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Synopsis 

The stress relaxations of unoriented nylons 4,6, 11, 12,66,610,612, and 666 were measured 
and compared over a temperature range from 25 to  180°C. Samples were tested after condi- 
tioning to 0, 50, and 100% relative humidity. The effect of crystallinity was indicated by the 
use of annealed samples prepared a t  0% relative humidity. 

INTRODUCTION 

The polyamides form a large family of polymers.' The best known mem- 
bers could be oriented and drawn to yield fibers and films. As a consequence, 
the literature on oriented polymers is extensive. However, the polymers 
have also become engineering resins that can be extruded and molded into 
a variety of products. These aspects have been reviewed a l ~ o . ~ , ~  Emphasis 
in this paper is on the linear aliphatic polyamides, which can be considered 
copolymers of methylene and amide groups with the length of the methyleae 
sequences between the amide groups varying from product to product. 

The amide groups are able to  hydrogen bond, yielding intermolecular 
bonds. The formation of these bonds leads to  the development of mechanical 
properties and, when the chains can suitably align, to high-melting crystals. 
Starkweather et al.4 showed, especially for nylon 610, that freshly molded 
samples were low in crystallinity and that crystallinity developed with time. 
They believed that mechanical properties developed as hydrogen bonding 
occurred and, by the time the product had achieved about 7% crystallinity, 
were characteristic. 

The second main property is sensitivity to  moisture and, of course, to  other 
hydrogen-bonding agents. These disrupt the intermolecular bonding and 
enable movement of the molecules. As a consequence, the polymeric mass 
will undergo creep and stress relaxation more readily, the tensile strength 
and modulus are lower, and molecular motions are easier. This facilitates 
increased crystallinity, particularly on annealing at temperatures between 
the glassy and melting transition temperatures. 

The similarity of the structures means that effectively the linear aliphatic 
polyamides behave as a polymer with varying degrees of cross-linking or 
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cure through the hydrogen bonds. Thus the various members of the series 
are ~ompat ib le ,~  although signs of incompatibility with dynamic mechanical 
tests appear for nylons 6 and 12 when blended. The blending tests were 
done on dry polymers. Testing of blended polymers a t  various relative hu- 
midities remains to  be done. Studies of the effects of moisture on the dynamic 
mechanical properties of the polyamides, particularly nylons 6 and 12, have 
been extensive.6 Two recent  paper^^.^ also relating to oriented nylon 6 are 
indicative of the features observed. 

Stress relaxation is of importance in predicting the behavior of the pol- 
ymer over long times under load. Some studies of the stress relaxation of 
oriented nylon 66 have been r e p ~ r t e d . ~  A study of the stress relaxation of 
the unoriented nylons was undertaken in particular to  try to  relate the 
resulting performance to hydrogen bonding, at  least qualitatively. To that 
end, samples conditioned to different relative humidities and samples cooled 
more slowly at  100°C to achieve some annealing and increased crystallinity 
were included. 

EXPERIMENTAL 

The nylons used are identified in Table I, and the major properties of 
interest are listed. Except for nylon,4 which was synthesized in the labo- 
ratory, the samples were standard commercial materials. The glass tran- 
sition temperatures Tg are quoted from earlier studies on oven-dried samples 
by Amity Lam using a differential scanning calorimeter. The values agree 
with published r e ~ u l t s . ~ , ~ J ~  Higher values are obtained using dynamic me- 
chanical estimates of Tg, particularly with thoroughly dried  sample^.^,^ 

The melting points were obtained by the author using the differential 
scanning calorimeter and they agree well with literature values for com- 
parable s a m p l e ~ . ~ , ~ J ~  The melting points are much lower than the equilib- 
rium melting values." 

Percentage crystallinities were estimated by calculating the heat of fusion 
of the 100% crystalline polymer by the group contribution technique outlined 
by van Krevelen.12 The values for the heat of fusion so calculated agree 
well with the literature values available.1° The intrinsic viscosities are 
included for comparison purposes and as an indication of the molecular 
weights. 

Films were pressed from a layer of oven-dried pellets using a Carver 
laboratory press at  10°C above the melting point of the nylon. The platens 
were covered with aluminum plates coated with aluminum foil, which in 
turn was sprayed evenly with high-temperature release agent. A minimal 
time of pressing was used to avoid degradation, usually 3-8 min. Orienting 
the polymer was avoided. Samples 5 x 25 mm were cut from uniform and 
fault-free sections of the films. The dimensions were measured exactly using 
micrometers. To vary the crystallinity, the hot-pressed samples were allowed 
to cool while between the aluminum plates and under slight pressure either 
at room temperature or at  100°C, the latter allowing some time for an- 
nealing. The crystallinities (Table I) of these unoriented molded samples 
were low compared with oriented films and fibers, as observed by  other^.^ 
The polymers were not nucleated. 
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m 

1 
1.0 

GPa 

Samples were conditioned for at least a week before use at  three relative 
humidities in desiccators containing the appropriate strength of sulfuric 
acid to yield 0, 50, and 100% relative humidity (at room temperature). 
Samples were stored similarly. 

The stress relaxation measurements were made using the stress relaxa- 
tion attachment for the 943 thermal analyzer with the duPont 990 ther- 
momechanical analyzer. The stress relaxation measurements were made at  
less than 1% strain over a period of 30 min at  the temperatures mentioned. 
After each test, the load was removed and the samples allowed to recover 
for 30 min before proceeding to the next higher temperature. 

By this technique the strain experienced by the sample is not strictly 
constant during relaxation but the error is small. A correction was made in 
calculating the relaxation modulus. The load on the instrument was 100 g, 
and the load cell constant was 79.4 g/mil. 
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RESULTS AND DISCUSSION 

The stress relaxation curves, plotted as log modulus versus log time, were 
usually fairly straight lines. A typical series, those for nylon 4, is in Fig. 1. 
The other nylons yielded similar results, which differed only in detail. To 
compare the various nylons, the relaxation moduli after 12 and 180 s are 
listed in Table 11. In both Fig. 1 and Table 11, the effect of increased moisture 
(relative humidity) and of increased temperature is to reduce the relaxation 
modulus. 

In general, the relaxation moduli are high, and changes with temperature 
and humidity are not great over the ranges studied when compared with 
amorphous polymers. The semicrystalline nature of the nylons and the prev- 
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TABLE I1 
Relaxation Moduli (GPa) a t  Two Times for the Nylons at Various Temperatures and 

Relative Humidities (RH) 

0% RH 
0% RH annealed 50% RH 100% RH T 

Nylon ("C) 12s 180s 12s 180s 12s 180s 12s 180s 

4 

6 

11 

12 

66 

610 

612 

666 

25 
50 

100 
150 
180 
25 
50 

100 
150 
180 
25 
50 

100 
150 
180 
25 
50 

100 
150 
180 
25 
50 

100 
150 
180 
25 
50 

100 
150 
180 
25 
50 

100 
150 
180 
25 
50 

100 
150 
180 

2.43 
2.14 
1.02 
0.97 
0.44 
2.97 
2.35 
1.94 
0.98 
0.73 
1.98 
0.77 
0.49 
0.45 
0.41 
2.13 
1.11 
0.62 
0.51 
0.39 
3.15 
2.37 
1.37 
0.86 
0.80 
2.55 
1.82 
1.56 
0.94 
0.85 
2.51 
1.25 
0.87 
0.52 
0.35 
2.14 
1.91 
0.82 
0.76 
0.60 

2.03 
1.72 
0.99 
0.94 
0.38 
2.52 
1.91 
1.18 
0.82 
0.65 
1.62 
0.59 
0.46 
0.44 
0.31 
1.65 
0.95 
0.56 
0.47 
0.37 
2.82 
1.90 
1.18 
0.71 
0.70 
2.38 
1.53 
1.25 
0.83 
0.64 
1.88 
1.15 
0.79 
0.48 
0.31 
1.95 
0.82 
0.70 
0.63 
0.49 

- 

- 
- 
- 
- 

3.16 
2.51 
2.08 
1.31 
0.87 
2.23 
0.85 
0.63 
0.59 
0.53 
2.23 
1.22 
0.68 
0.56 
0.43 
3.33 
2.80 
1.33 
0.96 
0.90 
2.95 
2.49 
1.76 
1.11 
0.90 
3.34 
2.00 
1.06 
0.71 
0.46 
2.59 
2.01 
0.84 
0.77 
0.61 

- 
- 
- 

- 
- 

2.88 
2.19 
1.51 
0.84 
0.78 
1.86 
0.69 
0.59 
0.57 
0.40 
1.82 
1.04 
0.62 
0.52 
0.40 
3.03 
2.05 
1.33 
0.82 
0.76 
2.66 
2.03 
1.27 
0.83 
0.74 
2.77 
1.43 
0.91 
0.60 
0.40 
2.28 
0.83 
0.71 
0.65 
0.50 

1.69 
1.69 
0.87 
0.54 
0.23 
2.66 
2.13 
1.40 
0.82 
0.71 
1.39 
0.68 
0.47 
0.44 
0.32 
1.68 
1.01 
0.56 
0.46 
0.36 
1.50 
1.31 
0.92 
0.88 
0.71 
2.34 
1.69 
1.47 
0.73 
0.61 
1.78 
1.20 
0.71 
0.52 
0.37 
1.17 
0.74 
0.59 
0.65 
0.51 

1.40 
1.41 
0.85 
0.47 
0.21 
2.42 
1.77 
1.00 
0.68 
0.63 
1.10 
0.55 
0.42 
0.39 
0.30 
1.51 
0.86 
0.51 
0.43 
0.33 
1.50 
1.23 
0.72 
0.52 
0.39 
1.99 
1.52 
1.24 
0.63 
0.58 
1.60 
0.90 
0.55 
0.46 
0.24 
1.09 
0.69 
0.53 
0.56 
0.48 

1.05 
0.98 
0.46 
0.25 
0.21 
2.40 
1.47 
1.29 
0.78 
0.66 
0.89 
0.68 
0.44 
0.41 
0.32 
1.33 
0.92 
0.51 
0.33 
0.24 
1.48 
1.04 
0.78 
0.54 
0.32 
1.81 
1.79 
0.74 
0.64 
0.46 
1.20 
1.13 
0.55 
0.44 
0.30 
1.11 
0.73 
0.59 
0.59 
0.48 

0.88 
0.86 
0.33 
0.18 
0.15 
2.11 
1.35 
0.98 
0.66 
0.58 
0.84 
0.53 
0.37 
0.31 
0.28 
1.30 
0.84 
0.46 
0.30 
0.23 
1.48 
0.92 
0.54 
0.43 
0.30 
1.67 
1.47 
0.71 
0.59 
0.31 
1.17 
0.87 
0.52 
0.35 
0.22 
0.87 
0.55 
0.50 
0.45 
0.42 

alence of H bonding results in the similarities between the nylons and 
between the nylons and the thermoset polymers. Maximal changes in the 
moduli occurred during tests near the glass transition temperatures. 

At the highest temperature, 180°C, the rapid decline in the relaxation 
moduli at the longest times may be related to a relaxation toward failure. 
The samples that had been prepared with higher crystallinities showed 
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higher values of the moduli above the glass transition temperature, but the 
effect was negligible below the glass transition temperatures. 

The effect of water is first to disrupt the hydrogen bonding in the nylons, 
leading to reduced strength, and then to form agglomerates in the structure.6 
During an experiment, water may evaporate, reducing the amount exerting 
a plasticizer effect. There could be less effect on the H bonding so that the 
relaxation moduli may decrease more slowly with time and may even in- 
crease. Loss of water has less effect at  0 and 100% relative humidity than 
at 50% relative humidity,14 where the ratio of bound to free water changes 
rapidly with evaporation. Crystallinity changed little during  experiment^'^ 
on nylon 6. 

Master curves could be prepared by shifting the curves using 50°C as the 
reference temperature. The data for the dry samples are shown in Figs. 2 
and 3. The lines are quite similar, and all fall within a narrow range of 
moduli. Master curves can also be made taking 50% relative humidity as 
the reference humidity, as shown in Fig. 4 for nylon 4. The individual curves 
for the various temperatures are shown. These, in fact, can also be super- 
imposed to a reference temperature of, say, 50°C. A vertical as well as a 
horizontal shift14 may be necessary in preparing master curves. Master 
curves for oriented nylons 6 and 66 have been prepared by Yoshitomi et 
al.14 and by Quistwater and Dunell,15 respectively. 

The ratio of amide to methylene groups in the main variable in the struc- 
ture. This ratio decreases in the order nylon 4 > 6, 66, 666 > 610 > 612 > 
11 > 12. Although the modulus values lie roughly in this order, the devia- 
tions indicate that the probability of H bonding is not the only factor af- 
fecting the modulus. The H bonding decreased with increasing temperature, 
but as shown by Garcia and Starkweather,"j it is still about 60% complete 
at the highest temperatures reached in this study. 

0.1 
-2 -1 0 1 2 3 4 5 6 7 8 

LOG TIME S 
Fig. 2. Master curves referred to 50%C for 0% relative humidity samples: nylon 4 (O), 

nylon 6 (W), nylon 11 (v), nylon 12 ( + 1. 



STRESS RELAXATION OF LINEAR ALIPHATIC NYLONS 3701 

LOG TIME S 

Fig. 3. Master curves referred to 50°C for 0% relative humidity samples: nylon 66 (O), 
nylon 610 (H), nylon 612 ( +  ), nylon 666 (v). 

I 1 I I I I I I I I I 

I- 

0.1 I I I I I I I I I I 

- 3 - 2 - 1  0 1 2  3 4 5 6 7 
LOG TIME 5 

Fig. 4. Master curves referred to 50% relative humidity for nylon 4 a t  temperatures (from 
top to bottom) of 25, 50, 100, 150 and 180°C. 

Likewise, the dynamic or storage moduli differ from the relaxation moduli. 
The dynamic moduli measured from the anelastic spectrum5 were obtained 
at  a strain of about 0.2%, whereas those measured with the thermome- 
chanical analyzer were obtained at  strains up to nearly 1%. In both cases 
the strains are low, and one could hope that the moduli would match better. 
However, the change of relaxation moduli with time or temperature may 
depend more on the rates of formation and disruption of H bonds at equi- 
librium in a slow test, whereas in the dynamic mechanical tests the vis- 
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coelastic properties possible under more rapid sinusoidal movements are 
obtained. The data are in agreement with the concepts of Schroeder and 
Cooper,17 but further experiments are needed to attain quantitative rela- 
tionships. 

SUMMARY 

Stress relaxation ofnylon 4,6,11,12,66,610,612, and 666 were measured 
and compared. The data are quite similar, taking into account the differing 
initial moduli. Moisture lowers the modulus but does not significantly change 
the relaxation rate. Likewise, some increase in crystallinity raises the mod- 
ulus without a significant effect on the relaxation rate. The curves could be 
superimposed to a reference temperature or a reference relative humidity 
and, in principle, to both combined, probably with a vertical as well as a 
horizontal shift. 

The study was supported by the Natural Sciences and Engineering Research Council of 
Canada. The preliminary study by Amity M.-C. Lam was of great assistance. 
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