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ABSTRACT   

Surface properties and structure of an oxygen-plasma-treated thermoplastic fluoroelastomer 

film under mechanical stretching were investigated using dynamic contact angle, X-ray 

photoelectron spectroscopy and field-emission scanning electron microscopy.  The contact 

angle of water on the surface decreased from 96° to 36° by the plasma treatment.  The 

contact angle increased under uniaxial stretching: the plasma-treatment effect decreased.  

This was considered to be due to a dilution of the plasma-oxidized chains through the surface 

exposure of the matrix embedded chains by stretching.  In other words, under stretching, the 
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surface of plasma-treated films can be regarded as being chemically heterogeneous and being 

composed of treated and untreated parts.  On the contrary, by the new surface modification 

procedure, that is, in situ plasma treatment under stretching, high hydrophilicity and high 

surface oxygen concentration were found to be maintained even at a high stretching ratio.  
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1. Introduction 

Thermoplastic fluoroelastomers (TPFEs) have recently attracted great interest as sealing 

materials in the chemical and electronics industries [1, 2].  Examples of their outstanding 

properties are water- and oil-repellencies, low dielectric constant, high heat-resistance, and 

excellent chemical resistance. They are based on fluorocarbon characteristics as well as high 

rubber elasticity, and excellent processability due to their thermoplasticity.  However, TPFEs 

possess a disadvantage in adhesion because of the lack of polar functionality on the surface, 

which results in poor wettability and weak interfacial interactions with other materials.   

Many modification techniques have been proposed to give new properties to elastomer 

surfaces [3-10].  Plasma treatment is one of the most common dry techniques to modify 

surface wettability because it is adaptable to various shapes, i.e. powder, fiber, film and block.  

Using plasma treatments with O2, NH3, N2, Ar, and CO2 gases, polar functional groups can be 

introduced onto the material surfaces, which significantly increase the hydrophilicity of the 

surface [3, 4, 11-27].  However, a better understanding of the relationship between the 

deformation and the surface properties of the plasma-treated materials is needed, especially 

for elastomers.  This is because elastomeric materials are often used under large stretching 
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and the treatment effect is thought to be affected by the stretching.   

In this study, TPFE was chosen as a starting material because large differences of the 

surface properties will be expected before and after O2 plasma treatment.  A change in 

wettability of an O2-plasma-treated TPFE film was investigated under uniaxial stretching.  

We proposed a new surface modification procedure to maintain high surface hydrophilicity 

even at a high stretching ratio.   

 

2. Experimental section 

2.1. Sample preparation 

The TPFE used in this study was kindly supplied from Daikin Industry Ltd., tradenamed 

T-530.  This elastomer is a block copolymer composed of vinylidene 

fluoride-hexafluoropropene soft segments and ethylene-tetrafluoroethylene hard segments [1].  

The TPFE film was prepared by melt-pressing with being sandwiched between 

polytetrafluoroethylene sheets at 5 MPa 250°C, and then gradually cooled down to room 

temperature over 3 h.  The thickness of the TPFE film was 50 m.  The melting endotherm 

was observed at 238°C using a differential scanning calorimeter (DSC120, Seiko Instruments 

Inc.).  The O2 plasma treatment was carried out using an ULVAC EBH-6 vacuum chamber 

with a radio frequency (RF = 13.56 MHz) coil.  The TPFE film was set at a distance of 50 

mm from the RF coil and treated at the RF power of 200W for 60 s under a pressure of 0.5 Pa.  

Just after treatment, a 30 mm square sample was uniaxially stretched under ambient 

conditions.  When the TPFE was stretched, the stress relaxation started to occur at any 

strains.  So, the stretched samples were left for more than 30 min at each fixed strain as a 

pre-conditioning step before the measurements.  Within this period, the stress relaxation 

apparently reached to equilibrium, then all the measurements were performed.    
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2.2. Contact angle measurement 

Contact angle measurements were carried out by a dynamic sessile drop method using a 

home-made apparatus.  The shapes of the liquid droplets on the samples were monitored 

from the side using an optical scope.  The advancing contact angle a was measured when 

the contact area between the liquid droplet and the sample surface was enlarged (< 2 mm in 

diameter) by increasing the droplet volume.  On the other hand, the receding contact angle r 

was measured when the contact area was reduced by decreasing the droplet volume.  To 

estimate the average surface wettability of the sample, the average contact angle  was 

calculated as 

 

    ra

1 coscos
2

1cos    .        (1) 

 

The contact angle data for each sample were reproducible, and the experimental errors of 

the  values were evaluated to be less than ±2°.   

 

2.3. X-ray photoelectron spectroscopy (XPS) 

XPS measurements were carried out using a Shimadzu ESCA-850 to investigate the 

surface atomic ratio between oxygen and carbon.   The samples were irradiated with MgK 

radiation generated at 8 kV and 30 mA, then the XPS spectra were collected at 15°, 30°, 45°, 

60° and 90° of the photoelectron take-off angle  between the sample and the analyzer.  The 

analytical depth could be decreased by decreasing .  The pressure in the instrumental 

chamber was less than 1.0 x 10
-5

 Pa.  For the XPS measurements under uniaxial stretching, 

the stretched sample was fixed to an aluminium plate using cyanoacrylate type adhesive.   
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2.4. Field-emission scanning electron microscopy (FE-SEM) 

The morphological changes of the sample surface by stretching were observed using a 

FE-SEM (JEOL, JSM-7401F) equipped with a stretching device for an uniaxial tensile test 

(Sanyu electron, SS-7200L) [28].  Since the TPFE is a non-conducting material, the 

charge-up of the surface causes the severe degradation of the images.  Carbon and metal 

coatings onto the sample surface have been often performed to prevent the charge-up.  These 

coatings, however, were ruptured by stretching, which may give us the incorrect images of the 

sample surface.  So, low accelerating voltage and low dose methods [29] were employed to 

prevent the image degradation due to the charge-up in this study.  FE-SEM was operated at 

acceleration voltage of 1.0 kV and electron probe current of 3 pA.   

 

3. Results and Discussion 

Figure 1 shows the relationship between strain  by uniaxial stretching/recovering and 

contact angle  on the as-melt-pressed and the O2-plasma-treated TPFE surface.  The TPFE 

films were uniaxially stretched up to  = 200% and then allowed to recover, which was 

repeated twice.  The  value of the TPFE film drastically dropped from 96° to 36° by the O2 

plasma treatment.  The O2-plasma-treated film showed that the  value increased from 36° to 

69° with increasing .  Whereas, the  value of the as-melt-pressed TPFE film was 

intrinsically invariant with respect to the stretching. Though ca. 15% of the residual strain 

existed after recovering from 200%-stretching, the changes in the  value were reversible 

within these stretching/recovering cycles.   
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Figure 2 shows the relationship between the strain  by uniaxial stretching and the 

macroscopic surface area ratio S/S0 of the TPFE film.  S0 and S are the surface area before 

and under stretching, respectively.  The S/S0 ratio was evaluated from the deformation of a 

10 mm square area at the center of the film surface.  The S/S0 ratio showed a linear relation 

to the strain , which could be fitted to the following equation using the linear least-square 

method; 

 

1(%)1043.0
)( 2

0

  


S
S .       (2) 

 

 

 

 

 

 

Figure 1  Effect of strain by uniaxial stretching/recovering on contact angle of water for the 
as-melt-pressed and the O2-plasma-treated TPFE film.  The TPFE film was O2-plasma treated at the RF 
power of 200 W for 60 s.   
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Figure 3 shows the effect of strain  by uniaxial stretching on the O/C atomic ratio of the 

O2-plasma-treated TPFE film.  The O/C value of the film after recovered from 

200%-stretching was superimposed with an open circle.  The solid curve in the figure reveals 

the calculated results using the following equation; 

 

Figure 3  Effect of strain  by uniaxial stretching on atomic ratio O/C collected at take-off angle  of 15˚ of 
the O2-plasma-treated TPFE film.  The O/C value of the O2-plasma-treated film recovered from 
200%-stretching was superimposed with open circle.  The TPFE film was O2-plasma treated at the RF 
power of 200 W for 60 s. 
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Figure 2  Relationship between strain  by uniaxial stretching and macroscopic surface area ratio S/S0 of 
the TPFE film.  S0 and S are the surface area before and under uniaxial stretching.   
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0

)(

condition initial at the  
ceratin  aat   

S
S

C
O

C
O


  .     (3) 

 

Eq.3 was based on the idea: the O/C value decreases to half of that at the initial condition, 

when the surface area doubles (S/S0 =2).  Here, an O/C value of 0.45 was used as that at the 

initial condition, and the S()/S0 expressed by eq. 2 was used for the calculation.  The 

experimental O/C values coincided well with the calculated curve as shown in the figure.  

This indicates that a change in the surface oxygen concentration directly relates to a change in 

the surface area.   

Next, we assumed that the O2-plasma-treated TPFE surface under uniaxial stretching was 

composed of the two different parts, : the plasma-treated part and : the untreated TPFE part 

exposed from the bulk to the surface by stretching.  Several equations have been proposed to 

describe the relationship between the contact angles and the heterogeneous surface composed 

of the two parts [4, 30-33].  The Cassie equation (eq.4) [30] and the Israelachvili equation 

(eq.5) [33] were both used in this study.   

 

  coscoscos ff         (4) 

 

and 

 

     222
cos1cos1cos1    ff ,     (5) 

  

where f and f (f + f= 1) were the area fractions of the heterogeneous surface.  Here,  = 

36° and  = 96° were used as the contact angles on the plasma-treated part and the untreated 
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TPFE part, respectively.  The curves calculated from eq. 4 and 5 are drawn with the solid 

and broken lines in Fig. 1, respectively.  The calculated curves were very similar to the 

experimental data.  These results suggest that the surface of the O2-plasma treated TPFE film 

can be regarded as being chemically heterogeneous under uniaxial stretching.   

 

 

 

 

 

 

 

 

 

 

 

Figure 4 shows the FE-SEM images of the O2-plasma-treated TPFE film before and under 

stretching at  = 50%, 100%, 150% and 200%.  When the film was stretched, fibril-like 

morphology perpendicular to the stretching direction appeared.   As for the surface etching 

effects of plasma treatments on semi-crystalline polymers, it have been reported that the 

amorphous regions were preferentially etched and then followed by crystalline ones [13, 20, 

34].  Beake et al. investigated the surface morphologies of polyethylene terephthalate (PET) 

films treated by Ar plasma using a scanning force microscopy [34].  The surface stretched 

after Ar plasma treatment showed fibril-like morphology perpendicular to the stretching 

direction, corresponding to the alignments of lamella stacks.  Nakayama et al. also 

investigated morphological changes of the Ar-plasma-treated PET films before and after 

Figure 4  FE-SEM images of O2-plasma-treated TPFE film before and under stretching at  = 50%, 100%, 
150% and 200%. The TPFE film was O2-plasma treated at the RF power of 200 W for 60 s. 
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stretching using a transmission electron microscopy (TEM) [11].  The stretched PET surface 

could be divided into two parts, that is, the plasma-treated layer and the untreated PET, which 

were clearly observed by the TEM micrographs taken from the cross section.  Their 

observations are similar to the feature observed on the FE-SEM images in Fig. 4.  TPFE 

used in this study is the block copolymer which forms a microphase-separation structure 

composed of crystalline hard-segment domains and soft-segment phases [1].  The 

plasma-treated TPFE surface before stretching was thought to be covered with the 

hard-segment domains because of the preferential etching of the soft-segment phases. Thus, 

the observed fibril-like morphology under stretching will result from newly exposure of the 

soft-segment phases between the hard-segment domains.  Here, the ridge and ditch parts of 

the fibril-like morphology correspond to the plasma-treated hard-segment domain and the 

newly exposed soft-segment phase, respectively. The surface exposure of the embedded 

soft-segment phases by stretching caused a decrease in the apparent oxygen concentration, 

which results in an increase in the contact angle under stretching on the plasma-treated film 

surface.   

Based on the information shown above, the hydrophilicity of the O2-plasma-treated TPFE 

film is expected to be increased by increasing the surface oxygen concentration using the 

treatment procedure as schematically shown in Figure 5.  Hereafter, we call this procedure as 

the PsPR (Pre-stretching followed by Plasma treatment in situ under stretching and then 

allowed to Recover).  

 

 

 

 

 Figure 5  Schematic illustration of O2-plasma-treatment procedure; Pre-stretching - Plasma treatment - 
Recovering (PsPR).  
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Figure 6 shows the relationship between strain  by uniaxial stretching/recovering and the 

contact angle on the TPFE films surface treated by PsPR procedure.  The 200%-PsPR film 

means that the film was in situ plasma-treated at the pre-stretching strain  = 200% and then 

recovered.  The 100%- and 200%-PsPR films possessed the same contact angle (ca.  = 36°) 

after the PsPR procedure, which also coincides with the  value for the film without PsPR 

procedure, the 0%-PsPR film, in Fig. 1.  As described before, the  value increased with 

increasing  for the 0%-PsPR film.  On the contrary, the  values of the 100%- and the 

200%-PsPR films remained unchanged as long as the stretching strain  did not exceed each 

pre-stretching strain .  In addition, their low  values were reversible during the 

stretching/recovering cycles.  After the  value exceeded each , the  value increased as 

indicated by double circles in the figure. 

 

Figure 6  Effect of strain  by uniaxial stretching on contact angle of water on 0%-, 100%-, and 
200%-PsPR films.  The TPFE films were O2-plasma treated at the RF power of 200 W for 60 s.   
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Figure 7 shows the angular-dependence of the atomic ratio O/C of the 200%-PsPR film 

before and under uniaxial stretching at  = 200% together with the results for the 0%-PsPR 

film before and under uniaxial stretching at  = 100%.  The 0%-PsPR film under stretching 

showed a lower oxygen concentration for all analytical depths than that before stretching.  

On the contrary, the oxygen concentration was kept high for the 200%-PsPR film before 

stretching even at sin of 1.0 (= 90°), although that under stretching gradually decreased 

with increasing the analytical depth.  In addition, the O/C values at the uppermost surface 

(the take-off angle  = 15°) was unchanged before and under stretching, which supports the 

constant contact angle up to  = 200% shown in the bottom figure of Fig. 6.   These results 

indicate that the thicker plasma-treated layer was formed on the 200%-PsPR film, and the 

stretching/recovering process only changed the thickness of the plasma-modified layer.   

Summarizing the information shown above, possible structural models of the 0%- and the 

200%-PsPR film surfaces could be schematically illustrated in Figure 8.  Since the surface 

area of the film increased by the surface exposure of the embedded TPFE chains in the matrix 

Figure 7  Angular-dependence of atomic ratios O/C for 0%- and 200%-PsPR films before and under 

uniaxial stretching.  The 0%- and the 200%-PsPR films were stretched at  = 100% and  = 200%, 
respectively.  The TPFE films were O2-plasma treated at the RF power of 200 W for 60 s. 
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under uniaxial stretching, the 0%-PsPR film would possess a heterogeneous surface 

morphology composed of the plasma-treated and the freshly exposed TPFE parts (Fig. 8 a).  

The surface exposure of the untreated TPFE chains caused a decrease in the surface oxygen 

concentration, which resulted in an increase of the contact angle under uniaxial stretching.  

On the other hand, by treating the film with the plasma at  = 200%, the thickness of the 

treated layer apparently increased after recovering, so that the film surface might be 

completely covered with the treated layer even under uniaxial stretching.  This results in a 

very low contact angle even under uniaxial stretching to the 200%-PsPR film (Fig. 8 b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8  Schematic illustrations of surface structures of a) 0%- and b) 200%-PsPR films before and 
under uniaxial stretching.  
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Conclusions 

The surface properties and structures of the O2-plasma-treated TPFE under uniaxial 

stretching were investigated.  The TPFE is very hydrophobic ( = 96°), but it turned 

hydrophilic ( = 36°) after plasma treatment.  The contact angle was found to decrease by 

tensile deformation, but recovered after releasing the applied strain.  This phenomenon was 

reversible for the stretching/recovering process, which was explained by a change in surface 

concentration of the polar functional groups.  These findings suggest that the embedded 

TPFE chains in the bulk were exposed to the surface by stretching the film.  By using the 

PsPR procedure, a thick plasma-modified layer was formed. The high hydrophilic surface was 

maintained during the stretching/recovering process.  The experimental results show that this 

PsPR procedure was useful to produce the high performance surfaces of the rubber materials.   
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