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Abstract 

Giversit& Paul Sabatier, 31062 

Thermally Stimulated Creep (TSCr) spectrometry with fractional loading (FL) has been 
used to investigate the relaxation processes of polyamide 66/EPR blends. According to the 
criteria of Starkweather, the y- and P-retardation modes have been assigned to localized 
non-cooperative movements. No significant modifications of their fine structure are 
observed. The (Ye-process, occuring in PA 66/EPR blends, and associated with the EPR 
glass transition, exhibits a cooperative feature. The scanning nature of the fractional 
loading method for the a-process has revealed two distributions of activation enthalpies 
corresponding to wet ambient and partially dry PA 66, respectively. The same behaviour is 
observed in PA 66/EPR blends. 

INTRODUCTION 

Most of the widely used thermoplastic materials, such as polyamides, 
show marked limitations in their use when toughness and high impact 
strength are required [l]. 

Polyamide 66 shows poor impact strength especially at temperatures 
below Tg and in the dry state. These limitations are overcome by 
melt-mixing these materials with a rubber-toughening agent. Of the many 
different types of elastomers that have been tested for rubber thoughen- 
ing of polyamides, ethylene-propylene diene terpolymer (EPDM) and 
ethylene-propylene copolymer (EPR) are amongst the most sucessful 
[l-4]. The EPDM and EPR rubbers are treated with maleic anhydride 
(MAH) to provide reactive sites along the chain and then melt-blended 
with polyamide. Reactions of the maleic anhydride with the NH, 
end-groups of polyamide produce graft copolymers which aid dispersion 
and enhance interfacial adhesion. 
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It has been shown by some authors [5-71 that there is a significant 
correlation between high impact strength and the dynamic mechanical 
losses which exist in the temperature and frequency range of the impact 
test, and which can dissipate the impact energy. 

Therefore, thermally stimulated creep (TSCr) was applied to elucidate 
the relationships between mechanical relaxations and toughness in poly- 
amide 66/EPR blends. The low equivalent frequency of TSCr (fe, = 10-4- 
10-j Hz) leads to enhanced resolution of the different relaxation processes. 
The high resolving power of fractional loading (FL) was used to develop a 
better understanding of the nature of the distributions of retardation times 
in viscoelastic retardation processes of polyamide blends. These distribu- 
tions are determined from the corresponding distributions of the activation 
enthalpies and activation entropies. 

EXPERIMENTAL PROCEDURE 

Materials 

The series of samples under investigation were prepared and charac- 
terized by the Centre de Recherches de Saint-Fons/France/RhGne-Poulenc 
Recherches. The polyamide 66 (PA 66) (tradename AP 203) has a number 
average molecular weight kfn of 16000 and a crystallinity of 35%, as 
determined by DSC. 

The compositions of the blends were 94/6, 87/13 and SO/20 wt.% PA 
66/EPR, denoted EPR 6, EPR 13 and EPR 20. Binary PA 66/EPR blends 
were prepared by melt-mixing in a twin-screw extruder at 275°C. They were 
injection-moulded into sheets (100 mm X 100 mm X 0.8 mm). Rectangular 
specimens (60 mm X 6 mm X 0.8 mm) where cut parallel to the injection 
direction and stored at ambient humidity for two months. The water 
content absorbed by PA 66 was 2.2 wt.%. 

Method 

Figure 1 outlines the principle of TSCr spectrometry [8-lo]. The 
samples were cooled (for low-temperature (LT) TSCr complex spectra) or 
heated (for high-temperature (HT) TSCr complex spectra) from room 
temperature to a temperature T,. A static shear stress (T” was applied for 
At, (AtflcLT) = 6 min and Atrrcal.) = 2 min). The samples were then quenched 
from T, to TO << T, (TocLTj = -180°C and TocHTj = -25X), thus freezing-in 
mechanical strain yO. At TO, the stress was removed. The samples were then 
heated in a slow and controlled manner up to T, at a rate b of 7°C min-‘. 
As the specimens were heated, the release of the frozen-in strain r(t) was 
recorded. Differentiation of y(t) was recorded, which yielded the rate of 
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Fig. 1. The principle of thermally-stimulated creep (TSCr): the course of a TSCr experiment 
is shown as a schematic plot of applied stress u,, temperature T of the sample, strain y and 
strain rate I?/ as a function of time. 

release of recovery strain y(t). All measurements were made in the linear 
region at strains y I 10-j. The temperature dependence of the TSCr 
recovery rate j(T) was normalized to the applied shear stress to obtain 
thermally stimulated creep complex spectra. 

The technique of fractional loading (FL) (Fig. 2) was used to resolve the 
TSCr complex spectra into elementary TSCr spectra. In FL experiments, a 
narrow packet of the distribution of retardation times is stimulated by an 

Fig. 2. Procedure of fractional loading (FL) in a TSCr experiment. 
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imposed mechanical stress history. The recovery kinetics of this narrow 
packet of relaxation times is then recorded experimentally. The experi- 
ments are performed with the same equipment as for the complex spectra. 
The time t, temperature 7’, and static shear stress u program for a thermally 
fractional loading (FL) experiment is given in Fig. 2. 

T,, - T,, = AT, is the stress window and the temperature difference 
between two successive applications of stress is the loading step. FL 
experiments are performed as follows: a stress u is applied at T,, for a time 
At, = 2 min; the temperature is then lowered by AT to T,, (AT = 5°C) 
under stress. At Tzw, the stress is removed and the specimen is permitted to 
recover partially for At, = 2 min. The sample is then quenched to T, << T,, 
and viscoelastic strain (y < 10e3) is frozen in. A linear heating run at 
7°C min-l is then performed, during which the decay of the frozen-in strain 
y(t) is recorded. The temperature dependence of its derivative y(T) 
constitutes an elementary TSCr spectra. Each FL response is investigated 
using an analysis method derived from the Bucci-Fieschi-Guidi (BFG) 
treatment [ll] where a single retardation time for each elementary 
recovery process is assumed. 

The retardation time r of the isolated relaxating species as a function of 
time during the temperature rise is given by 

As the time dependence of temperature is linear, r(T) can be deduced 
from eqn. (1). 

In polyamide blends, an Arrhenius-type dependence on temperature is 
assumed for the retardation time r 

z(T) = z, exp g 
( 1 

where r, is the pre-exponential factor, AH is the apparent activation 
enthalpy and k is the Boltzmann constant. 

RESULTS AND DISCUSSION 

TSCr complex spectra 

Figures 3(a) and 3(b) show the TSCr complex spectra of PA 66 and PA 
661EPR blends. For the PA 66 homopolymer, the three peaks are 
designated y, p and cr for increasing temperatures between -180 and 
120°C. For the blends, an additional peak is observed, namely the (Ye peak 
in the glass transition region of the EPR component [lo, 121. Values of the 
TSCr peak maximum temperature T, are given in Table 1. 



Fig. 3” (a) ~w-te~~~~ature (LT) TSCr complex spectm d PA fiti and PIA 6WEPR blends: 
T, (vertical arraw) = -13”C, T, = -185”C, 4t, = 6 min, v PJ 4.S MPa. (b) High-temperature 
(HT) TSCr complex spectra af PA 66 aad PA 66/EPR blends: T, (vertical arrow) = 97”C, 
To = -ZS”C, ilt, = 2 mh, rT = 3.45 MPa. 
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TABLE 1 

TSCr peak temperatures T, for the y-, p-, cyE- and a-retardation modes of PA 66 
homopolymer and PA f%/EPR blends 

Knfr)l”C K@)f”c T ,&,loC T,(ff )f”C 

PA 66 -155 -90 - 63 
EPR 6 -153 -88 -53 65 

’ EPR 13 -151 -86 -47 65 
EPR 20 -150 -83 -43 60 

With increasing EPR rubber content, the following features can be 
noted. The y-TSCr peak located at about -155°C in PA 66 is almost 
independent of rubber content in the blends. For the /3- and #~-retardation 
modes, a slight shift towards higher temperatures is observed with 
increasing EPR rubber and, as expected, the relative height with respect to 
the y- and p-relaxations is increased. The temperature position of the 
a-mode is independent of the rubber content in blends. 

The TSCr complex spectra study of PA 66 and PA 661EPR blends can be 
discussed with reference to the peak positions and the relative strengths of 
the retardation modes. 

Fine structure of TSCr spectra 

This study most be completed by an analysis of the fine structure of the 
retardation modes. The FL procedure was used to define more precisely 
the observations drawn from the complex spectra. Figures 4(a) and 4(b) 
show a plot of the apparent activation enthalpy as a function of T,. Tm is 
taken as the maximum of each process detected by a convenient fractional 
stress procedure. 

For clarity the fine structure of the retardation modes of the PA 66/EPR 
13 blend was not plotted in the figure. From -170°C to about -60°C (Fig. 
4(a)), the apparent activation enthalpy increases gradually with tempera- 
ture in the PA 66, EPR 6 and EPR 20 samples. In this temperature range, 
no significant differences in the values of AH between PA 66 and PA 
66/EPR blends are observed taking into account the experimental 
uncertainty. For higher temperatures (-50 to O’C), the sharp increase in 
AH for the 80/20 composition is associated with the EPR glass transition 
region [lo, 127. This behaviour is poorly marked for the lowest rubber 
content (PA 661EPR 6). 

Starkweather [13] has developed a procedure to analyse the nature of 
viscoelastic relaxations. These relaxations are considered simple or 
complex depending on their activation entropies. Simple relaxations have 
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Fig. 4. (a) Apparent activation enthalpy AN of the y-, #3- and tw,-retardation modes of PA 
66 and PA 66fEPR blends as a function of the temperature of the TSCr maximum T,. The 
solid line is the Eyring-Starkweather A.S = 0 prediction. (b) Apparent activation enthalpy 
AH of the a-relaxation region of PA 661EPR blends as a function of the temperature of the 
TSCr maximum T,. 

activation entropies near zero and reflect the motion of small molecular 
fragments without much cooperative involvement. Complex relaxations 
have large positive activation entropies and involve cooperative motions of 
neighboring groups or molecules. Starkweather concluded that the 
mechanical spectra of the y- and p-modes of PA 66 may be considered as 
non-cooperative processes 114,151. An alternative to the Arrhenius 
equation is given by the Eyring theory of absolute reaction rates 

f =zexp(%) exp(y) (3) 

The Eyring activation free enthalpy AG can also be deduced from 

AG=A,-~A~=,,[ln(~)+ln(~] 

The solid line in Fig. 4(a) is calculated using eqn. (4) with a 

(4) 

TSCr 
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equivalent frequency f of 5 X lop3 Hz. In Fig. 4(a), up to about -9O”C, a 
temperature range that includes the y-mode and the onset of the p-mode, 
the data lie close to the relationship derived from eqn. (4) for AG, within 
experimental uncertainty, indicating that AS = 0. In the EPR glass 
transition region, at the temperature TmccuEf of the cr.-TSCr complex peak, 
AH becomes large, as much as 2.5 times AG for the EPR 20 sample and 
only 1.5 times AG for EPR 6. 

.Starkweather [14] has examined a number of polymers with four or more 
methylene units. He has observed that the apparent activation entropy for 
y-relaxation in dry PA 66 is much lower than in polyethylene and it 
becomes essentially zero in wet PA 66. 

The PA 66 and PA 66/EPR samples in our study are wet, as attested by 
the presence of an important p-relaxation. Our results for the y-mode 
confirm Starkweather’s analysis. The y-relaxation involves local move- 
ments of sequences of four or six methylene units acting in a non- 
cooperative manner [14]. Because the y-relaxation in PA 66 is dielectrically 
active, as shown by thermally-stimulated current TSCr [16] or dielectric 
relaxation [15,17,18], the motions must involve some amide groups as well. 
Starkweather has determined radically different activation enthalpies from 
the data on the low- and high-temperature sides of the loss peaks when 
frequency-temperature shifting is performed for the secondary relaxation 
[19]. For the p-mode in wet PA 66, the low-temperature apparent 
activation enthalpy corresponds to an activation entropy close to zero, and 
the high-temperature activation enthalpies and entropies are much larger. 
The temperature dependence of the apparent activation enthalpies in the 
p-relaxation region (- 125, -75°C) determined from fractional loading 
procedure is consistent with previous results of Starkweather. 

The activation enthalpies determined from the FL procedure in the 
a-relaxation region are also plotted in Fig. 4(b) as a function of FL 
temperature of the TSCr maxima T,. As expected, the glass transition 
region of PA 66 is characterized by large apparent activation enthalpies and 
activation entropies and is clearly a highly cooperative relaxation. Unlike 
the y-, /3- and a.-relaxations, the apparent activation enthalpy of the 
a-relaxation is not a monotonous increasing function of T,_ Starting from 
the lowered T,, AH rapidly increases, passes through a maximum, then 
through a poorly marked minimum, and increases again. The same 
behaviour is observed for the PA 66fEPR blends. It would seem that in this 
temperature range (20~8O”C), two distributions in apparent activation 
enthalpy are present. However, it has been largely recognized that the 
absorbed water greatly affects the position of the relaxation f20-251 and the 
glass transition Tg [26]. During the fractional loading procedure performed 
in the a-region with T, varying from 12 to 82°C by steps of 5”C, the samples 
are drying. One may suppose that a substantial loss of water occurs during 
successive heating runs. 
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Fig. 5. Effect of in situ thermal treatment on cY-TSCr peaks in PA 66/EPR 20: T, = 97”C, 
To = -2S”C, At, = 2 min, CT = 3.45 MPa. 

Figure 5 shows clearly the shift of the cr-TSCr peak towards higher 
temperatures after three successive identical TSCr cycles in the same 
temperature range. Consequently, we conclude that the appearance of two 
distributions of AH in FL experiments is a result of drying the specimens. 
The values of AH between 20 and 50°C are characteristic of the a-TSCr 
peak in wet, ambient PA 66. Above 5O”C, the apparent activation 
enthalpies are assigned to PA 66 in the dry state. The temperature 
dependence of AN for dry PA 66, included in Fig. 4(b), is in agreement with 
the preceding interpretation. One should note that the apparent activation 
enthalpy is higher in dry PA 66 than in wet PA 66, as has been reported for 
PA 6 [l] and PA 12 [23,25]. 

CONCLUSIONS 

The fine structure of the y-, /3- and aE-processes in PA 66 and PA 
661EPR blends has been investigated by fractional loading experiments 
according to Arrhenius and Starkweather treatments. The y-process and 
the low-temperature part of the /3-process are well-described by the Eyring 
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equation using a zero activation entropy. The high-temperature part of the 
p-process displays weak apparent activation entropies. The apparent 
activation entropies are higher for the cyE-process, as expected for a 
relaxation associated with the glass transition of the EPR component. 
These entropies increase with increasing rubber content (AS = 1.2 X 

10m3 eV K-l for EPR 6 and AS = 4.3 X 10s3 eV K-’ for EPR 20). 
The effect of water on the a-relaxation has been studied with an 

emphasis on the results obtained by fractional loading (FL). The two 
distributions in apparent activation enthalpy observed are associated with 
two states of humidity of PA 66: ambient wet, and dry PA 66. 
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