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Abstract: The hydrothermal aging of a commercial polyimide film, (poly(pyromellitic
dianhydride-co-4,4'-oxydianiline)) is investigated, providing further insight into the well-
known loss of properties that can occur for these materials in the presence of moisture. The
study involved measuring ATR-FTIR, ultimate tensile strength, and percent elongation at
break, under accelerated hydrothermal aging conditions at three different temperatures (70,
80, and 90 °C). ATR-FTIR data was analyzed using chemometrics in order to identify
significant trends that develop upon the accelerated aging conditions. The most dramatic
changes were observed for the aging at 90 °C. Changes in the ATR-FTIR spectra for aging at
all three temperatures can be attributed to hydrolysis of the imide groups. Ultimate tensile
strength was also used to monitor the hydrothermal aging process. This data was used to
construct an Arrhenius plot from which an activation energy of 71.8 KJ/mol was determined
for the hydrothermal aging process. This value is comparable to that of textiles used in fire
protective clothing, suggesting that polyimide is a viable candidate for modeling the
degradation of these textiles. This paper also shows the large potential of chemometrics for
polymer aging studies as it allows identifying degradation mechanisms from subtle chemical

changes in the materials.
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1. INTRODUCTION

Polyimides are an incredibly useful family of high-performance polymers that combines
mechanical toughness, chemical and thermal resistance, a low dielectric constant, and a low
thermal expansion coefficient.! In particular, aromatic polyimides are known for their ability
to operate within a very wide temperature range, with the most well-known polyimide,
Kapton® developed by DuPont, having been successfully employed in applications with
temperatures as low as —269 °C and as high as 400 °C.'® This remarkable thermal stability, in
addition to many other desirable properties, has led to the use of polyimides in a very broad
range of fields including electronics, acrospace, and the military.!** More specifically,
polyimides are frequently used as insulating coatings for wires/electronics as well as high
temperature structural adhesives. Other applications for polyimides that have been studied
extensively include reinforced nanocomposites® and gas separation membranes.* Furthermore,
there is a significant interest in the use of polyimides in optoelectronic display technologies;
however, low processability (due to a lack of solubility) as well as poor optical transparency

are challenges that must first be overcome.’

The remarkable thermal stability of polyimides is attributed to a very rigid, aromatic
structure.!? One popular method for the formation of aromatic polyimides includes reacting
aromatic diamines (or diisocyanates) with aromatic dianhydrides, which initially forms a
poly(amic acid) intermediate. The poly(amic acid) can be converted into a polyimide through
prolonged heating which results in the formation of imide rings accompanied by the
elimination of water. Generally, the combination of electron-rich diamines with electron-poor
dianhydrides results in deeply colored polyimides due to the formation of intra- and
intermolecular charge transfer interactions. Figure 1 shows the structure of poly(pyromellitic
dianhydride-co-4,4'-oxydianiline), which forms deep orange films, and was used in this study.

FTIR can be used to monitor the thermal curing, with imidization being indicated by the
3
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disappearance of amide/carboxylic acid peaks and the emergence of imide peaks.®* For the
polyimide shown in Figure 1, there are four peaks corresponding to the imide functional

groups, which occur at 1778, 1378, 721, and 588 cm™!.°
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Figure 1. The synthesis of the polyimide used in this study from aromatic dianhydrides and
aromatic diamines.

Despite their impressive chemical and thermal stability, several studies have demonstrated
negative effects of moisture diffusion/sorption on the properties of polyimide films. For
example, Kapton® film can absorb up to 3 wt% of water from atmospheric humidity;’® the
absorbed water has been linked to an increase in dielectric permittivity and decrease in
electrical resistivity, and can also lead to mechanical failures (cracks, delamination, loss of
adhesion, etc.).” In fact, a linear correlation has been found between the relative dielectric
constant at a given temperature and the amount of absorbed water, leading to the early use of
polyimides as a relative humidity sensor.® Furthermore, moisture-based degradation at
elevated temperatures results in a substantial deterioration of the mechanical strength of
polyimide films.’ Plasticization by water at high temperature has also been observed, leading
to a reduction in the material’s mechanical performance when tested in the wet state.*
However, despite the well-known negative effects that moisture can pose to polyimides, the
origin behind these observed degradations is not well understood. Because of the importance
of polyimides in such a broad range of applications, developing a better understanding behind

the mechanism of hydrothermal aging of polyimide is essential.
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The moisture-based degradation of polymers is typically attributed to chain scission via
hydrolysis, particularly in the case of polymers formed via condensation reactions.'” In 1971,
Delasi was one of the first researchers to study the aqueous degradation of polyimides by
immersing samples in water at temperatures of up to 100 °C and monitoring the decrease in
ultimate tensile strength of the aged samples.”® He proposed that the diminished strength was
due to hydrolysis of amide or carboxylic acid groups which are often present in small
quantities, rather than hydrolysis of the imide rings which are typically stable towards
hydrolysis under neutral conditions. In a more recent study, the hydrothermal aging of another
polyimide (HFPE-II-52) was studied using a sealed tube maintaining an environment of 100%
RH at elevated temperatures.’® The authors studied the aged samples by measuring
compression strength, and concluded that hydrolysis of the imide groups is rampant at
temperatures > 250 °C, but is not significant below 200 °C. Although these studies provide
valuable information on the effect of hydrothermal aging on polyimides at extreme
temperatures, the effect of hydrothermal aging under less extreme conditions is still unclear.
Furthermore, the extent/role of hydrolysis of the imide groups when polyimide is exposed to

high levels of moisture remains unclear.

Despite the abovementioned methods for characterizing aged specimens (including
mechanical analysis), a simple, quick and non-destructive technique would be highly
beneficial for further studying aged samples. Although FTIR is a valuable and non-destructive
technique, it is very difficult to monitor small changes and draw precise conclusions. In this
regard, chemometrics has emerged as a powerful data analysis methodology which uses
mathematical and statistical methods to extract meaningful information out of very large
datasets.!" Among various chemometric techniques, principal component analysis (PCA) is a
dimensionality-reduction method that computes new sets of uncorrelated variables (called

principal components) and has been commonly used for the exploration of large data sets.!!
5
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As a specific example, there is increasing interest in ATR-FTIR spectroscopy combined with
chemometrics analysis, where chemometrics is used as a sensitive and objective tool to
differentiate between different groups in the study.'? One hallmark of combining ATR-FTIR
with chemometrics is that it enables the opportunity to explore full and complete data sets,
which often results in the discovery of subtle, objective trends while minimizing outside

influence.

A better characterization and understanding of the hydrothermal aging of polyimide is also
needed for a new potential application of targeting protective clothing against heat and flame.
One important use of heat-resistant polymers is the development of fibers for fire protective
clothing.!® These fibres are typically made from high performance synthetic polymers; some
common examples include polyaramids (e.g. Kevlar®, Nomex®), polybenzoxazoles (e.g.
Zylon®), and polybenzimidazole (PBI). Although these materials (and the resulting fibres)
are stable at high temperatures, they are known to degrade slowly upon exposure to excessive
heat, UV-light, and moisture, which can all result in the deterioration of performance before
any signs of degradation are visible.'* To overcome this problem, Dolez, Chung and
coworkers have proposed the concept of an end-of-life sensor for fire protective clothing
which involves a thin “sensing” polymeric layer that slowly deteriorates over time when
exposed to the conditions the high-performance fibers are sensitive to.!*> To this end,
polyimides may be an ideal candidate for an end-of-life sensor for the moisture-based

degradation of fire protective clothing.

In this paper, we study the moisture-based degradation of a commercial polyimide film under
accelerated hydrothermal aging conditions. The residual ultimate tensile strength (UTS) of the
hydrothermally aged samples was measured for different exposure times and temperatures.

An Arrhenius plot was constructed from the UTS data by application of the time-temperature
6
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superposition principle. The activation energy obtained for the moisture-based degradation of
the polyimide film was compared to values of the activation energy reported for the moisture-
based degradation of fabrics used in fire protective clothing. Finally, the aged polyimide
specimens were studied via FTIR and analyzed using chemometrics to elucidate the
mechanisms involved in the hydrothermal degradation of the polyimide film between 70 and

90 °C.

2. EXPERIMENTAL AND METHODOLOGIES

2.1. Materials
The material used in this study was a thermoplastic (as defined by the manufacturer)

polyimide film (XF-137, thickness of 125 pm) purchased from Polyonics (New Hampshire,

USA).

2.2. Accelerated Hydrothermal Aging

Accelerated aging was performed to investigate the effect of hydrothermal aging on the
mechanical integrity and chemical composition of the polyimide film. For this study, 150 mm
x 10 mm specimens were fully immersed in reverse-osmosis (RO) water, by hanging them
inside a jar from a stainless steel mesh disk (Figure 2), and stored in an oven at temperatures
of 70, 80, and 90 °C for up to 1344h (56 days). Aged samples were periodically collected and
studied. RO water heated at the set oven temperature was added at regular intervals in the jars

to compensate for evaporation.
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Figure 2. Picture of the water aging setup.

2.3. Mechanical Tests

The effect of the accelerated hydrothermal aging was monitored using UTS measurements.
Tensile strength was measured on the aged specimens using an Instron 5943 (Massachusetts,
USA) mechanical test frame equipped with a 1kN load cell. The test was conducted at a
deformation rate of 50 mm min' with a gauge length of 100 mm according to ASTM D882.
The UTS was computed by dividing the force required to break the specimen by its original
cross-sectional area. At least five specimens were tested for each condition. The percent
elongation at break was calculated by taking the ratio of the original length (100 mm) by the

final length at the breaking point.

2.4. Calculation of the Activation Energy

The Arrhenius model has been used extensively to predict the activation energy and/or
lifetime of a material under specific aging conditions.!® This model operates under two main
assumptions. The first assumption is that the degradation is homogeneous and caused by a

single chemical reaction following the kinetic relationship:

dcC _ KC®
dt
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where C is the concentration of a chemical species, K is the rate constant of the reaction, and
a s the reaction order. Secondly, the Arrhenius model assumes that K varies with temperature

according to the following equation:

Ea
K = Koexp (_ﬁ)

Where E. is the activation energy for the reaction, R is the universal gas constant, and 7 is the
absolute temperature. This latter assumption implies that by collecting data under accelerating
aging conditions (e.g. elevated temperatures) we can extrapolate data to make predictions
about the activation energy (or lifetime) of a process that occurs over much longer time

periods and are thus difficult to measure.

In combination with the Arrhenius model, the time-temperature superposition (TTS) principle
was used to analyze the data.!” This principle applies to linear, viscoelastic materials and
assumes that property-loss versus time plots have identical shapes for different aging
temperatures when expressed as a function of the logarithm of time. Therefore, by
determining a constant shift factor for each temperature, data collected at different

temperatures can be translated such that the entire data set forms one smooth curve.

To construct the Arrhenius plot, the residual UTS data for specimens aged at 70, 80 and 90 °C
were plotted as a function of the hydrothermal aging time on a semi-logarithmic scale. Next,
the time-temperature superposition (TTS) approach was used in order to construct a master
curve using shift factors. The temperature of 70 °C was used as a reference. Shift factors
translating the data collected at 80 and 90 °C were empirically determined in order to obtain a
smooth curve that covers the entire data set. Finally, the Arrhenius plot was constructed by
expressing the natural logarithmic of the shift factors as a function of the inverse absolute

temperature, allowing the activation energy to be calculated from the slope of this plot.



WILEY-VCH

2.5. ATR-FTIR Analyses

All ATR-FTIR spectra were recorded in absorption mode using a Nicolet™ Continuum™
FTIR Microscope (Thermo Scientific, Canada). The main bench is a Nicolet 8700 equipped
with a narrow-band mercury cadmium telluride (MCT) detector, and a micro-ATR accessory
with a Ge tip (Thermo Scientific, Canada) was used. For the measurement, the specimen was
placed on a support and then the Ge crystal tip was lowered to contact the sample. Spectra
were recorded in the range from 4000 cm™ to 650 cm™ with a resolution of 4 cm™!. For each
acquisition (background and sample) 128 scans were averaged. For each condition (aging
temperature and duration), six different polymer samples were used as the condition replicates
for the analysis. FTIR analyses were conducted within the mechanical testing area (omitting
2.5 cm on each end which are required for the grip) before mechanical tests were conducted
(aging and measurement schedule in Supporting Information, Table S1-3). A total of three
ATR-FTIR measurements were taken within the center 10 cm for each specimen, as marked
with an “X* in Figure 3. For control samples, unaged polymer strips were measured using the
identical conditions as for the aged samples and the same data were used for the chemometric
analysis for all three different hydrothermal aging temperatures. Furthermore, one unaged
polymer specimen was chosen as the quality control (QC) and was measured prior to
measuring all of the aged samples in order to account for day-to-day variations.

2.5¢cm 10cm 2.5cm

Figure 3. [llustrative representation of a polymer strip, with ATR-FTIR measurement sites

indicated by an “X”.
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2.6. Chemometric Analysis

The chemometric analyses were performed in MATLAB R2017a, Windows 64-bit version
(The Mathworks Inc., Natick, MA, USA), using PLS Toolbox (R8.5.2; Eigenvector Research
Inc., Wenatchee, WA, USA). Each dataset of the ATR-FTIR spectra at the respective
hydrothermally aged temperature was preprocessed according to published guidelines,'®
including a baseline correction (Automatic weighted least squares, dim = 2, order = 2),
followed by multiplicative scatter correction (MSC, mean) and was mean-centred prior to the
principal component analysis (PCA). PCA was applied with cross-validation to explore the

general clustering of the data.

3. RESULTS

3.1. Ultimate Tensile Strength and Percent Elongation at Break

Before subjecting the polyimide to the aging conditions, the UTS of the commercial film as
received was measured to be 150 + 3 MPa. The results for the UTS and percent elongation at
break after accelerated hydrothermal aging at 70, 80, and 90 °C are shown in Figures 4 and 5,
respectively. A clear decrease in the UTS and elongation at break is observed for all three
aging temperatures. This decrease occurs faster at higher aging temperatures; after 4 weeks of
hydrothermal aging at 90 °C, the UTS decreased to 64 + 2 MPa, which represents a value that

is 43% of the original UTS for unaged polyimide film.

11
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Figure 4. Ultimate tensile strengths (UTS) of unaged polyimide film (black stars), as well as
polyimide films that have been hydrothermally aged at 70 °C (blue triangles), 80 °C (green
circles) and 90 °C (red squares) as a function of the aging time. The average values are
identified with solid symbols and the results for the individual specimens by open symbols. A
horizontal dashed line represents 50 % of the ultimate tensile strength for the unaged

polyimide.
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Figure 5. Percent elongation of unaged polyimide film (black stars), as well as polyimide
films that have been hydrothermally aged at 70 °C (blue triangles), 80 °C (green circles) and

90 °C (red squares) as a function of the aging time. The average values are identified with

solid symbols and the results for the individual specimens by open symbols.

3.2. Calculation of the Activation Energy for Hydrothermal Aging

The activation energy was calculated from an Arrhenius plot constructed using the UTS data
of hydrothermally aged polyimide samples. The master curve is shown in Figure 6 and the
shift factors are presented in Table 1. The shift factors were used to construct the Arrhenius
plot shown in Figure 7, which could be fitted with a straight line. From the slope of the
Arrhenius plot, the activation energy for the hydrothermal aging of polyimide was calculated
to be 71.8 = 0.1 kJ/mol. This result is comparable to the value of 63 kJ/mol reported by Delasi
and Russel for the effect of hydrothermal aging in DI water between 25 and 100°C on the

tensile strength of polyimide.*
13
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Figure 6. Time temperature superposition (TTS) master curve for the hydrothermal aging of

polyimide at 70 °C (blue triangles), 80 °C (green circles) and 90 °C (red squares).

Table 1. Empirical shift factors used in the time temperature superposition master curve.

Aging Temperature Empirical Shift

(°O) Factor
70 1
80 2
90 4
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Figure 7. Arrhenius for the hydrothermal aging of the polyimide film.

3.3. FTIR Analysis

As mentioned previously, the FTIR spectrum of polyimide has four bands corresponding to
the imide functional group, and these occur at 1776, 1716, 1373, and 722 cm’! for the
polyimide used in this study. Figure 8 shows the FTIR spectrum for the unaged commercial
film that was used in this study (a), as well as examples of spectra for the hydrothermally

aged samples (b-d). The band assignments for unaged polyimide are listed in Table S4 in

Supporting Information.
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Figure 8. Stacked FTIR spectra of a) unaged polyimide film (black), b) polyimide film
hydrothermally aged for 8 weeks at 70 °C (blue), ¢) polyimide film hydrothermally aged for 6
weeks at 80 °C (green), and d) polyimide film hydrothermally aged for 4 weeks at 90 °C

(red). Each spectrum is plotted as normalized absorbance.

3.4. Chemometric Analysis of FTIR Data

The dataset at each of the different aging temperatures was comprised of a control (non-aged
PI film), a quality control (a selected non-aged specimen, remeasured), and hydrothermally
aged samples for various durations of time. The dataset of 70 °C, 80 °C, and 90 °C contained
a total of 189, 138, and 99 spectra, respectively, with 1738 variables from 650 cm™ to 4000
cm’!. For each dataset, a PCA model was constructed for exploratory analysis and the top two
principal components (PCs) representing the largest variance (PC1) and second-largest
variance (PC2) described in the data were selected for the construction of score plots. Two-
dimensional score plots using the first two principal components are shown in Figure 9, with

scores on PC1 corresponding to the horizontal-axis while scores on PC2 correspond to the
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vertical axis. In both cases, the percentage that the score accounts for based on the total
variance is indicated in parenthesis on the axis label. Four outliers were removed based on
Hotelling T? and Q residual values'® (see Supporting Information, Figure S1) for both the

datasets of 70 °C and 80 °C, resulting in 185 and 134 samples, respectively.
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Figure 9. PCA score plots of polyimide films hydrothermally aged a) up to 8 weeks at 70 °C
(185 samples x 1738 variables), b) up to 6 weeks at 80 °C (134 samples x 1738 variables),
and c) up to 4 weeks at 90 °C (99 samples x 1738 variables).
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For all three temperatures, the unaged samples (control and QC) were clustered together and
well-separated from the aged samples using two PCs. For the samples that were
hydrothermally aged at 70 °C, no distinct clustering or trend was observed within the aged
samples. For the dataset of hydrothermal aging at 80 °C, three general clusters explaining
83.97% of the total variance were observed using two PCs: 1) non-aged samples, 2) samples
aged for 1 to 4 weeks, and 3) samples aged for 5 to 6 weeks. For the samples that were
hydrothermally aged at 90 °C, PC1 alone explained 83.01% of the total variance and different
stages of aging were separated mostly by PC1. Of note, the samples aged from 1 to 4 weeks at
80 °C were clustered as one group and could not be easily discerned from one another,
whereas the samples aged from 1 to 4 weeks at 90 °C showed a clear week-to-week

progression of hydrothermal aging.

The dataset for hydrothermal aging at 90 °C was selected for further analysis, due to the fact
that it demonstrated the best separation for the aging process in the PCA score plot. Figure S2
(Supporting Information) shows the baseline and light scatter corrected spectra for the
samples aged at this temperature from 1 to 4 weeks. A total of 69 spectra were overlayed and
color-coded for different aging durations. The majority of the peaks for the polyimide film
were observed at wavenumbers less than 1800 cm™!, while wavenumbers larger than 1800 cm’
lin the spectra did not display profound changes from the baseline. To observe the changes of
the peaks due to hydrothermal aging in more detail, further analysis was focused on the region

from 688 cm! to 1805 cm! (580 variables).

With a total of 580 variables from 688 cm™ to 1805 cm™!, another PCA model was constructed
with the samples aged at 90 °C only, excluding the control and QC (Figure 10a). With the

PC1 model alone, 82.15% of the total variance was explained and the samples that were aged
18
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from 1 to 4 weeks were clustered in a series along the PC1. Figure 10b shows the loading plot

of the PCA model constructed from the 69 samples aged at 90 °C for up to 4 weeks.
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Figure 10. a) PCA score plot of polyimide film hydrothermally aged at 90 °C for 4 weeks (69

samples x 580 variables) b) loading plot of the 580 variables for PC1.

From the loading plot in Figure 10b, the variables with PC1 loadings of less than -0.05 were
relevant to samples at an early stage of aging (1-2 weeks). In Figure 11, the variable that is
significant for the samples aged 1-2 weeks was labelled with a red asterisk (*), which
corresponds to the peak at 1716 cm™ (C=0 asymmetric stretching of the imide). This peak
decreases over time, which can be attributed to the imide ring being slowly hydrolyzed due to
hydrothermal aging. Contrarily, the loadings of PC1 greater than 0.05 were more closely
related to samples at later stages of hydrothermal aging (3—4 weeks). The variables selected
for the 3—4 week aging period were labelled with a green asterisk (*) in Figure 11, including
the peaks at 722 cm™' (C=0 bending of imide, out of plane), 1237 cm™! (Ph—O-Ph stretching),

1498 cm! (C=C stretching), and 1598 cm™ (unassigned).
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Figure 11. The selected variables for 1-2 weeks and 3-4 weeks from the loading plot of PC1

in Figure 10b.

Based on these results, the preprocessed data (baseline and light scatter corrected data) was
used to examine the changes in the peak at 1716 cm™ relative to the peak at 1498 cm! for all
three aging temperatures. While the intensity of the peak 1498 cm™' (the aromatic C=C
stretching) did not significantly change, a clear decrease in the peak at 1716 cm™ was
observed with aging at all three temperatures, occurring most profoundly with the
hydrothermal aging at 90 °C. The ratio between the two peaks (1716 cm™'/1498 cm™) was
calculated and compared to the ratio for the non-aged sample measurements; the ratio
decreased 4.0 % after 8 weeks of aging at 70 °C, 8.0 % after 6 weeks of aging at 80 °C, and
25.9 % after 4 weeks of aging at 90 °C. Figure 12 shows the ratio between the two peaks
(1716 cm™1/1498 cm™) at the three temperatures of the hydrothermal aging (Details of the
preprocessed peak intensity at 1716 cm™ and 1498 cm™ in Supporting Information, Figure

33).
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Figure 12. The box plots of the ratio between the two peaks (1716 cm™/1498 cm™). a) 70 °C,
b) 80 °C, ¢) 90 °C

The absorbance at 3352 cm™ among the preprocessed spectral datasets was also investigated
to evaluate the changes more objectively in the region from 2800-3700 cm™ (O-H and/or N-H
stretches) for all three aging temperatures. A general trend of increasing peak intensity was
observed for all three aging temperatures (Figure S4, Supporting Information). Once again,
the most profound changes were observed for the hydrothermal aging at 90 °C, with the
absorbance at 3352 cm! increasing 10-fold from 0.0025 for the non-aged specimens to an

average value of 0.0252 for samples that had been aged for four weeks.
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4. DISCUSSION

The more profound changes observed in the chemometric analysis of ATR-FTIR data for
samples hydrothermally aged at 90 °C are consistent with more profound reductions in
mechanical strength of the polyimide films aged at this temperature. Although the ultimate
tensile strength decreased to approximately 50 % of the original value for all three
temperatures, this degradation took six weeks at 70 °C (83 + 7 MPa), three weeks at 80 °C (83
+ 4 MPa), and only two weeks at 90 °C (73 = 5 MPa) (Figure 4). Of note, the UTS value of
samples aged at 70 °C seemed to plateau after six weeks and never decreased beyond a 46 %
reduction. As a comparison, the results of Delasi and Russel on the effect of hydrothermal
aging in DI water on the tensile strength of polyimide show a plateau in UTS at about 60% of
the initial value for aging temperatures of 80 and 100°C.”* Furthermore, individual percent
elongation at break measurements conducted after a certain aging time showed larger
variations for specimens that were aged at 70 °C (particularly between 48—120 hours in Figure
5). Chemometric analysis of ATR-FTIR data also produced a unique PCA score plots for the
hydrothermal aging at 70 °C relative to the higher temperatures of 80 and 90 °C. Despite the
longer duration, only two clusters were observed in the PCA score plot (Figure 9)
corresponding to unaged and aged samples. In contrast, the hydrothermal aging at 80 °C
formed three clusters corresponding to unaged, an early stage of aging, and a later stage of
aging while at 90 °C a more distinct week-to-week aging progression was observed. The
results discussed above all suggest that the hydrothermal aging is less controlled and more
sporadic at the lower temperature of 70 °C. However, these results also clearly demonstrate
that even at temperatures below 100 °C, the mechanical integrity of polyimide is affected by

hydrothermal aging.
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As alluded to in the introduction, there exists some uncertainty in the literature regarding
which chemical groups are causing the loss of mechanical integrity that occurs upon
hydrothermal aging, as imide groups are difficult to hydrolyze under neutral conditions.’ In
order to obtain more insight, the differences between the ratio of the peak intensities of the
imide C=0 stretching at 1716 cm™! and the aromatic stretching (C=C) at 1498 cm™! (Figure 12)
were compared. Whereas a reduction in the peak at 1716 cm™ was observed upon
hydrothermal aging at all three temperatures, the peak at 1498 cm™ did not change
significantly. This is consistent with an increase in intensity at 3352 cm™ which was also
observed upon aging at all three temperatures, corresponding to an increase in O-H and/or N-
H functional groups. These results signify that the imide ring is indeed being hydrolyzed and
converted to carboxylic acid and/or amide groups, even at temperatures as low as 70 °C. This
contradicts the proposition made by Delasi and Russel that the reduced strength resulting
from the hydrothermal aging of polyimide below 100°C is due to the hydrolysis of amide or

carboxylic acid groups rather than imide rings.”

As prefaced in the introduction, there is an interest in finding high performance, heat-resistant
polymers that mimic the hydrothermal degradation of fire protective clothing. Such materials
are desired in order to construct sensors that are able to signal the end-of-life for fire
protective clothing. A hydrothermal aging study performed on fire protective fabrics by
monitoring the breaking force retention after prolonged immersion in water at temperatures
between 60 and 90°C found an activation energy for the hydrothermal degradation that ranged
from approximately 53 to 65 kJ/mol for Kevlar®/PBI fabric blends.?’ These values are quite
comparable with that of the polyimide film in this study (£, = 71.8 kJ/mol), suggesting that
this polymer is a viable candidate for the construction of a hydrothermal sensor for fire

protective fabrics.
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5. CONCLUSIONS

Despite a strong reputation for thermal and chemical stability of polyimides, a decrease in
ultimate tensile strength and percent elongation at break, as well as the chemometric analysis
of ATR-FTIR data all clearly indicate the moisture-based degradation of the commercial
polyimide used in this study. Furthermore, chemometric analysis of the ATR-FTIR spectra of
aged samples strongly suggests that significant hydrolysis of the imide groups does indeed
occur, even at temperatures as low as 70 °C, and this likely contributes to the loss of

mechanical properties that occurs upon prolonged hydrothermal aging.

In addition to the above, the activation energy for the hydrothermal degradation of the
polyimide film was calculated to be 71.8 + 0.1 kJ/mol from an Arrhenius plot using the UTS
data of aged samples. This value is comparable with the activation energy for the moisture-
based degradation of actual fire protective clothing (53—65 kJ/mol) which was calculated
under similar conditions and therefore suggests the promising potential of commercial
polyimide to be used to mimic the hydrothermal aging of fire protective clothing. Future work
will include further investigation on the use of commercial polyimide film as a sensing
component in an end-of-life sensor for fire protective clothing. Another important result of
this research is the evidence of the large potential of chemometrics for polymer aging studies
as it allows identifying degradation mechanisms from subtle chemical changes in the

materials.
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