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ABSTRACT: Nylon 6,6 is an excellent material for the
study of the diffusion mechanism and associated mechanical
performance of polymers saturated with aqueous solutions
of varying pH at different temperatures. The diffusion pro-
file was studied for samples saturated at temperatures rang-
ing from 20 to 90°C in solutions decreasing in pH from
distilled water to 1.0M sulfuric acid. The presence of sulfuric
acid molecules within the diffusing solutions acts to pro-
mote hydrolysis of the polyamide molecules. The degree of
hydrolysis is dependent on saturation temperature and so-
lution pH. The extent of degradation was evaluated via
changes to mechanical performance and inherent viscosity
and often results in a reduction of the stress at yield, flexural
modulus, and inherent viscosity on increasing temperature

and decreasing pH. The use of neutron activation analysis
allowed for an evaluation of the sulfur content within the
samples as a function of diffusing time. This demonstrated
that although the mechanical performance decreases rapidly
on initial exposure to the aqueous medium, this is likely due
to plasticization. As diffusion time progresses, the sulfur
content within the sample continues to rise to a level where
the acid/water molar ratio is much higher in the sample
than that of the bulk. This results in an enhancement of the
degradation process as time progresses. © 2005 Wiley Period-
icals, Inc. J Appl Polym Sci 97: 2476–2487, 2005
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INTRODUCTION

As part of the quest to find a solution for the disposal
of Canada’s radioactive waste, the Royal Military Col-
lege of Canada has been conducting research on the
use of polymeric materials for the design of radioac-
tive waste storage containers. Previous work has de-
termined that these materials exhibit the required me-
chanical strength and resistance to radiation to make
them viable alternatives to the titanium containers
currently proposed by Atomic Energy Canada Ltd. in
the Environmental Impact Statement on the Concept
of Disposal of Canada’s Nuclear Fuel Waste.1

Bonin and colleagues demonstrated that compos-
ite materials such as those based on polyamide 6,6,
polycarbonate, and polyurethane would perform
well in the radioactive environment produced by
low and intermediate level wastes.2,3 Miedema in-
vestigated the use of polymer composites such as

polyether ether ketone/graphite in the radioactive
environment that is expected in the storage and
disposal of spent nuclear fuel and high-level radio-
active waste.4 Both determined that these types of
materials, in combination with a packing material
such as ThO2, which acts as a radioactive shield,
would have the required mechanical strength to be
viable alternatives to the titanium containers cur-
rently proposed.

As the titanium containers’ mode of failure is elec-
trochemical corrosion, it is important to evaluate the
corresponding barrier properties of the polymeric ma-
terials. This will allow for an assessment of the lifetime
of a polymer container based on its ability to restrict
the flow of groundwater in and subsequently the
leaching of radionuclides out of the container.

The diffusion properties that govern the mass trans-
port of materials such as water, acidic, or alkaline
solutions through the container walls are the key to
the evaluation of the lifetime of these materials. Due to
the complex nature of the environment into which
these containers will be placed (for several centuries),
this diffusion process will be equally as complex. Ini-
tial studies have focused on the effects of temperature
(20–90°C) and pH 0–7 on this diffusion process. The
use of sulfuric acid solutions of varying pH was based
on groundwater studies performed at possible burial
locations.5
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There exist many references to diffusion processes
in polyamides. The majority of the work has focused
on water diffusion and hydrolysis.6–8 Others have
focused on acidic solution diffusion such as acetic
acid,9 sulfuric acid,10 and hydrated salts.11 However,
these studies are often limited to a single concentra-
tion or temperature. This work required that a com-
plete series of data for a range of pH and temperature
be produced. Also important was the determination of
the acid molecules diffusion profile within the sample.
Neutron activation analysis (NAA) was utilized to
monitor the ingression of the sulfuric acid molecules
into the sample as a function of diffusing time.

Polyamide 6,6 has been utilized as the initial test
material due to its sensitivity to radiation exposure
compared to other thermoplastic materials such as
polyethylene or polypropylene. It is also hydrophilic
and will absorb relatively high amounts (�9%) of
solution over a time period that is acceptable for the
experimental timescale. Previous work at RMC has
focused on the assessment of mechanical performance
to determine whether materials studied would main-
tain properties under conditions expected over the
container lifetime. The focus of this work is to begin
with the worst case scenario (polyamide 6,6) and es-
tablish a complete set of data, which can then be used
to form the basis for evaluation of other materials that
would be more suitable for this application. Beginning
with materials that perform well in radioactive envi-
ronments and do not intake appreciable groundwater
over the experimental timeframe does not provide any
detail as to the degradative mechanisms that may be
active over long storage times.

EXPERIMENTAL

Materials

For the present work, pelletized polyamide 6,6 (Du-
pont Zytel 101L Nylon 6,6, Tm � 263°C, � � 1.18 g
cm�3) was selected for use. The material was first
dried at 80°C for 24 h and then injection molded, using
an ENGEL EC88 injection molder, with nozzle tem-
perature ranging from 275 to 280°C and mold temper-
ature of 80°C. Flexural bars measuring 3.1 � 12.7
� 127 mm were formed in accordance with ASTM
D3641–0212 for flexural testing. To ensure that sam-
ples remained dry, all samples were vacuum pack-
aged in aluminum-lined bags or stored in an air-free
environment. This allowed for use without the re-
quirement for further drying.

Diffusion experimental setup

Figure 1 presents the experimental setup, which is based
on the weight gain method of determining moisture
uptake in polymeric materials, ASTM D570–95.13 Flex-

ural bars were placed in each of the 100-mL test tubes.
These tubes were then filled with the diffusing solution
and lowered through the insulating top into the water
bath. The water bath was entirely insulated with flexible
foam sheets to minimize heat loss and to maintain the
system at the experimental temperature (�1°C). Period-
ically throughout the experiment, the test tubes were
opened, pH was measured, and the samples were dried
and weighed. Samples were removed from the test tube,
dried well with absorbent paper to remove the surface
moisture, and allowed to air dry for 5 min at room
temperature. Samples were then weighed to the nearest
0.0005 g on an analytical balance and, finally, returned to
the test tube.

Neutron activation analysis

Neutron activation analysis was performed after ex-
posure to the thermal neutron flux from the SLOW-
POKE-2 research nuclear reactor. The sulfur content in
the samples was compared to that of the sulfur-free
samples, allowing for a determination of the quantity
of sulfur in the samples. The sensitivity for the anal-
ysis of trace elements using NAA is both element and
technique specific, but is in the range of 0.001 ppm.14

A cross section of the samples was utilized for this
analysis.

Flexural testing

Flexural testing was carried out with an Instron test-
ing apparatus according to the ASTM D790–0215

three-point bending test. The crosshead speed was
maintained at 13.65 mm/min for all experiments.
Measurements were taken with a 5-kN tension/com-
pression load cell. Tests were run until break occurred
or until the maximum displacement was reached.

Dilution viscometry

Dilution viscometry was completed on a Lauda Intrin-
sic Viscosity Measurement system with Ubbelohde

Figure 1 Experimental setup
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viscometers. Initial sample concentrations were ap-
proximately 0.005 g cm�3. A series of dilutions was
carried out for each sample at intervals of 0.0005 g
cm�3 beginning at 0.0045 g cm�3 and finishing at
0.0015 g cm�3. Nylon 6,6 samples were dissolved in
m-cresol at room temperature prior to testing with a
Type II viscometer. The kinematic viscosity of m-cresol
at 25°C was determined to be 13.1 mm2 s�1.

RESULTS AND DISCUSSION

Neutron activation analysis

NAA was used to determine the concentration of sul-
fur within the samples as a function of diffusing time.
The technique is based on the radiative capture of
neutrons into the nuclei of stable isotopes. These neu-
trons are produced by the SLOWPOKE-2 nuclear re-
search reactor at RMC. Following this nuclear reac-
tion, the resulting atoms have an additional neutron
within their nuclei, with these atoms being either sta-
ble isotopes of the original nuclear species or radioac-
tive isotopes (radioisotopes). Neutron bombardment
of a sample results in a number of radioisotopes being
created, such that the analysis technique is then based
on the detection and measurement of the radiation
emitted by these radioisotopes. Although emitted par-
ticles, such as � and � particles, or Auger electrons,
can be used for the analysis, NAA is traditionally
based on the analysis of the spectra of the � rays
emitted by the radioisotopes. In the present work, the
interest is focused on the sulfur isotopes that are
among the constituents of the sulfuric acid diffusing
into the polymer matrix. This element is thus used in
the following paragraph to describe the method in
greater detail.

Natural sulfur consists of the following four stable
isotopes: 32S (92%), 33S (0.75%), 34S (4.21%), and 36S
(0.02%). The percentages represent the natural atomic
composition. At RMC, NAA is based on the absorp-
tion of slow (thermal) neutrons into the target nuclei,
since the capture possibilities are much higher for
thermal neutrons than those for fast neutrons, and
because the SLOWPOKE-2 is a thermal reactor with
more than 90% of the neutron population being made
of thermal neutrons. The capture of a thermal neutron
into the nucleus of 32S and 33S leads to the formation of
stable 33S and 34S, respectively, both useless for NAA
since they are not radioactive. However, two radioiso-
topes can be formed from the absorption of a thermal
neutron into 34S and 36S, resulting in 35S and 37S,
respectively. 35S is a long-lived radioisotope that de-
cays into stable 35Cl by � emission without emitting �
rays. Therefore, it cannot be used for NAA. Finally, 37S
decays rapidly into stable 37Cl by � decay, but also
includes the emission of � photons with an energy
spectrum displaying several energies, the most impor-

tant being 3103.36 keV (this photon is emitted 100% of
the time). It takes 5.05 min for a given quantity of 37S
to decay to half its original value (half-life). This has
two beneficial effects for NAA: a short irradiation
provides a maximum activity for the samples, and the
short half-life means high activities, thus high count-
ing rates for better counting statistics and higher ac-
curacy. Despite the low natural content of the 36S
isotope, there are still sufficient amounts of sulfur in
the samples to guarantee high activity levels. The high
energy of the main � photon emitted makes its detec-
tion easy and the measurement nonambiguous, since
few radioisotopes have � energies with comparable
intensities within their � spectra.

This nonambiguity represents the main asset of
NAA as a qualitative analysis technique, but it is in the
quantitative analysis that NAA is most advantageous.
The quantitative assessment of the content of an ele-
ment within a sample is made by comparing the in-
tensity of key photon peaks to those of standard sam-
ples irradiated and counted usually under the same
conditions as those for the unknown sample. A simple
rule of three is then used to determine the mass of the
element of the unknown sample, which is commonly
done in the parts per million range, or even in the
parts per billion range, with an accuracy usually better
than 1%. The success of NAA does, however, come
with a cost: the method provides information only on
the elemental content of the analyzed samples, with-
out providing any knowledge of the molecular struc-
ture. In addition, there are some elements for which
NAA is not well suited because the neutron capture
probability is too small, such as the noble gases, ele-
ments with a magic number for their Z or A number
(such as lead), and a few other elements for which the
absorption of a neutron has a small probability or
leads to the formation of stable isotopes (carbon, ni-
trogen, oxygen).

The use of NAA in the elemental analysis of dif-
fused species in polymeric materials does not require
chemical alteration or dissolution of the sample and
thus is extremely valuable. Impurities within the sam-
ples are sometimes present in large enough quantities
to interfere with the specific element of interest. But,
there are techniques to cope with this problem, such as
adjusting the neutron flux, the irradiation times, or the
decay times, or changing the analysis method to in-
clude cyclic or pseudocyclic NAA techniques. In the
case of interferences in the recorded � spectra when
multiple elements are studied in the polymer matrix,
techniques such as spectra-stripping or computer
aided analysis programs may be used to deduce the
spectra for the elements of interest.16

Figure 2 illustrates the results obtained for the NAA
studies on Nylon 6,6 samples at various stages during
the diffusion process. Measurements of the sulfur con-
tent in the dry sample indicate that there exist low
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levels of sulfur within the polymer matrix in the form
of impurities. The increase in sulfur content that oc-
curs during the initial stages of diffusion exhibits a
slower ingression profile than that after saturation is
achieved. Upon saturation, the sulfur content in-
creases more rapidly.

A brief quantitative analysis was performed based
on the NAA data presented in Figure 2. It is assumed
that each molecule of sulfuric acid, once dissolved in
water, will be dissociated into one solvated proton
H3O� and one sulfate ion HSO4

�. When one sulfuric
acid molecule diffuses into the Nylon 6,6 sample, it
effectively consists of a single unit of two ions due to
the requirement for charge neutrality. The total mo-
lecular weight of one diffusing sulfuric acid molecular
unit becomes 116 Da. This value can now be used to
deduce the molar ratio of the diffusing unit into the
sample and then compare it with the molar ratio of the
bulk solution used, which is 0.1/55 or 0.18%, for the
0.1M sulfuric acid solution.

Take, for example, a point of 3% weight gain from
the left side of the curve in Figure 2, which corre-
sponds to a sulfur content of about 0.07%, from the
right side of the curve representing NAA data. The
latter value yields a diffusing sulfuric acid content of
0.27%, which corresponds to a molar ratio of about
1.53%. With the assumption that all sulfur present is
contained in the diffusing sulfuric acid molecular unit,
given that dry samples were found to contain 0.0096%
sulfur, this molar ratio is significantly higher than that
of 0.18% obtained for the bulk concentration as cited
above. Table I presents the calculated values for this
and two other data points from Figure 2. From these
results, it can be concluded that the sulfuric acid con-
tent absorbed into the Nylon 6,6 sample is about 7 or
8 times larger than the bulk acid concentration.

The amine groups have a higher attraction to the
protons of the diffusing sulfuric acid unit than those of
water, therefore causing the acid concentration to be
higher at the surface of the sample than in the bulk
solution. This is evidenced upon visual inspection of
the samples, in that when dried, white patches are
present on the surface of samples. The amine groups
within the sample may also ease the diffusion of the
larger diffusing sulfuric acid groups within the sample
and result in less water ingressing due to space limi-
tations. The size of the sulfuric acid group is estimated
to be five or six times that of water; therefore, the
higher the number of acid groups within the sample,
the less space available for water molecules. As the
diffusion progresses past saturation, the molar ratios
remain constant at around 1.3%.

These results provide support to results presented
in later sections, which illustrate a decrease of me-
chanical performance and inherent viscosity over
time, specifically samples saturated with 0.1M sulfuric
acid solution at long aging times. These NAA results
demonstrate that the ingression of dissociated sulfuric
acid molecules into the polymer matrix is significantly
enhanced after saturation is achieved when monitored
by gravimetric methods.

Figure 2 Neutron activation analysis of the sulfur content through the cross section of the sample as exposure time is
increased for Nylon 6,6 exposed to 0.1M sulfuric acid at 40°C.

TABLE I
A Quantitative Analysis of Neutron Activation Analysis

Results

Weight
gain
(%)

Sulfur
content

(%)
Diffusing
acid (%)

Acid/water
molar ratio

(%)

3.0 0.07 0.27 1.53
5.0 0.11 0.43 1.46
7.0 0.15 0.58 1.40
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Apparent diffusion coefficient and activation
energy

Initial experiments were completed to determine the
apparent diffusion coefficients and apparent activation
energies for the diffusion of distilled water, 0.1, 0.5, and
1.0M sulfuric acid in Nylon 6,6. Experiments were con-
ducted at 20, 40, 60, 70, and 90°C. Experiments at high
temperatures (70 and 90°C) and acid concentration
(1.0M) were found to cause extreme degradation to the
samples, as can be seen in the scanning electron micro-
scope images shown in Figure 3.

Apparent diffusion coefficients

Experiments were carried out at temperatures ranging
from 20 to 90°C and acidic conditions ranging from
distilled water (pH of approximately 6.5) to 1.0M (10
wt %) sulfuric acid solution (pH of approximately 0).
The pH was measured during the diffusion process
and remained constant throughout the experimental

time period. Figure 4 presents a typical plot for the
diffusion of distilled water into Nylon 6,6, represent-
ing the percentage weight gain (which is shown in Eq.
(1) below) as a function of the square root of time.

% weight gain �
wet weight � dry weight

dry weight (1)

The curves shown in Figure 4 are representative of
Fick’s diffusion curves, and according to Ishak and
Berry,17 the apparent diffusion coefficients may be
calculated based on the initial linear portion of the
curve. Equation (2) shows the details of the relation-
ship between the above graph and the apparent dif-
fusion coefficient, D,

D �
�

16�� M
t1/2� h

Mm
�2

, (2)

Figure 3 Scanning electron microscope image (60�) of 1.0M sulfuric acid exposure at 60°C.

Figure 4 Water diffusion in Nylon 6,6 for various temperatures.
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where
M
t1/ 2 is the slope of the initial linear portion of the

curve, h the thickness of the sample, and Mm the
maximum weight gain.

Diffusion coefficients were determined to be tem-
perature dependent with slight variations noted due
to changes in the diffusing solution toward more
acidic conditions. Maximum weight gains were also
noted to increase under acidic conditions. As can be
seen in Figure 5, the initial sections of the diffusion
curves are closely overlaid; however, increasing acid
concentration produces increased maximum weight
gain. This can be explained simply in that the molec-
ular weight of the dissociated sulfuric acid molecule is
approximately five times higher than that of the water
molecule. An increase in concentration of sulfuric acid

(decrease in pH) likely provides a larger number of
dissociated sulfuric acid molecules within the diffus-
ing solution to diffuse into the material, resulting in an
increase in the maximum weight gain.

Figure 6 illustrates the relationship between the ap-
parent diffusion coefficients and temperature. An Ar-
rhenius-type relationship is evident from these results
and as such can provide a valuable means of deter-
mining the apparent activation energy for the systems.

Apparent activation energy

Plots such as the one shown in Figure 6 presenting the
natural logarithm of the apparent diffusion coeffient,
lnD, as a function of the inverse of the temperature,

Figure 5 Diffusion in Nylon 6,6 at 20 and 40°C.

Figure 6 Apparent diffusion coefficients versus temperature for Nylon 6,6 diffusion of distilled water and acidic solutions
of various molarities.
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T�1, can be generated and confirm the Arrhenius re-
lationship between the diffusion coefficient and the
temperature, where D is the diffusion coefficient (m2

s�1) and T is the temperature, (K).18

D � D0exp� � Ea

RT � (3)

This Arrhenius-type relationship allows for the calcu-
lation of the apparent activation energy, Ea, for each of
the experimental conditions. Table II is a summary of
the apparent activation energies for the systems stud-
ied. Ishak and Berry19 have obtained a value of 55.6 kJ
mol�1 for the activation energy of unreinforced Nylon
6,6. Differences may be attributed to experimental un-
certainties and differences in the characteristics of ma-
terials used, such as molecular weight and percentage
crystallinity.

From Figure 7, it can be noted that the slopes of the
lines for the 0.1 and 0.5M solutions are similar in slope
but shallower than that of water. For the high-concen-
tration solution (1.0M), the slope is steeper than that of
water. These results indicate that more energy is re-
quired for the diffusion process when the sulfuric acid
molecules are in high concentration. However, at the
intermediate concentrations of 0.1 and 0.5M, it would
appear that the sulfuric acid molecules present in so-
lution actually facilitate the diffusion process, result-

ing in a lower apparent activation energy for these
processes.

Assessment of the effects of diffused water and
sulfuric acid solutions on nylon 6,6

Mechanical performance

Testing was performed once it was determined that
the samples had reached the point of saturation. This
was determined from the weight gain plots and cor-
responded to the point where a steady plateau was
reached, indicating that weight measurements re-
mained constant. Results presented are averaged over
three to five specimens tested.

As previously mentioned, the samples exposed to
higher temperatures and higher acid concentrations
exhibited a more severe surface degradation, which
was visible to the eye and resulted in a significant
decrease in the mechanical performance. This is evi-
dent in the higher standard deviations of the flexural
testing results for those samples. Figures 8 and 9 are
representations of these results. It can be seen that, as
the saturation temperature increases, the maximum
stress at yield also increases in the case of distilled
water. This is due to a slight increase in the maximum
percentage weight gain with increased saturation tem-
peratures. The higher the saturation temperature, the
higher the maximum percentage weight gain, indicat-
ing that a larger amount of water has penetrated the
polymer matrix, thus resulting in an increase in the
maximum stress at yield, due to an increase in plasti-
cization resulting from the water molecules within the
polymer matrix.

Similarly, the ingression of 0.1M sulfuric acid at
lower temperatures also results in an increase in the
stress at yield and can be seen to provide an increase
over that of water. However, at higher temperatures,
this is no longer true. As the temperature is increased,

TABLE II
Apparent Activation Energies for Various Systems

Diffusing species
Activation energy
(kJ mol�1) � 10%

Distilled water 48.5
0.1M sulfuric acid 40.8
0.5M sulfuric acid 41.0
1.0M sulfuric acid 53.6

Figure 7 Arrhenius plots for Nylon 6,6 saturated in distilled water and various sulfuric acid solutions.
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the sulfuric acid has a much more damaging effect on
the polymer molecules leading to degradation of the
long polymer chains and a reduction in the stress at
yield. This is also evident in the results for 20°C, 0.5M
sulfuric acid saturation resulting in an increase in
yield stress, but due to the increased concentration of
sulfuric acid, the degradative effect becomes much
more prevalent at intermediate and higher tempera-
tures. Also seen in the 1.0M sulfuric acid results is that
even at low temperatures, the concentration of sulfuric
acid molecules is sufficient by itself to result in a
decrease in the stress at yield. With increasing tem-
perature, the degradation is amplified. The polymer
molecules are no longer able to support a load. It is in
these cases where fracture was noted to occur.

Results obtained for the flexural modulus follow a
similar trend to that discussed for stress at yield. Once

again, the resistance of the sample to deformation is
enhanced by the presence of sulfuric acid molecules at
lower temperatures. It is likely that the larger sulfuric
acid molecules provide some restriction to the move-
ment of the polymer molecules without causing deg-
radation of the long polymer chains. However, this
increase, over that of water, is no longer significant at
higher temperatures. The polymer chains then have
more energy available for movement, resulting in the
degradative effects of the sulfuric acid becoming more
pronounced at elevated temperatures and higher con-
centrations.

Of interest is the case of high temperature (60°C)
and high concentration (1.0M). Due to the extreme
conditions and the advanced degradation of the sam-
ples at saturation, it was no longer possible to obtain
accurate weight measurements due to the embrittle-

Figure 8 Maximum stress at yield as a function of saturation temperature.

Figure 9 Modulus as a function of saturation temperature.
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ment and cracking of the samples. Therefore, samples
were removed and tested “earlier” in the diffusion
process than those in which the saturation plateau was
well established prior to testing. The higher tempera-
ture (60°C) resulted in a faster diffusion process than
the 40°C process; therefore, less time was available for
the degradation of the long-chain polymer molecules.

It is often difficult to determine the exact time of
saturation due to slight variations in weight mea-
surements. It was determined that it was optimal if
saturation was assured prior to testing. Therefore,
initial flexural testing results may be occurring at
times slightly greater than those for the exact point
of saturation. Figures 10 and 11 present the flexural

yield stress and modulus for Nylon 6,6 as a function
of diffusing time in distilled water and 0.1M sulfuric
acid at 40°C.

The loss of mechanical performance (decrease in
stress at yield and flexural modulus) occurs early on in
the diffusion process with the maximum loss realized
much in advance of saturation. Initial uptake of solu-
tion results in plasticization of the polymer matrix
such that further ingression of solution into the void
spaces within the sample does not significantly alter
the mechanical performance. The initial loss of perfor-
mance, prior to the plateau, may be associated with
the diffusion front progression through the sample.
Further weight gain after this point may be attributed

Figure 10 Stress at yield versus diffusing time for Nylon 6,6 in water and 0.1M sulfuric acid at 40°C.

Figure 11 Flexural modulus versus diffusing time for Nylon 6,6 in water and 0.1M sulfuric acid at 40°C.
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to the continued filling of void spaces with solution. It
can be concluded that the initial plasticization of the
polymer results in the loss of mechanical performance,
and saturation of all void spaces does not result in
further loss of performance.

Intrinsic viscosity

As a means of gaining insight into the relative lengths
of the polymer molecule chains after exposure to the
various environments, dilution viscometry was used
as a comparative method between samples. Lower
intrinsic viscosities can be related to decreases in mo-
lecular weight, whereas increased viscosities can be
correlated to increases in molecular weight. This is
assuming that the polymer chains do not undergo any
configuration change.

As with flexural testing, it was important to inves-
tigate the intrinsic viscosity as a function of diffusion
time. The results reported here have been corrected for
increased sample weight due to the ingression of so-
lution into the sample. Figure 12 shows the molecular
weight changes that are occurring as diffusion
progresses. Intrinsic viscosity remains essentially con-
stant throughout the diffusion process for both dis-
tilled water and 0.1M sulfuric acid diffusion. How-
ever, once saturation is reached and aging begins, it is
clear that the sulfuric acid acts to enhance the hydro-
lysis process. Samples in distilled water at 40°C do not
show an appreciable change in intrinsic viscosity over
time, which is in agreement with flexural testing re-
sults previously described.

The diffusion of 0.1M sulfuric acid at 40°C results in
a marked reduction in the intrinsic viscosity and as-
sociated decrease in chain length. This is due to the

greater cleavage “power” of the 0.1M sulfuric acid
solution than that of water. The sulfuric acid mole-
cules within the polymer matrix also act as a catalyst
to accelerate the cleavage of the long chains, thus
accelerating the reduction of the intrinsic viscosity.

Further increases in temperature or acid concen-
tration result in further reduction of the intrinsic
viscosity. Figure 13 shows that there is a greater
intrinsic viscosity increase for the samples saturated
in 0.1M sulfuric acid at 40°C than for those at 20 or
60°C for the same solution. There also exists a sim-
ilar increase for samples saturated with distilled
water at 40°C. This result is in agreement with re-
sults previously presented for the stress at yield
under the same conditions. Once again, it may be
suggested that the lower concentration of sulfuric
acid molecules present in the 0.1M solution pro-
vides some protection to the polymer molecules at
40°C. Also important to note is the difference in
diffusion times and temperatures for these samples.
Samples saturated at 20°C require approximately 1
year to reach saturation, thus providing more time
for polymer chain degradation (hydrolysis). Those
saturated at 60°C require much shorter times, but
due to higher temperatures, they experience a
higher degree of degradation. Samples saturated at
40°C in 0.1M solution are not at temperatures sig-
nificant to the degradation process and are not re-
quired to remain in the acidic solution for such long
times; therefore, the higher intrinsic viscosities (and
flexural results) are likely due to the more “ideal”
conditions to which the samples are exposed.

Similar results with samples exposed to water are
recorded, as water is much less degradative to the
samples, the increase noted at 40°C is lower in mag-

Figure 12 Intrinsic viscosity as a function of diffusing time at 40°C.
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nitude; however, the same principles are expected
to be true. Samples allowed to age in water at room
temperature for extended periods of time show a
decrease in intrinsic viscosity from those tested at or
near the time of saturation. Given longer periods of
time the water molecules present within the poly-
mer matrix continue to cleave the polymer chains
via hydrolysis of the amide group, thus resulting in
a decrease in the intrinsic viscosity.

Finally, as with the flexural results, samples satu-
rated in 0.5M sulfuric acid show a steadily decreasing
trend with increasing temperature. This is due to the
damaging effects of the stronger acid concentrations
and is magnified by the increase in temperature.

CONCLUSIONS

Neutron activation analysis seems to be a useful tech-
nique for monitoring the diffusion of sulfuric acid in
Nylon 6,6, both qualitatively and quantitatively. NAA
has been used to demonstrate that the diffusion of
dissociated sulfuric acid continues after the weight
gain diffusion plateau has been achieved.

Diffusion in Nylon 6,6 has been shown to be not
only temperature dependent, but also pH dependent.
As the pH is increased, the apparent diffusion coeffi-
cient is also increased, which may be attributed to the
decrease in concentration of the sulfuric acid mole-
cules in solution. The mechanical performance (stress
at yield and flexural modulus) of Nylon 6,6 was found
to decrease with increasing water uptake until a time
at which it is assumed that the diffusion front has
progressed through the material; however, the satura-
tion plateau was not yet reached as the void spaces
had not yet been filled with solution. Higher temper-
atures and higher acid concentrations resulted in a
marked decrease in performance over time. Dilution

viscometry results demonstrate the reduction in poly-
mer chain length that is occurring and its dependence
on both temperature and pH.

Experimental conditions studied in this work have
been much more severe than those expected within
the container storage environment. Results confirm
that even hydrophilic materials, such as Nylon 6,6,
will not show appreciable degradation in the low-
acid-concentration environments (approaching that of
distilled water), which are expected within the storage
environment.

Scanning electron microscopy and neutron activation anal-
ysis were performed at the Department of Chemistry and
Chemical Engineering at the Royal Military College of Can-
ada.
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