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ABSTRACT

A both multiscale and multi-techniques approach was developed to characterize the thermal aging in air
at 70, 90, 100 and 120 °C of High Tenacity Polyvinyl Alcohol (HT-PVAI) yarns, and to elucidate the
consequences of thermal aging on the chemical structure, crystalline morphology and several physico-
chemical and mechanical properties of practical interest. First of all, FTIR and UV—Vis spectrometries
showed that the main degradation products are isolated (1656 cm~!) and conjugated (1592 cm™1)
carbon-carbon double bonds, and a large variety of carbonyl products such as: esters (1757 cm '), al-
dehydes (1737 cm™ 1), carboxylic acids (1720 cm™'), ketones (1707 cm™'), but also polyenones (1630
cm™1). Possible mechanistic schemes were then proposed to explain the formation of all these different
degradation products. Moreover, no change in the physico-chemical properties of the amorphous phase
was detected by modulated differential scanning calorimetry and dynamic vapor sorption. In contrast,
the decrease in both melting temperature and crystallinity ratio with exposure time clearly indicates a
“nibbling” of the crystalline phase during thermal aging, thus highlighting a chemical attack preferen-
tially localized at the amorphous/crystal interface for this complex anisotropic material. This heteroge-
neous degradation is responsible for the loss of fracture properties in tension of HT-PVAI yarns. Fairly
simple relationships between the structural variables determined at the different scales of analysis were
established. As an example, a linear correlation was found between the changes in fracture properties

and the changes in crystalline morphology.

1. Introduction

For more than a decade now, High Tenacity Polyvinyl Alcohol
(HT-PVAI) yarns have been attracting a lot of interest in the geo-
synthetic community, particularly for their reinforcement function
[1—4]. PVAI interest principally lies in its excellent resistance to
strongly alkaline or acidic environments combined with a high
stiffness and good creep performances [4—6] that makes it a serious
alternative material to Polypropylene (PP), Polyamides (PA) and
Poly(Ethylene Terephthalate) (PET) for reinforcement applications
particularly in chemically aggressive soils. Today, several products
manufactured with HT-PVAI yarns are marketed in various forms
such as: geotextiles, geogrids, geobands, fiber reinforced concretes
or asphalts, tires, pipes, cooling systems (durits) and conveyor belts.
In civil engineering, the demand of HT-PVAl yarns is boosted by the
increasing use of soil treatments, recycled materials or low quality
fills with extreme pH conditions [7, 8]. Despite this growing
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attraction for PVAI, the characterization of the yarn microstructure
and its physico-chemical and mechanical properties remains an
open issue for the scientific community even today, as well as a
challenge for standardization organizations who face difficulties in
specifying this material and assessing its long-term durability.
This paper is dedicated to the thermal aging of HT-PVAIl yarns in
air between 70 and 120 °C. A both multiscale and multi-techniques
approach was developed to characterize and elucidate the conse-
quences of the thermal ageing at different scales of analysis. At the
molecular scale, the changes in the chemical structure of HT-PVAI
yarns were revealed by UV—Visible and Fourier transform
infrared (FTIR) spectrometries. These two complementary tech-
niques were used to identify and quantify the main oxidation
products. At the macromolecular and morphological scales, the
changes in the macromolecular and crystalline structures of HT-
PVAI yarns were determined by modulated differential scanning
calorimetry (MDSC). Particular attention was paid to the changes in
the glass transition temperature (Tg), melting temperature (Ty,) and
crystallinity ratio (X;). At the macroscopic scale, on the one hand,
the possible consequences of thermal aging on the water content of


mailto:xavier.colin@ensam.eu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.polymdegradstab.2020.109277&domain=pdf
www.sciencedirect.com/science/journal/01413910
http://www.elsevier.com/locate/polydegstab
https://doi.org/10.1016/j.polymdegradstab.2020.109277
https://doi.org/10.1016/j.polymdegradstab.2020.109277

HT-PVAI yarns were investigated by MDSC and dynamic water
sorption (DVS). On the other hand, the consequences on the me-
chanical properties of HT-PVAI yarns were determined by uniaxial
tensile testing.

2. Material and methods
2.1. Material

HT-PVAI yarns referenced K5501 with a linear density of 2000
dTex were supplied by Kuraray. Each yarn consists in approximately
a thousand of elementary filaments of about 20 pm diameter.

As HT-PVAI yarns can absorb significant amounts of water (e.g.
5.5 wt% at 22 °C in 100% RH), their physico-chemical and me-
chanical properties are very sensitive to small variations in relative
humidity. In order to eliminate this important source of experi-
mental scattering, before any aging and characterization experi-
ment, all the samples were stored for at least two weeks in an air-
conditioned room, in particular at a nominal temperature of 22 °C
and a relative humidity of 50%. Indeed, it was checked that all the
samples had reached their equilibrium moisture content (typically
1.8 wt¥%) following this specific environmental exposure.

In order to guarantee the quantity of samples required for all
physico-chemical and mechanical analyses, at least 4 m of yarns
were tightly wound up and blocked at their ends onto borosilicate
glass test tubes. These assemblies were then submitted to thermal

aging.
2.2. Exposure conditions

Thermal aging was performed at 70, 90, 100 and 120 °C in air-
ventilated ovens regulated at + 1 °C. Each sample assembly (i.e.
test tube with coiled HT-PVAI yarn) was periodically removed from
the oven, cooled to room temperature and stored for at least two
weeks in an air-conditioned room (i.e. at 22 °C in 50% RH) before
any characterization.

2.3. Protocol for film preparation

In order to perform quantitative spectrometric analyzes using
the classical Beer-Lambert's law, thin films of PVAI were produced
after the complete dissolution of HT-PVAI yarns in dimethyl sulf-
oxide (DMSO), known to be a good solvent for PVAI [5].

wkFor FTIR analyses, 50 mg of HT-PVAI yarns were cut into small
pieces and introduced in a glass beaker with 4 ml of DMSO. The
mixture was stirred at 120 °C for 16 h until reaching a transparent
homogeneous solution. After cooling to room temperature, a small
volume of this solution (30 drops) was casted in a Petri dish. Then, the
remaining solvent was slowly evaporated at 80 °C under primary
vacuum for 24 h. This protocol leads to the formation of homogeneous
and regular films of PVAI with an average thickness of 10 + 2 um.

For UV—Visible analyses, the same protocol was adopted but the
initial mass of HT-PVAI yarns was increased up to 100 mg in order
to obtain thicker PVAI films with an average thickness of 25 + 2 pm.

2.4. Physico-chemical characterization

2.4.1. Fourier-transform infrared spectrometry

FTIR analyzes were performed in transmission mode on PVAI
films to follow the changes in chemical composition during thermal
aging. FTIR spectra were obtained with a PerkinElmer Frontier FTIR
spectrophotometer between 400 and 4000 cm~! after having
averaged the 16 scans obtained with a minimum resolution of 4
cm~L All spectra were recorded in absorbance mode and analyzed
with the Spectrum software.

The concentration C of the different functional groups of prac-
tical interest (i.e. consumed or formed during thermal aging) was
determined from the absorbance A of their characteristic IR ab-
sorption band applying the classical Beer-Lambert's law:

c= A (1)

exe

where e is the film thickness (expressed in cm) and ¢ the molar
extinction coefficient (in L.mol~'.cm™1).

FTIR spectrometry was coupled with the chemical derivation
method, which consists in exposing aged PVAIl samples to ammonia
gas (NHs), in order to identify and quantify more easily and
unambiguously the different carbonyl species formed during the
thermal aging [9]. This chemical treatment acts on [10, 11]:

- Carboxylic acids by transforming them into ammonium car-
boxylates, which shifts their IR absorption band from 1700 to
1740 cm™! to 15507600 cm '

RCOOH + NH3 — RCO3, NHi (2)

- Esters and lactones by transforming them into primary amides,
which shifts their IR absorption band from 1730 to 1850 cm ™! to
1620—1680 cm ™

RCOOR’ + NH3 — RCONH; + R'OH (3)

To carry out this chemical derivation, PVAI films were placed on
a perforated ceramic plate over an aqueous ammonia solution (in
excess) in a sealed desiccator for one week, leaving the NH3 vapors
react completely with carboxylic acids and esters. After this NH3
treatment, the films were dried under vacuum at 80 °C for 24 h and
then analyzed by FTIR spectrometry. The difference between the
FTIR spectra obtained before and after NH3 treatment allowed the
identification and titration of the different carbonyl species formed
during the thermal aging of HT-PVAI yarns.

2.4.2. Ultraviolet—visible spectrometry

UV—Visible analyzes were performed in transmission mode on
PVAL films to detect the eventual formation of unsaturated struc-
tures (polyenes and polyenones) during thermal aging. UV—Vis
spectra were obtained with a PerkinElmer Lambda 35 UV—Vis
spectrophotometer between 200 and 400 nm and were analyzed
with the Spectrum software.

2.4.3. Modulated differential scanning calorimetry (MDSC)

Differential Scanning Calorimetric analyses were performed
with modulated temperature (MDSC) on HT-PVAI yarns to follow
the changes in the transition temperatures between physical states
(Tg and Ty), crystallinity ratio (X¢) and water content during ther-
mal aging. Analyses were carried out with a TA instruments DSC-
Q1000 calorimeter under nitrogen from —60 to 350 °C with a
constant heating rate of 3 °C.min~’. The applied modulated tem-
perature was + 2 °C/60s.

The melting temperature (Ty,) and enthalpy (AHp,) were deter-
mined from the global heat flow curve. T, was taken at the
maximum of the melting peak of PVAI, whereas AHy, was deter-
mined as the area under the melting peak. The crystallinity ratio X
was then deduced as follows:



Xe(%®) =—7
AHS

x 100 (4)

where AH?, = 161 J.g~ 1 [12, 13], is the melting enthalpy of the PVAI
crystal.

Regarding the glass transition temperature (Tg) and water con-
tent, it was previously reported that the glass transition and water
evaporation are overlapped on the global heat flow curve for the
HT-PVAIl yarn [4]. That is the reason why MDSC was used to sepa-
rate both phenomena on the reversing and non-reversing heat flow
curves, respectively. T; was taken at the inflection point on the
reversing heat flow curve, whereas the enthalpy of water evapo-
ration (AHyapH20) was determined as the area under the endo-
thermic peak on the non-reversing curve. The water content was
then deduced as follows:

AHvap,HZO

water content (%) =
AHlatent,HZO

x 100 (5)

where AHjpatentH2o = 2265 J.g~ ! is the latent heat of water
vaporization.

2.4.4. Dynamic vapor sorption (DVS)

Sorption experiments were carried out on HT-PVAI yarns to
monitor the eventual changes in water content due to the forma-
tion of additional polar structures (hydroxyls and carbonyls) during
thermal aging. All measurements were performed on dried HT-
PVAI yarns of few mm long at 60 °C.

Measurements in wet atmosphere (typically between 0 and 90%
RH) were realized with a Surface Measurement System DVS-1000
analyzer. Very briefly, this analyzer is composed of a climatic
chamber equipped with an ultra-sensitive Cahn's microbalance
with electromagnetic compensation allowing to access mass
changes up to + 0.1 pg as a function of temperature and relative
humidity. The moisture content in the chamber is set between
0 and 90% RH by mixing wet (100% RH) and dry (0% RH) nitrogen
streams. In addition, the temperature is precisely controlled using a
continuous fluid circulation via a loop inside the chamber.

HT-PVAI yarn samples were placed in a glass dish suspended
from the microbalance by a wire. Before any sorption experiment,
the samples were dried at 60 °C in a 0% RH atmosphere (at least 4 h)
in order to remove any traces of water adsorbed on their surface
until the establishment of a horizontal baseline, corresponding to
the mass of the fully dry material. Once completed this preliminary
drying stage, the moisture was introduced at the desired relative
humidity in the already heated climatic chamber. The changes in
the sample mass were directly monitored in a computer and
recorded throughout the test (12 h recording for each humidity).

Measurements in a fully saturated wet atmosphere (i.e. denoted
as 100% RH) were realized by immersion in pure distilled water. HT-
PVAI yarn samples were removed periodically from the bath to be
manually weighted on a common laboratory microbalance. Before
weighting, the yarns were wiped with Joseph paper to remove any
traces of water flowing on their surface.

It was found that the resulting sorption curves obey the classical
Fick's second law. Indeed, in these curves, two time domains can be
clearly distinguished: a transient domain during which the water
content increases linearly with the square root of time, then a final
saturation plateau for which the water content has reached its
equilibrium value (Ws) throughout the yarn diameter. Only this
equilibrium value was considered in this study. Ws was plotted
versus relative humidity to discuss the shape of the so-called
sorption isotherms.
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Fig. 1. UV—Vis spectra (normalized by the film thickness) of PVAI films before (a) and
after 345 days of thermal exposure in air at 100 °C (b).

2.5. Mechanical characterization: Uniaxial tensile tests

Uniaxial tensile tests were carried out on HT-PVAI yarns ac-
cording to the ASTM D2256 standard to monitor the consequences of
thermal aging on fracture properties. Experiments were performed
on HT-PVAI yarn samples of 250 mm long with a Tinius Olsen
Pneumatic Grip Controller HT400 tensile machine equipped with a
500 N force cell and pneumatic jaws specially adapted for yarn
characterization. Each test was conducted at room temperature
(25 °C) with a preload of 0.5 N and a constant crosshead speed of
250 mm.min"", and repeated five times to consider the experimental
scattering and to give a representative average value for the fracture
properties under consideration, i.e. strength and strain at rupture.

3. Results & discussion
3.1. Changes at the molecular scale

3.1.1. UV—Vis spectrometry

As an example, Fig. 1 (a) shows the UV—Vis spectra (normalized
by the film thickness) of PVAI films before and after 345 days of
thermal exposure in air at 100 °C. Recall that these PVAI films were
produced from HT-PVAI yarns according to the protocol described
in Section 2.3. It can be seen that thermal ageing leads to an in-
crease of the UV—Vis absorption between 210 and 400 nm, the
largest increase being located between 220 and 300 nm.

For a better viewing of the effects of thermal aging, the spec-
trum of the unaged PVAI film was then regularly subtracted from all
the spectra of the aged PVAI films. Fig. 2 shows the changes
(normalized by the film thickness) in the UV—Vis spectrum of PVAI
films during the first hundred days of thermal exposure in air at 70,
90, 100 and 120 °C, respectively.

It can be observed that, at 70 °C, almost no sign of aging is
detected over the entire wavelength range under consideration,
even after 511 days of exposure. In contrast, at 90, 100 and 120 °C,
three UV—Vis absorption bands increase rapidly with exposure
time at 232, 284 and 333 nm.

Fig. 3 compares the UV—Vis spectra of PVAI films after a rela-
tively similar timeframe of thermal exposure in air at 70, 90 and
100 °C, typically ranging from 303 to 345 days. It can be observed
that the absorbance of the three bands under consideration in-
creases with the aging temperature. This results implies that the
thermal aging of HT-PVAI is thermo-activated.
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Fig. 3. Comparison between the UV—Vis spectra of PVAI films before (violet) and after
an almost identical period of thermal exposure in air at 70 °C (black), 90 °C (green) and
100 °C (red). (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

In the literature [ 14—16], the appearance of the three absorption
bands at 232, 284 and 333 nm on the UV—Vis spectrum is attrib-
uted to the formation of unsaturated structures of polyenone and
polyene type. Polyenones, whose general formula is -(CH=CH);_1-
CO-, contain isolated or conjugated carbon-carbon double bonds

connected with a carbonyl group such as aldehyde, ketone, car-
boxylic acid or ester. In contrast, polyenes, whose general formula is
-(CH=CH),-, consist only in conjugated carbon-carbon double
bonds. Table 1 lists all the polyenone and polyene structures sus-
ceptible to be formed during the thermal aging of HT-PVAI [15].

The UV—Vis absorption band at 232 nm is attributed to the
formation of unsaturated structures with n = 2. The corresponding
degradation products are numerous, but all present two conjugated
double bonds, i.e. either two C=C in the case of polyenes, or one
C=C and one C=O0 in the case of polyenones.

Similarly, the absorption band at 284 nm is attributed to the
formation of unsaturated structures having three conjugated dou-
ble bonds (n = 3). Finally, the absorption band at 333 nm is
attributed to the formation of unsaturated structures having four
conjugated double bonds (n = 4).

According to Table 1, each UV—Vis absorption band corresponds
to a mixture of polyene and polyenone structures. In addition, there
is a wide variety of possible polyenone structures: unsaturated
aldehyde, ketone, carboxylic acid or ester. Only the orders of
magnitude of their molar extinction coefficient are known. For all
these reasons, it is not possible to precisely calculate the concen-
tration of each type of polyene and polyenone structure absorbing
in the UV—Vis range using the Beer-Lambert's law. However, it is
possible to get a rough idea about the relative predominance of the
different levels of conjugation (i.e. n = 2, 3 and 4) during the
thermal aging of HT-PVAI yarns.



Table 1

Polyenone and polyene structures possibly formed during the thermal aging of HT-PVAL The orders of magnitude of their molar extinction coefficient (¢) are given as an

indication in the last line [15, 17—20].

Wavelength 232 nm 284 nm 333 nm

Attribution Polyenone —(CH=CH),.;—CO—= R—CH=CH—COH R-(CH=CH),—COH R-(CH=CH)3;—COH
R—CH=CH—-CO-R R-(CH=CH),—CO-R R-(CH=CH);—CO-R
R—CH=CH—COOH R-(CH=CH),—COOH R-(CH=CH)3;—COOH
R—CH=CH-COOR R-(CH=CH),-COOR R-(CH=CH)3-COOR

Polyene —(CH=CH),— R-(CH=CH),-R R-(CH=CH)3-R R-(CH=CH)4-R

Nature 2 conjugated double bonds 3 conjugated double bonds 4 conjugated double bonds

23000 40000 70000

& (in L.mol~'.cm™")

Fig. 4 shows the changes in the absorbance (normalized by the
film thickness) of unsaturated structures at 232, 284 and 333 nm
with exposure time in air between 70 and 120 °C. These results
illustrate well our previous observations. First of all, the thermal
degradation kinetics of HT-PVAI is thermo-activated since the
absorbance is an increasing function of temperature. Besides, the
absorbance of unsaturated structures at 333 nm is lower than those
at 284 and 232 nm, which means that unsaturated structures with a
conjugation degree higher than 3 are formed with high difficulty.

The relative proportions (in mol%) of unsaturated structures at
232, 284 and 333 nm were calculated from absorbance ratios (see
Table 2). Thanks to these values, it can be concluded that structures
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Table 2
Relative proportions (in mol%) of unsaturated structures at 232, 284 and 333 nm
during the thermal aging of HT-PVAI yarns in air between 90 and 120 °C.

Wavenumber (cm™!) Level of conjugation Temperature

90 °C 100 °C 120 °C
232 nm n=2 55 56 56
284 nm n=3 34 34 34
333 nm n=4 11 10 10

with only two conjugated double bonds (n = 2 at 232 nm) largely
predominate over other unsaturated structures (n = 3 at 284 nm
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Fig. 4. Changes in the UV—Vis absorbance (normalized by the film thickness) of unsaturated structures at (a) 232 nm, (b) 284 nm and (c) 333 nm with exposure time in air at 70 °C
(in black), 90 °C (green), 100 °C (red) and 120 °C (blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Changes in the IR spectrum of PVAI films after thermal exposure in air at 100 °C.

and n = 4 at 333 nm) at all exposure temperatures, meaning that it
is more difficult to form unsaturated structures with a higher de-
gree of conjugation. These results will be supplemented by those
obtained through another spectrochemical technique, FTIR spec-
trometry, in the next paragraph in order to elucidate the thermal
aging mechanism of HT-PVALI yarns.

3.1.2. FTIR spectrometry

The PVAI films produced from HT-PVAI yarns after thermal (in
air at 70, 90, 100 and 120 °C) were also analyzed by FTIR spec-
troscopy in a transmission mode. As an example, Fig. 5 shows the
changes in the IR spectrum of PVAI films during the first 390 days of
thermal exposure in air at 100 °C. It can be observed that thermal
aging generates two major changes on the FTIR spectrum: i) A
decrease of the absorption band at 3340 cm™, implying the con-
sumption of hydroxyl groups (i.e. alcohols); ii) The growth of
several IR absorption bands located between 1550 and 1800 cm™!
often attributed to carbonyls and carbon-carbon double bonds.

A focus in the spectral range from 1550 to 1800 cm™! is given in
Fig. 6 (a). Several IR absorption bands are overlapped in this area,
making it difficult to determine their exact absorbance and wave-
length. To separate the elementary contribution of each absorption
band, a mathematical deconvolution was performed using
Gaussian functions. Fig. 6 (b) shows an example of deconvolution
for a PVAI sample aged for 345 days in air at 100 °C. Six absorption
bands were detected and identified. They are located at 1757, 1737,
1712, 1656, 1630 and 1592 cm ™. It can be seen that the absorption
bands at 1656 and 1712 cm~! are the most intense. The former is
attributed to isolated carbon-carbon double bonds [21], while the
latter can be attributed to unsaturated and saturated ketones and
carboxylic acids according to the literature data compiled in Table 3.

The assignment of the other four IR absorption bands put in
evidenced by the mathematical deconvolution is also given in
Table 3. It should be noted that the assignment of the absorption
band at 1757 cm™! to esters was not fully demonstrated because, in
the literature, the formation of esters in linear structures is rather
detected around 1730 — 1750 cm™! [24, 27], while the formation of
esters in cyclic structures is rather detected around 1770 — 1790
cm~! [22, 23]. In fact, these latter correspond to five-membered
rings well known as y lactones. There are also larger and thus
less strained cyclic structures, such as six-membered rings (or
O lactones), but their absorption band is shifted at the same
wavenumbers as linear structures (i.e. around 1730 — 1750 cm™ 1)
[25]. Based on this brief literature analysis, it would seem that the
absorption band at 1757 cm~! can only be assigned to unsaturated
v lactones, but this assumption remains to be proven and the
contribution of other types of carbonyl groups cannot be totally
excluded.

To confirm the presence of esters at 1757 cm™! as well as the
presence of carboxylic acids at 1712 cm™', a chemical derivatiza-
tion, consisting in exposing aged samples to ammonia gas at room
temperature for one week (see details in Section 2.4), was per-
formed and new FTIR spectra were acquired.

Fig. 7 (a) shows the IR spectrum before and after ammonia gas
treatment for a PVAI sample aged for 345 days in air at 100 °C. First
of all, it can be observed that the absorption band at 1757 cm ™! has
completely disappeared while a new absorption band has appeared
at 1670 cm ™! after chemical treatment. This new absorption band is
assigned to primary amides whose general formula is R—CONHo.
Thus, this first result confirms the presence of esters in the aged
samples. Then, it can be observed that the absorption band at 1712
cm™! has strongly decreased in intensity while a new absorption
band has appeared at 1580 cm™! after chemical treatment. This
latter is characteristic of carboxylate ions R—COO™. This second
result confirms the presence of carboxylic acids in the aged sam-
ples. Finally, the presence of ketones R—CO—R in the aged samples
is also confirmed due to the presence of a small shoulder at 1707
cm™ ! in the IR spectrum obtained after chemical treatment. Indeed,
as expected, these latter do not react with NHs.

The wavenumber and absorbance of the IR band of carboxylic
acids were precisely determined by subtracting the spectrum ob-
tained after chemical treatment to the spectrum obtained before
chemical treatment, as shown in Fig. 7 (b). The negative part rep-
resents the absorption bands of esters and carboxylic acids (at 1757
and 1720 cm™! respectively) that have disappeared during chemi-
cal treatment, whereas the positive part represents the absorption
bands of the primary amides and carboxylate ions (at 1670 and
1580 cm~! respectively) that have been formed during chemical
treatment.

Table 4 reports the full list of the degradation products formed
and identified during the thermal aging of HT-PVAI yarns. As pre-
viously explained, the IR absorption band detected at 1712 cm™! in
Fig. 7 (b) is the result of two elementary contributions at 1720 and
1707 cm’!, attributed to carboxylic acids and ketones respectively.

The concentration of the different chemical products consumed
or formed during the thermal aging of HT-PVAI yarns was deter-
mined from the absorbance of their characteristic IR absorption
band using the classical Beer-Lambert's law. The values proposed in
the literature for the molar extinction coefficients were chosen for
this calculation (see Table 3): ¢ = 720, 680, 300 and 37 L.mol L.cm!
for (cyclic) esters, carboxylic acids, ketones and (isolated or con-
jugated) carbon-carbon double bonds, respectively.

Fig. 8 shows the concentration changes of alcohols, isolated
carbon-carbon double bonds, conjugated carbon-carbon double
bonds, polyenones, aldehydes, ketones, carboxylic acids and esters
during the thermal aging of HT-PVAI yarns in air between 70 and
120 °C. Alcohol functions are progressively consumed while several
degradation products are formed whose concentrations vary in the
following order:

Isolated carbon-carbon double bonds > Conjugated carbon-carbon
double bonds > Polyenones > Aldehydes > Ketones > Carboxylic
acids > Esters

This relative order agrees well with the observations of Aoki
et al. [24] who studied PVAI oxidation under UV irradiation. The
concentrations of carboxylic acids and esters are much lower than
the concentrations of all other degradation products and thus
might be, in a first approximation, ignored.

3.1.3. Mechanistic interpretations
Based on the oxidation mechanisms proposed for PVAI under
UV radiation [ 16, 24] and in aqueous alkaline solution [37], but also
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Table 3
Main degradation products detected by FTIR spectrometry during the thermal aging of common hydrocarbon polymers. Corresponding wavenumbers and molar extinction
coefficients.

Chemical groups Wavenumber (cm™1) Molar extinction coefficient (L.mol~'.cm™1)
Hydroxyls 3100—3600 [16, 21] 70 [26, 27]

y Lactones 1780—1790 [22, 23] 720 [22] and 825 [23]
Esters 1738 [24] and 1746 [28] 590 [10, 29] and 450 [28]
Aldehydes 1736 [28] 155 [28]

Carbonyls 1715-1730 [4, 21, 30] 200 [26] and 300 [27]
Saturated ketones 1717—-1725 [16] 300 [28, 31]

Unsaturated ketones 1705 [32] and 1709 [24] 300 [31]

Saturated carboxylic acids 1715 [16] 680 [28]

Unsaturated carboxylic acids 1700 [24] 680 [28]

Isolated carbon-carbon double bonds 1639—-1661 [33], 1640 [21, 32], 1650 [34] and 1664 [35] 37 and 38 [33]
Conjugated carbon-carbon double bonds 1573 [36], 1580 [34], 1593 [35], 1595 [30] and 1628 [35] No available data
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Fig. 7. (a) IR spectra of a PVAI film aged for 345 days in air at 100 °C before (blue) and after ammonia gas treatment (orange). (b) Subtraction between both IR spectra. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

for PVC under UV radiation [34], it is possible to build the general labile hydrogen atom. Recall that the dissociation energy Ep
thermo-oxidation mechanistic scheme presented in Fig. 9. This of C—H bond is lower for a tertiary carbon GC;
scheme explains the formation of almost all the degradation (Ep = 378 k] mol™!) than for a secondary carbon Cs
products identified in HT-PVAI yarns. (Ep = 393 k] mol~1)[38]. In addition, the dissociation energy
This mechanistic scheme presents the following features: of C—H bond is further lowered by about 10—20 k| mol™!
when the carbon atom is directly linked to a heteroatom, e.g.

i) Oxidation is a radical chain reaction preferentially occurring a nitrogen or oxygen atom [38, 39]. For these reasons, the

on the carbon atom of the monomer unit carrying the most oxidation of PVAI preferentially occurs on the tertiary carbon



Table 4

Main degradation products (and their corresponding wavenumber) detected by FTIR spectrometry and identified by mathematical deconvolution or chemical derivatization

during the thermal aging of HT-PVAI yarns.

Wavenumber (cm™1) Attribution Chemical formula Determination method
1757 Esters R—COO—-R Mathematical deconvolution
1737 Aldehydes R—CHO Mathematical deconvolution
1712 Carboxylic acids and ketones R—COOH and R—CO-R Mathematical deconvolution
1720 Carboxylic acids R—COOH Chemical derivatization
1707 Ketones R—CO—R Chemical derivatization
1656 Isolated carbon-carbon double bonds R—CH=CH-R Mathematical deconvolution
1630 Polyenones R-(CH=CH),.1-CO-R Mathematical deconvolution
1592 Conjugated carbon-carbon double bonds R-(CH=CH),-R Mathematical deconvolution

C; carrying the alcohol function, as shown in Fig. 8. The
resulting alkyl radicals P® are responsible for the propaga-
tion of oxidation along the polymer chain, thus generating
unstable hydroperoxides POOH whose unimolecular
decomposition leads to the formation of alkoxy radicals PO®.
The rapid rearrangement by B scission of these latter allows
explaining the formation of two major carbonyl products:
carboxylic acids and ketones. Of course, [ scission is in
competition with hydrogen abstraction, which generates
diols.

ii) In addition, it is suspected that this unimolecular POOH
decomposition is catalyzed by acids, as already proposed for
polyolefins [40, 41]. Indeed, the bimolecular recombination
of carboxyl radicals with alkyl radicals would explain the
formation of another type of major carbonyl product: esters
(Fig. 10). Of course, this recombination is also in competition
with hydrogen abstraction, which regenerates carboxylic
acids.

iii) The formation of carbon-carbon double bonds is driven by
the elimination of alcohol side groups under the form of
water molecules. For this reason, this reaction is commonly
called “dehydration” in the literature [21, 30, 42]. According
to the mechanistic scheme of Fig. 11, the formation of a first
double bond would strongly destabilize the next monomer
unit and so on, triggering a sequential (or “zip”) elimination
of water molecules, that would finally lead to the formation
of the observed polyene structures. By analogy with the PVC
dehydrochlorination [38], the presence of any structural ir-
regularity (noted S) in the PVAI chain (e.g. double bond, diol,
ketone, etc.) would strongly destabilize the neighbor
monomer unit. Thus, the sequential elimination induced by
ketones would partly explain the formation of polyenone
structures.

To check the relevance of the dehydration mechanistic scheme
proposed in Fig. 11, the concentrations of OH functions lost and
carbon-carbon double bonds formed during the thermal aging of
HT-PVAI yarns were determined using the Beer-Lambert's law. The
concentration of lost OH functions was calculated from the absor-
bance decrease of the IR band at 3400 cm™. In parallel, the con-
centration of formed double bonds was calculated form the
absorbance increase of the IR bands at 1656 cm! (for isolated
carbon-carbon double bonds), 1592 cm™! (for conjugated carbon-
carbon double bonds) and 1630 cm™! (for polyenones) using the
relative proportions of the different conjugation degrees reported
in Table 2. Fig. 12 compares the concentration of OH functions lost
with the total concentration of double bonds formed during the
thermal aging of HT-PVAl yarns in air between 70 and 120 °C. For all
exposure conditions, both concentrations are very close, that con-
stitutes an important proof in favor of this mechanistic scheme.
Indeed, according to this latter, the loss of one OH function would

lead to the formation one carbon-carbon double bond. In other
words, the concentration of OH functions lost should correspond to
the total concentration of double bonds formed during the thermal
aging of HT-PVAI yarns. It can be thus concluded that the validity of
the proposed dehydration mechanism is successfully checked. It
should be underlined that this result also supports the conclusion
that the thermal aging of PVAI leads to the formation and accu-
mulation of carbonyl groups (essentially aldehydes and ketones)
rather than hydroxyl groups (i.e. diols and carboxylic acids).

However, it must be recalled that UV—Vis spectrometry clearly
indicates that unsaturated structures with a high degree of conju-
gation are formed with difficulty in HT-PVAI yarns. Indeed, the
maximum conjugation degree observed is n = 4 (Table 1). In
addition, structures with only two conjugated double bonds largely
predominate over other unsaturated structures, whatever the
exposure conditions (Table 2). This behavior can be explained by
the high oxidability of allyl C—H bonds whose dissociation energy is
only Ep = 335 k] mol~! [38]. Indeed, it can be seen in Fig. 13 that the
oxidation of the allylic methylene of the neighbor monomer unit
will stop the propagation of the dehydration reaction. Thus, it can
be concluded that in PVAI, oxidation does not only initiate the
dehydration reaction, due to the formation of new structural ir-
regularities in the PVAI chain, but also it annihilates the propaga-
tion step of dehydration by rapidly consuming allylic methylenes.

The oxidation of allylic methylenes allows explaining the for-
mation of the last major carbonyl product: aldehydes. It should be
noted that aldehydes are extremely oxidizable products, and even
more if they are unsaturated aldehydes. Indeed, as mentioned
before, the presence of an oxygen atom in a close vicinity lowers the
dissociation energy of the C—H bond of about 10—20 k] mol~! [38,
39]. Therefore, aldehydes will quickly be converted into secondary
oxidation products such as carboxylic acids or esters, according to
the mechanistic scheme summarized in Fig. 14.

Finally, due to the high concentration in OH functions in this
material, it is suspected that part of the carboxylic acids condenses
with alcohols to form esters. As shown in Fig. 15, if intramolecular,
this reaction could then explain the formation of unsaturated vy
lactones supposed to be detected at 1757 cm™! in IR spectra (see
Fig. 6).

3.2. Changes from the macromolecular to macroscopic scale

The consequences of the chemical modifications (evidenced in
the previous Section 3.1) at the upper scales were analyzed through
the macromolecular structure, humid behavior, crystalline
morphology and mechanical behavior of HT-PVAI yarns. Recall that,
before any physico-chemical and mechanical characterization, all
the samples were stored for at least two weeks in an air-
conditioned room (at 22 °C in 50% RH) in order to reduce as
much as possible the experimental scattering.
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Fig. 8. Changes in the concentration of (a) alcohols (at 3340 cm™), (b) isolated carbon-carbon double bonds (1656 cm™), (c) conjugated carbon-carbon double bonds (1592 cm™), (d)
polyenones (1630 cm™), (e) aldehydes (1737 cm™), (f) ketones (1707 cm™), (g) carboxylic acids (1720 cm™) and (h) esters (1757 cm™") during the thermal aging of HT-PVAI yarns in air
at 70 °C (black), 90 °C (green), 100 °C (red) and 120 °C (blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 9. Proposal of mechanistic scheme for the thermal aging of PVAL Oxidation preferentially occurs on tertiary carbon C; carrying the alcohol function.

3.2.1. Macromolecular structure and humid behavior of the
amorphous phase

Fig. 16 shows the changes in the glass transition temperature
(Tg) and the equilibrium water content (Ws) of HT-PVAI yarns with
exposure time in air between 70 and 120 °C. It can be seen that both
properties remain of the same order of magnitude as their initial
value (no visible change) during thermal aging, with an average Ty
around 53 °C and an equilibrium water content around 1.8 wt%.

Moreover, sorption experiments were carried out at 60 °C under
different relative humidities (typically ranging between 15% and
90% RH) on HT-PVAI yarns before and after 345 days of thermal
exposure in air at 100 °C. Then, the corresponding equilibrium
water contents were plotted versus relative humidity in Fig. 17 to
obtain the so-called sorption isotherms. These two curves display
two consecutive behaviors. Up to about 50% RH, WS increases lin-
early with relative humidity, thus characterizing a classical Henry's
behavior [43]. However, between 50 and 100% RH, the increase in
Ws gradually accelerates, thus showing a positive concavity which
corresponds to a Flory-Huggins’ behavior [43]. This positive con-
cavity is generally attributed to the formation of water clusters in
the literature [44, 45]. In addition, no difference is observed be-
tween the sorption isotherms of the unaged and aged samples.

Thus, even at high conversion ratios, thermal aging does not modify
either the nature or the intensity of the water-polymer interactions
in HT-PVAI yarns.

Following this first series of analyses, it can be concluded that
the amorphous phase of HT-PVAI yarns does not seem to be
affected by the thermal aging. These results will be supplemented
by those obtained on the crystalline phase in the next paragraph in
order to get an overall view of the microstructural changes occur-
ring in HT-PVAI yarns.

3.2.2. Crystalline morphology

As an example, Fig. 18 shows the changes in the melting peak of
HT-PVAlyarns during their thermal exposure in air at 100 °C. It can be
observed that this peak is progressively shifted towards lower tem-
peratures, while the area under the peak gradually decreases with
exposure time. Taking a closer look at the melting peak of the unaged
sample, it appears that it is composed of two contributions: a primary
component centered at 239 °C and a secondary one centered at
241 °C.In fact, the contribution of the secondary component gradually
decreases with exposure time to finally vanish. These results indicate
that, contrarily to the amorphous phase, the crystalline phase of HT-
PVAl yarns is strongly affected by the thermal aging.



Fig. 10. Hydroperoxide decomposition catalyzed by acids [37, 38].

Fig. 19 shows the changes in the melting temperature (Ty,) and
crystallinity ratio (Xc) of HT-PVAI yarns during their thermal
exposure in air between 70 and 120 °C. Above 90 °C, Ty, and X
gradually decrease with exposure time after an induction period.
The induction period and the decay rate of T, and X, are clearly
thermo-activated. The higher the exposure temperature, the
shorter the induction period and the faster the decrease in Ty, and
Xc.. However, at 70 °C, Ty, and X remain of the same order of
magnitude as their initial value (no visible change) during thermal
aging, even after 511 days of exposure.

Recall that Ty, is closely related to the crystal thickness (I¢) by
the Gibbs-Thomson's relationship [46]:

pcAHmo
le=—rc—m0 6
¢~ 26e(Tmo — Tm) (6)

where Ty is the equilibrium melting temperature, G, is the crystal
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surface energy, and pc and AHpyo are the density and melting
enthalpy of the crystalline phase, respectively. The values of these
different quantities are available in the literature for PVAI:
Tmo = 538 K [13], 6e = 37 x 1077 J.m~2 [13], pc = 1350 kg.m>
[13,47], and AHpo = 161 J.g~! [12,13].

Moreover, X corresponds to weight fraction of macromolecules
involved into the crystalline phase. Thus, these results would sug-
gest a progressive disappearance of the crystalline phase.

3.2.3. Interpretation of the structural modifications upon aging

In order to build a realistic degradation scenario for HT-PVAI
yarns at the morphological scale, let us consider the peculiar
microstructure of a drawn semi-crystalline fiber suggested by
Peterlin [48] and Prevorsek [49] and schematized in Fig. 20.

Fig. 12. Changes in the concentration of OH functions lost (@) and the total concen-
tration of carbon-carbon double bonds formed (A) during the thermal aging of PVAI
yarns in air at 70 °C (in black), 90 °C (green), 100 °C (red) and 120 °C (blue). (For
interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)

This microstructure consists in parallel micro-fibrils orientated
in the fiber direction and separated from each other by a thin layer
of highly orientated amorphous phase, often called “mesophase” in
the literature. This inter-fibrillar amorphous phase is much more
rigid and presents a very reduced macromolecular chain mobility
compared to the regular amorphous phase. In addition, each micro-
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Fig. 11. Proposal of mechanistic scheme for the dehydration of PVAL S designates a structural irregularity, e.g. double bond, diol, ketone, etc. The loss of one OH function leads to the

formation one double bond.
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Fig. 18. Changes in the melting peak of HT-PVAI yarns during their thermal exposure
in air at 100 °C.

fibril is composed of a series of crystalline lamellae separated from
each other by a thicker layer of amorphous phase, which is assumed
to be less oriented than the inter-fibrillar amorphous phase.
However, this interlamellar amorphous phase is disturbed from a
thermodynamic point of view and also supports stress concentra-
tions generated by the forced orientation of the macromolecules
during the processing operation (high speed drawing of molten
polymer) and exacerbated during the cooling at room temperature.
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Fig. 20. Microstructural model for a drawn semi-crystalline fiber suggested by Peterlin
[48] and Prevorsek [49]. The fiber axis is vertical.

No doubt, the stronger stresses are localized at the amorphous/
crystal interface.

Based on this analysis, it can reasonably be assumed that the
rate of the thermal degradation is much higher at the amorphous/
crystal interphase (in particular on chain foldings), which would
allow explaining the “nibbling” of the crystalline phase and its
progressive transformation into amorphous phase. In addition, this
scenario would allow explaining the apparent “stability” of the
amorphous phase (no changes in the values of Ty and Ws) in HT-
PVAl yarns, put in evidence in Section 3.2.1.

As each micro-fibril consists in a stacking of crystalline lamellae
separated with amorphous phases [13, 49, 50], it can thus be
written:

le+la=1Ip (7)

where g, 1 and 1, designate the thickness of crystalline lamellae,
the interlamellar thickness (of the amorphous phase) and the long
period, respectively.

According to the previous degradation scenario for which the
crystalline phase is progressively transformed into amorphous
phase, it can be written:
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Fig.19. Changes in (a) Ty, and (b) X. of HT-PVAI yarns with exposure time in air at 70 °C (in black), 90 °C (green), 100 °C (red) and 120 °C (blue). (For interpretation of the references

to colour in this figure legend, the reader is referred to the Web version of this article.)



lc +1la = Ipo = Constant (8)

where o designates the long period of the unaged sample. For the
HT-PVAIl yarns under study, Ipo = 9.17 nm.

In addition, the crystallinity ratio XC can be written as follows
[50]:

IC XCpa
le _ _ 9
P pc—Xclpc — Pa) ®)

where p, = 1.26 g.cm > and pc = 1.35 g.cm > [13, 47] are the
respective densities of the amorphous and crystalline phases of
PVAL

If combining Egs. (8) and (9), it comes:

_ IpOXCpa
pc — Xc(Pc — Pa)

Thus, it appears that the previous values of X¢c and Tm can be
used to monitor the changes in the crystalline morphology of HT-
PVAI yarns during their thermal aging. Indeed, Eq. (10) gives im-
mediate access to the changes in Ic, which are then introduced into
Egs. (6) and (8) to deduce the changes in the crystal surface energy
(oe) and interlamellar thickness (l,), respectively.

Fig. 21 shows the resulting changes in Ic and ce for HT-PVAI
yarns during the thermal exposure in air between 70 and 120 °C.
As expected, the changes in Ic are the same than those already
observed for Ty, In addition, it is found that ce remains of the same
order of magnitude as its initial value (no visible change) during
thermal aging. This result is entirely in agreement with the pro-
posed initial scenario of crystalline phase “nibbling”. Indeed, after
each nibbling event of the crystal surface, a new virgin crystal
surface is formed. Therefore, no change in o is expected. It can thus
be concluded that all the experimental results obtained in this
study check the validity of the proposed scenario.

Ic (10)

3.2.4. Mechanical properties

The impact of thermal aging on the mechanical properties of HT-
PVAI yarns was studied by uniaxial tensile tests. Fig. 22 shows the
changes in the strength (Fg) and strain at rupture (Ag) of HT-PVAI
yarns during their thermal exposure in air between 70 and
120 °C. As for the crystalline parameters T, and Xc, above 90 °C, Fr
and AR decrease progressively with the exposure time after an in-
duction period. The induction period and the decay rate of Fgr and
Ag are clearly thermo-activated. The higher the aging temperature,
the shorter the induction period and the faster the decrease in Fg
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and Ag. In addition, at 70 °C, Fg and Ag remain of the same order of
magnitude as their initial value (no visible change) during thermal
aging, even after 511 days of exposure.

Fig. 23 highlights the good correlation existing between the
decrease in the crystalline parameters and the decrease in the
fracture properties of HT-PVAI yarns. The fact that, for a given
couple: crystalline parameter/fracture property, all the experi-
mental data are placed around a single master straight-line irre-
spectively of the thermal exposure conditions, clearly demonstrates
the validity of these structure/property relationships. As an
example, the expressions of Fg as a function of Ty, and Xc are:

Fr = 13.15 Ty — 2984.7 (11)

Ag = 5.46 Xc —273.6 (12)

4. Conclusion

This paper addressed the consequences of the thermal aging of
HT-PVAl yarns in air between 70 and 120 °C at different structural
scales of analysis.

At the molecular scale, FTIR and UV—Vis spectrometries combined
with chemical derivatization by ammonia gas treatment allows
determining and titrating the main degradation products formed in
the aged samples: isolated (at 1656 cm™) and conjugated carbon-
carbon double bonds (1592 cm™!), polyenones (1630 cm™!), alde-
hydes (1737 cm™1), ketones (1707 cm™1), carboxylic acids (1720 cm ™)
and esters (1757 cm™ ). A detailed mechanistic scheme was proposed
for the thermal aging of PVAL In this scheme are coupled the oxidation
and dehydration reactions of PVAI chains. Oxidation is a radical chain
reaction preferentially occurring on the tertiary carbon carrying the
alcohol function, whereas dehydration is a sequential (or “zip”) water
elimination initiated by the presence of structural irregularities
(double bond, diol, ketone, etc.) in the PVAI chain.

At the macromolecular scale, no change in the glass transition
temperature and the equilibrium water content was detected in
HT-PVAI yarns by MDSC and DVS, respectively. Consequently, a
heterogeneous degradation scenario preferentially located at the
amorphous/crystal interface was envisaged to explain the apparent
“stability” of the amorphous phase during thermal aging.

This scenario was confirmed at the morphological scale by
monitoring the changes in the melting temperature and crystallinity
ratio of HT-PVAI yarns by MDSC. The decreases of both crystalline
parameters with exposure time indicate that the crystalline phase is
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Fig. 21. Changes in (a) IC and (b) o, for HT-PVAI yarns with exposure time in air at 70 °C (in black), 90 °C (green), 100 °C (red) and 120 °C (blue). (For interpretation of the references

to colour in this figure legend, the reader is referred to the Web version of this article.)
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chemically attacked and progressively transformed into amorphous
phase during thermal aging. This heterogeneous degradation in-
duces a thinning of crystalline lamellae, whereas the crystal surface
energy remains of the same order of magnitude as its initial value
(no visible change) during thermal aging.

Finally, this heterogeneous degradation is responsible for the
alteration of the fracture properties of HT-PVAI yarns. Linear cor-
relations were established between crystalline parameters (related
to the crystal thickness) and fracture properties (strength and strain
at rupture). These structure/property relationships can now be
used in industry to assess the lifetime of the products manufac-
tured with HT-PVAI yarns (in particular, geotextiles, geogrids,
geobands, etc.) and used for civil engineering applications.
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