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Abstract The a transition of polyamide 6 (PA 6) com-

ponent in chemically bonded PA 6/polytetrafluoroethylene

(PTFE) compounds is studied by dynamic mechanical

thermal analysis (DMTA) and dielectric thermal analysis

(DETA). It is found that DMTA shows better compatibility

between two components than DETA does. It is also found

that at the a transition temperature of PA 6 component (Ta
PA

6), the dynamic mechanical response of PTFE component

is remarkable while its dielectric response is negligible.

The effect of PTFE component on the segmental mobility

of PA 6 component is discussed on the basis of DMTA,

DETA and differential scanning calorimetry (DSC) results

and the chemical bonding effect is found to play the

dominant role. The measurement of apparent activation

energy (DEa) shows that the addition of PTFE component

reduces the cooperativity of the a transition of PA 6

component.

Introduction

Polyamide (PA)/polytetrafluoroethylene (PTFE) com-

pounds produced by reactive extrusion possess very low

coefficient of sliding friction and low wear rate promoting

their use in maintenance-free sliding bearings [1]. The

basis of these novel properties is the formation of chemical

bonds between PA and PTFE components by transamida-

tion in a melt modification reaction. So the effective

processing and the material properties of PA component

can be combined with the excellent anti-friction properties

of PTFE component in these materials [2]. Lehmann et al.

pointed out that the formation of chemically bonded PA/

PTFE compounds was based on the following three points

[2]. First of all, PTFE modified with carboxylic acid groups

could be produced by electron beam irradiation of com-

mercial PTFE micropowders in the presence of oxygen,

and then the generated carbonyl fluoride groups transferred

into carboxylic acid groups by hydrolysis post-treatment.

Secondly, carboxylic acid groups were found to exhibit a

very high reactivity under PA melt conditions [3]. The last

but not the least important, melt mixing devices like

compounders or twin screw extruders with high shear rates

were employed to obtain a good distribution and a further

break down of the PTFE micropowders with a size of

ca. 2–8 lm in the PA melt matrix. It was due to these three

points that graft and block copolymers could be produced

in a melt modification reaction by reactive extrusion. In

their further work, the dispersity of PTFE phase and the

efficiency of the in-situ reaction have been characterized by

various techniques, such as differential scanning calorim-

etry (DSC), atomic force microscopy (AFM), scanning

electron microscopy (SEM), dynamic light scattering

(DLS), Fourier transform infrared (FTIR) spectroscopy,

and the notched impact strength measurements [4–6].

However, comprehensive understanding of the structure–

property relationships is still needed to further commer-

cialize these new PA/PTFE materials.

Both dynamic mechanical thermal analysis (DMTA)

and dielectric thermal analysis (DETA) are sensitive to the

local environment surrounding molecules and have been

widely used as probes for the molecular dynamics of

polymers [7–11]. Between them, DMTA is sensitive to the

fluctuations of internal stresses while DETA sensitive to
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the fluctuations of dipole moments. Therefore, a compari-

son between them can give deeper insight into the molec-

ular processes [9, 10]. In Song’s work, the compatibility

and crystallization behaviors of chemically bonded PA 6/

PTFE compounds were investigated by means of wide-

angle X-ray diffraction (WAXD), DSC, and DMTA [12].

WAXD measurements showed that no co-crystallization

occurred between two components, while DSC and DMTA

measurements suggested that a certain degree of compati-

bility between them might exist due to the formation of

some copolymers during the reactive extrusion. In the

present paper, the a transition of PA 6 component in these

compounds will be further studied by combining DMTA

and DETA to elucidate the effect of PTFE component on

the molecular dynamics of PA 6.

Experimental part

Materials

The parent homopolymers, both PA 6 and PTFE were

commercial grades. PA 6-SH 6 pellets were supplied by

Leuna A.G., Germany, and PTFE-MP 1100 powders were

supplied by Dupont Corp., Del., USA. Chemically bonded

PA 6/PTFE compounds were prepared by reactive extru-

sion and supplied kindly by Dr. D. Lehmann of Institute for

Polymer Research, Dresden, Germany. The details about

the preparation process could be found elsewhere [1, 2].

As-received PA 6/PTFE samples were pressed under a

pressure of ca. 25 GPa at ca. 448 K (175 �C) (ca. 46 K

below the melting temperature (Tm) of PA 6 component of

ca. 494 K (221 �C) measured by DSC at 10 K min–1) for

ca. 5 min to form thin films with a thickness of

ca. 0.5 mm. Only at so low temperature, could the obtained

thin films have smooth surface which is essential to the

subsequent DMTA and DETA measurements. Then they

were cooled at ca. 5 K min–1 to the ambient temperature of

ca. 298 K. Subsequently, prepared thin films were cut into

equal rectangles with a size of ca. 25.0 · 5.0 mm2 (for

DMTA measurements) or circles with a diameter of

ca. 30.0 mm (for DETA measurements).

DMTA and DETA measurements

DMTA measurements were performed in a Rheometric

Scientific DMTA V at a frequency of 1 Hz and a heating

rate of 5 K min–1. A tension mode was employed. DETA

measurements were performed in a TA 2970 DETA. The

samples were sandwiched between the ceramic parallel

plate sensors with a diameter of ca. 25.0 mm and a maxi-

mum compression force of ca. 300 N was exerted to ensure

good contact between the samples and the electrodes. A

frequency range from 2 · 10–2 to 105 Hz and a heating rate

of 2 K min–1 were employed. In both DMTA and DETA

measurements, a dry nitrogen gas purge with a flux of

ca. 500 mL min–1 was used to prevent oxidative degrada-

tion of samples during the heating run.

DSC measurements

The Tm and the degree of crystallinity (Xc) of PA 6 and

PTFE components were measured by using a TA 2910

DSC. Indium and tin were employed for the temperature

calibration, and the specific heat capacity was evaluated

with respect to sapphire as a standard. The samples with a

mass of ca. 5.0 mg were cut from the prepared thin films

and sealed in aluminum pans. A dry nitrogen gas purge

with a flux of ca. 20 mL min–1 was used to prevent oxi-

dative degradation of samples during the heating run. The

heating rate in DSC was 20 K min–1. Only a single well-

defined endothermic melting peak without corresponding

exothermic cold crystallization peak was found for each

component in the DSC traces of the first heating run.

Therefore, Xc can be calculated as follows [13],

Xcð%Þ ¼
DHm

DH0
m

� 100 ð1Þ

where DHm was the melting enthalpy of PA 6 or PTFE

component, and DHm
0 was the melting enthalpy of its per-

fect crystalline lamellae. For PA 6 and PTFE components,

their DHm
0 ’s were 230.1 and 92.8 J g–1, respectively [14,

15]. It should be mentioned that DHm had been normalized

by the weight fraction of each component in the com-

pounds.

Results and discussion

Figure 1 presents DMTA loss tangent (tan d) curves for PA

6/PTFE compounds with various compositions. It can be

seen that there was a peak appearing in the temperature

range of ca. 333–338 K (60–65 �C), which corresponds to

the a transition of PA 6 component associated with the

glass transition. It also can be seen that with the increase of

weight fraction of PTFE component (wPTFE), the peak

shifted slowly to lower temperatures, and the peak value

(tan dmax) decreased slightly.

Figure 2 presents DETA tan d curves for the same

samples as shown in Fig. 1. It can be seen that there was

also a peak appearing in the temperature range of ca. 350–

359 K (77–86 �C), which also corresponds to the a tran-

sition of PA 6 component. It should be noted that at higher

temperatures, tan d increased sharply due to the contribu-

tion of the ionic conductance together with the interfacial
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polarization originated from polar PA 6/non-polar PTFE

interface [16]. It also can be seen that with the increase of

wPTFE, the peak shifted to lower temperatures, and the tan

dmax decreased greatly.

Figures 3 and 4 present the normalized curves of tan d/

tan dmax versus T–Tmax for the a transition of PA 6 com-

ponent obtained from Figs. 1 and 2, respectively, where tan

d represents the value of loss tangent at any temperature T

and tan dmax represents the loss tangent value at the cor-

responding Tmax temperature. The width of these normal-

ized curves indicates the heterogeneity of phase and thus

the compatibility of PA 6 component with PTFE compo-

nent in the compounds [16, 17]. A great difference can be

found between Figs. 3 and 4. As shown in Fig. 3, the

increase of wPTFE resulted in a remarkable broadening of

the normalized curves for the a transition of PA 6 com-

ponent, which implies the wider distribution of the seg-

mental mobility, while Fig. 4 does not present any obvious

change with the increase of wPTFE except the high tem-

perature side which was caused by the ionic conductance

together with the interfacial polarization as mentioned

above [16]. Clearly, Fig. 3 suggests good compatibility

between PA 6 and PTFE components while Fig. 4 seems to

imply poor compatibility between them. This great differ-

ence must be understood by considering the different

mechanisms between DMTA and DETA as mentioned

above [9, 10].

Figure 5 presents the evolution laws of tan dmax with the

increase of wPTFE for PA 6/PTFE compounds measured by

both DMTA and DETA at various frequencies and heating

rates. It can be seen that for each group of six measurement

points the left five data followed good linearity, which

suggests homogeneous dispersion of PTFE component in

the continuous phase of PA 6 component. By extrapolating

wPTFE to the value of 100%, it can be seen that tan dmax

reached almost zero for DETA measurements at both fre-

quencies of 104 and 105 Hz, while had a value of ca. 0.089

for DMTA measurements at 1 Hz. It suggests that PTFE
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various weight percentage of PTFE component indicated in the corner
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Fig. 3 Normalized DMTA tan d curves at 1 Hz for PA 6/PTFE

compounds with various weight percentage of PTFE component

indicated in the corner (obtained from Fig. 1)
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compounds with various weight percentage of PTFE component

indicated in the corner (obtained from Fig. 2)
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component contributed to the tan dmax measured by DMTA

at the Tmax of PA 6 component (Ta
PA 6) while barely did to

the tan dmax measured by DETA. The rightmost point is the

value for pure PTFE measured at the temperature, where

the evolution laws of Ta
PA 6 with increasing wPTFE had been

considered. It can be seen that for all three groups of data,

the measured point was in excellent agreement with the

value obtained by extrapolating the linear fits. According

to these results, it is clear that at Ta
PA 6, the dynamic

mechanical response of PTFE component was remarkable

while its dielectric response was negligible. Between these

two interesting findings, the former can be easily under-

stood, while the latter should be explained on the basis of

the non-polar character of PTFE component [18–20]. That

is to say, PTFE component was dielectrically inactive at

the temperature of Ta
PA 6 due to its non-polarity.

Figure 6 presents the evolution laws of Ta
PA 6 with inc-

reasing frequency (m) measured from DETA tan d curves. It

should be noted that in our experiments Ta
PA 6 could only be

detected at high m. For example, Ta
PA 6 of the pure PA 6

samples could be obtained only at m above a critical value

(mc) of 6 · 103 Hz. This is due to the fact that at low m, the

disturbance of the ionic conductance together with the

interfacial polarization masked the tan d peak [16]. From

Fig. 6, it can be seen that Ta
PA 6 increased with either the

increase of m or the decrease of wPTFE. Between these two

evolution laws, the former is a common phenomenon while

some interesting information can be obtained from the

latter. According to the evolution laws of Ta
PA 6 with the

change of wPTFE, it is clear that the segmental mobility of

PA 6 component was increased by the PTFE component in

PA 6/PTFE compounds and this effect enhanced greatly

with the increase of wPTFE.

Table 1 presents the Tm and Xc of PA 6 and PTFE

components in the compounds measured by DSC. With the

increase of wPTFE, no definite change could be seen for the

Tm of PTFE component, a slight decrease was found for

both the Tm and the Xc of PA 6 component, and a signifi-

cant increase occurred for the Xc of PTFE component.

Obviously, coupled with the addition of PTFE component,

both the perfection and the amount of PA 6 crystallites

decreased slightly, the amount of PTFE crystallites in-

creased remarkably, however, the perfection of PTFE

crystallites kept almost the same due to its excellent

crystallizability. In order to make our analysis more con-

venient, also taking into account of the high crystalliza-

biltiy of PTFE, semicrystalline PTFE component can be

seen as a dual-phase system and the interphase between

crystallites and amorphous phase is not involved [21–23].

According to this assumption, weight fraction of the

amorphous phase of PTFE component (wa
PTFE) can be

estimated as follows,

wPTFE
a ¼ wPTFEð1� XPTFE

c Þ ð2Þ
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Table 1 Tm and Xc of PA 6 and PTFE components in PA 6/PTFE

compounds measured by DSC at 20 K min–1 (the value of wa
PTFE is

also included as the rightmost column)

wPTFE (%) Tm (K) Xc (%) wa
PTFE (%)

PA 6 PTFE PA 6 PTFE

0 494.0 – 26.8 – –

7.5 494.5 594.7 26.9 39.1 4.6

15 494.2 594.5 26.4 48.1 7.8

30 494.2 594.5 26.8 51.8 14.5

50 493.6 594.8 25.6 57.3 21.4

100 – 594.9 – 61.7 38.3
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where Xc
PTFE is the Xc of PTFE component. As shown in

Table 1, coupled with the rapid increase of Xc
PTFE, wa

PTFE

also increased with the increase of wPTFE. However, we

cannot draw a conclusion that the dilution effect of PTFE

component caused by simple blending played a dominant

role in the increasing segmental mobility of PA 6 compo-

nent as shown in Fig. 6 after considering the extreme

incompatibility between PA 6 and PTFE homopolymers [1,

2]. Therefore, it seems plausible to conclude that the

chemical bonding effect plays the dominant role.

As a matter of fact, PA 6 and PTFE have poor com-

patibility because of their extremely different polarity and

surface energy [1, 2]. When these two components had

been chemically bonded during the reactive extrusion, their

compatibility would be enhanced greatly due to the for-

mation of PA 6/PTFE graft and block copolymers [1, 2].

This effect has been shown clearly in Fig. 3 where the

broadening of normalized DMTA tan d curves was

remarkable. However, no experimental evidence was given

by DETA measurements due to the different mechanisms

of DETA as mentioned above [9, 10].

Vogel–Fulcher equation is often employed to express

the molecular dynamics of polymers near the a transition as

follows [24, 25],

m ¼ A � exp
�DEa

RðT � T0Þ

� �
ð3Þ

where T is the Ta at any frequency m, A is the pre-expo-

nential factor, DEa is the apparent activation energy, R is

the universal gas constant, and T0 is the reference tem-

perature. Such fits have been done for all the samples as

shown in Fig. 7 and obtained parameters are shown in

Table 2. From Table 2, it can be seen that A kept almost

constant and T0 decreased slightly with the increase of

wPTFE. It also can be seen that DEa decreased with the

increase of wPTFE, which suggests that the addition of

PTFE component reduced the cooperativity of the a tran-

sition of PA 6 component [26].

Conclusion

a Transition of PA 6 in chemically bonded PA 6/PTFE

compounds was studied by combining DMTA and DETA

to elucidate the effect of PTFE component on the molec-

ular dynamics of PA 6 component. It was found that

DMTA showed good compatibility between these two

components, while DETA did not give any experimental

evidence. It was also found that at the temperature of Ta
PA 6,

the dynamic mechanical response of PTFE component was

remarkable while its dielectric response was negligible.

The effect of PTFE on the segmental mobility of PA 6

component was discussed by DMTA, DETA and DSC

results, and the chemical bonding effect was found to play

the dominant role. The measurement of DEa showed that

the addition of PTFE component reduced the cooperativity

of the a transition of PA 6 component.
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