotropy) changed in subsequent sequences. With
each operation, the surface isotropy increased
from 9.02% for the TA-I surface (anisotropic sur-
face) to 82.6% for the TA-IV surface (isotropic
surface). The isotropic nature of the surface was
inherited in the last machining sequences. The
greater the isotropy of the surface (minimised sur-
face directivity), the more evenly the unevenness
(peaks and pits) and features are distributed over
the surface, influencing the functional properties.
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Table 2 presents the profile and surface tex-
ture parameters which describe the surface topog-
raphy and changes taking place in the sequential
machining process in a quantitative manner. Due
to the fact that 2D parameters are provided in
standards, including the Ra parameter, which is
the arithmetical mean height of the profile (a pa-
rameter commonly used to assess surfaces), there-
fore this parameter was also included as part of
the analysis of the machined surfaces. The value
of the Ra parameter was determined for the 1024
profiles that were generated (using advanced me-
trology software; a function converts surface into
series of profiles [27]), providing a given aver-
age value and standard deviation, which allowed
for the assessment of the measured areas of the
samples. The Ra parameter was from 0.277 um
+ 0.030 for the TA-I surface, up to 0.031 pm +
0.009 for the TA-IV surface. The Ra parameter
as an average parameter does not show sensitiv-
ity to local peaks or pits. Therefore, based on ex-
perience from previous research, an analysis of
the 3D parameters (ISO 25178 [21]) describing
the surface topography was performed: Sq — root
mean square height, Sp — maximum peak height,
SV — maximum pit depth, Ssk — skewness, Sku —
kurtosis, Spd — density of peaks, and Spc — arith-
metic mean peak curvature. This allowed for the
characterisation of the studied surfaces in terms
of surface topography, surface features (includ-
ing surface defects), and the potential functional
properties of these surfaces.

Both the Ra parameter and the Sq, Sp, Sv pa-
rameters for the TA-II surface increased value
compared to the TA-I surface. This confirms the
earlier comment that such an effect (increased val-
ues of parameters) was due to the removal of the
surface layer damaged by the grinding operation,
which simultaneously minimised the directivity
of the machined surface. After stabilisation of the
surface directivity (textural direction) and isot-
ropy (above 60%), the parameters describing the
surface topography and features obtained in sub-
sequent machining sequences decreased. There
was also a noticeable reduction in the size of sur-
face features, such as pits (Sv parameter), but a
large difference was not noticed in the case of the
TA-III and TA-IV surfaces. On the other hand, the
number of surface features changed; this is well
illustrated by 2D and 3D views of the machined
surfaces (Figure 3). The Ssk and Sku parameters
provide information about the shape of the sur-
face features, such as peaks or pits. Positive Ssk
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Figure 4. Surface morphology (SEM and AFM): a) TA-I, b) TA-II, ¢) TA-IIL, d) TA-IV
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Table 2. 2D (profile) and 3D (surface) roughness parameters

Surface Ra [um] Sq [um] Sp [um] Sv [um] Ssk [-] Sku [-] Spd [1/mm?] Spc [1/mm]
TA-| 0.277+0.030 0.343 0.910 1.20 -0.349 3.18 1951 94.8
TA-II 0.485+0.041 0.543 151 1.94 —0.191 3.25 4366 224.0
TA-III 0.035+0.010 0.068 0.134 0.395 -1.92 8.49 50.7 19.2
TA-IV 0.031+0.009 0.061 0.087 0.324 —-2.00 8.79 48.0 18.9

values indicate the presence of peaks/pits with
steep slopes. On the other hand, negative values
of the Ssk parameter mean a surface characterised
by deep pits/valleys, i.e plateau surfaces. In the
case of the studied surfaces, regardless of the ma-
chining operation, the Ssk parameter value was
negative. Larger negative values clearly charac-
terise the TA-III and TA-IV surfaces, which can
be described as the highest quality surfaces. The
pits/valleys presented on these surfaces in the op-
eration process will constitute the places/areas of
accumulation of the lubricant (positive effect) as
well as the places/areas of accumulation of the
wear products (those that will not be carried away
from the friction zone). The Sku parameter can be
used to monitor and evaluate the surface defects
of the machined parts [28]. The Sku parameter
values below 3 indicate a regular shape of the sur-
face topography (even distribution of peaks and
pits), while an increasing Sku value indicates an
increase in the number and/or size of peaks/pits
on the surface [15, 26]. In the case of the TA-I
and TA-II surfaces, the surface features are even-
ly distributed, which is confirmed by the results
in Figure 3a-3b and Figure 4a—4b. Visible pits on

the TA-III and TA-IV surfaces in Figure 3c-3d
and Figure 4c—4d confirm the higher Sku param-
eter value, Table 2. Taking into account the sur-
face assessment in terms of functional properties,
it is likely that such surface topography will have
a positive influence on the effects of the operation
process (the pits/valleys ensure the presence of a
lubricant in the friction zone). The surface fea-
tures like pits/valleys/cavities are inherited. The
TA-III surface is characterised by a smaller num-
ber but larger size of pits, while the TA-IV surface
has a greater number of smaller sized pits.
Additionally, the two parameters, Spd and
Spc, related to the surface features were analysed.
The Spd parameter (density of peaks) expresses
the number of peaks per unit area, and the Spc pa-
rameter expresses the arithmetic mean peak cur-
vature. A large number of peaks (a higher Spd val-
ue) means a greater number of peaks as a support
point for the co-acting surface. Surface TA-II had
the highest Spd parameter value, and the TA-III
and TA-IV surfaces had the lowest value of this
parameter. A higher value of the Spc parameter
means that the mentioned peaks or points of sup-
port (contact) have a small radius (they are sharp).

Figure 5. Textural direction and isotropy (WLIM): TA-I (a), TA-II (b), TA-III (c), TA-IV (d)
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Such an analysis of the Spd and Spc parameters is
confirmed by the values in Table 2 and the surface
topography views (axonometric views) in Figure
3; the highest value is for the TA-II surface, and
the lowest for the TA-III and TA-IV surfaces.
Taking into account the fact that the TA-III and
TA-IV surfaces will be intended for cooperation
in the operation process, it should be assumed
that the plateau surfaces (small Spd value — few
points/areas of contact and small Spc value —
large radius of peaks/summits) will influence the
nature of cooperation (low frictional resistance)
and the wear mechanism (micro-cutting).

CONCLUSIONS

This study on the surface topography obtained
in the technological process (final sequential pro-
cessing) of parts made of Ti-6.5Al-1.3Si-2Zr tita-
nium alloy, a material applied to the friction com-
ponents (i.a. artificial femoral head of hip joint),
showed: the influence of the tool — diamond grain/
micro-grain (diamond powder), on the machined
surface topography and features (pits/valleys),
and thus the improvement of potential functional
properties. Sequential abrasive machining made it
possible to improve the machined surface topog-
raphy, expressed both qualitatively (surface map,
surface axonometric, surface morphology — SEM
and AFM) and quantitatively based on the analy-
ses of 2D parameter (Ra) and 3D parameters (Sq,
Sp, Sv, Ssk, Sku, Spd, Spc). The TA-IIT and TA-TV
surfaces obtained in the last machining sequences
were characterised by the lowest roughness pa-
rameters (parametric analysis, WLIM), which did
not differ much from each other (especially pa-
rameters Ra, Sq, Ssk, Spd, Spc). Larger differences
(surface features — pits/valleys) were shown by the
non-parametric analysis carried out on the basis of
the 2D and 3D views (WLIM) as well as images
(AFM and SEM). Taking into account the Ssk, Spd
and Spc parameters, the TA-IIT and TA-IV surfac-
es, as the plateau surfaces, will probably influence
the nature of cooperation due to their low frictional
resistance as well as the wear mechanism (micro-
cutting) during the operation process. The pits/
valleys on the TA-III and TA-IV surfaces (visible
on the 2D and 3D views as well as the Sku param-
eter) seem to be surface defects, but they can play a
positive role in the operation process because they
could be a place/area for accumulation/retaining of
lubricant in the friction zone. Surface features such

as isotropy or pits/valleys were inherited in the two
final machining sequences. The obtained results
are a starting point for conducting in-depth studies
of the surface topography of components made of
titanium alloy, shaped in technological processes
in order to eliminate irrelevant parameters, thus en-
abling the construction of an adequate model.
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