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Abstract
The relationship between initial coefficient of friction, µi and surface energy (or attractive force)
for ultrahigh molecular weight polyethylene (UHMWPE) film is modeled and experimentally
measured at low normal loads (15–75 mN). The results show that the initial coefficient of friction
increases exponentially with increasing attractive force between a silicon nitride ball and viscoelastic soft UHMWPE film. There is a strong influence of the normal load on this relationship for
the polymer surface in the above-mentioned load range. The magnitude of the initial coefficient
of friction decreases for UHMWPE film in the higher normal load regime because of its viscoelastic and soft nature as earlier proposed by Bowden and Tabor.
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1

Introduction

Friction is a major factor that influences the capability and lifespan of machine components. It
was earlier believed that friction was only controlled by the geometry of the asperities of the surfaces
involved. The Amonton’s Laws state that friction is directly proportion to the applied normal loads.
However, it was observed later that if two surfaces adhere to each other at rest, there is a finite value of
friction even at zero externally applied load [1]. That means, friction is decided by not only the geometry
of the asperities but also the surface energy or adhesion force of the surfaces. In fact JKR [2] and DMT [3]
models have shown that the contact radius in static condition between solids deviates from the
calculated one using the classical Hertzian contact when surface energy is taken into account.
Israelachvili and Tabor [4] experimentally measured the contact radius with adhesion effect. Both
theoretical and experimental results proved that the role of surface energy on friction is not negligible
especially when the applied load is very small.
Yoshizawa et al. [5] studied the correlation between friction and adhesion by means of adhesion
energy hysteresis measured in static loading–unloading for polymeric surfaces using the surface force
apparatus. Recently, Corwin and de Boer [6] also studied the effect of adhesion on friction in
micromachining. In order to reduce the adhesion, monolayer thick lubricants (usually polymers) are
applied on surfaces of the devices [7]. The frictional behavior of polymers in terms of adhesion is well
studied [8–11]. In liquid films, the surface energy changes also with the thickness of a liquid film. It has
been shown that, above a critical thickness, though surface energy normally decreases [12], the static
friction increases sharply because of the presence of additional meniscus forces between surfaces [13, 14].
Hence, the effect of meniscus should not be ignored for liquid film or in high humidity environment in
low load ranges. The primary focus in many of the current studies has been placed on the interrelation
between the surface energy or adhesion and the static friction of polymer and other solids.
The objective of the current paper is to study the initial frictional behavior of soft/visco-elastic
UHMWPE film with different surface energies of both the film and the counterface silicon nitride (Si3N4)
ball. An analytical relationship between friction and surface energy for UHMWPE film is presented and
compared with the current experimental data. The effect of the applied load on the initial coefficient of
friction of UHMWPE film is also studied. The initial friction in the present context is defined as the
maximum friction force attained at the start of a sliding test.

2

Experimental procedures

2.1

Materials and sample preparations

Polished n-type silicon (100) wafer of approximately 455–575 µm in thickness was used as the
substrate. The UHMWPE solution was prepared by dissolving UHMWPE powder in
decahydronapthalin (decalin) solvent at a temperature of 150 °C for half an hour and 250 °C for the next
half an hour. A magnetic stirrer was used to speed up the dissolution rate. The UHMWPE film was then
coated onto Si substrate by the simple dip-coating method with a dipping and withdrawal speeds of 2.4
mm/s and a dipping duration of 30 s. After that, the coated samples were given heat treatment in a
clean air oven at 100 °C for 15 h. Finally, the samples were cooled down to room temperature in the
same clean oven. The thickness of UHMWPE film was approximately 12 µm.
Table 1. Surface tension component and parameters of distilled water, ethylene glycol, methanol and hexadecane in
2
mJ/m [16].
Liquid

γ LLW

γ LAB

γ L+

γ L-

Distilled water

21.8

51

25.5

25.5

72.8

Ethylene glycol

29

19

1.92

47

48

Methanol

18.2

4.3

0.06

77

22.5

Hexadecane

27.47

0

0

0

27.47

Total surface energy,

γL
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Silicon nitride (Si3N4) ball with 4 mm diameter was used as the counterface material against
UHMWPE film in ball-on-disc sliding tests. In order to change the surface energies of the Si3N4 ball and
UHMWPE film, some treatments were given to them. For changing the surface energy of Si3N4 ball, the
air-plasma treatment with 10 min exposure time was given and as another treatment, 3–4 nm thick
PFPE film was overcoated onto it. The air-plasma treatment could provide the hydrophilic nature
whereas PFPE layer could make the surface hydrophobic. It is difficult to enhance the surface
hydrophobicity of Si3N4 ball only by a physical treatment. That is the reason why PFPE overcoating was
chosen as a treatment for hydrophobicity by slightly changing the surface chemistry.
Perfluoropolyether (PFPE) Z-dol 4000 of 0.2 wt% was dissolved into H-Galden ZV60 solvent.
Chemical formulae of PFPE and HGalden ZV60 areHOCH2CF2O–(CF2CF2O)p–(CF2O)q–CF2CH2OHand
HCF2O–(CF2O)p–(CF2CF2O)q–CF2H, respectively, where the ratio p/q is 2/3. The dipping and withdrawal
speeds were fixed as mentioned above.
For UHMWPE film, since it has hydrophobic property, we did not attempt to increase its
surface hydrophobic property. In this case, UHMWPE film was given the air-plasma treatment with
different exposure times (30 s, 5 min and 10 min) in order to change the surface energy by making the
surface hydrophilic.
Harrick Plasma Cleaner/Steriliser was used for air-plasma treatment with the different exposure
times and a RF power of 30 W under vacuum.

2.2

Contact angle measurements and surface energy analysis

After giving different treatments to the samples, their surface energies were determined by the
contact angle measurement. The relationship between the contact angle and the surface free energy was
first demonstrated by Young with a single droplet on the surface [15]. The Young equation is written in
the form

γ=
γ SL + γ LV cos θ
SV

(1)

where θ is the contact angle, γ is the surface energy and the subscripts SV, SL and LV represent
surface–vapor, surface–liquid and liquid–vapor interfaces, respectively. In determining the surface
energy from the contact angle measurement, we used acid–base method [16] in which at least three test
liquids are required. In three liquids, at least two have known acid and base fractions larger than zero
and at least one must be equal basic and polar parts usually water. In the contact angle measurements
in this study, four different liquids: distilled water, ethylene glycol, methanol and hexadecane were used
with VCA Optima Contact Angle System (AST product, Inc., USA). The surface tension components and
the parameter of the liquids used in this study are provided in Table 1 [17].
Droplets of 0.5 µl and 0.05 µl were used for contact angle measurements of surfaces (UHMWPE
film and Si) and Si3N4 ball, respectively. The droplet size for the measurements on Si3N4 balls was
reduced because of the curvature of the spherical ball. As an additional confirmation of the effect of
droplet size (from 0.05 µl to 5 µl), water contact angles were measured on a flat surface with different
droplet sizes and the results did not show any droplet size effect within the given size range. A total of
five independent measurements were conducted randomly on three samples and an average value was
taken for each sample. The measurement error was within ±3°. After measuring the contact angle with
different liquids, the surface energies were calculated using the software installed in the same contact
angle equipment. In order to confirm the accuracy of the technique used to determine the surface
energy of the samples, PFPE was overcoated on flat Si and UHMWPE film, and then the measured
surface energy values were compared with the reported value [18].
The friction between two solid bodies depends not only on the surface energies but also on the
surface roughness [19]. Therefore, the roughness of the ball and UHMWPE film were measured before
and after surface treatments using dynamic MEMS optical profilers (Veeco Wyko NT1100) (a noncontact profiling device). The scanning area for the measurement was 124 µm×93 µm on VSI (vertical
scan interferometery) mode.
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2.3

Surface energy and attractive force between surfaces

It is known that when two surfaces (e.g. ball and a flat surface) come into contact, there is finite
force acting between them called attractive or pull-off force, Fo. This force, which depends upon the
surface energies of the solids, was first derived by Bradley [20] in 1932 and is given as [19, 20],

=
Fo 2π R ( γ 1 + γ 2 − γ 12 )
where γ 1 and γ 2 are surface energies of the two surfaces and=
γ 12

(

(2)

γ1 − γ 2

).
2

The attractive or pull-off force, Fo between two different surface energies of the ball and
UHMWPE film was calculated using Eq. (2). A detailed calculation procedure of Fo can be found in Refs.
[19, 20].

2.4

Friction tests

Friction tests were carefully conducted using a custom-built ball-on-disc tribometer (Fig. 1)
where normal and lateral displacements (converted to normal load and friction force, respectively) of
the cantilever were simultaneously measured with laser displacement sensors (MTI Instruments Inc.,
New York, USA). The sensitivity of the laser sensor was 0.5 µm which was equivalent to 0.125 mN force
according to our calibrations. UHMWPE film was used as a rotating disc and silicon nitride balls with
modified surface energies were used as the stationary counterface. The sliding track radius was 1 mm
with a fixed disc rotational speed of 2 rpm (linear relative speed at the contact was in the range of 0.21
mm/s). The sampling rate used in recording data was 10 Hz. In order to eliminate the effect of loading
time on friction, the tests were conducted immediately after applying the normal load. The initial
coefficient friction was taken as the maximum friction value as soon as the sliding test started. Three
repeats of sliding tests on at least three samples were conducted and averages were reported as the final
values. The temperature and the relative humidity were fixed at 25 °C and 65 %, respectively.

Fig. 1

(a) Ball-on-disc tribometer, (b) larger view of the cantilever and the sample holder. White arrows indicate the
rotational direction of the flat sample and the normal and lateral movement directions of the cantilever.
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3

Results and discussion

3.1

Surface energy and roughness

The surface treatments, surface energies and roughness of the ball and the surfaces used are
summarized in Table 2. The surface energy of PFPE reported in the literature is in the range of 22–24
mJ/m2 depending upon the concentration and molecular weight [18]. The currently measured values of
PFPE layers on Si3N4 ball, Si surface and UHMWPE film are 17.9 mJ/m2, 24.13 mJ/m2 and 23.7 mJ/m2,
respectively. A slight change in the surface energy of Si3N4 ball may be because of the different
measurement conditions between flat surfaces (Si and UHMWPE film) and spherical surface (Si3N4 ball).
Except this small deviation, our measured values and the ones provided by the supplier in Ref. [18] are
close. It shows that our method of surface energy measurement is reliable.
Though the surface energy of most ceramic materials is very high, the surface energy of silicon
nitride ball used in this study is low as evident from the contact angle measurements. Before giving any
surface treatment, its contact angle was 83.4°. By giving plasma treatment for 10 min, the contact angle
dropped to 38° but it was still measurable. After PFPE overcoating, the contact angle rose to 95.3° in the
hydrophobic range. The water contact angle measurement images on Si3N4 balls with different
treatments are shown in Fig. 2.
Table 2. A summary of surface roughness, treatments and surface energy of silicon nitride ball, UHMWPE film and Si
surface. PFPE refers perfluoropolyether (Z-dol 4000) which was coated as 3-4 nm film on the solids
mentioned.
Sample

Si3N4 ball ( γ 1 )

UHMWPE coated
Si ( γ 2 )

Bare Si ( γ 2 )

Fig. 2

Roughness

5 nm

0.6 μm

0.41 nm

Treatment

Surface Energy (mJ/m2)
Dispersive

Acid

Base

Total

PFPE coated

10.5

2.4

5.7

17.9

No treatment

21

-

24.9

21

Air Plasma (10 mins)

24.7

0.1

62.5

29.7

PFPE coated

23.5

0.1

0.1

23.7

No treatment

26.9

-

2.6

26.9

Air Plasma (30s)

27.4

2.5

30.7

44.92

Air Plasma (5 mins)

27.4

2.9

29.6

45.93

Air Plasma (10 mins)

27.3

2.4

38.5

46.52

PFPE coated

13.6

1.9

14.6

24.13

The water contact angle measurement on Si3N4 balls with different treatments.

The surface energy of UHMWPE without plasma treatment was 26.9 mJ/m2. A increase in the
surface energy of UHMWPE was observed by the air-plasma treatment. After 30 s of air-plasma
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exposure time, the surface energy rose to 44.92 mJ/m2. This value did not change further in any
significant way with increasing exposure time to 5 min and 10 min.
The measured roughness value on Si3N4 ball and UHMWPE film were 5 nm and 0.6 µm,
respectively. Negligible differences in the surface roughness were observed in the cases of Si3N4 ball and
UHMWPE film after air-plasma or PFPE treatments. Therefore, the effect of surface roughness on the
measured surface energies was neglected. Also, the surface roughness did not vary within one single
friction test. The effect of interfacial temperature was also neglected as the friction tests were
conducted at very low sliding speeds in a temperature controlled environment.
Based on the surface energy of Si3N4 ball andUHMWPEfilmwith different treatments, the
attractive force, Fo was calculated using Eq. (2). The calculated attractive forces between different
surface pairs are shown in Table 3.
Table 3. The attractive force, Fo between Si3N4 ball and UHMWPE film with different surface energies.
Si3N4 Ball ( γ 1 )

UHMWPE film ( γ 2 )
Fo (mJ/m2)

Treatment

Surface Energy
(mJ/m2)

Treatment

Surface Energy
(mJ/m2)

PFPE coated

17.9

No treatment

26.9

0.55

No treatment

21

Air Plasma (10 mins)

46.52

0.79

Air Plasma (10 mins)

29.7

No treatment

26.9

0.71

PFPE coated

17.9

Air Plasma (10 mins)

46.52

0.72

No treatment

21

No treatment

26.9

0.6

Air Plasma (10 mins)

29.7

Air Plasma (10 mins)

46.52

0.93

3.2

The relationship between the initial shear stress and the surface energy on
UHMWPE film

The friction tests were conducted using the different pairs of Si3N4 ball and UHMWPE film
mentioned in Table 3, and the shear stress, τ was calculated by dividing the measured friction force with
the contact area [9, 21]. In order to obtain the contact area between the ball and UHMWPE film, JKR
model (Eq. (3)) was applied in which the effect of surface energy is taken into account.

a3 =

(

R
2
γ R + {6 γπ RL +3( γπ R )}
L + 3π
K

)

(3)

where a is the contact radius, R is the sphere radius, K depends on the Poisson’s ratio and elastic
modulus of the materials, L is the applied load and γ is the surface energy. The Poisson’s ratios and
elastic modulii of the materials used are provided in Table 4. The contact pressure, P was calculated by
dividing the applied normal loads with the contact area, πa2. By varying the applied normal load from 15
mN to 75 mN, the calculated contact pressure is varied from 59 MPa to 117 MPa for the mentioned
contacting surfaces.
After obtaining the shear stress, τ and the contact pressure, P for different Fo (varying from 0.55
mN to 0.93 mN) between the ball and UHMWPE film, we plotted them as shown in Fig. 3. It is seen that
τ increases linearly with increasing P although the magnitude of τ is strongly influenced by the
attractive force, Fo (that is the adhesive interactions between the surfaces). It is well noted that higher
Fo provides higher τ. The data also confirms the linear relation τ = τo + αP as proposed by Bowden and
6
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Tabor [22] where the pressure coefficient, α = 0.0013, same for all Fo. However, the normal pressureindependent initial shear stress, τo increases as Fo is increased within the range of presently applied
loads. Robbins et al. [23–26] have also shown by molecular dynamic simulation that τo increases as
adhesion or attractive force is increased whereas α does not change. τo is the initial shear stress when
the contact pressure, P = 0.
Table 4.

The Poisson’s ratio and elastic modulus for silicon nitride ball and UHMWPE film.

Material

Poisson’s ratio

Elastic modulus (GPa)

Silicon nitride ball

0.22

310

UHMWPE film

0.46

1

Adhesion between contacting solids at rest is partially transformed into elastic strain in the
cantilever at the onset of lateral sliding motion. The stored elastic energy in the cantilever will be
released when the friction force in the lateral direction is more than the combined stiffness of the
cantilever and the contact [27]. This is the point at which the actual sliding starts giving the lateral force
at release (or slip) as the initial friction. τo is an important parameter controlling initial friction which
changes with the pull-off force, Fo. Fig. 4 presents the data for Fo and τo for Si3N4 ball and UHMWPE
film. It is evident that τo increases slightly with Fo up to 0.72 mN and beyond this value, τo rises abruptly.
As we mentioned before, the application of PFPE could affect the frictional behavior of UHMWPE film.
It could help to lower the friction in addition to lowering the surface energy. However, when the data of
PFPE are removed from Fig. 4(a), it is obvious that the relationship between Fo and τo is still an
exponential curve (see in Fig. 4(b)) with only slight changes in the curve fitting parameters. Thus, this
behavior between Fo and τo can be modeled by an exponential curve of the following form,
τo = c1 exp (n Fo)

(4)

where c1 and n are constants that depend upon the nature of the surface materials. The values of c1 and
n shown in Fig. 4 (a) are 9×10-5 MPa and 8.4 (mN)-1, respectively.

Fig. 3

Shear stress versus contact pressure on UHMWPE film. All attractive or pull off forces, Fo show linearly
increasing trend with shear stress, as contact pressure is increased.
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Fig. 4

The initial shear stress, τo as a function of the attractive force, Fo of UHMWPE film (a) with PFPE effect and
(b) without PFPE effect. There is an exponential relation between the two.

3.3

Relation between initial coefficient of friction and surface energy on UHMWPE
film
Since τ = τo + αP and the initial friction force, Fi = τA,we can write as
Fi = τoA+ αPA

(5)

By dividing Eq. (5) with applied load, L, we obtain the initial coefficient of friction, µi as

τ

µi =  o × A  + α
L


(6)

where P = L/A. Finally, we can correlate µi as a function of attractive or pull-off force, Fo using Eqs. (4)
and (6) as

 c exp(nFo )

µi  1
=
× A + α
L



(7)

For the visco-elastic materials such as UHMWPE film, Bowden and Tabor [28] suggested that
the contact area, A is nearly proportional to L0.75. Since A = c2L0.75 where c2 is a constant equal to 0.74±
0.18 m2 N-0.75, Eq. (7) then becomes,

 c c exp(nF ) 
µi  1 2 0.25 o  + α
=
L



(8)

In order to verify this relationship, we measured µi at different Fo (using two additional Fo at
0.77 mN and 0.78 mN) on UHMWPE film for different normal applied loads. In Fig. 5, the curves show a
very similar exponential relation between µi and Fo for different applied loads and variations are within
experimental errors. In addition, it might be assumed that the highest frictional value at 0.93mN (Fo)
(which represents the ball and UHMWPE film that were given 10 min plasma treatment) has additional
effect of covalent bonding between oxygen species that were introduced onto the ball and UHMWPE
8
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film due to air-plasma treatment. Despite some chemical effects, we observe that the relation between
the initial coefficient of friction and the pull-off force due to surface energy is of exponential type.
Similar exponential trend has been shown by Erhard [29] and Lavielle [30]. They studied
friction between different polymers with different surface energies (55–90 mJ/m2) and found that the
coefficient of friction was exponential to the surface energies of the sliding polymers. In the present
study, we have used a fixed polymer film (UHMWPE) with modified surface energies and similar
exponential relation is observed. Another interesting behavior we have seen from this study is that µi
drops with increasing load (Fig. 5 (a) and (b)) as predicted by Eq. (8) within the load range adopted
here.

Fig. 5

The initial coefficient of friction of UHMWPE film versus Fo for different applied loads: (a) low loads and (b)
higher loads.
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Fig. 6

Figure (A1) and (A2) are FESEM image of UHMWPE film and optical image of Si3N4 ball before experiment,
respectively. (B1) and (C1) are FESEM images of UHMWPE films after sliding against (B2) PFPE coated Si3N4
and (C2) bare Si3N4 balls, respectively, where the applied load is 15 mN.

3.4

Material transfer between UHMWPE film and different surface energy balls

The tracks on UHMWPE films after two cycles of sliding against PFPE coated Si3N4 and
untreated Si3N4 balls are shown in Fig. 6 (B1 and C1), respectively. The tests were conducted under an
applied load of 15mN and a rotational speed of 2 rpm. The track on UHMWPE film, which was slid
against low surface energy (PFPE coated) ball, shows some orientation of the polymer asperities made
by the ball surface. Because of the low adhesion between UHMWPE film and PFPE coated ball, the
probability of materials being pulled out, plastically deformed or scratched is very less. After the sliding
test, the optical images of the ball surface were taken under an optical microscope. From the image, it is
10
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obvious that the amount of material transferred to PFPE coated ball was very less if any (Fig. 6 (B2)).
However when UHMWPE film was slid against high surface energy (untreated) ball, the track shows
discontinuous scratches. It proves that high surface energy ball provides strong adhesion and as a result
polymer is pulled out. The discontinuous nature of the scratch marks on the track suggests the effect of
high surface energy in material removal of the counterface rather than scratching by the asperities on
the ball surface which is very smooth (5 nm roughness).
It is also clear in the optical image (Fig. 6 (C2)) that lumps of polymer transfer easily to the ball
surface when the surface energy of the ball is high. The microscopic images show the differences in the
shear mechanisms when surfaces with different surface energies are involved. This basically governs the
materials’ wear characteristics.

4

Conclusion

In summary, we have studied the shear stress, τ, with the contact pressure, P on UHMWPE film
in conjunction with the effect of attractive or pull-off force, Fo. Data show that τ increases linearly with
increasing P as proposed by Bowden and Tabor whereas the pressure-independent initial shear stress, τo
increases exponentially with Fo. Based on the trends between τo and Fo from the experimental data, an
exponential relation is proposed. According to this model, the initial coefficient of friction, τi, increases
exponentially with increasing Fo. Further, τi shows a decreasing trend with increasing applied load, L, at
a given Fo for polymer surface because of its visco-elastic nature.
Since the attractive force is directly proportional to the surface energy (Eq. (2)), we can control
friction by modifying the energies of the solids involved. This study will provide a better understanding
of the initial friction and nanolubrication in small devices such as MEMS/NEMS where the surface
energy of small moving parts can be easily changed and controlled. Surface energy is also directly
responsible for the removal of the polymer material as wear debris.
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