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Control of Lay on Cobalit
Chromium Alloy Finished
Surfaces Using Magnetic
Abrasive Finishing and Its
Effect on Wettability

Freeform surfaces, including the femoral components of knee prosthetics, present a sig-
nificant challenge in manufacturing. The finishing process is often performed manually,
which leads to surface finish variations. In the case of knee prosthetics, this can be a fac-
tor leading to accelerated wear of the polyethylene tibial component. The wear resistance
of polyethylene components might be influenced by not only the roughness but also the
lay of femoral component surfaces. This study applies magnetic abrasive finishing (MAF')
for nanometer-scale finishing of cobalt chromium alloys, which are commonly used in
knee prosthetics and other freeform components. Using flat disks as workpieces, this pa-
per shows the dominant parameters for controlling the lay in MAF and demonstrates the
feasibility of MAF to alter the lay while controlling the surface roughness. The manually
finished disk surfaces (with roughness around 3nm S,), consisting of random cutting
marks, were compared to MAF-produced surfaces (also with roughness around 3 nm S,)
with different lays. Tests using deionized water droplets show that the lay influences the
wetting properties even if the surface roughness changes by no more than a nanometer.
Surfaces with unidirectional cutting marks exhibit the least wettability, and increasing
the cross-hatch angle in the MAF-produced surfaces increases the wettability. Surfaces
consisting of short, intermittent cutting marks were the most wettable by deionized water.

[DOI: 10.1115/1.4026935]

1 Introduction

Freeform surfaces present a great deal of difficulty in the manu-
facturing process. For example, the geometry of artificial knee
joint surfaces is produced by grinding, and a finishing process is
required following grinding to reduce the surface roughness to
less than 5nm S, without disturbing the form accuracy. Freeform
finishing in practical use (e.g., in optical-related industries) has
been reportedly automated using two technologies using flexible
tools: magnetorheological (MR) fluid polishing [1-4] and bonnet
polishing [5—7]. The former process uses MR polishing fluid as a
polishing tool. The rheological properties (e.g., viscosity) can be
controlled by a magnetic field. The behavior of the fluid sus-
pended in a magnetic field enables it to form a tool to polish while
conforming to a freeform surface. The latter process uses a rein-
forced rubber tool attached to a seven-axis computer numerically
controlled (CNC) machine tool. Physical contact of the tool
against a freeform surface causes the tool to deform and conform
to the workpiece. Both of these flexible tools have been applied to
the surface finishing of the femoral components of knee pros-
thetics [8—10]. Although these and other laboratory-level technol-
ogies are ever progressing, to improve the surface quality by
orders of magnitude, a significant advance is highly desired.
Moreover, the surface finishing of freeform surfaces is often per-
formed manually in practice, increasing quality variation and pro-
duction costs. The surface irregularities of the femoral component
cause wear of the ultrahigh molecular weight polyethylene
(UHMWPE) tibial component as the two components rub against
one another and create debris. This is often cited as the primary
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cause of tissue inflammation and osteolysis leading to a wide
range of medical issues including eventual failure [11,12].

Tribological studies of UHMWPE and stainless steel couplings
have found that the wear factor increases exponentially with
increasing surface roughness [11]. The wear rate may be
enhanced—and thus the longevity of prosthetics—by decreasing
the surface roughness. Additionally, material wettability has also
been shown to play a role in wear [13]. Research shows that con-
tact between two solid surfaces that have a large difference in
wettability leads to an increased fluid film thickness between the
surfaces, which results in a reduced wear rate [13]. Specifically,
research shows that in order to increase the fluid film thickness,
the pin in pin-on-disk experiments must display hydrophilic prop-
erties while the disk must display hydrophobic properties [14].
Observing that the bearing surface on a knee prosthetic consists of
a relatively flat UHMWPE tibial component and a freeform
curved femoral part, the authors hypothesize that the wear rate in
the prosthetic would decrease with the combination of a more
hydrophilic femoral component and a less hydrophilic tibial
component.

It is known that surface roughness has a significant correlation
with contact angle (a measure of surface wettability) [15-17]; this
trend has been exploited to improve component performance in
various fields, such as in the biomedical, chemical, electrical, and
mechanical fields [18-21]. In addition to surface roughness, sur-
face lay (repetitive impressions created on the surface of a part) is
considered to be a critical factor affecting the fluid film condition
between solid bodies and the coefficient of sliding friction for pre-
cision finished surfaces [22,23]. In a study on the honing of engine
cylinder liners, cross-hatch angles and groove patterns on the liner
surfaces were shown to play important roles in the sliding friction
of components and thus engine performance [24]. Although the
focuses of these previous studies were on the submicron to
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Fig. 1 MAF processing principle

micrometer scales, similar effects might be shown on the nanome-
ter scale. In other words, controlling surface texture and the sur-
face roughness on the nanometer scale might show potential for
increasing the hydrophilicity of femoral components, thereby
improving the wear resistance of tibial components in knee
prosthetics.

MATF has been used to finish freeform surfaces and other com-
plex geometries because of its characteristics including flexible
magnetic particle chains that form along the lines of magnetic
force and conform to the workpiece surface [25-27]. The material
removal mechanism of MAF is attributed to microcutting of the
surface, and the motion of the magnetic particle tools results in
characteristic surface textures [28-30]. Accordingly, this study
proposes the application of MAF to finish cobalt chromium
(CoCr) alloy components and modify their surface texture. The
finishing equipment was specifically designed and built for this
study, and flat disks are used as workpieces. This paper studies the
dominant parameters for controlling the lay with MAF and dem-
onstrates the feasibility of MAF to alter the lay while controlling
the surface roughness. Using four different surface lays produced
by MAF, the effects of lay on the contact angle of deionized water
(i.e., the wettability) are studied.

2 Processing Principle

A schematic of the principle for finishing freeform surfaces is
shown in Fig. 1. In this MAF process, material is removed by an
abrasive slurry pushed by magnetic particles in the presence of a
magnetic field. The CoCr alloy workpiece is nonmagnetic, so the
workpiece is mounted on a magnetic workpiece holder to generate
the magnetic circuit needed to form magnetic particle chains
between the north (N) and south (S) poles normal to the target sur-
face. The magnetic force acting on the particle F is given by

F=VyH -VH (1)
where V is the volume of the magnetic particle, y is the magnetic

susceptibility, and H and VH are the intensity and gradient of the
magnetic field at the finishing area, respectively [31].

031016-2 / Vol. 136, JUNE 2014

The abrasive slurry is introduced between the target surface and
magnetic particles, and only the abrasives pushed by the magnetic
particles (with the force shown by Eq. (1)) perform the finishing
action. When the pole tip rotates, the mixture of magnetic par-
ticles and abrasive slurry rotates with the pole tip, generating rela-
tive motion between the abrasive slurry and target surface. The
feed motion of the workpiece extends the finishing area to cover
the entire surface of the freeform component.

It the workpiece is fed linearly in the vertical direction, the
pole-tip rotation and the workpiece feed combine to drive the ab-
rasive along the path shown in Fig. 1(b). The cutting velocity v
and inclination angle ® at any point P is calculated using the
following equations:

v :\/(—rw sin a)t)2+(rw cos wt + Vf)2 @)

@ = tan” ! (—rw sin ot/ (rw cos wt + vi)) 3)

where vy is the workpiece feed velocity, r is the distance from the
pole-tip center to the particle, o is the angular velocity, and ¢ is
the finishing time. Both Eqgs. (2) and (3) are a function of finishing
time, £.

The magnetic particles are suspended along the lines of mag-
netic force, and the particles suspended at the edge of the pole tip
(r=R) show the highest cutting velocity. The cutting velocity v is
maximum (vy,c) at position A (as shown in Fig. 1(b)) and
calculated as

Vmax = V¢ + Ro 4)

In a strong mangetic field, the magnetic particles form stiff chains.
The particle chains and abrasive slurry rotate with the pole tip and
show continuous relative motion against the target surface to cre-
ate a surface finished with long cutting marks [29]. By modifying
the workpiece feed v¢ and angular velocity w, the instantaneous
cutting velocity v and inclination angle ® are altered, resulting in
different lays on the finished surface. If the magnetic force is
reduced, the magnetic particles may not rotate with the pole tip;
instead, they may relocate (change position) within the particle
chains and may release the abrasive slurry as a result of friction
against the workpiece surface. In turn, the finished surface is an
accumulation of short, intermittent cutting marks. In the internal
finishing of nonmagnetic tubes, a similar trend has been observed
when using slurry with iron particles several micrometers in diam-
eter [30]. When the magnetic force is even weaker, the magnetic
particles are spun off and no finishing occurs.

3 Finishing Machine

The experimental setup shown in Fig. 2 was developed to mate-
rialize the described principle. It consists of a magnetic field gen-
erator and a workpiece holder attached to a six-axis robot. The
magnetic workpiece holder and nonmagnetic jig (Fig. 2(b))are
made of 1018 carbon steel and 6061 aluminum, respectively. The
magnetic component creates a magnetic circuit so that the finish-
ing area (workpiece surface) is in the magnetic field as required
for finishing. The nonmagnetic jig separates the robot electronics
from the magnetic field. The workpiece holder shown is designed
for the flat discs (@31.8 x 6.3 mm) used in this study.

The coil shown in Fig. 2(a) was fabricated by winding 4230
turns of 18 AWG (©1.024 mm) insulated copper wire around a
double-layered insulated core (340 x 145 mm) made of 1144 car-
bon steel. The total resistance of the coil is 22.84 Q. The coil is
connected to a dc power supply, and the exciting current can be
varied up to 2.63 A. As shown in Fig. 2(c), one end of the coil has
a spindle attached to an interchangeable pole tip, which is rotated
by a motor-driven pulley. To vary the magnetic field at the finish-
ing area, this pole tip can be changed in addition to changing the
exciting current.
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4 Finishing Conditions and Experimental Protocol

CoCr alloy disks were used as workpieces in this study (the ge-
ometry is shown in Fig. 3(a)). To analyze the changes in surface
roughness and lay, the surface was evaluated at five areas using an
optical surface profilometer with a lateral resolution of 275.7 nm
and a vertical resolution of <0.1nm. A 150 um x 100 um target
area at each location was filtered using a Gaussian spline band
pass filter with low and high cutoff wavelengths of 30 um and
0.828 um, respectively. Figure 3(b) shows an image obtained from
the optical profilometer of the as-received surface (taken at loca-
tion L3), which demonstrates the typical characteristics of the
manually finished surface. It is composed of multidirectional
scratches of various lengths with occasional very deep scratches.
Although the surface roughness value varies by measurement
location, the as-received roughness was typically around 3 nm S,.

Since one of the goals of this study was to find the relationship
between surface lay and wettability, the challenge was to set
conditions that altered the lay with minimal changes to the rough-

Finished area
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(b) Optical image of as-received surface (at L3)

Fig. 3 Workpiece geometry, roughness measurement areas,
and optical image of as-received surface

the magnetic particles (dependent on particle volume and exciting
current), workpiece feed rate, and pole-tip revolution rate to pro-
duce four different surface lays. The finishing conditions are pro-
vided in Table 1, and the parameters were chosen based on prior
experimental finishing results [32]. Iron particles with two differ-
ent size distributions, 0—45 ym and 45-150 um, were used. The
workpiece feed rates were 1, 10, and 50 mm/s. The rates of pole-
tip revolution were 100, 150, or 500min~'. The combinations
applied are listed in Table 1.

Figure 4 shows the particle paths in conditions 1, 2, and 3. The
value of ® at position B (as shown in Fig. 1(b)) in conditions 1, 2,
and 3 was calculated using the following equation to be 50.9 deg,
80.8 deg, and 89.8 deg, respectively:

DU |
ness S,. This study uses control of the magnetic force acting on ©gp = tan~ (—Ro/vy) ®)
Table 1 Finishing conditions

4
Condition 1 2 3 a b
Diamond abrasive size, um 0-0.25 0-0.25 0-0.5 0-0.25
Diamond abrasive amount, mg 50
Iron particle size, um 45-150 0-45
Iron particle amount, mg 500 500 300
Workpiece feed rate, mm/s 50 10 1 1
Workpiece feed, mm 43
Pole-tip revolution, min~' 100 100 500 500 150
Pole tip—workpiece distance, mm 1
Exciting current, A 2.5 2.5 1.0
Magnetic flux density at center of pole tip, T 0.23 0.23 0.13
Finishing time, min 15 15 45
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Two-phase finishing was applied in condition 4, which was
designed to produce short, intermittent cutting marks. The first
phase produced the desired lay but with a slightly increased
roughness. The second phase reduced the roughness S, without
disturbing the surface lay.

The finishing experiments started from the center of the work-
piece, and the workpiece was fed up and down (total finished
length: 43mm) while the pole tip rotated. This up-and-down
motion was repeated for the duration of the finishing trial. After
the completion of the finishing trials, the workpiece was cleaned
by rinsing it with deionized water and ethanol, followed by drag
wiping with a single-use cotton wipe, and finally rinsing with
acetone.

5 Finishing Characteristics

Finishing experiments for each condition were conducted
twice; representative results from each finishing experiment are
reported in this paper. Figure 5 shows changes in average surface
roughness S,, peak-to-valley height S,, and skewness S at loca-
tions L1-L5 for each finishing condition. The values reported are
averages of the measurements at each location (error bars corre-
spond to = one standard deviation, 1¢). Conditions 1-3 show
improvement in the surface roughness after MAF. Condition 4 a
shows a slightly increased surface roughness, and condition 4 b

031016-4 / Vol. 136, JUNE 2014

only slightly reduced the roughness from condition 4 a. The skew-
ness in conditions 1-3 increased toward zero. In condition 4,
the material removal was considerably low and the deep
scratches that were originally present still remain after finishing.
The result is almost no change in S,, S,, or Sy regardless of the
changes in the surface lay. However, after the deep scratches
were excluded from the 100um x 150 um area, S, was
3+02nm, S, was 30*=9nm, and Syg was—0.7*=0.2 in a
100 pm x 60 um area; these values are similar to those obtained
in conditions 1-3. Overall, Fig. 5 suggests that the conditions
used in this study more uniformly finished the target surface
with minimal influences in the roughness parameters S, and S,
and skewness Sgy.

Figure 6 shows optical images of finished surfaces. These
images demonstrate the effects of finishing conditions on the sur-
face lay. In conditions 1-3, irregular, multidirectional scratches,
and dents on the as-received surfaces (Fig. 3(b)) have been
removed by MAF. The lays resulted from long cutting marks that
were generated by the abrasives pushed by the large magnetic par-
ticles. The angle ¢ (the cross-hatch angle) shown in Figs. 6(a)
and 6(b) was measured for conditions 1-3. Five locations on the
optical images of the finished surfaces (shown in Fig. 6) were cho-
sen for the angle measurements. Using ten optical images of each
condition, the angles from fifty locations were measured, and the
averages of the fifty values were reported as the cross-hatch angle
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(d) Condition 4a at L3

Fig. 6

Table 2 Cross-hatch angle

Finishing condition Calculated angle (deg) Measured angle (deg)
Condition 1 78.2 77.9 (+14.3)
Condition 2 18.5 20.7 (£5.2)
Condition 3 0.4 0(x0)
CCD camera Workpiece Deionized water
\

Micro syringe

(a) Photograph of experimental setup

Deionized
water

Workpiece

(b) Spherical-cap model

Fig.7 Goniometer setup and contact angle ¢

for each condition in Table 2 (standard deviations are reported in
parentheses). The angle ¢ is also calculated as
¢=2(90°—0) (6)

where O is the inclination angle in Eq. (5). The calculated values
are also shown in Table 2.
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(c) Condition 3 at L3

Workpiece feed
direction

(e) Condition 4b at L3
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Fig. 9 Changes in contact angle with cross-hatch angles

The cross-hatch angles at the location corresponding to the
pole-tip edge in conditions 1, 2, and 3 were calculated as 78.2 deg,
18.5 deg, and 0.4 deg. The measured angles are 77.9 deg, 20.7 deg,
and 0deg, respectively. The smaller workpiece feed rate resulted
in a larger cross-hatch angle. It is also noted that the calculated
and measured values agreed well, demonstrating that the sus-
pended magnetic particles accurately follow the pole-tip rotational
motion. The major differences between conditions 1-3 are the
relationships between the workpiece feed rate and pole-tip rota-
tional speed. In other words, the relationship between linear and
rotational motion was varied. The ratios Rw/vy are 1.23, 6.15, and
307.3 in conditions 1, 2, and 3, respectively, and the increased
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Fig. 10 Surface roughness profiles in x- and y-directions

ratio produces a decreased cross-hatch angle. The rotational
motion dominates when the ratio is high, resulting in unidirec-
tional cutting marks.

Condition 4 a produced a finished surface consisting of short,
intermittent cutting marks using small magnetic particles. The
small magnetic particles resulted in a smaller magnetic force act-
ing on the particles and in turn the finishing force of the abrasive.
The small magnetic force acting on the magnetic particles causes
difficulties in overcoming the finishing friction and encourages
relocation of the magnetic particles within the particle chains.
This facilitates the production of shallow marks and leaves the

031016-6 / Vol. 136, JUNE 2014

deep scratches observed on the as-received surface. The finishing
action in condition 4 b was performed in a weaker magnetic field
due to a lower exciting current and removed the peaks while
maintaining the lay.

Accordingly, the finishing experiments demonstrated that MAF
can alter the surface lay while controlling the nanometer-scale
surface roughness. The magnetic force (controlled by particle size
and exciting current) influences the particle motion within the par-
ticle chains and alters the contact between the magnetic particles
and target surface, which determine the length and depth of the
cutting marks. With chains made of stiffly linked magnetic
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particles, the surface lay is the result of the cycloidal motion of
the particles, which is the result of the rotational motion of the
pole tip and the linear motion of the workpiece. Using four differ-
ent surface lays produced by MAF, the effects of lay on the con-
tact angle of deionized water (i.e., the wettability) are studied in
the following chapter.

6 Effect of Surface Pattern on Wettability

A contact-angle goniometer was used to measure the wettability
of the workpieces. The experimental setup is shown in Fig. 7(a).
The workpieces were cleaned with acetone and rinsed with etha-
nol prior to the measurement and set in front of a CCD camera.
Two microliters of deionized water was deposited using a micro-
syringe, and the droplet shape was recorded and analyzed. As
shown in Fig. 7(b), the droplet is hemispherical. The static contact
angle 0 is given as a function of the droplet height /# and diameter
of contact area d

0=2-tan"'(2 x h/d) (7

The contact-angle tests were conducted at each location (L1-L5
in Fig. 3(a)) for all workpieces. The contact angles were measured
five times both parallel and normal to the workpiece feed direc-
tion. It has been reported that the droplet tends to spread along
grooves on submicrometer scale surfaces, reducing the contact
angle [33]. In other words, the contact-angle measurements could
be influenced by the directionality of the lay. However, the effects
of the measurement direction (either parallel or perpendicular to
the workpiece feed direction) on the contact angle of the droplets
were not detected in this study. The average of five contact angles
measured at each location in the workpiece feed direction are
shown as representatives.

Figure 8 shows the contact angles (before and after MAF) for
each finishing condition. Figure 9 shows the relationship between
the contact angle and cross-hatch angle for conditions 1-3. The
as-received surface, consisting of random multidirectional cutting
marks, had an average contact angle between 96 deg and 97 deg.
After finishing, the contact angles of the MAF-processed surfaces
(93 deg —97 deg) were smaller or nearly equal to those of the as-
received surfaces. As shown in Figs. 10(b)-10(d), the differences
in surface roughness profiles between the x- and y-directions are
reduced with increasing cross-hatch angle. When the deionized
water droplet is placed on the workpiece surface for the contact-
angle measurement, the droplet tends to spread into the valleys of
the surface asperities. The surface produced using condition 1,
which has a large cross-hatch angle, encouraged the water droplet
to flow outward in a radial fashion. In contrast, the surface from
condition 3 consists of unidirectional cutting marks. The unidirec-
tional lay could better constrain the spread of the water droplet in
a direction perpendicular to the cutting marks (i.e., the y-direc-
tion), resulting in smaller changes in the droplet shape. As a result,
the contact angles decreased with increasing cross-hatch angle.
Condition 4 produced short, intermittent cutting marks. As shown
in Fig. 10(e), the roughness profiles in the x- and y-directions are
similar, although the peak-to-peak distances are slightly different.
This might have facilitated the spread of the droplet in a radial
fashion, resulting in the smallest contact angle.

Considering that the workpieces have similar surface roughness
S. and S, and the MAF process removes material without altering
the workpiece’s material properties, the only observable change to
the workpiece is the surface lay. As such, these results show that
wettability (i.e., contact angle) is a function of surface lay (in
addition to the effect of surface roughness15-1733. Specifically,
the results show that the contact angle decreases with decreasing
directionality of the cutting marks.

7 Conclusions

The main findings from this paper can be summarized as
follows:

Journal of Manufacturing Science and Engineering

(1) This paper demonstrated the feasibility of MAF to alter sur-
face lay—from strongly directional surface to an isotropic
surface—while controlling the nanometer-scale surface
roughness by changing the magnetic force acting on the
particles (using parameters such as particle size and mag-
netic field intensity) and the particle motion.

(2) Using four different surface lays produced by MAF, it was
shown that the contact angle (i.e., wettability) is a function
of surface lay on the nanometer-scale surface.

(3) Surfaces with unidirectional cutting marks exhibit the least
wettability, and increasing the cross-hatch angle in the
MAF-produced surfaces increases the wettability. Surfaces
consisting of short, intermittent cutting marks with less
directionality are the most wettable by deionized water.

Further research is essential to understand the fine details of the
MAF-processed surface on freeform components (e.g., knee pros-
theses) and to clarify the effects of the surface lay on the wettabil-
ity and other tribological properties. The study of MAF on
freeform surfaces and the local control of the surface lay with
nanometer-scale roughness should be included in further studies.
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