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Abstract

Fire-protective clothing are manufactured using heat and flame resistant fibers that are
made of high-performance polymers. These polymers exhibit a gradual reduction in their
performance after long-term exposure under various aging conditions. This study investigates the
thermal aging behavior of a high temperature resistance polymer, polyetherimide (PEI), at elevated
temperatures in air. Changes in the ultimate tensile strength (UTS), glass transition temperature,
and surface properties are observed. In addition, infrared spectroscopy identifies chemical bonds
in PEI being consumed because of chain scission. Applying the time-temperature superposition
principle to the UTS data gives an activation energy of 112 kJ mol™! for the effect of thermal aging
on the mechanical strength of PEI. This value is similar to what has been reported for fire-
protective clothing fabrics, which opens the possibility to use PEI as a sensing material for the

development of end-of-life sensors for fire-protective fabrics.
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1. Introduction

High-performance polymers are often engineered to withstand exposure to extreme conditions,
such as high temperature, ultraviolet (UV) radiation, chemicals, or moisture, for use in aerospace,!!
automotive,?! nuclear power, and other industries.*! For example, poly etheretherketone (PEEK)
has high temperature and chemical stability,!* polysulfone (PSU) is flame retardant and has good
chemical resistance properties,®! polyphenylene sulfide (PPS) is resistant to high temperatures and
chemicals,®! polyimide (PI) has great mechanical properties, thermal stability, and chemical
resistance,!”) and polyetherimide (PEI) is a thermoplastic polymer with excellent mechanical and
high temperature resistance properties.® Due to the potential catastrophic impact of a premature
failure resulting from exposure to service conditions, the estimated service life must be considered
when selecting a particular polymer for a specific application.

The high performance of PEI can be associated with the functional groups in its backbone
(Figure 1). These functional groups include aromatic imide groups that contribute to both
mechanical stiffness and good thermal stability, and ether groups that contribute to low melt
viscosity, which is a desirable property for thermal processing.*#! In addition, PEI has an excellent
stability in hydrolytic environments such as diluted bases and mineral acids (for short-term
contact).[?! Therefore, PEI has been used in applications under high temperature and moisture

191 automotive (i.e., vehicle

prone environments,”) and is frequently found in electronics,
headlamps),’?! medical,!'"! and aircraft!'?! applications.
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Figure 1: Chemical structure of polyetherimide and its functional groups.



However, long term exposure of polymers to severe environments may lead to a progressive
reduction in performance due to aging. Chemical aging is a process involving changes at the
molecular scale such as chain scission and crosslinking.!'*! For instance, chain scission causes a
decrease in molecular weight distribution. Chemical aging can also lead to the
formation/consumption of chemical bonds. Decreases in molecular weight can cause a reduction
in the tensile strength and elongation at break, while crosslinking can increase tensile strength.['#!
The formation of new chemical bonds can generate visual changes, such as in color or
transparency.[m

The thermal degradation behavior of PEI has been studied and possible degradation

8157171 Amancio-Filho et al. investigated PEI plates that were

mechanisms have been suggested.!
joined by friction riveting (FricRiveting), which caused their thermal degradation.® They
observed that the chemical properties of the PEI plates changed depending on the rotating speed
of the aluminum rivet. The heat generated led to a temperature increase of 350 °C to 475 °C
depending on the rotating speed of the rivet (1570 to 2200 rad s™). The authors reported that these
temperatures are above the onset of chain scission in PEI. This led to a 10% reduction in the
molecular weight at the highest rotating speed. Fourier-transform infrared spectroscopy (FTIR)
analysis showed that the absorbance of the main groups of PEI decreased with increasing the
rotation speed. Carroccio et al. investigated the thermal degradation mechanism of PEI by direct
pyrolysis with mass spectrometry.l!>! The authors used mass spectrometry for identifying the
pyrolysis products of PEL. The pyrolysis of meta-aramid was performed for comparison. It was
found that meta-aramid and PEI yield the same type of pyrolysis products beyond 550 °C.
Thermogravimetry has been coupled with mass spectroscopy and FTIR to study the thermal
degradation behavior of five different aromatic PEI compounds in an inert atmosphere (helium)
and air.l'") This test was conducted between 25 and 620°C in air and between 25 and 680°C in
helium. The thermal stability was lower in air than in helium for three of the five PEI compounds
and similar for the other ones, which had an oxadiazole derivative as a substitute in the side chain.
These two compounds also had the lowest thermal stability. Depending on the PEI compound, the
authors suggested that the decomposition mechanisms involve the scission of 1,3,4-oxadiazole
group and/or degradation of the bisphenol A unit, polyimide group, and/or triphenylmethane group.
In another study, PEI thin film specimens were subjected to thermal aging in air-ventilated

ovens and autoclaves at two different oxygen partial pressures (0.21 and 50 bars) for up to 15,000



hours.!"”! Thermal aging was performed at two temperatures below the glass transition (Tg) of PEI
(180 and 200°C) and two temperatures above T, (220 and 250°C). The chemical changes due to
thermal aging were assessed by FTIR on specimens collected after different aging times. The
authors observed a decrease in the IR absorption bands at 2970, 2935, and 2875 cm! and an
increase in the absorption bands between 3700 and 3200 cm™. These changes in the absorption
bands were attributed to oxidation taking place in the bisphenol A unit in the PEI molecule. They
were observed at all aging times for samples aged at 220 and 250°C, but were only detected for
aging times beyond 4,000 hours at aging temperatures below Tg. The effect of thermal aging at
220 and 250°C on the Young’s modulus of the polymers was assessed by micro-indentation
measured on the cross section of thicker PEI plates. The authors reported the formation of an
oxidized layer on both surfaces of the specimens.

Finally, a recent study looked at the thermal degradation behavior and lifetime estimation of
PEI/carbon fiber composite.l'*! When heated from 25 to 1000 °C at different heating rates (2, 4, 6,
8, and 10 °C min), PEI experienced a 17 to 21 % weight loss, while the carbon fibers were
relatively stable. This study defined the lifetime of the PEl/carbon fiber composite as the time
when the sample had undergone a 5 % weight loss, as measured by thermogravimetric analysis.
The lifetime was calculated to be 1.3 x 10'? years at 80 °C, which is the highest service temperature
of commercial aircrafts, the main application for PEl/carbon fiber composites. At room
temperature, the lifetime was predicted to be 5.3 x 10'7 years. However, this estimation was based
on experiments conducted in an inert atmosphere. In addition, it did not consider realistic service
situations, which could involve other conditions such as weathering and mechanical loadings.

To further the understanding of PEI thermal aging in environments simulating real use
scenarios, this study investigates the thermal aging behavior of PEI films in air at different
temperatures below Tg, and characterizes the resulting changes in its mechanical and chemical
properties. Based on the data obtained, the activation energy of PEI was estimated using the time-
temperature superposition principle. Furthermore, FTIR was used to identify possible mechanisms
involved in the aging of PEI. This study gives new perspectives on the understanding of the aging

mechanisms and prediction of service life of high-performance polymers under extreme conditions.



2. Experimental Section

PEI specimens (described in Section 2.1) were subjected to thermal aging at three different
temperatures (190, 200 and 210 °C) and at least 10 exposure times. For each condition, eight
replicate samples were produced. The residual mechanical performance and surface condition
were assessed on the specimens aged at these three temperatures. In addition, FTIR analysis,
differential scanning calorimetry (DSC), and thermogravimetric analysis (TGA) were performed
on specimens aged at the highest temperature (210 °C). FTIR measurements were performed on
the dog-bone-shaped specimens used for the tensile tests before tensile testing was carried out.
Complementary surface analysis by scanning electron microscopy (SEM) and atomic force

microscopy (AFM) was conducted.

2.1. Materials and specimen preparation

Eight 80 um thick PEI films (Ultem) were purchased from McMaster Carr (Elmhurst, IL,
USA). Dog-bone shape samples in accordance with ISO 5271 were hand cut using a metal
template. The specimens had a gauge length of 25 mm, a width of 4 mm, a thickness of 0.8 mm,
and an overall length of 75 mm. This technique of preparation of the dog-bone specimens was
selected as it yielded a lower variability in the strength results compared to the other strategies
(laser and die cutting of the PEI films) investigated during initial experiments for this study (data
not shown).

A total of 41 dog-bone specimens were cut from each PEI film. To minimize the effect of
the inter-film variability, each film included one individual specimen for each time/temperature
condition. The 41 specimens from each film were used as follows: one specimen as a control
(unaged film), 30 specimens used for testing the three different aging temperatures and 10 different
aging times at each temperature, and 10 extra specimens. The details of the dog-bone specimen

preparation are provided in the Supporting Information.

2.2. Accelerated thermal aging program

The thermal aging of the dog-bone specimens was undertaken in air at 190, 200 and 210 °C.
The temperature of 210 °C is just below the glass transition temperature of PEI (around 217 °C,
see section 3.1).The lowest temperature selected for accelerated thermal aging (190 °C)

corresponds to the thermal index of para-aramid fibres, which have the lowest value among



inherent flame resistant fibres.[*") The specimens were placed in a convection oven (Heratherm™,
ThermoFisher Scientific, Ottawa, ON, Canada) for designated time periods (190 °C: up to 12
weeks, 200 °C: up to 16 weeks, and 210 °C: up to 8 weeks). Information about the temperature
distribution in the oven is provided in the supporting information (section S1). Specimens were
positioned so that the replicate samples for each condition were distributed across the oven (details

in the supporting information section S2).

2.3. Mechanical characterization

A tensile testing frame (Instron 5943, Instron, Norwood, MA, USA) equipped with a 1 kN
load cell was used to measure the ultimate tensile strength of the PEI dog-bone specimens. The
dog-bone specimens were tested at a constant strain rate of 10 mm min™! until failure according to
the standard test method 1SO 527.1""! For each aging time and temperature condition, the ultimate
tensile strength was measured on the eight replicate samples; average values and standard
deviations were determined. All tests were carried out at room temperature and atmospheric

pressure.

2.4. Chemical analysis by Fourier Transform Infrared (FTIR) Spectroscopy with Attenuated
Total Reflection (ATR)

t™ Continuum™ FTIR Microscope (Thermo

FTIR spectra were recorded using a Nicole
Scientific). 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). For the
measurement, specimens were placed on a support and the Ge crystal tip was lowered to contact
the sample. Spectra were recorded in the range from 4000 cm™ to 650 cm™ at 4 cm™ resolution.
128 scans were averaged for each acquisition (background and sample). For each condition, eight
dog-bone specimens (one per film) were analyzed on the narrow neck of the dog-bone; two

additional measurements were taken on two specimens (of the eight) as replicates. Control samples

were measured (one per film with two replicates) using identical conditions as for the aged samples.



2.5. Scanning electron microscopy (SEM)

The surface details of the control and aged PEI specimens were observed by a field emission
scanning electron microscope (FE-SEM, Zeiss Sigma, Germany, 5 kV). A gold coating was
sputtered onto the surface of the PEI at a pressure of 100 mTorr and a current of 15 mA for 1 min
(Denton Vacuum Sputter DESK II, Denton, NJ, USA). The layer of gold deposited on the PEI
specimens was approximately 8 nm thick.

The crack surface area on the aged PEI samples was determined from the SEM images. Five
different spots per sample (44.42 um? per spot area, 222.1 um? for five spots area) were used to
estimate the crack surface area. The color histogram feature in ImageJ (NIH, Bethesda, MD,
version 1.8.0.172) was used to perform the quantitative analysis of the crack surface area. First,
the contrast and brightness were adjusted on the imported SEM images to intensify the crack area.
Second, the color histogram feature in the software was used to display the cracks in black, while
the rest of the surface was red. This process is illustrated in supporting information section S3. The
“Analyze histogram” feature of the software then reported the number of black and red pixels in
the image. Finally, the ratio of black vs. red pixels in the image was calculated, and was used to

determine the crack surface area, as described by Equation 1.

Number of black pixels (crack)

Crack surface area (%) = x 100 (1)

Total number of pixels in the image

2.6. Differential scanning calorimetry (DSC)

The effect of thermal aging on the glass transition temperature of PEI was determined by
differential scanning calorimetry (DSC, Q1000, TA Instruments, DE, USA). A small section of
the dog-bone specimens exposed to thermal aging was used for the DSC testing. For the
measurement, a 2 mg sample was sealed in an aluminium sample pan and exposed to the following
thermal conditions: (1) hold at 25 °C for 3 min, (2) heat from 25 °C to 350 °C at a rate of 20 °C
min™', (3) hold at 350 °C for 3 min, (4) cool down to 25 °C at a rate of 20 °C min™!. The heat flow
as a function of the temperature was recorded. The onset and end points in the resulting DSC curve
were determined using the Bi-Gaussian fitting provided by the Peak Analyzer function in Origin

(Version 2020b, Originlab.com). The curve fitting process is shown in Figure S7, and Ty was



determined as the mid-point between the onset and the end point, as described in supporting

information section S4.

2.7. Thermogravimetric analysis (TGA)

The effect of thermal aging on the thermal decomposition of PEI was studied by
thermogravimetric analysis (Discovery TGA, TA Instruments, New Castle, DE, USA). Samples
with a mass of 2 mg were taken from control and aged PEI dog-bone specimens. These samples
were heated from 30 °C to 850 °C in air with a flow rate of 25 mL min™! and a heating rate of 20 °C
min! in the thermal analyzer. The variation in the sample weight was recorded as a function of the

temperature.

2.8. Atomic Force Microscope (AFM) and optical microscope analysis

The surface roughness of the PEI samples was measured using an atomic force microscope
(Dimension Edge™, Bruker). The microscope was operated in the tapping mode and an area of 50
pum x 50 um (512 x 512 points) was scanned at a scan rate of 0.6 Hz. Measurements were
performed at five different points of the specimen surface and the results were averaged for each
condition.

In addition, unique patterns on the PEI films were observed using an optical microscope

(Stereomaster, Fisher Scientific).

2.9. Statistical Analysis

Depending on the experimental methods, measurements were generally performed 3 to 8
times and mean values were used to identify changes resulting from exposure of the PEI specimens
to thermal aging. Where applicable, statistical significance was evaluated using single factor
ANOVA analysis. A confidence level of 0.05 was set to establish significance. The details of post-

hoc analysis are included in the supporting information sections S5 to S8.



3. Results and discussion

3.1. Thermal properties

The TGA curves of the PEI samples in the unaged condition and after thermal aging for 4, 6
and 8 weeks at 210 °C are shown in Figure 2. Two distinct stages of degradation can be seen above
500 °C. As described in the literature, the first stage corresponds to the decomposition of aliphatic
chains, while the second stage corresponds to the decomposition of aromatic groups.!?!! Figure 2
b) and Figure 2 c¢) show enlarged views of these two zones. The decomposition behavior of the
PEI samples was characterized using the following parameters: Tso , which is defined as the
decomposition temperature corresponding to a weight loss of 5%;?!'" Tina, which is the
temperature of onset of the weight loss of the sample;*?! Tis max rate , Which is the temperature at
which the highest rate of weight loss occurs in the first decomposition region; and T2nd max rate,
which is the temperature at which the highest rate of weight loss occurs in the second

decomposition region.?!!
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Figure 2: a) TGA curves of PEI controls and after thermal aging for 4, 6 and 8 weeks at 210 °C, b)
Enlarged view of Tinitial, Showing the first deflection point from the baseline, corresponding to the
decomposition of aliphatic groups (the black solid line indicates 5 % weight loss), ¢) Enlarged

view of T2nd max rate cOrresponding to the decomposition of the aromatic groups in PEL

The values of these parameters are shown in Table 1, both for the control condition and after
thermal aging for 4, 6 and 8 weeks at 210 °C. The values for the control PEI specimens are in
agreement with the literature.!'>) An 8% decrease in the mean value of Tinital is observed with 8
weeks of aging at 210 °C. This decrease in the mean value of Tinitiat might be attributed to chain
scission in PEI during thermal aging.[*') A slight decrease is observed in the mean Tsy, value
between the control condition and 8 weeks of aging. Tist max rate (cOrresponding to the aliphatic
groups) did not appear to change with increased aging times. The mean Tand max raee Values
(corresponding to the aromatic groups) decreased by 3% between the control condition and 8
weeks of aging at 210 °C. The overall statistical analysis showed that only one condition pair
(control vs. 8 weeks) was statistically different from each other for the Tinitial and Tse, values, while

the Tist max rate and T2nd max rate Values were not statistically different.

Table 1: Values of the parameters extracted from the TGA curves for PEI in the controls and after

thermal aging for 4, 6 and 8 weeks at 210 °C.

Parameter | Tse, (°C) Tinitia1 (°C) Tist max rate (°C) | T2nd max rate (°C)
Condition
Control 548 £ 1 480 =3 562+ 1 685+8
4 weeks 545 +£2 460+ 6 564 £1 690 £2
6 weeks 544 £ 1 466 + 8 560 +3 681 +3
8 weeks 540 £ 1 442 + 6 565 +2 663 £2

Figure 3 presents the effect of thermal aging on the thermal behavior of PEI as measured by
DSC. The results shown in Figure 3 correspond to the following four conditions: control, and aged

for 4, 6 and 8 weeks at 210 °C. This aging temperature was chosen as it is slightly lower than the
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glass transition temperature of the polymer (around 217 °C, as discussed below). In each of the
aged samples, an endothermic peak is visible between 220 and 230 °C, whereas the control sample
did not show such a peak. In the case of the thermally aged PEI samples reported here, this DSC
peak might have been caused by the crosslinking and chain scission reactions taking place during
thermal aging. When a polymer is thermally aged, both crosslinking and chain scission reactions
occur. Initially, thermal aging mainly involves crosslinking taking place in the polymer network;
in the second stage of aging, chain scission reactions break apart the polymer network, broken
bonds create radicals and these radicals can react with either each other or oxygen and form new
bonds.!"¥] Chemical bond formation is exothermic, and is accompanied by heat and energy loss.*!
When an aged polymer is heated above its T during the DSC test, the polymer absorbs heat which
may correspond to the amount of energy lost during thermal aging./** Therefore, the endothermic
peak observed in the DSC curves of the aged specimens just above Ty can potentially be attributed
to the energy lost through crosslinking and formation of new bonds during the aging process. The
fact that the values of this endothermic peak area for samples aged at 210 °C for 4, 6, and 8 weeks
are not statistically different (96.0 + 0.9, 92 + 3, and 88 + 4 J g'!, respectively and a p-value of
0.21) may point to crosslinking reactions that occurred during the early stage of aging as the source

of this phenomenon.
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Figure 3: Differential scanning calorimetry curves (red curve) measured for PEI samples a) control
and after thermal aging at 210 °C for b) 4 weeks c) 6 weeks and d) 8§ weeks. The onset and end

point are determined using the tangent technique (blue lines).

Table 2 gives the values of T corresponding to the conditions shown in Figure 2 (the Ty values
were determined according to the method described in section 2.6). The value of Ty for the control
PEI specimens is in agreement with the literature.*> The mean value of T, increased slightly
between the control condition and 4 weeks of aging, and then decreased with further aging. A
statistical analysis of the results was made (supporting information section S6). All conditions
were found to be significantly different from the other conditions except for one pair: 0 week vs.
8 weeks. The initial increase in Tg may be attributed to a crosslinking reaction taking place at the

26-28] Further thermal aging

beginning of the aging process, which restricts molecular mobility.!
(beyond 4 weeks) induced chain scission; thus, the value of T, decreased for 6 weeks and 8 weeks

of aging due to the increased chain mobility.
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Table 2: Values of the glass transition temperature of PEI before aging and after thermal aging at

210 °C for 4, 6 and 8 weeks. The average value and standard deviation are calculated for 5

measurements.
Aging condition at 210 °C Tg (°C)
Control 216.8+0.6
4 weeks 222.540.5
6 weeks 218.7+0.3
8 weeks 216.4+0.5

3.2. Mechanical properties

The effect of thermal aging on the tensile properties of the PEI specimens was characterized
for different aging times and temperatures: up to 12 weeks at 190 °C, up to 16 weeks at 200 °C,
and up to 8 weeks at 210 °C. The ultimate tensile strength (UTS) was determined for each specimen.
The variation of the UTS averaged over the eight replicate samples as a function of the aging time
and temperature is shown in Figure 4. The individual data points corresponding to each individual
sample are also included. An example of stress-strain curve of an aged PEI specimen (210 °C, 8

weeks) is shown in Figure S9 in the supporting information section S9.
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Figure 4: Variation of the specimen UTS as a function of aging time for three aging temperatures,
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samples, with their color referring to the relevant aging temperature (as shown in the legend), while

the solid circles correspond to the mean values. The lines between the mean values are provided

as a guide for the eye.

The average UTS of the control PEI specimens was 90 + 4 MPa. After the first week of aging,
the UTS value increased by 13-17 % for all aging temperatures. This increase in the UTS is
attributed to the crosslinking reaction that may take place during the initial stages of thermal
aging.!*”) This is consistent with the increase in Ty observed between the control condition and 4
weeks of aging at 210°C (Table 2). In the case of thermal aging at 190 °C, the UTS increased by
around 20 % during the first week (as compared with the control condition) and then remained
fairly constant until the end of the aging program at 12 weeks. The increased scattering generally
observed in the individual UTS values of the aged PEI specimens at 190 °C compared to the control

condition can be attributed in part to the fact that aging of polymers is by definition an
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inhomogeneous process. In addition, small variations have been measured in the oven temperature
distribution (supporting information, section S1). Specimens located close to the oven door may
have also experienced a larger temperature drop when the oven door was opened to collect
specimens at regular intervals, resulting in differences in the properties of the samples.

On the other hand, when thermal aging was performed at 200 and 210 °C, the UTS of the
PEI specimens increased initially, reached a plateau, and then began to decrease with increasing
aging time. The decrease in the UTS value started after eight weeks of aging at 200 °C, and after
4 weeks of aging at 210 °C. These higher temperatures allowed the aging process to reach its
second step, with the occurrence of chain scission.[*”] This result is consistent with the decrease in
the glass transition temperature observed after 4 weeks of aging at 210°C (Table 2). Other studies
of thermal aging of polymeric materials have also shown similar changes in their mechanical
properties as a function of aging time and temperature. For instance, Yang et al. studied the effect
of thermal aging on the mechanical properties of PEEK.*!] The tensile strength of the PEEK
samples increased during short aging times, but decreased for longer aging times. The study
concluded that the increase of the mechanical properties was linked to crosslinking in the polymer
network, while the decline in mechanical properties was due to chain scission. In the case of cross-
linked polyethylene (PE), Mecheri et al. showed that the samples underwent a decrease in tensile
strength of 30 % to 70 % depending on the aging time and temperature.*?! Sirisinha et al. studied
the effect of thermal aging on the mechanical properties of a chlorinated PE/natural rubber blend.**]
The different ratios of the PE/rubber blend underwent a decrease in tensile strength of 36 % to 50 %
due to aging, with samples with higher rubber content undergoing a larger decrease.

Following the work by Parkman, who analysed the creep and relaxation of a PEI cylinder
subjected to constant radial deformation,** the time-temperature superposition (TTS) principle
was used to construct a master curve from the UTS data for the specimens exposed to accelerated
aging at 200 and 210 °C (Figure 5). The values at 200 °C were used as the reference. The data at
190 °C could not be used in this analysis as the second stage of the thermal aging process
corresponding to the decrease in UTS was not reached. The shift factors provided by the TTS
transformation are displayed on an Arrhenius plot (inset in Figure 5). If the UTS data can be
described by an Arrhenius model, the plot of the logarithm of the shift factors as a function of the
inverse of the absolute temperature will show a linear relationship as described in Equation (2).1]

In Equation (2), ar are the shift factors, T and Ti.r are the absolute temperatures of the shifted and
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the reference data, respectively, E, is the activation energy of the degradation process leading to
the loss in performance, and R is the universal gas constant (8.31 J K™! mol ™). Here, since only the
data at two aging temperatures are used to construct the TTS master curve, it is not possible to
verify that the Arrhenius model applied for the thermal aging of PEI. However, several studies
have successfully used the Arrhenius model to described the effect of thermal aging on the

[36]

mechanical strength of other polymers, e.g. polychloroprene, polyamide,*”)  para-

38] and various fire-protective fabric

aramid/polybenzimidazole (PBI) blend yarns and fabrics,!
blends.??! In addition, the Arrhenius model was shown to apply to the tensile creep of PEI/carbon
fibre at different temperatures.!*’! Therefore, this curve was used here to compute the value of the
activation energy corresponding to the effect of thermal aging on the UTS of PEI using Equation
(2). The value provided by the TTS shift factors is 112 kJ mol™!. This value is similar to the values
of activation energy reported for fire-protective fabric blends used as outer shell in firefighter
31 with for instance an activation energy of 111 kJ mol! for a 60/40

Kevlar®/PBI fabric and of 113 kJ mol™! for a 60/40 Kevlar®/Nomex® IIIA (93% Nomex®, 5%

protective clothing,!

Kevlar®, 2% carbon fibers) fabric. Even if some uncertainty exists in the exact value of the
activation energy for PEI since the Arrhenius plot only includes two data points, the similarity of
the values shows that PEI offers an interesting potential as a sensing material for the development

of end-of-life sensors for fire-protective fabrics.

o= o)

The Hill equation has been successfully used by researchers to fit the sigmoid curves

corresponding to the TTS master curve of the effect of thermal aging on the tear strength of a series
of fire-protective fabric blends.!*”) The 4-parameter Hill equation (Equation 3) was used to fit the
data in Figure 5 corresponding to the TTS master curve of the effect of thermal aging on the UTS
of PEL

xn

xM+En

y = Fy+ (Fo— Fp) 3)
In Equation 3, n corresponds to the slope of the fitted curve, Fy is the initial UTS value (control)
and F» is the value of the lower asymptote. k relates to the inflection point, which indicates the
degradation rate (a higher & value retards as much as possible the degradation). Based on this fitting

of the TTS master curve by the 4-parameter Hill equation, the following values were obtained for
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the parameters: n = 5.6, Fp =102 MPa, Fo,, =46 MPa, k= 2670 h. The values of n and k are similar
to the values obtained for the thermal aging of various outer shell fabrics.!

The master curve (Figure 5) can also be used to estimate the lifetime of the material. If 50%
of UTS retention is selected as the criterion for the termination of use (green star in Figure 5), [*°]

the lifetime can be estimated to be 188 days at 200 °C and 113 days at 210 °C.
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Figure 5: TTS master curve at a temperature of 200 °C for the thermal aging of PEI (insert:
Arrhenius plot of the shift factors).

3.3. ATR-FTIR analysis
The chemical changes that took place in the PEI samples during thermal aging were
investigated by ATR-FTIR spectroscopy. The pre-treated FTIR spectra (with the baseline

correction and normalization by the reference peak area, details in the supporting information
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section S10) at different thermal aging times (0, 2, 4, 6 and 8 weeks) for an aging temperature of

210 °C are shown in Figure 6.
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Figure 6: FTIR spectroscopy spectra at different thermal aging times (0, 2, 4, 6 and 8 weeks) for

an aging temperature of 210 °C

The main FTIR peaks of PEI have been documented previously by Amancio-Filho et aL®!
The location of these peaks, along with the corresponding vibrations of chemical bonds in the PEI
molecule are shown in Table 3. This includes aryl-ether-aryl, propylidene, C-N stretching, C-H
stretching, C=C vibration, and C=0 (in the imide group).
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Table 3: FTIR spectroscopy peaks of PEI
Adapted from [8].

and corresponding vibrations of chemical bonds.

Wavenumber (cm™) Vibrations of chemical bonds
1014, 1074, 1269, 1234 Ar-O-Ar (aryl ether aryl) P17
1172 iso propylidene 1]
1224 C-O absorption 4
1351, 1215 C-N stretching 145461
2965, 2873 C-H stretching 47:4%
1618, 1600,1494, 1444 C=C vibration ™1
1777, 1718 C=0 group(s) in imide '~

In general, FTIR characterization in various polymer aging/degradation studies has been

[53-57] Monitoring the peak area after subtracting

implemented using the “peak area” comparison.
the background and eventually deconvoluting overlapping peaks is an established method to
quantify subtle chemical changes in a given functional group, such as degradation,®* carbonyl

54]

formation,®¥ conversion of polymerization,*® or grafting process!®’). The area of the peak of

interest is normalized by the area of a peak unaffected by the degradation process.!*”!

Figure 7 shows an example of the determination of the peak area for the peak at 1215 cm™,
which corresponds to the C-N stretching in the phthalimide ring. The peak area was calculated
after deconvolution of the three overlapping peaks at 1215, 1224, and 1234 cm™. The 1224 cm’!
and 1234 cm™! peaks are from C-O adsorption*¥ and Ar-O-Ar bonds!*!*%, respectively, and were
found in all conditions. The variation in the 1215 cm™! peak area as a function of the aging time at
210 °C is shown in Figure 8. The mean values of the peak areas did not appear to change much
between 0 and 2 weeks (336 h) of aging. On the other hand, the peak areas between 4 and 8 weeks
of aging are statistically different from the values for the control and 2 weeks of aging. The
reduction in the peak area between 2 and 6 weeks (336 and 1008 h) of aging is equal to 15%. This
decrease in the FTIR peak area corresponding to the C-N stretching in the phthalimide ring can

potentially be attributed to chain scission in the C-N bond resulting from the thermal aging

process.[!*]
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Figure 7: Peak deconvolution for the isopropylidene (1172 ¢m™) and C-N stretching (1215 cm™)

peak area determination
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Figure 8: Variation in the 1215 cm™ peak area associated to C-N stretching in the phthalimide ring
as a function of the aging time at 210 °C. The open circles correspond to the values for each

individual sample.

The variation in the peak area as a function of the aging time at 210 °C for the 1172 cm’!
peak associated with the propylidene group is illustrated in Figure 9. The mean values of the peak
areas show a continuous decrease with aging time. Based on the statistical analysis, the peak areas
for the control condition and at 2 weeks of aging have a statistically significant difference with the
conditions at 6 and 8 weeks of aging (detail post-hoc analysis included in supporting information
section S8). This result can be attributed to the occurrence of chain scission of the propylidene
group during thermal aging, in agreement with the conclusion of Carroccio et al. who investigated

the thermal degradation mechanisms of PEI by pyrolysis.!!
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Figure 9: Variation in the 1172 cm™ peak area associated to the propylidene group as a function of

the aging time at 210 °C. The open circles correspond to the values for each individual sample.

The changes in the FTIR peak areas corresponding to the phthalimide and propylidene groups
as a result of thermal aging are in agreement with the results of Musto et al.l*®! These results point

towards two specific mechanisms for the thermal aging of PEI conducted in our study:

e N-H transfer from phthalimide ring (identified as Rs in Figure 10);
e C-H transfer after disproportionation in propylidene group (identified as R3 in

Figure 10).
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3.4. Surface characterization of PEI

The influence of thermal aging on polymer surfaces has been studied in various polymers and
resins, and can result for example in micro-crack formation, surface cracking, or change in surface
roughness.’~¢!1 In order to investigate the effect of thermal aging on the surface of PEI samples,
FE-SEM images were taken at different aging times and temperatures. Figure 11 shows examples
of results obtained for the control samples (Figure 11a), after 12 weeks of aging at 190 °C (Figure
11b) and 200 °C (Figure 11c), and after 8 weeks of aging at 210 °C (Figure 11d). A difference
between the surface of the control and aged PEI samples is the emergence of cracks on the surface
of the thermally aged PEI samples. The condition corresponding to 12 weeks of aging at 190 °C
(Figure 11b) can be associated with a few sub-micron cracks and some non-uniform areas. With
12 weeks of aging at 200 °C (Figure 11c), both the surface area that is occupied by the crack-dense
zones and the number of these crack-dense zones have increased. After 8 weeks ofaging at 210 °C

(Figure 11d), sub-micron cracks are visible over the entire surface of the SEM image.

b

Figure 11: FE-SEM image of the surface of PEI specimens, a) control, b) aged at 190 °C for 12
weeks, c) aged at 200 °C for 12 weeks, and d) aged at 210 °C for 8 weeks.
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The surface area occupied by the cracks was quantified for the different thermal aging times
and temperatures using the FE-SEM images and ImagelJ (e.g.: Supporting Information Figure S6).
Figure 12 illustrates the variation of the crack area (%) as a function of the aging time for the three
aging temperatures. The crack area increases both with aging time and temperature. This suggests
that chain scission occurs during thermal aging, causing some areas to weaken. When the
specimens are removed from the oven after the aging period, the cooling from the aging
temperature (190 °C to 210 °C) to room temperature generates thermal stress. As this thermal

stress is applied to areas weakened by thermal aging, cracks may form and propagate.[®!
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Figure 7: Crack density in the 222.1 pm? area of thermally aged PEI as a function of aging time at

different aging temperatures.

The surface roughness of the PEI samples before and after aging at the different conditions
was also characterized using AFM. In the literature, authors have reported that the surface
roughness of polymers (including polycarbonate and polyester) increases after thermal aging

because of added matter or the formation of holes/cracks on the surface during aging.!%’! In our
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case, the control PEI film exhibited a unique pattern associated with the manufacturing process
(Figure 13). Figure 14 displays the 3D AFM images of the surface of control PEI specimens and
those after 8 weeks of aging at 190 °C, 200 °C, and 210 °C. The control PEI film has a surface
roughness (Rg) of 0.16 + 0.01 um. After thermal aging, the surface roughness was found to
decrease (Table 4).

Figure 8: Optical microscope image of the control PEI film.
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Figure 9: 3D AFM images of the PEI film surface in the a) control condition and after aging for
8 weeks at different temperatures b) 190 °C, ¢) 200 °C, d) 210 °C.
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Table 4: Surface roughness of the unaged and thermally aged PEI film samples

Aging temperature/time Surface roughness (Rq)
Control (unaged) 0.16 £ 0.01 um
190 °C/8 weeks 0.16 £0.01 pm
200 °C/8 weeks 0.12+0.01 pm
210 °C/8 weeks 0.03 £0.01 pum

A visible change in the PEI film was also observed. The neat PEI film was initially semi-

transparent (Figure 15a). It became gradually transparent to visible light after thermal aging

(Figure 15 b-d).

Figure 10: Change in the PEI film transparency after thermal aging for 8 weeks at different
temperatures. a) control, b) 190 °C, ¢) 200 °C, and d) 210 °C.

4. Conclusions

The accelerated thermal aging behavior of PEI was investigated. Specimens taken from a PEI
film were exposed to three different temperatures (190 °C, 200 °C, and 210 °C) in air for times of
up to 16 weeks depending on the aging temperature. The FTIR analysis showed that chemical
bonds in PEI were consumed due to chain scission. The thermal aging was also associated with
the formation of microcracks on the surface of the PEI specimens. The surface area occupied by
these cracks increased with longer aging times and higher aging temperatures. An irreversible
deformation was also observed as a result of thermal aging, reducing the PEI film roughness and

increasing its transparency to visible light.
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In terms of mechanical behavior, the aged PEI showed changes in UTS. The first phase of the
thermal aging resulted in an increase in UTS due to crosslinking reactions. For shorter aging times,
this crosslinking resulted both in an increase in the UTS and in the glass transition temperature
(crosslinking reactions reduce the mobility of the polymer network). For longer aging times and
higher aging temperatures, the UTS of PEI underwent a decrease due to chain scission. Using the
UTS data, a master curve was constructed based on the application of the TTS principle. The shift
factors yielded a value of the activation energy of 112 kJ mol™. This value is similar to values of
activation energy reported for fire-protective fabric blends used as the outer shell in firefighter
protective clothing, with for instance an activation energy of 111 kJ mol” for a 60/40 Kevlar®/PBI
fabric and of 113 kJ mol"! for a 60/40 Kevlar®/Nomex® IIIA (93% Nomex®, 5% Kevlar®, 2%
carbon fibers) fabric.

As PEI was shown to have a similar activation energy upon thermal aging as many fire-
protective materials and display detectable changes in both strength and surface properties,
changes in the properties of this material could potentially be used to track exposure to high
temperature conditions. PEI films therefore present an interesting option for use as the sacrificial
polymer layer for the development of a thermal aging end-of-life sensor for fire-protective fabrics.
Because high performance fibers used in fire-protective clothing often age without visible signs,
such end-of-life sensors are critical to monitor the effect that the long-term exposure of fire-

protective clothing to service conditions has on their performance.

Supporting Information

Supporting information is available from Supporting Information section at the end of this article.
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Supporting Information

S1. Materials and specimen preparation

Each specimen was labelled with a code “A-a-#”, where “A” corresponds to the film
number (A-H), “a” indicates the temperature condition (a: 190 °C; b: 210°C; c¢: 200 °C), and “#”
indicates the aging time (from 1 to 10). Three small square specimens were prepared for some
initial control experiments with the FTIR characterization (labelled (A-H)-0, (A-H)-s-1, and (A-
H)-s-2). Figure S1 shows an example of the distribution of the specimens in a film. In addition, in
order to minimize the effect of any eventual inhomogeneity within the PEI films, the specimens

corresponding to each condition had a different location within the film for each of the eight films.
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S2. Accelerated thermal aging program

The convection oven has two shelves (Figure S2); each shelf can hold 40 suspended
specimens. The temperature distribution in the oven was assessed using eight thermocouples
distributed throughout the oven (Figure S3). The measurement was done at the following
temperatures: 50 °C, 100 °C, 150 °C, 200 °C, 250 °C and 300 °C. The temperatures measured are
listed in Table S1.

Figure S2: Convection oven used for the thermal aging of the PEI specimens
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Figure S3: Distribution of the eight thermocouples on top and bottom shelf of the oven

An single factor ANOVA analysis was performed on the temperature data of the eight
thermocouples at each oven set temperature (50 °C, 100 °C, 150 °C, 200 °C, 250 °C, and 300 °C).
It showed that there is no significant difference in temperature between the different locations in
the oven (p = 0.99, Total sample size N = 48). Table S1 also provides the average value of the
temperatures recorded by the eight thermocouples. As there is a difference between the average
temperature by the thermocouples and the set value in the oven, a correction was made to
compensate for the difference between the oven set temperature and the temperature experienced

by the specimens in the oven.
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Table S1 Temperature data from the eight thermocouples in the oven

Oven set
50 100 150 200 250 300

temperature (°C)

Thermocouple 1 51.9 97.9 144.8 1912 | 2403 | 288.6

Thermocouple 2 50.9 91.3 142.8 188.9 | 239.6 | 286.7

Thermocouple 3 50.5 97.1 1440 | 1889 | 2383 | 2873

Thermocouple 4 51.9 9.2 | 1418 | 1864 | 2328 | 2653

Thermocouple 5 50.6 97.8 146.7 191.5 | 2383 | 287.7

Thermocouple 6 50.3 97.0 143.1 188.6 | 2338 | 2802

Thermocouple 7 50.7 96.9 143.4 191.2 240.9 291.6

Thermocouple 8 51.6 98.5 146.1 193.4 | 2430 | 293.0
Average temperature

96.5 +

measured by the 51.1+0.6 0 14442 | 1902 | 23843 | 28548

thermocouples (°C) '

In addition, the temperature was recorded for 15 min after the door of the oven was opened
and closed to simulate the operation associated with specimen collection (Figure S4). A
temperature drop was observed when the oven door was opened. But the temperature came back
rapidly to the set value after the door was closed. This opening and closing of the door when
collecting the specimens is not expected to affect the aging of the specimens in the oven, especially
since great care is been taken in minimizing the time the door is left opened during the collection

operation.
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Figure S4: Variation in the temperature over time during the opening and closing of the oven door.
The graph in b) provides a close-up view on the opening and closing event. The numbers in the

legend correspond to the eight thermocouples.

In order to minimize any effect of the temperature differences inside the oven, the
specimens were positioned so that the replicates for each condition are distributed over the oven.
This distribution is illustrated in Figure S5 and Table S2. Special attention was also taken to
maintain a certain distance between the specimens and with the oven walls. Tables S3 to S5 show
the specimen codes for the different temperature and time conditions: the specimens were exposed

at 190 °C for up to 12 weeks, at 200 °C for up to 16 weeks, and at 210 °C for up to 8 weeks.
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Table S2 Distribution of the specimens in the oven. Samples shown in the grey area correspond to

the top shelf while samples shown in the white area correspond to the bottom shelf of the oven.

Sample #

(a-d)-1 | (a-d)-2 | (a-d)-3 | (a-d)-4 | (a-d)-5 | (a-d)-6 | (a-d)-7 | (a-d)-8 | (a-d)-9 (al'g)'
Film #
A 1 2 3 4 5 6 7 8 9 | 10
B 3 | 16 | 12 | 20| 17 | 14| 11| 15| 18 | 19
C 2 | 27 | 26 | 23 | 30 | 28 | 29 | 24 | 25 | 21
D 36 | 33 | 37 | 31 | 32 | 40 | 34 | 39 | 38 | 35
E 48 | 45 | 43 | 44 | 49 | 42 | 47 | 41 | 50 | 46
F 54 | 58 | 55 | s9 | st | 57| 52 | 53| 56 | 60
G 69 | 61 | 70 | 65 | 68 | 64 | 66 | 67 | 63 | 62
H 80 | 79 | 78 | 77| 76 | 15| 4| 3| 2| N
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Figure S5: Specimen distribution a) on the top and b) bottom shelves of the oven
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Table S3: Identification of the specimens subjected to thermal aging at 190 °C.

Aging time (week) | 1
Specimen

(A-H)-a-1

(A-H)-a-2

(A-H)-a-3

(A-H)-a-4

(A-H)-a-5

(A-H)-a-6

(A-H)-a-7

(A-H)-a-8

2

3

4

5

6

8

10

12

Table S4: Identification of the specimens subjected to thermal aging at 200 °C.

ing time (week) | 2

Specimen

4

6

8

10

12

13

14

15

16

(A-H)-b-1

(A-H)-b-2

(A-H)-b-3

(A-H)-b-4

(A-H)-b-5

(A-H)-b-6

(A-H)-b-7

(A-H)-b-8

(A-H)-b-9

(A-H)-b-10
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Table S5: Identification of the specimens subjected to thermal aging at 210 °C.

Aging time(week) | 1 2 3 4 5 6 7 8

Specimen

(A-H)-c-1

(A-H)-c-2

(A-H)-c-3

(A-H)-c-4

(A-H)-c-5

(A-H)-c-6

(A-H)-c-7

(A-H)-c-8

S3. Crack surface area calculation
Figure S6 provides an example of FE-SEM image of the cracks. It also shows the “color
histogram” feature applied to the imported FE-SEM image of the cracks that colors the cracks in

black whereas the rest of the sample surface appears red.
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Figure S6: a) FE-SEM image showing the cracks (8 weeks of aging at 210 °C); b) “color histogram”
feature applied to the imported FE-SEM image of the cracks, in which the cracks are colored in

black and the rest of the sample surface is colored in red.
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S4. Differential scanning calorimetry (DSC) curve fitting
Figure S7 and S8 illustrate the analysis of the DSC profiles.
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Figure S7: Bi-Gaussian fitting of the differential scanning calorimetry curve
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Figure S8: Determination of the onset and end point temperatures from the tangential lines on the

fitted differential scanning calorimetry curve.
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SS. Statistical analysis (one-way ANOVA)

After evaluating the statistical significance using a one-way ANOV A, the post-hoc analysis
was performed to verify which conditions were statistically different from the others. The Tukey
HSD (Honestly Significant Difference) test was used as a post-hoc analysis to indicate if any group
is significantly different from other groups. During the Tukey analysis, critical g-values are
required; these were obtained from a table of studentized q values.!”! If the HSD value is larger
than the critical g-value, the difference of the means is significant at the specific confidence level.

The HSD and the mean square within a group MS,, are calculated by Equation S1 and S2.

MS.y

sum of squares within group

MS,, = (S2)

n-1

where q is the critical g-value from studentized range table and n is the number of specimens in

each group.

S6. ANOVA analysis for the change in the glass transition temperature
From a single-factor ANOVA analysis, a p-value of 1.7x107 was obtained (n=20). The 95%
confidence interval is 217 to 220. The post-hoc analysis by Tukey’s HSD test showed that the
change in the glass transition temperature was statistically significant during the thermal aging

(Table S6).

Table S6: Post-hoc analysis for the change in glass transition temperature during thermal aging.

The critical q value is 4.046.

Comparing condition Mean difference HSD value Significance
4 weeks vs. 0 week 5.73 Yes
6 weeks vs. 0 week 1.90 Yes
4 weeks vs. 6 weeks 3.83 Yes
8 weeks vs. 0 week 0.39 18 No

8 weeks vs. 4 weeks 6.12 Yes
8 weeks vs. 6 weeks 2.29 Yes
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S7. ANOVA analysis of various TGA weight loss characteristic temperatures

Table S7 shows the p-value of various weight loss characteristic temperatures and 95 %

confidence intervals of each temperature. We observe that Tse, and Tinitiat Shows some statistically

significant changes during the thermal aging. The post-hoc analysis of Tse, and Tinitial reveals that

the only statistically significant difference is between 0 week (control) and 8 weeks (Table S8 and

S9). On the other hand, the changes in T2nd max rate Were not statistically different and Tist max rate

experienced no change during thermal aging.

Table S7 The p-value of various weight loss temperatures and 95 % confidence intervals

interval

Parameter
TS% (OC) Tinitial (OC) Tlst max rate (OC) Tan max rate (OC)
Condition
p-value 0.02 0.01 0.24 04
95 % confidence
452 - 472 542 - 546 561 - 564 668 - 688

Table S8: Post-hoc analysis for changes in Tinitial during thermal aging. The critical q value is 4.529.

Compared conditions Mean difference HSD value Significance
4 weeks vs. 0 week 19.62 No
6 weeks vs. 0 week 13.72 No
6 weeks vs. 4 weeks 5.90 No
29.27
8 weeks vs. 0 week 37.84 Yes
8 weeks vs. 4 weeks 18.22 No
8 weeks vs. 6 weeks 24.12 No

Table S9: Post-hoc analysis for changes in Tso, during thermal aging. The critical q value is 4.529.

Compared conditions Mean difference HSD value Significance

4 weeks vs. 0 week 2.34 No
29.26531

6 weeks vs. 0 week 3.66 No
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6 weeks vs. 4 weeks 1.32 No
8 weeks vs. 0 week 7.47 Yes
8 weeks vs. 4 weeks 5.13 No
8 weeks vs. 6 weeks 3.81 No

S8. ANOVA analysis of the FTIR peak area changes

The one-way ANOVA analysis of the change in the 1215 cm™ peak area gave a p-value of
8.6 x 1071% (n=40); the 95% confidence interval is 6.88 to 7.06. A post-hoc analysis was conducted
to see which group is different from other groups (table S10). The peak area of the control and 2
weeks aged PEI was statistically different from the results at all other aging conditions. In addition,

6 and 8 weeks of aging also showed statistically significant differences.

Table S10: Post-hoc analysis for peak area changes at 1215 cm™. The critical q value is 4.066.

Compared conditions Mean difference HSD value Significance
2 weeks vs. 0 week 0.07 No
4 weeks vs. 0 week 0.61 Yes
4 weeks vs. 2 weeks 0.68 Yes
6 weeks vs. 0 week 0.84 Yes
6 weeks vs. 2 weeks 0.91 Yes
6 weeks vs. 4 weeks 0.23 038 No
8 weeks vs. 0 week 0.41 Yes
8 weeks vs. 2 weeks 0.49 Yes
8 weeks vs. 4 weeks 0.20 No
8 weeks vs. 6 weeks 0.43 Yes

The ANOVA gave a p-value of 5.3 x 10 (n=40) for the peak area of isopropylidene group;
the 95% confidence interval is 1.23 to 1.27. The peak area of the control and 2 weeks aged PEI
was statistically different from the results at 6 and 8 weeks aged PEI. Among the other pairs of
conditions, only the difference between the peak areas at 4 and 8 weeks of aging was statistically

significant (Table S11).
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Table S11: Post-hoc analysis for peak area changing of 1172 cm™. The critical q value is 4.066.

Comparing conditions Mean difference HSD value Significance
2 weeks vs. 0 week 0.02 No
4 weeks vs. 0 week 0.03 No
4 weeks vs. 2 weeks 0.01 No
6 weeks vs. 0 week 0.05 Yes
6 weeks vs. 2 weeks 0.03 Yes
0.03

6 weeks vs. 4 weeks 0.02 No
8 weeks vs. 0 week 0.06 Yes
8 weeks vs. 2 weeks 0.04 Yes
8 weeks vs. 4 weeks 0.03 Yes
8 weeks vs. 6 weeks 0.01 No
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S9. Example of stress-strain curve for the aged PEI specimens

Figure S9 shows an example of stress-strain curve for the aged PEI specimens.

120
— A-a-8
——B-a-8
100 - —C-a-8
—— D-a-8
804 ——E-a8
5 ——F-a-8
% 60 - — G‘a'8
7 —— H-a-8
o
w 40 -
20
0 -

Strain (%)

Figure S9: Stress-strain curve for the eight PEI specimens after 8 weeks of aging of 210 °C
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S10. Fourier Transform Infrared (FTIR) peak treatment

Once the peaks of interest were identified, they were deconvoluted so that their individual

area is calculated. Figure S10 illustrates the process of peak deconvolution and Figure S11 shows

the peak area calculation process. The raw FTIR spectra were deconvoluted and analyzed using

the Peak Analyzer function in Origin (Version 2020b). First, we performed a baseline correction

of'the FTIR spectrum by interpolation between linear sections at both extremities of the peak series.

The software then performed the deconvolution of the FTIR spectrum into several Gaussian peaks.

The areas of these peaks were calculated using the peak integration function in the software. To

allow a comparison between different FTIR spectra, the peak area is divided by the area of a

reference peak.!!! For PEI, the reference peak corresponds to the aromatic ring stretching at 838

cm’!. In order to keep the reference peak area constant between the different spectra measured, the

spectra were normalized such that the reference peak area was scaled to unity.
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Figure S10 Process of deconvolution of the FTIR spectroscopy spectra: (a) selection of two points

that encompass the overlapping peaks; (b) peak identification; (c) fitting of the Gaussian peaks; (d)

deconvoluted peaks.
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Figure S11 Calculation of the FTIR spectroscopy peak area: (a) selection of the wavenumber range;

(b)-(c) baseline correction; (d) peak identification; (e) peak area integration.

For each aging time, spectra were collected for the eight replicates. Depending on the
temperature, 8 or 10 aging times were used. When one adds the control condition, this leads to 72
or 88 spectra being compared (see the example in Figure S12 a) for the 210 °C case). To facilitate
the comparison of the results at the different conditions, the eight spectra corresponding to the
eight replicates measured for each condition were merged into one spectrum using the

SpectraGryph software (http:/spectragryph.com, Oberstdorf, Germany). The merging process
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involves extrapolating between the gaps of the spectra and averaging the overlaps in the spectra.
This process is shown in Figure S12 in the case of the spectra for the specimens aged at 210 °C
for the entire wavelength range (Figure S12 a and b) and for the 1172 cm™! peak (Figure S12 ¢ and
d).
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Figure S12: FTIR spectroscopy spectra for the unaged condition and for the specimens aged at
210 °C for 2, 4, 6 and 8 weeks: a) all 40 spectra over the entire wavelength range; b) after merging
the spectra of the § replicates; c) at 1172 cm™ peak for the 40 spectra; and d) after the merging

process (5 spectra).
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