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Introduction

arious researchers have reported that the hip
prostheses widely used in orthopedics have adverse

effects such as pain, hypersensitivity, and local tissue
necrosis postoperatively.1-4  A hip prosthesis is designed
to be modular, so that there is an interface of two solids
where they contact, e.g., the bearing surface consists of a
liner and the femoral head.  Moreover, the taper junction
locks the femoral head with the neck or the neck and
stem.  In revision surgeries, a stain on the taper junction
on the retrieved hip prostheses has been reported.5-8

Corrosion on taper junctions involves the release of metal
ions and the generation of metal wear particles, which
cause adverse reactions in postoperative patients.  It is,
therefore, it is recommended that a modular neck-stem
junction be avoided.9

Cobalt chromium (CoCr) alloy is a commonly used
for hip prostheses.  In general, the alloy has a passive
film that is a surface oxide layer with a thickness of a few
nanometers, and it provides corrosion resistance.  The
passive film is easily damaged with friction at low shear
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Objective: The present study aimed to investigate the effects of friction stroke length under reciprocating
motion on damage and restoration of the passive film on the interface of contacting flat surfaces of
CoCr alloy.
Methods: The electric potential of the CoCr pin was observed during friction testing.  The potential
difference ΔV derived from friction indicated damage of the passive film.  The time constant τ was
defined as the time necessary for a rise in potential with a stop in rubbing indicating restoration of a
damaged passive film.  The surface of a rubbed disk was observed with a scanning electron microscope.
Results: ΔV showed an indistinct relationship to short strokes, but it showed a gradual increase in
proportion to long strokes.  A longer τ appeared in comparatively short strokes, while τ tended to be
short with longer strokes.  In short strokes, a distorted wear track was displayed on the SEM image.  A
linear wear track and distributed deposits were observed on the SEM image with long strokes.
Conclusions: Friction with short strokes can cause damage to the passive film with plastic deformation.
Friction with long stroke shortens the restoration time because of mechanical activation of the surface.
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stress, followed by release of metal ions from the bare
metal at the damaged site.  However, the damage is
restored by oxidation of cobalt and chromium.

The taper junction has a metal interface.  Therefore,
the metals rub with a small amplitude oscillation, i.e.,
fretting, and it results in a stain appearing due to
corrosion.5  A hip prosthesis has a moving interface with
the function of articulation, and it often appears to be
exposed to long strokes of friction.  The bearing surface
between the liner and the femoral head apparently
undergoes long friction strokes due to its function as a
joint.  Therefore, the passive film can be damaged more
severely than with fretting at the taper junction.  However,
a visually intact bearing surface without a stain is
sometimes observed on retrieved hip prostheses.  The
passive film on bearing surfaces of femoral heads seems
to be unaffected, or the damaged region is restored even
though it is exposed to long strokes of friction.  In their
design and surface processing, the bearing surface and
taper junction differ, which affects the damage of the
passive film.  However, the effects of friction strokes,
first on the damage, and second on the restoration of the
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passive film, remain elusive.  Fretting corrosion has been
studied.10-14  The restoration of the passive film under
sliding friction and fretting on β-titanium has been
demonstrated.15  The aim of the present study was to
investigate the effects of friction stroke length around
fretting under reciprocating motion on damage and
restoration of the passive film at the interface of contacting
flat surfaces made of a CoCr alloy.

Friction stroke length on damage and restoration of the passive film of cobalt chromium alloy

Figure 2.  Experimental apparatus for observation of electric potential of the pin under friction.  The pin is fixed under the pin holder and
loaded with 10 N.  The disk is fixed on the container and immersed in PBS[-].  The friction test is performed between the disk with a
reciprocating motion container and the stationary pin.  The electrical potential of the pin is recorded with the Ag/AgCl reference electrode
and a high-impedance electrometer.

Figure 1.  Shapes and dimensions of CoCr alloy specimens
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Materials and Methods

Specimens
A Co-28Cr-6Mo (grade ASTM F75) pin and disk were
evaluated (Figure 1).  The specimens were polished with
silicon carbide emery paper of 600, 800, 1,000, and 1,500
grit and subsequently polished to a mirror finish by buffing
with a 15-μm diamond suspension.  They were then
covered with Kapton polyimide film (Teraoka
Seisakusho, Tokyo, 0.05 mm in thickness) except for
the friction surface for isolation.  They were cleaned
ultrasonically with distilled water for 5 minutes and then
rinsed with acetone.

Observation of potential
To eliminate the effect of galvanic corrosion between
dissimilar alloys, friction tests of the same kind of alloy
were carried out.  The pin was fixed on a pin holder of a
friction and wear testing machine (Yonekura MFG,
Osaka).  The disk was fixed on the center of a container
and immersed in 200 ml of Dulbecco's formula modified
phosphate buffered saline without magnesium and
calcium (PBS[-], Takara Bio, Shiga).  PBS[-] was used
as a simulated body fluid.  The electrical potential of the
pin was observed continuously for 90 minutes with an
Ag/AgCl reference electrode (RE-1C; BAS, Tokyo) and
a high-impedance electrometer (HE-104A; Hokuto
Denko, Tokyo) (Figure 2).  The pin contacted the
stationary immersed disk for 30 minutes.  Subsequently,
reciprocating motion of the container was maintained
for 30 minutes to create friction between the pin and the
disk.  After the friction stopped, the pin again remained
in contact with the stationary disk.  The friction stroke
varied between a minimum of 0.08 mm and a maximum
of 0.2 mm.  The pin remained vertically loaded with 10
N for 90 minutes of observation.14  The cycle of
reciprocating motion cycle was 1 Hz.  The observation
of each stroke of friction was repeated 6 times.

Evaluation of damage and restoration of the passive film
The change in the electrical potential of the pin was
recorded in all observations for each stroke.  Figure 3
shows a typical result from a test with a stroke of 1 mm.
At the same time as the observation began, the potential
rose gradually and reached a stable equilibrium during
the first 30 minutes.  The potential of this stable value at
30 minutes was defined as V0.  The potential dropped
suddenly with the onset of reciprocating friction.  The
dropped potential was defined as Vl.  The potential
difference ΔV was calculated as V0−Vl.  ΔV indicated
damage of the passive film with friction.  The potential

of the pin remained in a stable state with a low value
during the friction.  After 30 minutes of reciprocating
friction, the potential rose exponentially and approached
V0.  The increase of potential was approximated as an
exponential function. The time constant τ was defined
as the time necessary for a rise in potential from the point
of stopping rubbing to 63% of V0; τ indicated restoration
of the damaged passive film.

Surface analysis
The surfaces of the rubbed disk specimens were observed
with a field emission scanning electron microscope (SEM,
JSM-7001F; JEOL, Tokyo), and the chemical
composition of chosen regions was identified with energy
dispersive X-ray (EDX) analysis.

Evaluation of contact areas
The plastic flow pressure of a friction surface of the pin
was measured with a Micro Vickers Hardness Testing
Machine (MVK-H0, Mitutoyo, Kanagawa).  The test
load was 9.807 N.  The average of the real area of contact
was calculated from a small rhombus area on the surface
of the pin derived from the indenter based on five
measurements with the Micro Vickers Hardness Testing
Machine.

Figure 3.  Typical change in the potential of the pin specimen
obtained from observation of the friction test with a stroke of 1.0
mm.  The period of friction or static, the extent of ΔV, and τ are
illustrated.  Observation was performed continuously for 90
minutes.  The potential drop ΔV was calculated by subtraction of
the dropped potential with the onset of reciprocating friction from
the stable value at 30 minutes.  The time constant τ is calculated
as the time necessary for the rise in potential from the point of
stopping rubbing to 63% of V0 after the friction period.
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Figure 4.  Potential drop ΔV in the friction test with a boxplot
against friction stroke length.  The potential drop ΔV is shown on
the vertical axis, and the friction stroke is shown on the horizontal
axis.

Figure 5.  The time constant τ in the friction test with a boxplot
against friction stroke length.  The time constant τ is shown on
the vertical axis, and the friction stroke is shown on the horizontal
axis.

Results

A change in potential of the pin similar to that in Figure
3 was observed in all examined friction strokes.  The
potential of the pin immersed in PBS[-] used as a
simulated body fluid increased gradually and reached
equilibrium.  The potential decreased significantly with
the onset of friction and maintained a low value.

Figure 4 shows the potential difference ΔV of each
stroke.  The maximum, minimum, and median ΔV varied
with comparatively short strokes from 0.08 mm to 0.2
mm.  Furthermore, outliers appeared with strokes of 0.08,
0.1, 0.14, and 0.2 mm.  ΔV showed an indistinct
relationship to short strokes.  On the other hand, with
comparatively long strokes from 0.6 mm to 1 mm, ΔV
showed small dispersion.  In particular, the median
showed a gradual increase in proportion to the stroke.
Figure 5 shows the time constant τ for each stroke.  The
maximum and dispersion of values appeared at 0.12 mm.
Outliers appeared with strokes of 0.08, 0.14, 0.16, and 1
mm.  A high median level appeared with a comparatively
short stroke.  τ tended to be low and show a small
dispersion with longer strokes.

Figure 6 shows the disk surface displayed as the
secondary electron image.  The disk underwent friction
testing with strokes of 0.08, 0.18, and 1 mm.  The direction
of friction was vertical on the image.  With the stroke of
0.08 mm, a distorted wear track was displayed.  Deposits
were rarely observed.  With the stroke of 0.18 mm, a
distributed particle-shaped phosphorus was observed
instead of the distorted wear track.  The linear wear track
and distributed deposits similar to the image with a stroke
of 0.18 mm were observed on the image with a stroke of
1 mm.  These deposits were generally found on the wear
track derived from the friction test or the slight flaw from
polishing of specimens in preparation for the friction test
rather than an intact flat surface.

EDX analysis was performed in the regions of the
rubbed surface and the observed deposits (Figure 7).
Cobalt, chromium, molybdenum, carbon, and oxygen
were present on the analyzed region of the distorted wear
track with a stroke of 0.08 mm.  On the other hand, with
strokes of 0.18 and 1 mm, phosphorus accounted for
most of the noticeable deposits on the surface.

The plastic flow pressure of the pin was approximately
5.5 GPa.  The real area of contact of the pin under a test
force of 9.807 N was 0.0018 mm2.  On the other hand, the
apparent area of contact calculated from the dimension
of the specimen was 176.7 mm2.
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Discussion

Change in the potential of the pin was observed with all
friction strokes applied.  A similar observation with Ti-
6Al-4V has been reported.16  A stable potential indicated
that the passive film was stable (Figure 3), while a dropped
potential indicated the occurrence of damage with the
onset of friction.  Subsequently, the maintenance of the
potential at a low value during friction indicated
equilibrium between damage and restoration.  The

observed increase in the potential after friction revealed
restoration of the passive film.  After friction, contact of
the pin and the disk on the damaged region was created
in an aqueous solution environment.  The narrow gap
between the pin and disk can prevent diffusion of
infiltrated solutions and bring about crevice corrosion
due to local concentration of hydrogen ions, which makes
the passive film chemically unstable.  However, an
increased potential was observed in all the cases.  Hence,
crevice corrosion was unlikely to occur in these

Figure 6.  SEM images with 10,000× magnification
of the rubbed disk specimen.  The scale bar is displayed
in the images.  The direction of friction is vertical on
the image.  (A) Stroke of 0.08 mm.  (B) Stroke of 0.18
mm.  (C) Stroke of 1 mm.

Figure 7.  Spectrum of EDX analysis.  Counts of X-ray are shown on the
vertical axis, and X-ray energy is shown on the horizontal axis.  (A) Stroke
of 0.08 mm.  (B) Stroke of 0.18 mm.  (C) Stroke of 1 mm.
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experiments.  Although macroscopically flat, a solid has
microscopic asperity and irregularity.17  A minute contact
spot is made between a tip of asperity or irregularity;
therefore, the real area of contact results from the sum of
the minute contact spots determined from deformation
of the material under the applied load.18  The calculated
real area of contact was one-hundred-thousandth of the
apparent contact area, and thus the real area of contact
was extremely small.  The friction appears to share this
minute contact area and cause damage to the passive
film.

With a short friction stroke, Figure 4 shows outliers
and the dispersion of ΔV.  In addition, Figure 6 shows
the distorted track on SEM images.  A short friction
stroke can cause plastic deformation of the interfaces
that results in damage to the passive film on the tips of
asperities that compose the minute contact area, with
rather severe shearing off that would be sufficient to
widely remove the passive film.  On the other hand, with
a long friction stroke, ΔV increased (Figure 4).  On SEM
images, a linear wear track was seen (Figure 6).  A long
friction stroke can cause more severe damage to the
passive film with shear and removal than plastic
deformation with a short friction stroke.

Figure 5 shows that the restoration time of a damaged
passive film tended to be shorter with a long stroke than
with a short stroke.  I.e., a relatively long time is necessary
for restoration of the damaged passive film with a short
friction stroke, and this suggests that release of metal ion
from substrate alloy can continue until complete
restoration of the damaged region of the passive film.
Mechanical activation of the alloy with friction might be
able to explain these observations.  Friction shears and
removes the passive film and causes exposure of the
surface of the alloy substrate.  The region of the exposed
surface is in a chemically activated state because it
contains lattice defects, and this leads to shortening of τ.
As previously mentioned, a short friction stroke can cause
damage to the passive film with plastic deformation.  A
short friction stroke seems to decrease the region of the
exposed surface compared with a long friction stroke,
and consequently the activated region is decreased.
Moreover, an increased potential was observed with all
of the tested strokes after the friction.  Therefore,
restoration of the passive film appeared to occur even
though it required much time.  A long friction stroke
seems to shorten the restoration time by causing
mechanical activation derived from the expansion of the
exposed surface of substrate alloy with shear, while a
short friction stroke does not necessarily delay the
restoration time of the passive film.

The phosphorus deposits observed on the SEM images
likely originate in the PBS[-] used as a simulated body
fluid in the friction test.  The distribution of phosphorus
deposits compared with the flat region was mostly in the
wear track with the friction test or in the residual trace of
polishing for specimen preparation.  The severely sheared
or uneven surface might adsorb surrounding PBS[-].  With
a friction stroke of 0.08 mm, deposits were rarely
observed.  The low mechanical activation with shear due
to a short friction stroke seemed to decrease adsorption
or infiltration of PBS[-] into the contact spot between the
pin and the disk.  The cobalt, chromium, molybdenum,
and oxygen likely originate in the passive film on the
CoCr alloy (Figure 7), while the carbon likely originates
from the alloy substrate.  The presence of phosphorus
and sodium suggest that adsorbed surrounding substances
such as PBS[-], as well as fractured fragments of sheared
passive film, are involved in the composition of the
generated wear particles.  The deposits underwent plastic
deformation together with the passive film, followed by
removal with shearing off and deposit on the surface.
Precipitates are related to the composition of the passive
film.19  These results are not inconsistent with the previous
reports that phosphate was observed in the stain at the
taper junction.20  Further analyses of retrieved hip
prostheses and in vitro studies are needed to clarify the
composition of wear particles and the mechanism of their
generation.

The bearing surface of a total hip prosthesis has
excellent lubrication provided by accurate surface
finishing.  Even with a long friction stroke, the bearing
surface decreases contact area between the minute tip of
asperity because of its lubrication.  Therefore, damage of
the passive film resulting from shearing off appears to
occur rarely.  Moreover, adsorption on the surface can
occur with difficulty because of the shortness of the region
with mechanical activation, subsequently resulting in an
intact femoral head with no stain observed on revision
surgery.  Large-diameter heads are less damaged on the
joint surfaces, but there is a possibility that they may
cause taper deformation and mechanical damage.4  There
is a possibility that the friction state of the head and the
damage of the taper junction are related to each other.

Conclusions

The effects of friction strokes on damage and restoration
of a passive film with reciprocating friction testing on a
CoCr alloy applied for total hip prostheses was
investigated.  The occurrence of damage and restoration
of the passive film with friction were unrelated to stroke



16

length.  Among the strokes tested in this study, a long
friction stroke can increase the damage with shear and
shorten the restoration time because of mechanical
activation of the sheared surface.  The precipitates on the
rubbed region appear to include elements derived from
the CoCr alloy and surrounding substances.  Among the
strokes tested in this study, a short friction stroke caused
plastic deformation and comparatively slight damage of
the passive film.  A long time is needed for the restoration
of the damaged passive film with a short friction stroke.
This suggests that release of metal ions from the substrate
alloy occurs until the restoration is completed.
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