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Abstract

This paper presents experimental evidence that thin (<~200 nm) boron coatings, deposited with a (vacuum) cathodic arc technique on pre-
polished Co—Cr—Mo surfaces, could potentially extend the life of metal-on-polymer orthopedic devices using cast Co—Cr—Mo alloy for the metal
component. The primary tribological test used a linear, reciprocating pin-on-disc arrangement, with pins made of ultra-high molecular weight
polyethylene. The disks were cast Co—Cr—Mo samples that were metallographically polished and then coated with boron at a substrate bias of
500 V and at about 100 °C. The wear tests were carried out in a saline solution to simulate the biological environment. The improvements were
manifested by the absence of a detectable wear track scar on the coated metal component, while significant polymer transfer film was detected on
the uncoated (control) samples tested under the same conditions. The polymer transfer track was characterized with both profilometry and
Rutherford backscattering spectroscopy. Mechanical characterization of the thin films included nano-indentation, as well as additional pin-on-disk
tests with a steel ball to demonstrate adhesion, using ultra-high frequency acoustic microscopy to probe for any void occurrence at the coating—

substrate interface.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Boron; Amorphous materials; Coatings; Biomaterials; Deposition process; Rutherford backscattering spectroscopy; Tribology; Cobalt alloy

1. Introduction

By far the most favored technology for construction of the
articulating parts of artificial hips and knees is that of an alloy
component (e.g., the spherical head of a hip joint) rubbing
against a mating component of ultra-high molecular weight
polyethylene (UHMWPE). For several years it has been
accepted that one of the biggest, if not the biggest, problem
with this technology relates to bone loss (osteolysis), which is
caused by tissue reaction to wear debris from the UHMWPE.
The result can be loosening of the prosthesis within its fixation
and ultimate failure. There is now a huge literature to this effect,
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together with studies of wear, wear mechanisms, and wear
prevention ideas for the UHMWPE. Some of this literature will
be cited below. The present effort is directed to wear prevention
by use of a boron coating for the favored alloy, Cobalt—
Chromium—Molybdenum (Co—Cr—Mo).

Co—Cr—Mo alloys are, in fact, the most common materials
used nowadays for orthopedic devices for total hip or knee
replacement, or, in medical terminology, fotal joint arthroplasty
(TJA). In particular, cast Co—Cr—Mo material is used for knee
TJA devices, because the complexity of the shape of the knee
would prevent any other metal processing technique to be cost-
effectively employed. In the casting process, carbide precipi-
tates are known to form; these appear as hard protrusions on the
surface after polishing.

Early atomic-force-microscopy topographical studies [1]
showed the elevations of the carbides above the matrix surface
to be in the range of 15 to 30 nm, with the carbides having mesa-
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like shapes with rather sharp edges. The carbides, known as
“block” carbides, cover regions of tens of pm wide and
hundreds of pm long. The reported hardness values were about
5 GPa for the matrix and about 15 GPa for the carbides [1]. From
these hardness values, together with the loose correlation
between the spacing of the carbides and the spacing of asperities
in conventional profilometry, and the fact that the average
roughness (Ra) values in profilometry were in broad agreement
with the up-thrust values of the carbides, it seemed apparent that
the limit to polishing smoothness was relief polishing due to the
difference in hardness between the matrix and the carbides.
Moreover, carbide plateaus and alloy matrix valleys, by
themselves, had respective Ra values of about 2 nm and 1 nm,
respectively. The results were the same for a relatively “hard”
polishing compound (diamond) and a relatively “soft” polishing
compound (colloidal silica). Thus, the up-thrust of the carbides
apparently accounted for all of the deviation of the surface from a
potentially optical grade of polish of less than 1 nm in
smoothness. Moreover, in laboratory prepared materials, these
were the only asperities found of dimension above a background
suggested by the smoothness value of about 1 nm.

The mix of wear mechanisms operating in clinical prostheses
of the described technology may not be completely clear in
terms of quantitative division among possible mechanisms. On
the one hand, the UHMWPE components, whether obtained
from long term simulator tests or from clinical explants, usually
exhibit burnishing or polishing over most of the contact area
[2,3]. These burnishing results, for both types of wear exposure,
are suggestive of a controlled removal of material in small
particles, and in fact, most of the wear debris itself, consisting as
it does of submicron particles [2,3], can be construed as
supporting the same idea. Furthermore, the forms of the small
particles, spheres and fibrils, may not be directly related to the
wear mechanism, but instead appear to consist of microspheres
and fibrils that were originally part of the UHMWPE structure
[4]. At the same time, a difference between the simulator results
and the clinical results, is that for the clinical, there are some
larger scratches and troughs. These have been attributed to
foreign abrasive matter such as bone cement filler or polishing
compound that has been left in the alloy surface [2,5]. Another
mechanism more recently brought to the fore [2] is that the
foreign abrasives scratch the alloy, and then in turn, scratches on
the alloy produce wear of the UHMWPE. It is possible that
embedding of particles in the UHMWPE, and thence scratching
of the alloy surface is a larger effect than the correlated one of
embedding particles in the alloy and scratching the UHMWPE.
Ref. [2] forms part of a series by the same research team. A
different technology, that of zirconium oxide on a zirconium
substrate is compared with the Co—Cr—Mo technology, both
with and without scratches. The wear rates are different, but the
size distribution is the same regardless of base technology. All
of this evidence supports the idea that the morphology of the
wear debris is essentially a property of the UHMWPE structure
rather than being related to details of the wear mechanism.

Only those wear effects that occur in the clean simulator type
of test appear intrinsic to the alloy-UHMWPE couple. The
others could be improved, in principle, by improved manu-

facturing techniques or by improved surgical procedure. The
hypothesis of the present paper is that the precipitated carbides
are likely to be the key factor in intrinsic wear. Specifically, the
idea is that the highly articulated microstructure of these up-
thrusting carbides might be buffered by a boron coating of a
thickness of some ten times the up-thrust and with thermo-
dynamically predicted, good adhesion to the Co—Cr—Mo alloy.
Moreover, other properties of the chosen, thin film coating
material could also contribute to success of this surface
engineering treatment, as will be now discussed.

The choice of (vacuum) cathodic arc-deposited, amorphous
boron as the coating material was based on a number of factors:

First, boron (B) is a very hard material. In crystalline form,
the hardness is 30 GPa, about three times as hard as silica sand.
Recent studies that amorphous boron thin film can be produced
with hardness approaching that of crystalline boron, but with a
lower elastic modulus [6—12]. In these studies, the reduced
modulus, which benefits thin film coatings by increasing the
impact resistance, is attributed to a very small, but often
unavoidable, oxygen incorporation in the coating.

The high hardness, which could then be provided by the
amorphous boron coating, would provide an additional benefit
for TJA devices. It would help protect the metal surface from
damage when hard particles, typically from bone debris and
fixation cement, get caught between the polymer and the metal
surface. Furthermore, the choice of an amorphous coating
material removes the concern about variations in crystalline
structure depending on whether the deposition is on a carbide-
rich or carbide-free region of the substrate surface.

Second, boron is known to have highly favorable heats of
mixing with most transition metals, including titanium, the
components of the cobalt alloy and that of most steels. The results
of thermodynamic calculations for Co, Ti and Fe are given in Ref.
[13] and they show maximum negative values for the enthalpy of
mixing of 34, 38 and 84 kJ/mol of total atoms, corresponding.
These high heats of mixing foretell the probability of reaction of B
with the substrate. Reaction modes could include compound
formation, as is indicated by many binary phase diagrams of
transition metals, or possible in-diffusion, if for some reasons the
compounds do not nucleate. Since concern about delamination is
the main reason that metallurgical coatings are generally avoided
in TJA applications, great attention must be paid to adhesion. The
combination of the favorable thermodynamics, the small size of
the boron atom, which may better allow diffusion into the
substrate, and the energetic ion deposition characteristic of
cathodic arc deposition, are all favorable indicators for cathodic
arc-deposited boron films with reaction bonding to the substrate.

A third reason to consider boron is that, in a moisture-containing
environment, its surface oxide is known to form a hydroxide layer,
which acts as a solid lubricant [14]. The reaction involved is

1/2B203 + 3/2H20—>H3BO3

AH298K = —45. 1kJ/mol

The lubricity of boric acid has been attributed to its tendency
to form a triclinic crystal structure made up of atomic layers
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parallel to the basal plane. In each layer, the B, O and H atoms are
closely packed and bonded to each other with mostly covalent
bonds, while the layers are held together with the weaker van der
Waals’ forces [14]. It is the freedom of the layers to slide with
respect to each other that produces the lubricity in this model.

Finally, a crucially important reason for this choice of coating
material was the expectation that boron would be biocompatible.
This expectation was based on the very high resistance of boron
to attack by halides [15], since the resistance to release of ions
due to salt corrosion in the body is one key element of
biocompatibility. Moreover, ion release from boron, when it
occurs, is expected to be in the form of boric acid, which is a mild
antiseptic, commonly used in ophthalmic solutions. The results
of a recent, standardized biocompatibility study of boron, and
boron-coated Co—Cr—Mo are consistent with these expectations,
and will be reported separately from this paper [16].

The aim of the present paper is to describe the results of the
coating experiments and the evaluation of the mechanical and
wear properties of the resulting coatings with regard to their
suitability for this socio-economically important orthopedic
application. Since the use of amorphous boron and boron sub-
oxides thin films in surface engineering, and the use of the
vacuum cathodic arc technique to apply these thin films, are
both emerging technologies, some discussion on the films and
the deposition is included in the paper.

2. Experimental details
2.1. Deposition of amorphous boron coatings

The heated-cathode, vacuum cathodic arc process used to
deposit boron coatings from a sintered pure boron cathode is
described elsewhere [8,13,17]. The important, most recent
development in this coating technology is the use of a new filter
[13,17], which is very effective in removing particulate
contamination, typically associated with the cathodic arc
process. The filter reduced particulate incorporation to less
than 2 particles per cm” per 100 nm of deposition. This made it
possible to easily find regions totally devoid of particles for the
wear test. Optimization of the filter is a continuing effort.

The most important deposition parameters are summarized
below:

Cathode: Sintered boron, heated to ~ 1000 °C

Substrate: Flat coupons of cast/solution annealed ASTM F-75
alloy (also referred to as Co—Cr—Mo or Zimaloy),
polished to less than 25 nm (maximum average “Ra”
surface roughness value as determined with a Zygo
NewView™ 5000 interferometer at Zimmer).

Substrate bias: —500 V with respect to chamber ground and
with spark suppression

Substrate heating: About 100 °C with up to 50 °C increase
during the deposition

Background gas: None.

Base pressure: About 10°* Pa [~5x10 7 Torr] with the
cathode hot

Deposition rate: Typically ~2—3 nm/s (with particle filter)

Substrate preparation at HY-Tech simply involved ultra-
sonic cleaning in 50% Purple Power™ alkaline cleaner and
water for 30 min, followed by water rinse, methanol rinse and
blow drying with canned air (i.e., high purity tetrafluoroethane,
commercially available in a spray can). Since past experience,
with steel samples [18], indicated that the arc plasma is
sufficiently effective at removing any intrinsic oxide layers
from the substrate surface, no discharge cleaning was deemed
necessary for these coating runs.

The mentioned flat samples were coated with boron to
thicknesses varying from about 150 nm to as much as 400 nm,
in regions clearly distinguishable by the color of the coating.
The light coatings have a light blue color, while the thick
coatings exhibit a tan color; beyond 500 nm, amorphous boron
is essentially grey; crystalline boron would be black. It is noted
that even the 150 nm amounts to several times the thickness of
the typical carbide protrusion.

2.2. Surface morphology studies

A Hysitron Tribolndenter® was used to characterize the
surface morphology of the substrates before and after coating.
The apparatus allows for rapid, spatially resolving measure-
ments of the surface topography as well as of the nano-scale
hardness and elastic modules. Friction coefficient measure-
ments are also possible, although this capability was not used
here. Since the instrument was used primarily for its surface
scanning, as well as nano-indentation capabilities, it will be
henceforth referred to as a scanning nano-indenter.

In spatially scanning mode, the instrument produces two
types of output from which the topography can be deduced: (i) It
puts out the vertical displacement of the indenter tip as it sweeps
across the surface and (ii) it puts out the horizontal force on the
tip as a result of encountering a positive or negative slope in the
surface. In this way, the protruding carbide features anticipated
from the literature could be detected and any impact of the
coating in altering the shapes of these protrusions could be
observed. In static mode, it was possible to locate the indenter
tip on the top of a carbide formation to perform highly localized
nano-indentation. This, in turn, can be used to deduce if the
peaks of the carbides are coated and if the coating changes the
hardness and modulus of the carbides differently that it would in
carbide-free regions of the substrate.

2.3. Wear testing

An existing setup designed for reciprocating pin-on-disk
motion, with the disk (coated or non-coated sample) moving,
while the pin is stationary, was modified to have a reservoir
around the sample allowing the sample to be submerged in a
saline solution. The setup allowed for selectable static load to be
placed on the pin. The existing setup also provided for an
automatically recorded coefficient of friction as a function of
time during the experiment.

The specially made UHMWPE “pins” were 6-mm diameter
rods with hemispherically formed contact ends. The load was
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10 N. The traverse was purely linear and cyclic with a 1 s period
and a stroke of 6.7 mm. The test duration was 24 h. The
immersion medium was saline at 3.5 wt.% NaCl in distilled
H,0. The combined elasto/plastic properties of the pin were
such that the contact area under the 10 N load was of
approximately 0.8 to 1.0 mm in diameter.

2.4. Compositional characterization of coating and transfer film

Access to an accelerator facility for Rutherford backscatter-
ing spectroscopy (RBS) was of great value to this study, because
the technique allows for characterization of both the composi-
tion and the thickness of coating and interlayer, before using the
same sample for a wear test. That is because RBS, together with
its companion technique, non-Rutherford elastic scattering
(NRES) is a totally non-destructive way of analyzing materials.
It is based essentially on the alpha particle elastic scattering
experiments that originally provided the basis of the Rutherford
nuclear model. The fully stripped helium ions (He™") derived
from accelerators have nuclei that are the same as alpha
particles, and are still overwhelmingly the favorite incident
particle for analysis. The terminology for the two related
techniques, both used in the present study, is recalled here:

Rutherford backscattering (RBS)
Elastic nuclear scattering with the cross section of the Rutherford
nuclear model derived from the nuclear Coulomb potential.

Non-Rutherford elastic scattering (NRES)

Elastic nuclear scattering, but with an enhanced cross section
which may apply over a limited incident particle energy range
for certain atoms.

It is also recalled that the Rutherford cross section goes as Z*
for atoms. Thus, heavy elements are much more detectable than
light ones for RBS. As a fortunate counterpoint, for the light
elements involved in the coating, favorable NRES reactions are
often available at selected energies for light elements.

More details on this well-established, non-destructive
technique can be found in Ref. [19]. The best-known simulation
code is RUMP [20], which was used for the present analyses.
RBS data and NRES data can be mixed in the same yield
spectrum, depending on what cross sections actually apply at
the given particle energy.

For most of the studies reported below, an energy of
4.27 MeV was used for the incident He ions. This energy
produces a sharp resonance for carbon, and is on the lower
threshold of a resonance for boron. The detector angle was at
170° relative to the incident ion beam. Thus, the return ions
were actually at 10° from being directly backscattered at 180°.
This, in any case, is the most common geometry used.

2.5. Adhesion and coating—substrate interface studies
The mentioned pin-on-disk wear tests were aimed at

determining the impact of the boron surface-treatment of the
cobalt alloy surface on the wear of the polymer counter-surface.

To test the strength of the coating—substrate bond (it is recalled
that no intermediate bond coating was used in the process) and
to demonstrate the durability of the coating, even in the event of
accidental third body wear by loose bone or cement particles, a
friction/wear test was also carried out using the same test
assembly. For this testing, reciprocating ball-on-flat sliding was
utilized with a 52100 bearing steel ball (9.5 mm diameter) under
a 2 and 10 N load, and lubricated by mineral oil.

The analysis included optical microscopy inspection of the
wear track and surface/subsurface examination by use of
Scanning Acoustic Microscopy (SAM). A state-of-the-art
instrument, a KSI SAM-2000 scanning acoustic microscope,
was used for the latter measurement. Frequencies up to 2 GHz
are possible with higher frequencies providing for more depth
resolution. A model was developed for boron (not originally in
the instrument’s database) and the measurements were carried
out at about 400 MHz. In a material with the low molecular
weight of boron, the depth resolution is limited to 0.1-0.3 um at
the interlayer (about 0.2 pm below the surface of the boron top
coating). More resolution is possible inside the interlayer, which
is dominated by Co (a high molecular weight material). Still, at
this resolution, localized delamination should be detectable. The
advantage of the instrument is that it can non-destructively
detect voids forming at the interface, before delamination
actually appears at the surface. As such, it is significantly more
sensitive to adhesion problems than the more commonly used
scratch testing.

3. Experimental findings
3.1. Morphology and nanohardness of coated surfaces

Fig. 1 shows the surface morphology of a typical (flat
coupon, pre-polished, as described in Section 2) substrate,
before coating and as determined by the scanning nano-
indenter. The carbides are seen to span areas of tens of microns
by hundreds of microns on the polished surface consistent with
earlier results (e.g. [1]).

Fig. 2 shows the surface morphology of a coated surface.
The case shown is from one of the thicker coatings produced in
the present study, having a thickness of about 300 nm. The
topographies appear similar to those of the non-coated substrate
in Fig. 1. Similar sized regions are displayed with similar
concentrations of carbide formations; coated and uncoated
samples come from the same batch of polished samples. The
thinner coatings produced similar topographies as the thicker
coatings. Thus, the surface texture seen in these images are not a
property of the coating, but rather the substrate template is
projected through the coating. This conformal coating can be
understood as a result of the very small plasma sheaths that
result from the high electron densities (10> cm™* range) and
low electron temperatures (few eV) typical of a cathodic arc
plasma. Such plasma conditions lead to sheaths comparable or
smaller that the lateral dimensions of the carbide features seen in
the images.

The coatings are clearly devoid of macroparticles [21,22],
the micron-size particulates that constitute a common concern
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Fig. 1. Surface morphology images of an uncoated, cast/solution annealed, polished Co—Cr—Mo substrate, as produced with the scanning nano-indenter. The image on
the left is ~40 pm x40 pm and generated from displacement data. The one on the right is ~10 um= 10 um and generated from gradient data.

regarding the quality of cathodic arc-deposited coatings. This is
a result of the macroparticle filter recently developed and
optimized for non-metal cathode applications, where the
macroparticles tend to be in solid form and are difficult to filter
out with common techniques developed for metal cathodes,
which in turn produce liquid phase macroparticles. The filter
and its advantages have been discussed elsewhere [13,17].

Of main interest in this study was to determine if the boron
coating would smooth out the sharp carbide features, which
would in turn reduce the wear of the polymer counter-surface.
However, this proved not possible with the scanning nano-
indenter. The size of the pyramidal indenter tip (~50 nm at the
tip with a face angle of 65.3°, or an equivalent cone angle of
70.32°, thus becoming quite wide with a small penetration into
the surface) did not permit a very detailed description of the
edges of the mesa structures. As a result, it was very difficult to
tell if the abruptness of the edges modified by the coating to any
significant extend. Of great value, however, were the micron-
scale topographic study of the surface and the measurements of

nm
65.9

32.9

0.0

Image Scan Size: 40.000um

the changes in the hardness as a result of the coating, as will be
discussed. With regard to the salient topography, it did not
appear to be altered, even with the thickest coatings.

Although the thicker (> ~250 nm) coatings did not show any
delamination tendency upon indentation, they tended to
delaminate in the polymer wear tests in the saline solution.
The thinner coatings (<~ 250 nm) exhibited no delamination in
the polymer wear tests, nor in the sliding tests against the steel
ball, as will be discussed. Therefore, the rest of the paper will
focus only on the thinner coatings.

Regarding the nano-indentation results from the scanning
nano-indenter, the tops of the mesas were found to be
substantially harder than the regions away from the mesas for
the non-coated samples. This was anticipated, since the carbides
are known to be very hard compared to the metal alloy. It is
known from studies of adherent, thick (>~400 nm) coatings
(mostly on bearing steel substrates) that the cathodic arc-
deposited, boron coating hardness itself is about 26 GPa and the
modulus is about 290 GPa [8]. For the thin (~150-200 nm)

-0.117

-1.467
Image Scan Size: 40.000um

Fig. 2. The surface morphology of a coated surface, on a substrate from the same batch of cast/solution annealed, polished Co—Cr—Mo substrates as that of Fig. 1;

images produced with the same technique and same scale.



C.C. Klepper et al. / Thin Solid Films 516 (2008) 3070-3080 3075

coatings on the Co—Cr—Mo matrix, the indenter penetrates the
coating. The resulting composite hardness was 12.5 GPa, which
was about 50% higher than the hardness of the matrix without
the coating, and the system modulus was 193 GPa. More
interestingly, the hardness of the carbides was reduced from
31.4 to 14.4 GPa and the modulus of the carbides was reduced
from 429 GPa to 227 GPa. From the RBS results, to follow in
Section 3.3, this can be correlated to some in-diffusion of B into
the carbides. Thus, the effect of the coating is somewhat like the
effect of ion implantation in making the moduli and the
hardness values presented at the surface as more uniform [1].

3.2. Polymer wear test results

The results of these wear tests were as follows. In
comparison with uncoated Co—Cr—Mo, the average friction
coefficient was reduced by approximately a factor of two for the
boron-coated coupon. The averaged values were approximately
0.02 for the uncoated sample and approximately 0.01 for the
coated sample. Thus, friction was very low in this submersed
environment, as might be expected.

Fig. 3 shows profilometry traces across the wear track on the
Co—Cr—Mo disk after a 24-h run. These reveal a transfer film of
about 150 nm for the uncoated sample and no detectable change
in topography for the coated. RBS analysis of the wear track
region of the coated samples confirmed that the thickness of the
boron coating remains unchanged; i.e. there is no loss in coating

Apply normal force

Substrate
< >
Move sample horizontally
04— T T T T T T
- Taylor Hobson Profilometer
S 031 (scan across the wear track) .
'§ 0.2 Non-coated CoCrMo sample
E
= 0.14 i
=
S 0.0 E
)
g_ -0.14 .
O -02| Coated{~150 nm)CoCrMo sample
-2 A1 0 1 2

Relative Position (mm)

Fig. 3. Traces from profilometry across the wear track for non-coated (black
line) and coated (red line) samples, both used as the disk in the reciprocating pin-
on-disk tests with UHMWPE pins.

material. The composition of the transfer film and of the
coatings, as well as the coating—substrate interface, is discussed
in the next section. The result of Fig. 3 was typical of three
similar wear tests using UHMWPE pins; a new pin was used for
each coated surface. Only one coated sample was selected for
the compositional analysis.

The mass loss on the polymer pins was too small to measure
with available scales. Qualitatively, it was possible to observe the
difference in wear of the polymer. In the tests on the non-coated
samples, visible polymer debris started to accumulate on the
surface of the saline solution, even after the first hour of the 24-h
tests. Such debris was not detected in the tests performed on the
coated samples. Although most of the debris was collected in one
of the pin-on-disk runs, it was found to be difficult to measure the
mass reliably. This is why the characterization of the wear track,
presented in the next section, is of critical importance in
supporting the conclusion that the boron coating reduces the wear
of the UHMWPE surface. Although the results are mostly
qualitative in nature, they were consistently reproduced over
three 1-h runs and three 24-h runs. More extensive, longer
duration wear studies, using non-linear, bi-directional (“cross-
shear”) pin motion [23-25], to better simulate hip and knee
articulation, are planned for a follow-on study.

3.3. Composition of the deposited films and of the transfer film

Fig. 4 shows an RBS histogram for the base material to use
for reference when fitting the data for the coated material.
Specifically, it is the analysis of an uncoated area of the Co—Cr—
Mo, prepared and polished in the same way as the samples that
were coated. A simulation for the best-fit composition of the
material is also shown on the graph. Thus, this result is
representative of the material without coating and without any
exposure to a wear study.

The composition fitting the simulation (in atomic fraction) is:
0.62 Co, 0.35 Cr, 0.03 Mo. In weight fractions these values
correspond to: 0.63 Co, 0.32 Cr, 0.05 Mo. These values are
slightly different from the normal specifications of the ASTM F
75 alloy in weight fractions: 0.66 Co, 0.28 Cr, 0.06 Mo. The
large carbon peak is due to a NRES reaction, and was analyzed
as described above. The amount of surface C was 1.5x10'°
atoms/cm? or about 15 atomic layers.

Fig. 5 shows a full-range RBS spectrum of a coated sample to
measure and simulate coating thickness and composition. The
curve highest in energy is the reference curve of Fig. 4. The other
two are for the coated area and the simulation of the coated area.
From the simulation (and primarily from the energy setback), the
coating thickness is determined to be 180 nm of boron. In
addition, there is change in slope for the principle “ledge,” that
being the rise due to Co. This slope change is detectable for Co
because it has only one isotope. As a result any change in the
form of the edge due to a reaction layer is more detectable than
for the Cr and Mo edges that have several isotopes. It was
determined by simulation (RUMP) that the reaction layer,
presumably due to in-diffusion or compound formation by the
B, was 50 nm thick. Since this layer is still rather thin, it was
modeled simply as a composition of 50 at.% B and 50 at.% of the
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Fig. 4. Full-range RBS spectrum on non-coated sample to measure and simulate substrate composition. A 4.27 MeV He"" beam was used as the input. The simulation

is also shown.

original alloy constituents in the same proportion as the whole
alloy. The coated sample used for this measurement was the same
sample as the one used in the wear tests, whose results are shown
in Fig. 3. However, the measurement was done away from the
wear track. Incident ions were at 4.27 MeV, as stated.

The main conclusion from this result is that this coating was
180 nm including an apparent bonding reaction layer of 50 nm
thick, intermixed into the alloy. The range of the ions at the
deposition energy of 500 eV is only 2 nm. Hence this result
represents a chemical reaction driving the boron inward to some

degree. The overall thickness is what was expected from the
color (light blue) of the coating and from the ion dosimetry
during the arc deposition of the coating. It is recalled that that
plasma from a vacuum arc is fully ionized; thus the deposition
can be reasonably well monitored by integrating the ion current.

The determination of the coating thickness utilized the upper
range of backscattered ion energies in the RBS spectrum of
Fig. 4, where the edges of the metal components of the Co alloy
substrate are found. Careful examination of the lower range,
where the light elements are found, reveals that the carbon peak
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Fig. 5. Full-range RBS spectrum of a coated sample to measure and simulate coating thickness and composition. A 4.27 MeV He"" beam was used as the input. The
simulation is also shown and the control sample spectrum of Fig. 4 is superimposed for thickness measurement reference.
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Fig. 6. Full-range RBS spectrum on the wear track, after the UHMWPE pin-on-disk wear test on a non-boron-coated sample, compared with a region away from the wear track
on same, non-boron-coated sample. The superimposed simulation includes the composition from Fig. 4 and a model for the polymer transfer film, consistent with Fig. 3.

for the B-coated sample is considerably wider than for the
uncoated sample. Furthermore, examination of the histogram to
the left of the spectral edge position identified by the “C”
marker on the horizontal scale, the carbon remains high as one
moves inward from the surface, however the edge of the carbon
signature does not shift in the same way (or to the same extent)
as the edge of the metal signature. This result means that carbon

is in the boron coating and not just on the surface of the
substrate. Further analysis of the combined result yields that
there is a little over 4 times as much carbon in the B-coated area
as in the non-coated area. This amounts to a little over 6x 10'°/
cm? of C in the coating.

Expressed as a fraction of the boron atoms in the coating, this
would still be only about 2%. Therefore, one can conclude that
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Fig. 7. Full-range RBS spectrum on the wear track, after the UHMWPE pin-on-disk wear test on a boron-coated sample, compared with a region away from the wear
track on same, boron-coated sample. The absence of any shift in the edges of the Co, Cr and Mo components of the spectrum imply a total absence of transfer film.

consistent with Fig. 3.
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CARBIDE FORMATIONS

WEAR TRACK

PRE-COATING SURFACE DEFECT

Fig. 8. SAM images of the coated surface tested in sliding motion against a steel ball at a tested at 10 N load. From left to right: (a) surface, (b) subsurface layer z=0-

2 um, and (c) subsurface layer z=2—4 um.

the amount of carbon impurity is fairly minimal by the standards
of most mechanical coatings. The peak at 0.8 MeV is due to B,
where the B is also detectable at that level because of a NRES
cross section. That NRES cross section is not as large as the
carbon NRES cross section at that energy. Thus, the B peak is
smaller and that reaction soon gets out of resonance at still lower
energy. The main conclusion here is that the coating contains
some carbon but not so much that one need be concerned about
impact on adhesion and on the mechanical properties of the
coating [8].

Fig. 6 compares RBS spectra from the wear track on the non-
coated (control) sample with those from a region clear of the
wear track on the same sample. This time the setback in energy
on the leading edge for the alloy components is due to the
transferred UHMWPE film. The thickness to account for the
setback is 180 nm or 1800 A (specific gravity of UHMWPE
taken as 0.94 and composition as CH,). This thickness seems
compatible with the thickness as determined from the
profilometer trace across the wear track (Fig. 3). The ion
beam diameter is about the same as the width of the whole wear
track, so the beam analysis provides effectively an average
measurement. The carbon yield represents a combination of
effects. It is greater than Rutherford because of resonance
scattering. It is also less than it otherwise would be because of
loss of resonance due to thickness and because of inelastic
scattering due to hydrogen in the polymer, but the more
important of the two effects is reduction of scattering cross
section due to the thickness of the film itself. This is a rather
sharp resonance. The reference curve for the setback is again the
same data as the curve shown in Fig. 4. To summarize, the
transfer film, as detected by the RBS analysis, is compatible
with profilometer results, clearly establishing that the level of
polymer wear for the non-coated case to compare with the
coated sample case to be discussed next.

In Fig. 7 there are two curves, although they are hardly
resolvable. One is the RBS histogram a boron-coated sample (in
this case the same as in Fig. 5). The other is from the same
boron-coated sample but after the wear test of Fig. 3 and taken
where the wear track should be. Clearly, there is no detectable
difference. There is no evidence of any polymer film transfer,
consistent with the profilometry results (Fig. 3). Furthermore,
there is no evidence of thinning of the boron coating, i.e. no loss
of boron or its oxide to the polymer or to the saline solution.

In Fig. 8, SAM images are shown for one of these coatings
after sliding the 52100 bearing steel ball for about 1 h in
reciprocating motion against the coated sample and under a
10 N load. As mentioned, the SAM was operated at 400 MHz.
The images show some light wear on the coating, but a total
absence of any voids created under the coating. Similar results
were obtained with a 2 N load, except that there also was no
detectable wear of the coating in that case. The SAM images of
Fig. 8, correspond to different depths: (a) the surface of the
coating, (b) subsurface layer z=0-2 pm, and (c) subsurface
layer z=2—4 um. The only features appearing in the SAM
images are the familiar mesas due to the carbide structures and
the black dots that are likely surface pits from the pre-deposition
surface polishing (as determined from SEM analysis of the as-
received, pre-polished, non-coated substrate). Note that these
dots also appear on Fig. 1.

This test result constitutes a significant demonstration of the
cohesion (or mechanical stability) and of the adhesion of these
thin boron coatings to the polished Co—Cr—Mo substrate surface.
Recalling the discussion at the end of Section 3.1, for the lowest
measured modulus in the system (193 GPa) and the modulus of
52100 steel (the material of the steel ball), the contact arca was
calculated to correspond to a diameter of ~80 pum. The contact
stress was 400 MPa and the Hertzian stress was 580 GPa. The
importance of moving the ball is that rather than keep the
Hertzian stress at below the surface, the moving ball pushes or
piles up the compressive Hertzian stress out in front of the
moving ball, moving it to the surface. (The idea is somewhat like
pushing up a loop in a rug, which can then move out to the edge).
If there was an adhesion problem for this coating, this would
clearly be a certain way to cause a delamination. As mentioned,
the coating did not delaminate and the acoustic microscopy
showed no evidence of any tendency toward delamination.

4. Discussion

The experimental results broadly divide themselves into two
important parts, but ones that are inter-connected:

The first is the wear results. The reduction in wear of the
UHMWPE wear partner of the boron treated alloy is proven by
the profilometer results and by the RBS results for coated and
uncoated material. Collaterally, there is no sign of thinning or
wear of the boron layer itself, a result that is indicated by the
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profilometry and proven by RBS. With respect to the wear
mechanisms discussed in the Introduction, we can only
speculate in a general way as to why the boron coating is
effective. First, we recall that the wear mechanisms, whatever
they are, seem to work by extracting submicron polymer
spheres and fibrils whose structure is somewhat intrinsic to the
structure of the UHMWPE. Whether this removal process could
be snagging by the fairly sharp up-thrusting carbides or
adhesion due to some other factor, has not been established.
The proposed idea of the rounding off and filling in with fillets
of the carbide edges due to the coating could not be proven or
disproven with the resolution of the topography instruments
available. In other words, within resolution, the topography
appeared broadly the same for the coated and uncoated samples.

It is interesting that the thickness of the adherent polymer
transfer-layer (approximately 180 nm) is roughly ten times the
dimension of the up-thrusting carbides. The thickness of the
UHMWPE layer could represent the approximate minimum in
the size of the “modular” particles that can be released from the
UHMWPE structure. In other words, the polymer layer could be
a continuous single layer of such particles, and this is the
minimum layer thickness that one could have after a sufficiently
long wear test, no matter the mechanism of snagging particles. It
is interesting that the thickness is very near to the peak
dimension in the sharply peaked size distribution of UHMWPE
particles reported in the literature [2].

If adhesion due to factors other than the carbides is the reason
for the wear, then it might be concluded that for some reason the
polymer is less adherent to the boron than to the bare alloy. One
observation of potential interest in this regard is that the “bare”
alloy is not really bare. Although factory polished and cleaned
by the factory recommended procedure, alloy surfaces had the
carbon surface layer of some 15 atomic layers in thickness. This
may be a wax or emulsion agent from the polish. (Based on the
known size of the RBS beam spot and the typical concentration
of the carbides on the surface, one can show that the carbides
would make an insignificant contribution to the C signal). It is
not known, whether such a carbon surface-layer in adhesion of
the polymer. Apparently this carbon could be reacted in to the
boron coating and incorporated together with the other carbon
delivered with the boron.

Finally, in regard to the wear results, it is noted that the RBS
analyses showed no evidence of silicon (Si). Thus, the silicon
carbide (SiC) polishing particles, to which Ho et al. [5] attribute
significant wear of the UHMWPE by polished Co—Cr—Mo
would not be an issue here. The carbide regions, shown to be
very hard, as expected, by the scanning nano-indenter, can only
be carbides of the Co, Cr and Mo components of the alloy.

The second significant part of the experimental findings is
the strong evidence for good adhesion of the coating to the
substrate as manifested by several factors. These include the
stability and permanence of the coating during the UHMWPE
wear and steel ball sliding tests and the lack of any sign of
delamination, in the form of subsurface void formation, in the
subsequent scanning acoustic microscopy. Although not
mentioned before, the hardness indentations were ‘“ductile-
like” with no signs of cracking, separation, or delamination

around the indents. There was a general sense of comfort in the
ruggedness of the samples while handling for mounting,
cleaning and examination.

It is likely that the strong adhesion to the substrate is related to
the prospect of strong chemical bonding with the substrate
constituents. Such bonding could be predicted by the mixing
enthalpy calculations, and was expected as part of the hypothesis
of the boron coating. Just as importantly, bonding would be
expected by examining the binary phase diagrams of B and each
alloy constituent. Formation of strong compounds is expected.
The bonding transition layer of 50 nm, determined by RBS,
apparently represents the combination of in-diffusion and reaction
that is kinetically possible at the deposition temperature. It is
encouraging that this result is resolvable by RBS. Possibly
treatment at higher temperatures or lowering the deposition rate
by spreading of the plume over larger targets, as will be done at
the production level, will enable larger transition depths. Never-
theless, what was achieved appears totally adequate thus far.

It was mentioned, however, that deposited boron films that
were thicker than about 250 nm tended to delaminate, even in
polymer wear tests, in sharp contrast with the case of the thinner
films. Although a detail study of the materials science behind
this result is the subject of future work, there is a plausible
explanation in terms of the thickness of the reacted interlayer
and the oxygen content in the boron film. Beginning with the
latter, some of the RBS analyses were run for the incident
energy of 3.03 MeV, which provides NRES detectability of
oxygen. For the boron coatings, the oxygen content was below
the detectability limit, which means that the concentration of the
oxygen in the coating was well below 1%.

This near-absence of oxygen in the coatings deposited on
Co—Cr—Mo is in clear contrast with the up to 6% oxygen found
in the similarly deposited coatings on steel samples in past
studies [8]. There, the ability to produce stable, adherent
coatings with much larger thickness (over 400 nm) was partly
attributed to this oxygen content. It is now believed that all the
incorporated oxygen came from the breakup of the native oxide
on the steel substrate by the energetic boron ions that are
involved in this coating process. (Since oxygen was not
detectable on the Co—Cr—Mo substrate surfaces, it is supposed
that the oxide layers are very thin on these surfaces). Other
studies with the same deposition system showed deep (~ 100—
200 nm) diffusion interlayers of boron in the steel substrate and
this phenomenon was associated with the good adhesion of the
coating in an extreme environment, such as that of molten
aluminum [18]. It is possible that deeper diffusion into the
substrate and some intentional incorporation of oxygen into the
coating, could allow for the thicker coatings to as adherent and
stable as the thinner ones. However, from an industrial
production viewpoint, the fact that thin coatings appear to be
adequate is a big advantage.

5. Summary and conclusions
This paper presented analysis and interpretation of wear

studies of boron-coated Co—Cr—Mo/UHMWPE pairs for use in
metal-on-polymer type TJA orthopedic devices. The coatings
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were deposited using the vacuum arc technique and with a
heated boron cathode as the only source of coating material. It
was found that a thin (<~ 200 nm) boron film, as deposited on a
cast, solution annealed and then pre-polished Co—Cr—Mo disk,
led to a clearly detectable reduction of the wear of a UHMWPE
pin in a pin-on-disk study carried out in a saline solution. After a
24-h wear test in this environment, a substantial (about 150 nm
thick) polymer transfer film layer was detected on the non-
coated, control samples based on both profilometry and RBS.
Such transfer film was entirely absent on the coated samples.
No loss of coating was detected in the tests of the coated disks.
Separate tests using a steel ball sliding against the coated
samples demonstrated the robustness of the coatings. Absence
of voids at the coating—substrate interface, even after these latter
tests, was verified with high-frequency acoustic microscopy.

It is concluded, based on these experimental results and the
analyses presented in this paper, that filtered, vacuum cathodic
arc-deposited, thin boron coatings on the Co—Cr—Mo contact
surface can substantially extend the life of a metal-on-polymer
TJA device based on this alloy. The largest benefit would be for
knee replacement devices, which use cast alloy, known to have
substantially more carbide precipitates than wrought alloy.
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