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ABSTRACT: The creep behavior of nylon 6,6 at 21°C was significantly altered when the
local “dry” environment was changed to water mist or an aqueous zinc chloride mist.
Nylon 6,6 was found to exhibit logarithmic creep because the relation between the log
of the strain rate and the creep strain was linear with a negative slope. The effect of
changing the creep environment from dry to wet, with the addition of moisture from an
ultrasonic humidifier was to decrease the negative slope by 50—70% within 5-10 min.
This effect could be interpreted as a decrease in modulus, which allowed for easier creep
deformation. Based on the stress-free diffusivity of water in nylon and the dimensions
of the test sample the time to saturate the sample was estimated to be about 100 h.
Therefore, there appeared to be synergism between the creep deformation and the
environment that dramatically enhanced the rate of saturation and slowed the decrease
in the creep rate. The tentative explanation provided is that the aqueous solutions, by
binding to the hydrogen bonds in nylon, are dragged into the sample during creep
deformation, and the dragged-in aqueous solution then plasticizes nylon. This is anal-
ogous to the conclusion in another recent study that showed that deformation, during
a hardness test, in the presence of aqueous zinc chloride, transported the solution
species deeper into the sample than could be reasonably explained by ordinary diffusion

processes. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci 81: 494-497, 2001
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INTRODUCTION

The absorption of water by nylon decreases the
modulus and yield stress, lowers the transition
temperature, T, and increases toughness in pro-
portion to the amount of water absorbed.'™ The
creep modulus of nylons is also lowered by water.*
Aqueous ZnCl, solutions decrease the modulus
and yield stress more than water alone.>® The
relevance of salt solutions lies in the fact that
they can cause stress cracking of nylon by a plas-
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ticization process,” and when dehydrated, the re-
sidual salt content increases the modulus and
yield strength and decreases the fracture tough-
ness.%

A synergism between deformation and the up-
take of water or salt solution was first demon-
strated recently by Donovan.® This work showed
that indentation (i.e., a hardness test) of nylon 6
in the presence of aqueous ZnCl, solution de-
creased strain to failure by an order of magnitude
during subsequent tensile deformation. When the
same indentation was conducted in air, or when a
drop of ZnCl, solution was placed on a smooth
surface of the nylon 6 sample for the same time as
it took to indent the sample, there was no effect



on subsequent tensile deformation. In other
words, localized plastic deformation by itself, or
ZnCl, solution by itself did not affect tensile be-
havior, but when acting together, the effect was
dramatic even though the indentation exposure
time was the order of a minute or less. This study
was reminiscent of a similar effect that has long
been observed for the case of exposure of alloys to
hydrogen containing environments. The role of
plastic deformation in “dragging” hydrogen deep
into the bulk of the alloys is now fairly well es-
tablished.?~'! Donovan® concluded that there was
a similar effect here, namely, that water and
ZnCl, was being dragged into the polymer by a
plastic deformation process. This result has major
implications for mechanical behavior of polymers
subjected to different environments. Localized de-
formation can drag the environment deep into
components and cause changes in bulk mechani-
cal properties, such as plasticization or embrittle-
ment, within short time periods.

The following study further investigates the
question of drag of environmental species into the
bulk of polymer specimens by plastic deformation.
In particular, we investigate whether drag can
occur, not just under conditions of intense local-
ized deformation, but also when slow bulk defor-
mation occurs, as during creep. This is particu-
larly important because many polymers experi-
ence measurable creep under normal service
loads, even at ambient temperature. What role
can this play when exposure to environments are
involved? Accordingly, we have investigated the
changes in creep deformation characteristics
when water or water containing ZnCl, was intro-
duced in the middle of an ongoing creep test of a
nylon 6,6 sample to ascertain whether there was
evidence of deformation related drag.

EXPERIMENTAL

Standard %” X %” cross-section nylon 6,6 tensile
samples of 2" gage length were first dried in a
vacuum oven at 60°C for approximately 18 h. The
samples were then tested in an Instron (model
4411) tensile test machine at a constant load cor-
responding to an initial applied stress of 50 MPa.
The macroscopic yield stress for this material was
about 70 MPa.'? The strain was measured by an
Instron extensometer attached to the gage length
of the specimens. The specimens were surrounded
in a sealed plastic enclosure that was connected to
a household humidifier that provided a stream of
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Figure 1 Strain vs. time of nylon 6,6 in air environ-
ment at a constant applied stress of 50 MPa.

ambient temperature water mist or water mist
containing ZnCl,. The ZnCl, containing mist was
produced by filling the humidifier with a 0.17 N
solution of ZnCl,. Measurement of the mist tem-
perature indicated that it was within 1°C of the
measured ambient temperature. The humidifier
was turned on after the first 10 min of creep at
ambient temperature. Exposure to the vapor was
then continued for a period of 30—40 min, after
which the load was removed and the strain recov-
ery of the specimen was monitored in the pres-
ence of the environment. Strain data was ac-
quired by a computer using a standard Labview
software program. Three samples were tested:
one in ambient air with no exposure to mist, one
exposed to water mist alone, and a third exposed
to a ZnCl, containing mist.

RESULTS AND DISCUSSION

Figure 1 shows the baseline, or reference, creep,
and strain recovery behavior in the absence of
exposure to mist from the humidifier. The initial
elastic strain was about 3%, consistent with pre-
vious results,'? while the creep strain was sub-
stantially more. As can be seen, when the load
was removed, much of the creep strain was recov-
ered, indicating that it was viscoelastic in nature,
while the nonrecoverable, or viscous, component
was found to be about the same as the elastic
strain. What was notable (see Fig. 2) was that
when the natural log of the creep strain rate was
plotted as a function of the creep strain, a straight
line behavior was observed, which indicated that
the creep strain rate dropped exponentially as the
creep strain.
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Figure 2 A semilog plot of the strain rate vs. strain
during the loading phase of nylon 6,6 in air (shown in
Fig. 1). The slope of the straight line of —70.6 was
obtained by linear regression of all data shown.

Our results indicated that the slope, S, of the
curve in Figure 2 can be given by

S = Elo D

Where, E is the Elastic Modulus (3.3-3.5 GPa'?)
and o is the applied stress (50 MPa). This can be
seen by comparing this ratio with the value of the
slope, S, indicated on Figure 2. A smaller value
for S would mean a smaller decrease in the creep
rate with creep strain, that is, the material be-
haves in a more plasticized fashion. Because a
more plasticized material is known to have a
smaller modulus,® eq. (1) is, therefore, physically
consistent. In what follows, Figure 2 is used as a
reference to compare the effects of water and
ZnCl, solution on the creep process.

Figure 3 shows the semilog plot of creep rate
versus strain, corresponding to Figure 2, but for
the case when water mist is introduced. The ar-
row on the figure indicates when the mist was
introduced into the plastic enclosure. It is evident
that the data shows a linear behavior prior to
water exposure just as in the case of Figure 2
when testing was done in air. Once water is in-
troduced, there was transient increase in creep
rate that, within 5-10 min, restabilizes to a linear
relationship with a new but distinctly smaller
slope. The initial slope and the restabilized slopes
are both shown on the figure. The initial slope
prior to water exposure was about 14% lower than
was found in Figure 2. Using eq. (1), the initial
slope prior to water exposure gave a modulus of 3
GPa for nylon 6,6, which is still within the scatter
band for the elastic modulus of nylon 6,6 in nor-
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Figure 3 A semilog plot of the strain rate vs. the
strain during the test where water mist was introduced
at the point in time indicated by the vertical arrow in
the figure. The slopes before and after water introduc-
tion, obtained by linear regression, are indicated on the
figure. See text for discussion.

mal ambient air. However, it is notable that
within a few minutes of water mist exposure the
slope of the line decreased by 52%. The lower
restabilized slope corresponded to a modulus
value of only 1.4 GPa, significantly below the
modulus range for nylon 6,6 in air. This indicated
a significant degree of plasticization of nylon 6,6
as a result of water absorption that is consistent
with previous studies of plasticization of the poly-
mer by moisture.

Figure 4 is the corresponding plot for the case
when water mist containing ZnCl, was intro-

Nylon 6,6 0.1N ZnCI2 solution
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Figure 4 A semilog plot of the strain rate vs. strain
as was done in Figure 3, but this time the arrow on the
figure indicates when the specimen was exposed to
water mist containing ZnCl,. Observe the much greater
decrease in the magnitude of the slope with exposure to
the ZnCl, containing water mist when compared to
Figure 3 for water mist alone. See text for discussion.



duced during creep. Once again, for this case, the
initial slope was within the expected scatter.
However, once the ZnCl, containing mist was in-
troduced, the slope decreased by 71%, giving a
modulus value of only 0.85 GPa using eq. (1).
Thus, there was a 50% larger effect on softening
of the nylon 6,6 polymer by ZnCl, solution than by
water alone. In an earlier independent study,® the
elastic modulus was found to decrease by an ad-
ditional 50% in ZnCl, solution when compared to
that by water alone. Our result is remarkably
consistent with this previous result, and, further-
more, provides additional support for the applica-
bility of eq. (1).

The observation of plasticization in and of itself
is not new, although its manifestation in creep
does appear to provide some new insights. What
is unique about the present results is the kinetics
of the response when water is introduced. The
diffusivity of water molecules into nylon is 14
X 10~ 13 m%s at 40°C. In the presence of 1. N ZnCl,
this value is about 4 X 10~ ' m?%s. Using this
value for a %-inch thick sample, bulk penetration
would be predicted to require 100—400 h at 40°C.
Thus, the observed changes in the bulk creep
response (on the order to 5-10 min, as shown in
Fig. 3 and Fig. 4) cannot be rationalized as occur-
ring due to normal diffusion of water into the
samples. We conclude that the water molecules
were dragged into the bulk rapidly by the mole-
cules as they displaced during the creep process.
We believe this is a plausible process because
both water and water containing the ZnCl, are
polar groups and can attach to the hydrogen
bonds on the nylon molecules. The transient pe-
riod observed in Figure 3 and Figure 4 just after
the environment is introduced is then the period
when water and ZnCl, are being dragged into the
sample and the bulk has not yet been saturated.
Once saturation occurs, a new (and lower) slope
would be observed.

Further study is needed to understand the role
of plastic deformation on enhancing transport of
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solute species in polymers. For example, the
charge to size ratio of the solute cation is known
to play a role in both the diffusivity of aqueous
salts and also the embrittlement of polymers by
aqueous salts.® The dependence of strain-induced
transport on solute type could provide additional
insights into the details of the transport mecha-
nism. There are also questions as to how this
process is influenced by the degree of crystallinity
in the polymer, and what the apparent binding
energies would be of the solutes to the displacing
polymer molecules.
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