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Abstract Hybrid PTFE/Kevlar fabric was treated by

cryogenic approach. The untreated or cryo-treated fabric

was incorporated into fabric/phenolic composite for fric-

tion and wear tests. It was found that the wear resistance of

the fabric/phenolic composite was improved after cryo-

treatment, although the friction coefficient increased to a

certain extent. SEM observations showed that the rough-

ness of hybrid fabric increased by cryo-treatment, which

may enhance the mechanical interlocking of the phenolic

resin on the fiber surface. Enhanced fiber/resin adhesion

was considered to contribute to the improved wear resis-

tance of cryo-treated fabric/phenolic composite.

Introduction

Hybrid PTFE/Kevlar continuous fabric is woven out of

PTFE and Kevlar fibers by a satin weaving process. When

such a weaving process is finished, the PTFE/Kevlar fabric

exhibits two sides of surface with different proportion

between PTFE and Kevlar. The one rich in PTFE fiber was

used as a friction surface while the other rich in Kevlar

fiber was used as a binding surface. In this way, the low

friction of PTFE and high strength of Kevlar fiber were

combined to a great extent [1, 2]. Fabric/resin composites

were prepared by immersing the fabric in the adhesive

resin and can be adhered onto the metal surface. They

exhibit good tribological properties therefore; they are very

attractive materials as advanced bearing liner materials

[3, 4]. Moreover, they have wide applications to the heavy-

loaded key positions in the fields of aviation, astronavi-

gation, and railways.

Unfortunately, Kevlar or PTFE fiber exhibits poor adhe-

sion to adhesive resin due to its chemically inert surface. As a

result, the tribological properties of fabric composite are

usually not satisfactory under higher loads and temperatures

since the fiber/resin adhesion strength is very important for

obtaining good tribological properties. There are many reports

related to the approaches used to modify the fiber surface [5–

16]. Among those approaches, cryogenic treatment seemed to

be a simple and interesting method. Zhang et al. [17, 18]

treated short carbon fibers by a cryogenic treatment and

investigated the mechanical and tribological properties of

carbon fiber reinforced epoxy. The results showed that the

mechanical and tribological properties of carbon fiber rein-

forced epoxy were improved after cryogenic treatment due to

the enhanced fiber–matrix interfacial bonding. However, the

efforts on the continuous fabrics and the performance of tri-

bological properties of the composite have not fully made. In

the present work, cryogenic treatment was applied to treat

the hybrid PTFE/Kevlar fabric at various conditions. The

improved wear properties of hybrid PTFE/Kevlar fabric/

phenolic composite were also discussed.

Experimental

Specimen preparation

The hybrid PTFE/Kevlar fabric (weave:satin) was weaved

out of PTFE fibers and Kevlar-49 fibers (Du pont, USA).
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The phenolic adhesive resin (204 phenolic adhesive) was

purchased from Shanghai Xin-guang Chemical Plant of

China. The hybrid PTFE/Kevlar fabric was cleaned by

Soxhlet extractor in petroleum ether and absolute alcohol

in sequence and dried for 24 h at 80 �C. For cryogenic

treatment (hereafter denoted as cryo-treatment), hybrid

PTFE/Kevlar fabric was immersed into liquid nitrogen

(-196 �C) for various minutes. The treatment details are

described in Sect. ‘‘Specimen preparation’’. The untreated

or cryo-treated hybrid PTFE/Kevlar fabrics were then

used to prepare the fabric composites by dip-coating in

the phenolic resin diluted by solvent (Vethanol:Vacetone:

Vethyl acetate = 1:1:1). A series of repetitive immersions and

coatings of the hybrid fabric were performed to generate

the composite coating with the depth of approximately

400 lm and the mass fraction of hybrid PTFE/Kevlar

fabric in the composite coating was about 70–75%. Sub-

sequently, the composites were adhered on an AISI-1045

steel substrate (size of A 45 mm 9 8 mm, surface rough-

ness Ra about 0.45 lm) with phenolic resin as the adhe-

sive. Finally, the composites were heated at about 50 �C

for 12 h at atmospheric pressure to let the solvent evapo-

rate. The final target fabric composites were obtained by

curing the composite coating on the steel substrate at

180 �C and 0.15 MPa for 2 h. The procedures for prepar-

ing fabric composites are briefly shown in Scheme 1. The

cryo-treated hybrid PTFE/Kevlar fabric/phenolic compos-

ite for 0, 5, 10, 15, or 20 min was denoted as composite-0,

composite-5, composite-10, composite-15, and composite-

20, respectively.

T-peel strength

The T-peel strength between hybrid PTFE/Kevlar fabric

composite and the steel substrate was determined using the

T-peel test by DY35 universal materials test machine.

Before the T-peel strength, the hybrid PTFE/Kevlar fabric

composite was cut into a strip of 100 mm long and 20 mm

wide. Then the fabric composite was affixed onto an AISI-

1045 steel strip (60 mm 9 2 mm) and cured at 180 �C for

2 h. The specimen for T-peel strength had a starter crack

implanted between two layers. T-peel strength was carried

out as follows: the specimen was fixed vertically by the

clamp and pulled apart at a constant speed of 30 mm/min.

The T-peel strength in gw/cm, W, is calculated from

W = F/B, where F is the force applied to the joint in

Newton and B is the width of the strip in mm. The T-peel

strength was the average of 10 measurements.

Friction and wear test

Sliding experiments were performed in a Xuanwu-III pin-

on-disk tribometer, as described elsewhere [19]. In the pin-

on-disk tester, a stationary steel pin slides against a rotating

steel disk which was affixed with the hybrid PTFE/Kevlar

fabric/phenolic composite specimens. The flat-ended AISI-

1045 pin (diameter 2 mm) was secured to the load arm

with a chuck. The distance between the center of the pin

and axis was 12.5 mm. The pin stays over the disk with

two degrees of freedom: a vertical one, for normal load

application by direct contact with the disk, and a horizontal

one, for friction measurement.

Prior to the tests, the pin was polished with 350, 700,

and 900 grade water-proof abrasive paper to a surface

roughness Ra = 0.15 lm, and then cleaned with acetone.

The sliding was performed at varied temperatures, loads

between 156.80 and 407.68 N, the speed of 0.26 m/s,

temperatures between room temperature and 180 �C and

over a period of 2 h under dry condition. At the end of each

test, the corresponding wear volume loss (V) of the com-

posite was obtained by measuring the depth of the wear

scar on a micrometer (±0.001 mm). The wear performance

was expressed by wear rate (w, m3(N m)-1) as follows:

Scheme 1 Flow chart for

preparing hybrid PTFE/Kevlar

fabric composite
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w = V/p�L, where V is the wear volume loss in m3; p the

load in Newton; L the sliding distance in meter.

The friction coefficient was measured from the frictional

torque gained by a load cell sensor, which could be

obtained directly from the computer running the friction-

measure software. The contact temperature of the worn

surface was monitored by a thermocouple positioned on the

edge of the counterpart pin. The environmental tempera-

ture of frictional condition was controlled with the electric

furnace and was monitored with a thermocouple in the

furnace. Each experiment was carried out three times and

the average value was used.

The morphologies of the fiber surface and the worn

surfaces of the composites were analyzed on a JSM-

5600LV scanning electron microscopy (SEM).

Results and discussion

SEM observations of fiber surface

SEM configurations of as-received and cryo-treated PTFE

or Kevlar fiber in PTFE/Kevlar fabric are shown in Fig. 1.

The surface of as-received PTFE or Kevlar fiber appeared

to be quite smooth (Fig. 1a, b). After cryogenic treatment,

the surface of PTFE or Kevlar fiber became rougher

(Fig. 1c, d). Some small granules can be seen in PTFE fiber

surface and some striations along the fiber axis can be

observed in Kevlar fiber surface. This should increase the

mechanical interlocking of phenolic resin on the fiber

surface.

T-peel strength

T-peel strength is usually used to be a measurement of the

bonding at the interface. In this research, the T-peel

strength represented the fabric composite/steel substrate

bonding strength. It was found during friction and wear

tests that fabric composite was pulled out of the steel

substrate if higher applied loads or higher temperatures

were applied. In view of this, the T-peel strength played an

important role in the wear properties of fabric compo-

site. According to our test results, T-peel strength of

composite-10 was 1.17 gw/cm and that of composite-0 was

1.08 gw/cm. The T-peel strength increased after 10 min

cryo-treatment, although the degree was not high. It can

thus be anticipated that composite-10 would probably

exhibit a better wear resistance than that of composite-0

under the same conditions.

Friction and wear

Sliding tests were performed to investigate the effect of

cryo-treatment time on the tribological properties of fabric/

phenolic composite. The results are shown in Fig. 2. It is

clear that the tribological properties of fabric/phenolic

Fig. 1 SEM images of hybrid

PTFE/Kevlar fabric:

a as-received PTFE fiber;

b as-received Kevlar fiber;

c cryo-treated PTFE fiber for

10 min; d cryo-treated Kevlar

fiber for 10 min
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composite depended importantly on the cryo-treatment

time. When the treatment time was 5 min, the wear rate

was slightly influenced in comparison with that untreated.

With the treatment time extended to 10 min, a lowest wear

rate was achieved. The wear rate increased, however, when

the treatment time was extended to 20 min. This indicated

that excessive cryo-treatment is unfavorable for the wear

resistance of fabric/phenolic composite. The fibers proba-

bly suffered from damage under extended time, which will

contributed negatively to the wear resistance of fabric/

phenolic composite. It can, therefore, be concluded that an

appropriate cryo-treatment time was favorable for the wear

resistance of fabric/phenolic composite. However, exces-

sive treatment should be avoided.

Further investigations on the effect of loads on the

friction and wear of composite-0 and composite-10 were

conducted, at 0.26 m/s over a period of 2 h. Friction

coefficient and wear rate of composite-0 and composite-10

plot as a function of applied load are shown in Fig. 3. It can

be seen that a satisfactory improvement in wear property

was obtained after cryo-treatment, especially under higher

loads. It is obvious that the wear rate of composite-0 was

Fig. 2 Variation of friction

coefficient and wear rate of

fabric/phenolic composite with

the cryo-treatment time

(0.26 m/s; 282.24 N; room

temperature)

Fig. 3 Effect of applied load on

the friction coefficient and wear

rate of composite-0 and

composite-10 (0.26 m/s; room

temperature)
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more sensitive to the applied load. At lower applied loads

between 282.24 and 313.60 N, the difference between the

wear rate of composite-0 and composite-10 was indistinct.

At higher applied loads, however, the wear rate of com-

posite-0 increased sharply. The results indicated that the

adhesion strength may be weaker without cryo-treatment,

which led to more fiber pull-outs at higher loads.

The effect of environmental temperatures on the tribo-

logical properties of composite-0 and composite-10 was

investigated and the results were shown in Fig. 4. Envi-

ronmental temperature plays a very important role on the

friction and wear of polymer related composites. First, the

inherent mechanical properties of polymer were weakened

at elevated temperatures. That is, the decomposition and

destruction of polymer were accelerated with the increase

of temperature. Second, the adhesion strength between

composite and steel substrate was reduced at elevated

temperatures. As a result, the fabric composite tended to be

pulled out of the substrate, which indicated a deterioration

of anti-wear property. As seen in Fig. 4, the wear rate of

composite-10 is much lower in comparison with compos-

ite-0 with the temperature elevated. And the friction

coefficient of composite-10 had a small increase in a

general sense. The improved wear resistance can be

ascribed to the enhanced T-peel strength between com-

posite-10 and the steel substrate as shown in Sect. ‘‘T-peel

strength’’.

SEM observations of worn surfaces

SEM images of worn surfaces of composite-0 and compos-

ite-10 under the same load of 282.24 N are shown in Fig. 5.

Obviously, the wear of composite-0 was more severe than

that of composite-10. The worn surface of composite-0 is

characterized by resin crack and fiber debonding from the

phenolic resin (Fig. 5a), while the worn surface of

Fig. 4 Friction coefficient and

wear rate of composite-0 and

composite-10 plot as a function

of environmental temperature

(0.26 m/s; 156.80 N)

Fig. 5 SEM images of worn

surfaces of a composite-0 and

b composite-10 sliding under

the load of 282.24 N for 2 h
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composite-10 is mainly characterized by resin crack

(Fig. 5b), which is an indication of fatigue wear. The

observations showed that the severe wear of composite-0

was replaced by the mild fatigue wear of composite-10. It can

also be seen that the fabric/phenolic resin bonding of com-

posite-10 was stronger than that of composite-0. This can be

attributed to the rougher cryo-treated PTFE or Kevlar fiber

surface as shown in Fig. 1, which enhanced the mechanical

interlocking of the phenolic resin on the fiber surface and

hence the stronger fabric/resin adhesion. This strengthened

bonding facilitate the even stress transfer of the load and

protected the fabric composite from being destructed

severely. The improvement of wear resistance of composite-

10 was in agreement with the above observations.

The worn surfaces of composite-0 and composite-10 at

varied temperatures are shown in Fig. 6. As indicated in

Sect. T-peel strength, the T-peel strength of composite-10

was higher than that of composite-0. At elevated temper-

atures, the degree of interface debonding and fiber pull-outs

of composite-10 was reduced due to the enhanced fabric

composite/steel adhesion strength. Therefore, the anti-wear

ability of fabric composite was improved with the elevated

temperatures. As shown in Fig. 6, the worn surfaces of

composite-0 at elevated temperatures showed large

amounts of fiber pull-outs (Fig. 6a, c, e), which indicated

fiber peel-outs occurred easily with the elevation of tem-

perature. Comparatively, the wear of composite-10 was

less severe. The fiber pull-outs were avoided to a great

extent and the worn surfaces were relatively smooth

(Fig. 6b, d, f). These observations confirmed the wear

mechanism discussed above.

Conclusions

Optimized cryo-treatment of hybrid PTFE/Kevlar fabric

can improve the wear resistance of fabric/phenolic com-

posite. Excessive treatment, however, may negatively

Fig. 6 SEM images of worn

surfaces of a composite-0

at 120 �C; b composite-10 at

120 �C; c composite-0 at

150 �C; d composite-10

at 150 �C; e composite-0 at

180 �C; f composite-10 at

180 �C
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influence the tribological properties, which may be due to

the weakened fiber after over-treatment. Fabric/phenolic

composite after cryo-treatment exhibited a lower wear rate

under the examined loads. Additionally, fabric/phenolic

composite containing cryo-treated fabric was less sensitive

to the applied load. Cryo-treatment enhanced the wear

resistance of fabric/phenolic composite at elevated tem-

peratures. The improved fabric composite/steel adhesion

strength may contribute to this effect.
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