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Abstract The frictional performance of several rubbers

after pulsed-DC plasma treatments has been examined. In

all cases, the treated rubbers showed better performance

than the corresponding untreated ones. Stronger treatments,

in terms of longer process time and/or higher substrate bias

voltage, led to larger reductions of coefficient of friction

and wear. The addition of hydrogen to the argon plasma

did not show any additional positive effect. Nevertheless,

different degrees of improvement were observed for dif-

ferent rubbers. In fact, the energy consumed during the

tribotest scales with the maximum working temperature of

the rubbers, indicating that the plasma treatment is more

effective in the case of more sensitive rubbers.

Keywords Tribology � Rubber � Etching � Ions � Argon �
Plasma � NBR � HNBR � ACM � FKM

1 Introduction

Rubber seals are used in ball bearings for avoiding the

intake of contaminations and leakage of lubricants. How-

ever, the friction losses in the bearing are increased and the

seal suffers from wearing, which limits its lifetime. In our

recent works [1–5] we have demonstrated that rubber

substrates can be effectively protected by the deposition of

a DLC film. The resultant wear and coefficient of friction

(CoF) is much lower than that of the unprotected rubber. In

addition, the CoF can be tailored by a proper control of the

patch size of the DLC film. A good adhesion of the film to

the rubber substrate was ensured by a plasma pre-treatment

carried out prior to the deposition of the DLC film. How-

ever, the tribological performance of the rubbers after this

pre-treatment was not explored. In fact, such treatment

appears as a good option to improve the tribological per-

formance of rubber in case of lack of adhesion of the DLC

film, for instance, due to the influence of filler particles

present in the rubber. Moreover, this approach would

reduce the complexity of the whole process, making

the protection treatment more attractive for industrial

applications.

Many different techniques have been reported for

polymer treatments with plasma; ion implantation is fre-

quently used [6–10], although other techniques have been

studied as well, e.g., discharge barriers [11–13] or micro-

wave electron cyclotron equipments [14–17]. Several types

of gases have been employed, which can be divided into

three groups: non-reactive, like Ar [7, 16, 18, 19] or He

[20–22]; reactive, like H2 [22], N2 [6, 10, 23, 24], O2 [8,

13, 17, 23], or air [25–27]; and precursor gases, which led

to the deposition of thin layers on the substrate [20, 28–30].

In general, the treatments caused a variation of the cross-

linking of the substrate [7, 15, 17, 19, 28] and/or modifi-

cation of the surface species [7, 12, 13, 23]. As a result, an

improvement of the mechanical, frictional, and wearing

properties is observed [6, 9, 22, 29, 31], although not

always together [6, 8, 19, 21]. Most studies are performed

on thermoplastics, e.g., polystyrene (PS) [15, 27, 29, 32],

ultra high molecular weight polyethylene (UHMWPE) [9,

17, 21, 28], or polycarbonate (PC) [10, 20, 25, 27]. In

contrast, less work is focused on elastomers [7, 23, 24, 29–

31], in particular about their tribological performance after

plasma treatment. For instance, Hegemann et al. [29]
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reported a reduction of CoF on ethylene propylene diene

monomer (EPDM) rubber against a steel counterpart from

*1.5 to smaller than 1 as a result of an Ar plasma treat-

ment, although this reduction is lower than in case of using

a He plasma. This effect is attributed to modification of

cross-linking and tackiness of the rubber. Abdrashitov and

Ponomarev [31] observed a reduction of friction of a factor

4–8 after plasma treatment in comparison with the virgin

nitrile butadiene rubber (NBR). In addition, a parallel

reduction of wear is reported.

This study was aimed at comparing the effect of pulsed-

DC (p-DC) of Ar and Ar/H2 plasma treatments on the tri-

bological performance of several rubbers with different

compositions. The influence of parameters such as atmo-

sphere, treatment duration, and substrate bias voltage is

investigated.

2 Experimental Details

The treatments were performed in a Teer UDP/400 close

field unbalanced magnetron sputtering rig (ca. 30 l vol-

ume), with all the magnetrons powered off. Several types

of rubbers have been tested: fluorocarbon rubber (FKM),

acrylic rubber (alkyl acrylate copolymer, ACM), hydro-

genated nitrile butadiene rubber (HNBR), and two types

of nitrile butadiene rubber (NBR), labeled as NBR1

and NBR2. Rubbers were divided in pieces of

50 9 50 9 2 mm by using a razor blade. Four pieces of

each rubber were clamped in metallic plates which were

mounted on a rotating carousel during each plasma treat-

ment. A p-DC power unit (advanced energy) was used as

substrate bias source, operating at 250 kHz with a pulse off

time of 500 ns and voltages between 300 and 600 V.

Before plasma treatment, the rubber substrates were

cleaned by two subsequent wash procedures using a

detergent solution and boiling water, in order to remove oil

contamination and wax present on the rubber, respectively

[1, 5].

The typical process was composed of two steps. First,

the rubber samples were treated for 30–40 min in Ar

plasma (15 sccm, 5 9 10-3 mbar) followed by a second

treatment in a mixture of Ar and H2 (flow ratio 15:10 sccm,

6 9 10-3 mbar). During these processes, the temperature

of the rubber substrates varied as a consequence of ion

impingement. These variations have been evaluated sepa-

rately by insertion of a thermocouple in the rubber [1]. For

reference, a treatment of 35 min at 600 V on ACM causes

a temperature increase to *135 �C [1].

The tribological performance was evaluated at room

temperature on a CSM tribometer with an unlubricated

ball-on-disk configuration, operating at 35 ± 2 % relative

humidity controlled by a humidity regulator. The

counterpart was a [6 mm commercial 100Cr6 steel ball

(60–62 HRC, Ra \ 32 nm). The tribotest conditions were

1 N normal load, 10 cm/s sliding speed and 10,000 laps on

a wear track of [26. The frictional energy consumed

during each test (Etest) has been calculated through:

Etest ¼
Z

lðxÞFN dx

where l is the CoF, FN is the applied load and x is the

number of laps. The frictional energy reduced (Ered) by a

plasma treatment is evaluated by:

Ered ¼ 1� Etestðtreated rubberÞ
Etestðuntreated rubberÞ :

The worn volume could not be measured due to the

interference of the residual deformation of rubber during

the tribotest [3]. Therefore, optical microscopy has been

used to characterize qualitatively the counterpart and the

damage on the wear track at the end of the tribotests.

3 Results

The characteristics of the plasma treatments performed on

the different rubbers are summarized in Table 1. The

notation of the different processes represents the values of

the parameters under study: bias voltage and treatment

duration in an Ar and Ar/H2 atmospheres. For instance, the

600|25 ? 10| label indicates that the specimen has been

treated at 600 V for 25 min in Ar plasma followed by

10 min in an Ar/H2 plasma mixture. In the case of a zero in

the second term of the sum, the treatment in Ar/H2 was not

carried out.

Figure 1 shows the frictional behavior of FKM rubbers

after different treatments. The virgin rubber shows a long

running-in period of *3,000 laps, where the CoF is

reduced from *1.2 to *0.9. Both the samples treated at

300|25 ? 10| and 600|25 ? 10| show a similar behavior as

the virgin rubber, except the absence of this running-in

period. Finally, the fourth sample, which has been treated

at 600 V for a three times longer period, shows a larger

CoF reduction and a CoF down to *0.5 is reached at the

beginning of test. Then, the CoF increases to reach the

same level as in the previous cases, but it reduces again to a

value of *0.75 at the end of the test.

Figure 2 shows pictures of the ball and the wear track

after the tribotests for the virgin FKM rubber and the

treated at 600|25 ? 10| one. In the two top images a similar

contact area can be appreciated, indicating that the rubber

mechanical properties do not seem to be affected by the

process. In addition, a residue can be seen in the back part

of the ball used on the virgin rubber (indicated with an

arrow in Fig. 2a). The presence of this residue, which is not
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observed in any of the plasma-exposed rubbers, is probably

the cause of the ‘‘running-in’’ period described previously.

Regarding the wear tracks, wearing is not extensive in any

of the cases, due to the high resistance of FKM rubber.

However, a reduced wearing can be appreciated in the

exposed specimen (Fig. 2d).

Figure 3 shows the CoF behavior of the ACM samples. It

can be seen that the CoF shows a similar trend in all cases. It

starts around *0.2, and then increases to its maximum,

which is reached in the first *1,000 laps. From this point,

the CoF decreases continuously with the number of laps.

This behavior can be related with the formation of a ‘‘liquid-

like’’ third body in the contact (see Fig. 4a), probably at the

beginning of the test, which may act as a lubricant after-

wards leading to a CoF reduction. In fact, as a consequence

of this process, a strong wearing was observed for this

rubber, even in the treated ones (see Fig. 4b).

Nevertheless, despite the same overall trend, different

plasma conditions lead to different reductions of CoF when

comparing with the untreated reference. For this rubber, the

influence of the use of H2 during the process has been

explored. It can be seen that the sample treated with the

typical conditions, 600|25 ? 10|, shows worse perfor-

mance than both treatments not using H2, 600|25 ? 0| and

600|35 ? 0|. In addition, the latter one showed a slightly

better performance, which suggests that increasing the

exposure time helps to reduce the CoF. This conclusion is

reinforced by the result observed from the last treatment,

which included an extra Ar plasma pre-treatment during

25 min. The lowest values are observed, reaching a CoF

below 0.4 at the end of the test.

The CoF behavior of two HNBR specimens is depicted

in Fig. 5. The untreated one showed the highest CoF,

reaching a steady condition at 1.4. In contrast, the exposed

rubber shows a strong reduction to *0.35. As displayed in

Table 1 Summary of the rubbers used, the characteristics of the

plasma treatments carried out, and the tribological performance; hli
and hleqi represent the average CoF on the tribotest and in the last

1,000 cycles, while Etest and Ered account for the frictional energy

used during the tribotest and the reduction obtained after the plasma

treatment

Rubber Plasma treatment Tribological performance

Type Max.

working T

(�C)

Notation Bias voltage

(V)

Duration (min) hli hleqi Etest (J) Ered (%)

In Ar In Ar/H2

FKM 250 Untreated – – – 0.940 ± 0.114 0.899 ± 0.005 767 –

300|25 ? 10| 300 25 10 0.901 ± 0.016 0.913 ± 0.006 735 4

600|25 ? 10| 600 25 10 0.888 ± 0.033 0.942 ± 0.011 725 6

600|75 ? 30| 600 75 30 0.802 ± 0.067 0.763 ± 0.010 655 15

ACM 175 Untreated – – – 0.805 ± 0.228 0.555 ± 0.008 657 –

600|25 ? 10| 600 25 10 0.608 ± 0.087 0.564 ± 0.004 497 24

600|25 ? 0| 600 25 0 0.553 ± 0.116 0.446 ± 0.007 453 31

600|35 ? 0| 600 35 0 0.530 ± 0.136 0.423 ± 0.011 434 34

600|2 9 25 ? 10| 600 2 9 25 10 0.401 ± 0.060 0.333 ± 0.007 326 50

HNBR 160 Untreated – – – 1.354 ± 0.065 1.404 ± 0.005 1106 –

600|25 ? 10| 600 25 10 0.327 ± 0.012 0.338 ± 0.002 267 76

NBR1 150 Untreated – – – 0.484 ± 0.270 0.298 ± 0.002 395 –

300|25 ? 10| 300 25 10 0.479 ± 0.178 0.365 ± 0.002 391 1

600|25 ? 10| 600 25 10 0.338 ± 0.028 0.344 ± 0.022 275 30

NBR2 150 Untreated – – – 0.861 ± 0.077 0.808 ± 0.018 703 –

300|25 ? 10| 300 25 10 0.827 ± 0.075 0.720 ± 0.009 675 4

600|25 ? 10| 600 25 10 0.242 ± 0.016 0.258 ± 0.002 198 72

Fig. 1 (Color online) CoF behavior of the treated and virgin FKM

rubbers
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Fig. 6, this improvement is accompanied by a reduction of

the adhesive interaction between the rubber and the coun-

terpart. Thus, in the case of virgin HNBR (Fig. 6a), many

rubber particles can be identified adhered or in the sur-

roundings of the contact. In contrast, the counterpart

appears clean and clear after the plasma treatment

(Fig. 6b).

Figure 7 shows the frictional behavior of the two types

of NBR rubber. In both cases, the rubbers treated at lower

voltage (300|25 ? 10|) show a slight improvement with

respect to their corresponding untreated specimens. In

contrast, both processes performed at 600 V led to a sig-

nificant reduction of CoF. In the case of NBR1, the mod-

ification is similar to what is observed in FKM, i.e., the

disappearance of a ‘‘running-in’’ period. The improvement

is much larger in the case of NBR2, showing a decrease of

CoF at the end from *0.8 to *0.25. A similar trend has

been observed for wear (see Fig. 8). Thus, a severe damage

is observed in the virgin rubbers, and little improvement

can be seen for the rubbers exposed to low voltage plasma.

In contrast, a strong damage reduction is observed after

processes carried out at 600 V, leading to barely distin-

guishable wear tracks (cf. Figure 8e, f).

4 Discussion

Our results showed that plasma treatment can be a useful

approach for improving the tribological performance of

rubbers. The degree of enhancement depends on the con-

ditions and duration of the process. In order to evaluate the

relative impact of each parameter, some tribological results

are summarized in Table 1; hli and hleqi account for the

average CoF during the whole tribotests and the last 1,000

laps, respectively. In all cases hli and its standard deviation

Fig. 2 (Color online) Pictures of the ball (a, b) and wear track

(c, d) after the tribotests performed on FKM rubbers after different

treatments; no plasma (a, c), and treatment at 600|25 ? 10| (b, d).

The arrow indicates the presence of residues in the back part of the

ball. The limits of the wear tracks have been highlighted for clarity

Fig. 3 (Color online) CoF behavior of the treated and virgin ACM

rubbers
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are lower than the corresponding untreated rubber, indicat-

ing that the plasma treatment not only reduced the CoF, but

also led to a more stable frictional behavior. Besides, in most

of the cases the overall average values are higher than the

equilibrium ones, indicating that the CoF shows a decreasing

trend. The standard deviations of the CoF are also lower in

the equilibrium region, since the ‘‘running-in’’ periods and

Fig. 4 (Color online) a Image of the ball counterpart after a tribotest

against virgin ACM rubber. b Wear track observed in the ACM

rubber treated at 600|25 ? 10|. The limits of the wear tracks have

been highlighted for clarity

Fig. 5 (Color online) CoF behavior of the treated and virgin HNBR

rubbers

Fig. 6 (Color online) Pictures of the ball after the tribotests

performed on HNBR. a Virgin rubber and b rubber treated at

600|25 ? 10|

Fig. 7 (Color online) CoF behavior of the treated and virgin NBR1

(left) and NBR2 (right) rubbers
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initial instabilities are not considered. Nevertheless, it should

be indicated that the effect of plasma treatment on the

reduction of friction and wear of rubbers is lower than the

deposition of a DLC film [1–5].

The frictional energy consumed during a tribotest (Etest)

and the energy reduced due to the application of the plasma

treatment (Ered) are also included in Table 1, and their evo-

lution depending on the rubber and plasma parameters are

depicted in Fig. 9. The treatments have demonstrated to bear

great potential to improve the tribological performance,

leading to high energy savings up to 72 and 76 % in the case

of NBR2 and HNBR, respectively. In addition, the influence

of each process parameter can be derived from this plot. First,

the increment of treatment time reduced the energy used in

the tribotest, as can be seen for FKM and ACM rubbers. In all

cases, energy reduced (Ered) grows approximately by the

same factor than the increase of process time. Second, it can

be seen that the use of H2 in the plasma mixture seems not to

be beneficial, since at least 10 % extra energy was saved

when not using it during the treatment of ACM. Third, the

increase of bias voltage led to a reduction of CoF, as can be

seen for FKM and NBR. In these latter cases, the energy

reduced appears to be very large, i.e., more than ten times the

saving obtained at 300 V. However, the improvement in

FKM appears more limited.

In order to elucidate the role of the rubber type in the

effectiveness of the plasma treatment, Fig. 10 shows Etest

for the different rubbers after the same process conditions

(600|25 ? 10|). The maximum working temperature of the

rubber is included as well [33]. It can be seen that both

parameters show a parallel behavior. In other words, more

sensitive rubbers show better results after plasma treatment.

Fig. 8 (Color online) Pictures of wear tracks after the tribotest performed on NBR1 (left) and NBR2 (right). a, b Virgin. c, d After treatment at

300|25 ? 10|. e, f After treatment at 600|25 ? 10|. The limits of the wear tracks have been highlighted for clarity
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The interaction mechanisms of charged particles with

polymeric materials are based on nuclear and electronic

stopping [34]. In the one hand, electronic processes induce

collective excitation of atoms, and therefore promote

dehydrogenation and cross-linking [22] of the polymer. In

the other hand, nuclear processes cause atomic displace-

ments and enhance polymer scission. In general, both pro-

cesses lead to improvement and deterioration of the

mechanical properties of the polymer, respectively.

Regarding the frictional performance, rubbers typically

exhibit a high CoF due to their high tackiness [29]. The

plasma treatment can reduce the CoF due to the cross-

linking variation in the near-surface region.

Surface modifications can be analyzed by measurement

of contact angles (i.e., surface energy) or through the

examination of surface species. X-ray photoelectron spec-

troscopy measurements performed on plasma-treated

HNBR specimens [35] revealed the formation of C–O

bonds, in agreement with findings reported by Husein et al.

[7] and Grythe and Hansen [23] after Ar plasma treatments.

This observation supports the improvement of rubber

cross-linking as a result of the p-DC plasma treatment, in

agreement with the interpretation given by other authors [7,

17, 36]. The employment of light gases, like He or H2, led

to a lower variation of mechanical and frictional properties

when compared with heavier gases, like Ar or N2 [22, 29].

This fact explains the reduced impact of a limited exposure

to an Ar/H2 plasma in the present case.

Nevertheless, the plasma treatment of a polymeric mate-

rial is a complex process, which involves other species than

ions, like uncharged particles and photons. In fact, Tajima

and Komvopoulos [37] reported that they may be the most

important contributors to surface modification. The present

results appear to indicate that the temperature variation dur-

ing the process should be also considered as an important

parameter for modification of elastomers properties. This is

of particular importance when considering that the duration

of the plasma treatments described in this study is much

longer than most of the reported in the literature.

The images obtained from the wear track and the

counterpart provided valuable information about the tri-

bology. From the ball pictures, a frictional adhesive

mechanism could be identified. Moreover, the shapes of the

contact areas could be inferred, and validate the predictions

of a viscoelastic theoretical model [38]. It could be seen

that plasma exposure leads to a reduction of the adhesive

interaction and tackiness [29], which results in a reduction

of the CoF and rubber wearing. Therefore, plasma treat-

ment can be considered as a relatively simple tool for

improving the overall tribological performance of rubber.

5 Conclusions

Plasma treatments demonstrated to be a simple solution

for improving the tribological performance of different

Fig. 9 (Color online) Energy

consumed and reduced during

the tribotest for different

rubbers and plasma conditions

Fig. 10 (Color online) Energy consumed during the tribotests for

different rubbers after plasma treatment at 600|25 ? 10|. The

maximum working temperature of each rubber is also depicted in

the right y axis
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rubbers. Stronger treatments, in terms of higher substrate

bias voltage or longer duration, led to lower CoF and

rubber wearing. This is interpreted in terms of enhance-

ment of rubber cross-linking and reduction of rubber

tackiness due to the plasma exposure. The degree of

improvement of a certain process depends on the maximum

working temperature of rubber. Thus, the treatment is more

effective for more sensitive rubbers.
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