
Remarkable improvement of the wear resistance
of poly(vinylidene difluoride) by incorporating polyimide powder
and carbon nanofibers

Chunying Min1 • Dengdeng Liu1 • Chen Shen1 • Qiaqia Zhang1 • Xiaojuan Shen1 •

Kan Zhang1

Received: 27 June 2017 / Accepted: 8 September 2017 / Published online: 16 September 2017

� Springer-Verlag GmbH Germany 2017

Abstract Poly(vinylidene difluoride) (PVDF) composites

reinforced via adding different fillers have attracted wide

attention in the field of dielectric materials, but few have

been reported in the tribological area. In this paper, the

effect of polyimide (PI) powder and carbon nanofibers (CF)

as reinforcement phases on the friction and wear perfor-

mance of PVDF composites has been investigated. It was

found that PI powder enhances the mechanical and tribo-

logical properties of PVDF and especially as the content of

the PI powder reaches 5 wt%. In addition, CF and PI

exhibited synergistic effect on the tribological properties of

PVDF. With PVDF containing 5 wt% PI powder and 20

wt% CF, the friction and wear behavior of the PVDF

composite showed the best performance. PVDF, PI powder

and CF can form a consistent network structure, which

prevents the polymer molecular chains from moving or

deformation, decreasing the wear loss of PVDF

composites.

1 Introduction

Polymer and polymeric matrix composites have exhibited

the potential ability to replace oil or grease lubrication

involving contamination problem, because of their excel-

lent self-lubrication and good wear resistance [1–3]. The

fluoropolymer mostly used in the tribological field is

polytetrafluoroethylene (PTFE) because of its large heat

resistance and chemical resistance, self-lubrication ability

and various electrical properties, it has been widely used as

sealing components, spacecraft materials and water-lubri-

cated bearings [4, 5]. Another one of the most widely used

fluoropolymers is PVDF. Compared with PTFE, PVDF

possesses similarly good stability combined with excellent

chemical and weather resistance, good mechanical prop-

erties and strong piezoelectricity [6]. In addition, it has

excellent anti-radiation properties compared to PTFE,

which makes it a potential tribological material. Therefore,

polyvinylidene fluoride (PVDF) is used instead of PTFE, to

obtain new comprehensive polymer composites.

However, the poor wear resistance of PVDF limits its

development in the field of tribology, despite having a low

coefficient of friction. Some predecessors have researched

the tribological properties of PVDF. Peng et al. [7] studied

the tribological properties of PVDF/clay nanocomposites,

in which nanoclay at 1–2 wt% was efficient in improving

the tribological properties of PVDF. Thangavel et al. [8]

reported that functionalized graphene oxide (FGO) can

suppress the growth of the a-phase and favored the for-

mation of the ferroelectric b- and c-phase of PVDF, and

PVDF with 0.5 wt% FGO showed a stable and high

resistance to wear.

The polymer alloys have attracted constant attention

because of their easy processing technology and low cost.

For example, polyphenylene sulfide (PPS)/PVDF alloys

[9], polyamide 66(PA66)/PVDF blends [10], polytetraflu-

oroethylene (PTFE)/polyimide (PI) blends, PTFE/polyether

ether ketone (PEEK) blends [11], etc. have been reported

for their excellent properties. PI is one of the most com-

prehensive organic polymer materials and exhibits great

development prospects in the tribology area [12]. Our
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group has studied the effect of different carbon materials as

lubricating additive on the tribological properties of PI

[13–15].

Fillers, in the form of particulates and fibers, are often

added to polymeric materials to improve their mechanical,

thermal and tribological properties. Carbon fiber (CF)

dominates in fillers reinforcement due to its unparalleled

mechanical properties combined with low weight. A large

number of papers have reported the reinforcement ability

of CF [16–18]. For example, the incorporation of 20 wt%

CF into PVDF can produce excellent wear resistance

property of PVDF [19].

In this study, we investigated the microstructure and

tribological properties of PVDF with different contents of

PI and CF. It is driven mostly by the reinforcement of PI

and CF, combining the inherent lubrication of PVDF to

achieve high-performance composites. The purpose of this

study is to provide some guidance for developing PVDF-

based composites with excellent friction reduction and

wear resistance under a space environment.

2 Experimental section

2.1 Materials

PVDF powders (density 1.78 g/cm3 and purity C94 wt%)

were commercially purchased from Shanghai 3F New

Materials Co., Ltd., China; PI (SK0130) powders (the

hardness of 80HD) were purchased from Changzhou

Sunchem High Performance Polymer Co., Ltd. China.

Chopped CF (purity [95 wt%, average diameter 12 lm,

40–57 lm length, kidney-type cross section) was obtained

from Yancheng Xiangli Fiber Co., Ltd. Ethanol, sulfuric

acid (H2SO4) and nitric acid (HNO3) were all of analytical

purity and purchased from East Instrument Chemical Glass

Co., Ltd, China.

2.2 Preparation of PVDF composites

Pristine CF was treated by mixed acid (H2SO4:HNO3 at the

volume ratio of 3:1). 600 mL mixed acid was added to 2 g

CF, followed by ultrasonic dispersion for 3 h at 60 �C.
Then the mixture was washed with plenty of water by

repeated vacuum filtration until the filtrate was neutral.

Lastly, the modified CF was dried at 100 �C for use [20].

PVDF composites were prepared by cold sintering.

PVDF powders with fillers were mixed by wet ball milling

(ethanol as medium) for 24 h at a rotating speed of

300 rpm. The mixture was dried at 80 �C overnight and

then the temperature increased to 100 �C for 2 h. The

mixed powder (2 g) was filled in the specific mold and

compressed under 15 MPa for 15 min at room temperature,

followed by heat preservation at 160 �C for 1 h. The last

step was sintering at 220 �C for 1 h. After natural cooling,

PVDF composites with a diameter of 2 cm and a height of

1.5 mm can be obtained. Seven kinds of PVDF composites

reinforced with/without PI powder and/or CF has been

prepared in this study. The composition and abbreviation of

each composite are shown in Table 1.

2.3 Characterization

The microstructure of the composites was observed by

scanning electron microscope (SEM, JEOL JSM 6700F).

The molecular structure of the composites was character-

ized by Fourier transformed infrared spectroscopy (FTIR)

and recorded by a Nicolet 5DX FTIR spectrometer, Nicolet

Instrument Corporation, Madison, WI, USA, between 500

and 4000 cm-1. Thermogravimetric (TGA) analysis was

performed with STA449C analyzer in the air with a scan

rate of 10 �C/min with the temperature ranging from 30 to

800 �C. The roughness of PVDF composites was recorded

automatically with a noncontact three-dimensional contour

of Keyence VHX-1000. The hardness was measured by

LX-D plastic Shore hardness tester at room temperature

and each sample was measured five times to get the aver-

age value. The elastic modulus tests were carried out on a

universal testing machine (AGS-X 5 KN, Shimadzu, Japan)

according to standard GB/T1041-2008 at room temperature

and each sample was measured five times to get the aver-

age value.

2.4 Friction and wear test

The friction and wear performance of the as-prepared

PVDF composites was tested by MS-T3000 friction-wear

tester at a revolving speed of 300 rpm, load of 5 N (cor-

responding to the maximum Hertzian pressure of

0.38 MPa), a relative humidity of 50–60% and a duration

of 30 min with a ball-on-sheet apparatus. The diameter of

the balls which were made of GCr15 bearing steel was

4 mm and the rotation radius 3 mm. The balls were

cleaned with petroleum ether and dried before each test.

The wear rate of the samples was measured using non-

contact three-dimensional contours with Keyence VHX-

1000. Three measurements per sample were taken to get

the average friction coefficient and wear rate [21, 22].

3 Results and discussion

Figure 1 shows the FTIR spectra of CF, PI, PVDF and

PVDF-1 composites. For example, the functional groups on

the surface of CF are represented by the characteristic band

at 1385 cm-1, which is due to the vibration of C–H.
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Besides, it can be seen from the FTIR spectrum of PI that

the band at 720 cm-1 corresponds to the deformation

vibration of the imide ring. In addition, the bands at 1777

and 1720 cm-1 are due to the stretching vibration of C=O,

and the band at 1376 cm-1 is caused by the stretching

vibration of C–N. Judging from the pure PVDF FTIR

curve, it can be seen that the symmetrical and asymmetric

stretching vibration bands of C–H are centered at 3022 and

2884 cm-1, respectively. A weak peak at 1636 cm-1

indicates the stretching vibration of C=C. The deformation

vibration bands of –CH2 are at 1568, 1409 and 876 cm-1,

where the band at 1409 cm-1 corresponds to the defor-

mation vibration of CH2 connected with CF2. The band at

840 cm-1 is caused by the deformation vibration of CH2

and the asymmetric stretching vibration of CF2 [23]. The

stretching vibration of CF2 appears at 1180 cm-1, and the

characteristic band of C–F appears at 1071 cm-1. The

bands represent the characteristic functional groups of PI

and PVDF; all appear in the FTIR spectra of the PVDF-1

composite, but the intensity of the peaks is weakened

because of the good combination between PVDF and PI

without any chemical modification.

To better understand the microstructure of PVDF com-

posites, we investigated the cross-sectional surface of

PVDF composites by SEM image, as shown in Figs. 2 and

3. Figure 2a shows the cross section of pure PVDF which

is easy to be stripped under an external force. It seems from

Fig. 2b that the micrograph of pure PI appears relatively

smooth and neat. Compared with the pure PVDF, ductile

fracture behavior can be seen in the PVDF-1 composite

cross section (as shown in Fig. 2d). The addition of CF

largely influences the microstructure of the PVDF com-

posite. The cross sections of PVDF-7, PVDF-3 and PVDF-

5 are, respectively, displayed in Fig. 3a–c. As shown in

Fig. 3, the cross section of the composites is rougher than

the cross section of pure PVDF. When PI and CF syner-

gistically enhance the PVDF matrix, the cross section

becomes rougher and the PVDF matrix has a fibrous trend.

A comparison of the cross section of PVDF-3 with PVDF-5

indicates that the content of CF has a visible effect on the

internal structure of the PVDF matrix. From the partial

magnification diagram of PVDF-5 (Fig. 3d), it can be seen

more clearly that the PI and CF reinforced phases are

uniformly dispersed in the PVDF matrix without clear

agglomeration. The uniform distribution of PI and CF has a

great influence on the mechanical and tribological prop-

erties of PVDF. The original PVDF has a lubricating effect,

but lacks wear resistance ability. During the high temper-

ature sintering process, stress concentration takes place

between the matrix and the reinforced phases, which hin-

ders the increase of the surface energy and further

improves the mechanical properties of the composites [24].

Table 2 shows the hardness and elastic modulus of

PVDF and its corresponding composites. It has been found

that the hardness and elastic modulus of PVDF are

improved by the addition of 5 wt% PI powder (PVDF-1).

The main reason is due to the hardness and elastic modulus

of PI, originating from benzene ring and imide groups, are

higher than those of pure PVDF. Therefore, the addition of

PI powder improves the rigidity of the material and reduces

the plastic deformation of the composite. As a hard phase is

added to the soft matrix, PI powder also exhibits good

ability of bearing load resulting in increased elastic mod-

ulus. At the same time, the comparison of PVDF-1 and

PVDF-6 shows that the hardness and elastic modulus

properties of PVDF composites were improved with the

increase in the content of CF. CF has been reported to own

excellent properties with high specific strength and high

specific modulus. When CF is used as fillers to be

Table 1 The composition of PVDF composites

Prescription PVDF-1 (%) PVDF-2 (%) PVDF-3 (%) PVDF-4 (%) PVDF-5 (%) PVDF-6 (%) PVDF-7 (%)

PVDF 95 90 85 80 75 70 80

PI 5 5 5 5 5 5 0

CF 0 5 10 15 20 25 20

Fig. 1 The FTIR spectra of CF, PI, PVDF and the PVDF-1

composites
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incorporated into the PVDF and PI composites, the rigidity

of the composite is increased. The pre-modified CF adheres

well to the PVDF and PI interface. Once the CF is evenly

dispersed in the polymer matrix, it can play the role of

physical cross-linking and effectively improve the base of

the compressive capacity. Moreover, most of the load is

transferred from the matrix to the fibers, which can

improve the ability of PVDF-1 to resist the pressure and

plastic deformation [25]. Furthermore, PVDF-5 composites

exhibited much higher hardness and elastic modulus

compared to those of PVDF composites with the same

loading of CF (PVDF-7), suggesting the synergistic effects

of PI powder and CF on the mechanical properties of

PVDF composites.

Figure 4 shows the variations of the friction coefficient

and specific wear rate of PVDF composites after adding

different contents of CF. It can be seen from Fig. 4a that

with the increase of CF content, the friction coefficient

and specific wear rate of PVDF composites first decreased

and then increased. When the content of CF is less than

20 wt%, the friction coefficient specific wear rate of the

PVDF composites tends to decrease, because the CF can

be decomposed into graphite microcrystals with self-lu-

bricating properties during the friction process [26]. The

presence of CF has a fixed effect on the PVDF and PI

matrix, reducing the probability of PVDF and PI particles

falling off; so, the friction coefficient specific wear rate

shows a downward trend. When the content of CF is

increased by more than 20 wt%, the impact of roughness

of the surface on the friction coefficient is higher than the

influence of self-lubricating of graphite on the friction

coefficient; so, the friction coefficient gradually increases

[27]. However, a high proportion addition of CF into

PVDF would result in phase separation and poor com-

patibility between CF and the polymer matrix. In this

case, the CFs could easily fall off during the wear test.

Additionally, the detachment of carbon fibers as hard

particles would cause intensely abrasive wear between

rubbing pairs, resulting in the increase of the specific

wear rate [28].

Fig. 2 The SEM images of a PVDF, b PI, c CF and d the cross section of the PVDF-1 composite
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Figure 4b shows the friction coefficient and specific

wear rate of pure PVDF, PVDF-1, PVDF-5 and PVDF-7

composites. Under the same test conditions, PVDF-5

composites exhibit the lowest friction coefficient and

specific wear rate, while pure PVDF shows the highest,

suggesting the synergistic effects of PI powder and CF on

the tribological properties of PVDF composites.

The worn surface of PVDF-based composites under dry

sliding condition was investigated by optical photographs

as shown in Fig. 5. As shown in Fig. 5a, there are many

wide and deep furrows on the surface of the PVDF-1,

which indicates that serious abrasive wear occurs. As CF is

added into the PI matrix, the wide and deep furrows on the

worn surface of the PVDF composites are considerably

reduced (Fig. 5b–f). When the content of CF is less than 20

wt%, a relatively smooth worn surface can be seen with the

increasing content of CF, which indicates that the wear

behavior changes to slightly abrasive wear. In addition, the

roughness is a significant physical parameter determining

the friction characteristics. As shown in Table 3, the wear

surface of PVDF-6 composites is rougher than that of

PVDF-5, which causes much higher friction coefficient and

specific wear rate of PVDF-6 composites. These results are

in good consistent with the observation of the friction

coefficient and specific wear rate of PVDF composites in

Fig. 4a.

Fig. 3 The SEM images of the cross section of a PVDF-7, b PVDF-3, c PVDF-5 and the d partial magnification of PVDF-5

Table 2 Hardness and elastic modulus of PVDF and its composites

Materials Hardness (HD) Elastic modulus (Mpa)

PVDF 72.00 270

PVDF-1 74.10 278

PVDF-2 75.10 288

PVDF-3 77.00 317

PVDF-4 78.60 344

PVDF-5 80.00 357

PVDF-6 81.50 360

PVDF-7 79.20 347
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The three-dimensional contours of the wear scar of pure

PVDF, 5 wt% PI filled PVDF (PVDF-1), 20 wt% CF filled

PVDF (PVDF-7) and 5 wt% PI–20 wt% CF filled PVDF

(PVDF-5) composites after rotational friction and wear test

are shown in Fig. 6. As shown in Fig. 6a, the pure PVDF

exhibits a particularly wide and deep groove. When PVDF

is filled with PI and CF, the wear loss reduces several

times, as presented in Fig. 6(b–d). It can be summed that

CF and PI co-filled composite (PVDF-5) shows the lightest

wear scar and the lowest wear loss. CF in the composite

composites is arranged in a disordered manner, which can

penetrate into the PVDF matrix to form a network struc-

ture. This network structure can hinder the PVDF macro-

molecular chain movement and deformation under cycle

friction force, so as to prevent the polymer matrix from

peeling and tearing. The dispersion of PI particles in the

PVDF matrix can reduce the agglomeration of CF and also

has certain bearing capacity. Therefore, the anti-friction

and wear resistance properties of the PVDF matrix are

obviously enhanced under the synergistic effect of PI and

CF [29].

The effects of the incorporation of CF and PI on the

thermal properties of PVDF were studied by investigating

Fig. 4 a The effect of different contents of CF on the tribological properties of 5 wt% PI reinforced PVDF composites, b the friction coefficient

and specific wear rate of PVDF, PVDF-1, PVDF-5 and PVDF-7 (load: 5 N, sliding speed: 300 rpm, duration: 30 min)

Fig. 5 The optical microscopic photograph of the wear surfaces of a PVDF-1, b PVDF-2, c PVDF-3, d PVDF-4, e PVDF-5 and f PVDF-6 (load:
5 N, sliding speed: 300 rpm, duration: 30 min)

Table 3 The roughness of

PVDF-1, PVDF-5 and PVDF-6
Materials Roughness (lm)

PVDF-1 12.41

PVDF-5 6.60

PVDF-6 7.57
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the TGA and DTG curves of pure PVDF, PVDF-1, PVDF-

5 and CF, as shown in Fig. 7. The decomposition pure

PVDF begins at 465 �C, and the initial decomposition of

PVDF-1 is slightly increased at about 470 �C. Combining

the TGA and DTG curves of PVDF with PVDF-5, the

thermal stability of PVDF-5 has an obvious change. The

initial decomposition temperature of PVDF-1 and PVDF-5

composites is higher than that of pure PVDF (ranging from

465 �C to about 472 �C); due to the good compatibility of

CF in the PI matrix and excellent anti-heat property of CF,

hampering the movement of the PVDF main chain thus

decelerates the decomposition speed of PVDF. It can be

concluded that the addition of CF and PI has a slightly

positive effect on the thermal properties of the PVDF

matrix.

4 Conclusion

An integral investigation of the synergistic effects of PI and

CF on the microstructure and tribological performance of

PVDF composites has been carried out in this work. The

results are listed as follows:

1. PI powder as fillers added into the PVDF matrix can

efficiently improve the hardness and elastic modulus of

PVDF.

Fig. 6 The three-dimensional contours of grinding crack of PVDF, PVDF-1, PVDF-7 and PVDF-5 (load: 5 N, sliding speed: 300 rpm, duration:

30 min)
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2. The incorporation of CF into PVDF/PI composites also

has significant reinforcement effects on the mechanical

and anti-wear properties of the PVDF composites.

Therein, when the content of CF is 20 wt%, the PVDF

composites show the best friction and wear

performance.

3. 5 wt%-PI and 20 wt% CF co-filled PVDF composites

possess the most outstanding tribological properties,

due to the synergistic effect of PI and CF. PVDF, PI

and CF form a network structure that can protect each

other from deformation and from being peeled off

under friction.
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