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ABSTRACT: In this work, the effect of natural climatic aging on two ropes made from polyamide 6 (PA6) and poly(ethylene terephthalate)
(PET) was evaluated. Samples of rope from both materials underwent a continuous outdoor aging treatment spanning 6 months in Mon-
treal’s weather. Tensile tests carried out on aged PA6 ropes showed an increase in ultimate strain and a decrease in breaking force when
compared with as-received values, while PET ropes exhibited a slight increase in ultimate strain as their breaking force remained
unchanged. FTIR analyses of aged PET samples revealed a new absorption band in the hydroxyl region ascribed to the —OH stretching
vibrations of carboxylic acid end groups. FTIR quantitative analyses of the absorption bands in the carbonyl region of aged PA6 spectra
displayed an increase in intensity that indicates the occurrence of chemical degradation reactions. The degree of crystallinity of PA6, cal-
culated from differential scanning calorimetry data, was found to increase after the weathering treatment, a result confirmed by X-ray dif-
fraction analyses. The higher crystalline fraction is believed to entail an increase in the density of PA6 fibers, which give rise to the length

reduction seen in PA6 ropes after the aging treatment. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 130: 3058-3065, 2013
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INTRODUCTION

Among the different synthetic fibers used in the manufacturing
of fall arrest ropes and lifelines, polyamide and polyester fibers
are the two most widely used. Owing to a combination of high
tensile strength, good chemical resistance, and flexibility,'
fall protection ropes made from these fibers offer a high-load-
bearing capacity, which makes them an adequate choice when
personal safety is considered. Both polymers, however, are
known to be susceptible to chemical degradation caused by
environmental agents such as light radiation and moisture.>’
Given that fall arrest ropes are intended for outdoor use
(i.e., by construction or building maintenance workers) where
they are exposed to the elements, performance loss is bound to
occur after a given amount of time in service. Unfortunately,
the extent of this loss in performance is usually unknown. The
vagueness of the current criteria of withdrawal from service for
these ropes (most suppliers recommend to replace the ropes
after 5-10 years) underlines the urgent need to find a better
indicator to monitor the natural aging process.

As a polymer synthesized by condensation, polyamide is likely
to undergo chemical attack from water in the presence of
moisture, as the amide bond is especially susceptible to both
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acid and base-catalyzed hydrolysis.>*™'" Photodegradation of ali-
phatic polyamides is characterized by the cleavage of
the —N—C— bond at short light radiation wavelengths (254
nm) to produce amine and aldehyde groups.'? Photochemical
degradation of polyamides following exposure to light at wave-
lengths of 300 nm and higher (the solar spectral region) has
been a topic of discussion as some authors report that because
polyamides are unable to absorb radiation at wavelengths higher
than 254 nm, light-induced aging effects are caused by chromo-
phoric impurities,” while others claim that photodegradation in
polyamide is the result of the direct photoscission of the amide
bond."!

Poly(ethylene terephthalate) (PET), much like polyamide, is a
condensation polymer prone to hydrolysis, catalyzed either by
an alkali or an acid when exposed to humid environments due
to the presence of the hydrolyzable ester group.>®'*° The
hydrolysis of PET is particularly deleterious, given its autocata-
lytic nature (the increase in concentration of carboxyl end
groups accelerates the rate of hydrolytic degradation).”'® The
molecular weight decrease resulting from the hydrolysis reaction
has a detrimental impact on the ultimate properties of the poly-

. . - 14,16,17,20
mer such as tensile strength and ultimate elongation.
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Table I. Precipitation, Hours of Insolation, and Daily Average Irradiance
by Month in Montreal

Numbers of  Daily average
Amount of hours value of
precipitation® of solar solar irradiance
Month (mm) insolation® (kW/m?2)°
December  96.0 80.2 1.37
January 30.2 101.6 1.53
February 10.8 123.9 2.43
March 34.6 158.9 3.77
April 66.6 173.3 5.3
May 91.8 229.7 6.22

2Data taken from Pierre-Elliot Trudeau International Airport station. Only
rain considered.3°°Based on average historic data from the period
1971-2000.5% Average over 22-year period. Data taken from NASA
Langley Research Centre. 3t

Photochemical aging of PET has been studied in several publi-
2,14-17,21

2% The main features displayed by PET upon
UV irradiation in air at wavelengths between 300 and 420 are

cations.

the decrease in tensile strength and ultimate elongation, the for-
mation of carboxylic acid end groups, and the evolution of CO

and CO, as volatiles.>?!72>6-2°

Although there is abundant literature regarding the photochem-
ical and hydrolytic aging of polyamides and polyester, most of
these studies are carried out in laboratory environments under
controlled conditions and using accelerated aging treatments.
Therefore, it is unknown whether the conclusions extracted
from these studies can be translated to materials aged outdoors.
The climatic weathering results will be compared to accelerated
aging treatments carried out in laboratory. The goal of the pres-
ent work is to characterize the degradation process of two types
of rope (polyamide 6 and polyester) after 6 months of outdoor
exposure in Montreal’s (Canada) climate.

EXPERIMENTAL

Materials

The materials included in this study are two types of rope made
from polyamide 6 (PA6) and PET fibers having a linear density
of 147.36 and 178.62 kTex, respectively. Both ropes are 16 mm in
diameter, and their construction consists of three braided strands.
The ropes were provided by Barry Cordages (Montreal).

Weathering Treatments

Spliced samples of PA6 and PET ropes ~180 cm long were attached
in a vertical position to a wooden frame located on the rooftop of
one of the buildings of Ecole de technologie supérieure in Montreal
(coordinates: 45°29°40”N, 73°33’45”W). No additional load was
applied to the ropes, as they were allowed to hang freely under their
weight between the fastening points in the frame. The rope samples
were exposed to the outdoor elements for 6 months between
December 9, 2011 and June 9, 2012. Relevant monthly weather
data during this period are shown in Table L.

Mechanical Properties
The breaking force and ultimate elongation of PA6 and PET
ropes were measured according to Cordage Institute standard
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CI 1500 V.2 for uncycled breaking force.” Tensile tests were car-
ried out at Barry Cordages facilities using a custom-built con-
stant rate of extension tensile testing bench equipped with
automated data collection software. After measuring their initial
length, spliced specimens of rope were fastened to the cross-
heads of the bench and pulled apart at a speed of 100 mm/min.
For both materials, the force versus elongation curve yielded by
tensile tests displays several maxima associated with the failure
of individual strands. The breaking force was defined as the
force at the first maximum in the load versus elongation curve,
which corresponds to the failure of a single strand. The
reported breaking force value was taken as the average of five
tests. Accordingly, ultimate elongation was taken as the average
elongation at failure of the first strand to fail of five tests.

Fourier Transform Infrared Analyses

FTIR spectra were collected with a Thermo Continuym FTIR
microscope in transmission mode using the KBr pellet method.
Approximately 10 mg of material was dissolved in 10 mL of m-
cresol at elevated temperature. When dissolving aged PA6 and
PET, care was taken to select fibers located in the outer layers of
the strands to ensure that the material had been actually
exposed to the outdoor weather, as chemical degradation is
believed to be confined to the surface of ropes at this stage of
the aging process. Once complete dissolution was achieved, a
mixture of the solution (~5 mL) with spectroscopic quality KBr
powder (~25 mg) was prepared. Excess solvent was removed
through evaporation, after which the pellet was made using a
manual press. A total of 128 scans at 8 cm ' resolution were
collected to produce each spectrum. The average absorbance
value of five measurements was used for quantitative analysis.
The height of absorbance bands was used to evaluate spectral
data of PET fibers, whereas the area of absorbance bands was
chosen instead for the analysis of PA6 results. No subtraction of
the solvent spectrum was done, because no absorption bands
corresponding to m-cresol were detected in the final spectrum.

Differential Scanning Calorimetry Analyses

Differential scanning calorimetry (DSC) analyses were con-
ducted using a Pyris 1 Perkin Elmer calorimeter. Samples
weighing 5-10 mg were heated from —10 to 300°C at a rate of
10°C/min. Material crystallinity was calculated using Eq. (1).

H,
Xer= (1)
m0
where X, is the crystalline fraction of the material and H,,s and
H,,, are the enthalpies of fusion of the sample and the entirely

crystalline material, respectively.

X-Ray Diffraction Analyses

X-ray diffraction profiles of PA6 fibers were obtained using Ni-
filtered Cu Ko X-ray radiation in a Pananalytical X’Pert Pro dif-
fractometer operating at a voltage of 45 kV and a current of 40
mA. The 20 range selected for the diffractograms was 5°-30°C.
The profiles were corrected for air scatter, polarization, Comp-
ton scatter, and Lorentz effect.

RESULTS

Mechanical Properties
Before tensile testing, length measurements and visual inspec-
tion of individual specimens of rope were performed to detect
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Figure 1. Comparison of a typical load versus crosshead-displacement
curve for as received and aged PA6 ropes. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

changes in color and length induced by the outdoor weathering
treatment. Although no significant changes in the color of aged
specimens were found when compared with as-received ones, a
noticeable decrease of about 6% (~13 c¢m) in the length of aged
PA6 ropes was observed. The length of aged PET ropes, on the
other hand, remained constant throughout the aging treatment.

The typical aspect of the load versus crosshead-displacement
curve for PA6 and PET ropes in as-received and aged conditions
is shown in Figures 1 and 2, respectively.

From Figure 1, it is readily seen that the impact of the weather-
ing treatment on the mechanical properties of PA6 ropes is
reflected by a small decrease of the tensile breaking force as well
as a significant increase in the elongation at break. Although
the decrease of the tensile load of PA6 after outdoor exposure is
in good agreement with the general depiction of the mechanical
behavior of polymers undergoing chemical degradation®'* and
might be explained by the occurrence of a chain scission process
initiated by either the photolysis or the hydrolysis of the poly-
amide molecules, as suggested by the results of the FTIR
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Figure 2. Comparison of a typical load versus crosshead-displacement
curve for as-received and aged PET ropes.
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analyses of PA6 fibers after the weathering treatment (see the
FTIR analyses section below), the increase of the elongation at
break of aged ropes is an unexpected outcome, because ultimate
properties are expected to deteriorate following chemical degra-
dation.® PET ropes on the other hand, while displaying a slight
increase in ultimate elongation as well, are seemingly less
affected by environmental aging factors than PA6 ropes, as their
breaking force remained essentially constant after the weathering
treatments.

The summary of the results of the tensile tests is shown in Table
II. As expected, the ultimate strain of aged PA6 ropes (which
accounts for both the increase in crosshead-displacement and
the decrease in specimen length) shows an important increase
(~30%) compared to as-received ones.

Fourier Transform Infrared Analyses

The qualitative analysis of the hydroxyl region (3200-3500
cm™ ") of PET spectra revealed the formation of a new absorp-
tion band toward 3300 cm™' following the aging treatment.
This band has been tentatively ascribed to the —OH stretching
vibration of newly formed carboxylic acid end groups, which
are believed to be the product of chemical degradation reactions
resulting from outdoor exposure. The development of this band
is consistent with previous works on the chemical degradation
of PET.>**® A comparison of the spectra of as-received and aged
PET fibers in the 2700-3500 cm ™' region is shown in Figure 3.

During PET degradation, carboxylic acid end groups are the
final product of either an acid-catalyzed hydrolysis (along with
hydroxyl groups) or a photooxidation reaction that follows a
Norrish type I or II chain-scission process (see Figure 4). Con-
sequently, the formation of the absorption band at 3300 cm™'
provides evidence that PET ropes have undergone a chemical
degradation process during the outdoor exposure treatment.
Although a quantitative analysis of the bands corresponding to
the hydroxyl groups would allow estimating the relative contri-
bution of photochemical and hydrolytic aging reactions in the
evolution of COOH end groups, the bands associated with the
hydroxyl groups are believed to overlap the existing bands in
the spectrum of PET, which hinders the tracing of the origin of
the carboxylic acid species evolved during the weathering
treatment.

The concentration of carboxylic acid species can be calculated
using Beer—Lambert’s law:

A =¢coon( 7 )!Ccoon = Ccoon= A (2)
ECOOH( )l

where A; is the absorbance value at wavelength 4, ecoony) is
the molar absorption coefficient of carboxylic acid species at
wavelength 4, [ is the optical path of the infrared radiation (the
thickness of the pellet), and Ccoopn is the concentration of car-
boxylic acid. Ccoon was taken as the average of five solutions
of eq. (2) using different sets of data. Taking the value of
£COON(3300) = 150M ''em™! reported by Day and Wiles®? gives
a value of Ccoon = 4.706 X 10 °M. It is worthwhile noticing
that this calculated concentration of carboxylic acid species con-
cerns only the fibers located on the surface of the strands of
PET, because the progress of the reaction in the bulk of the
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Table II. Summary of Tensile Testing Results
Residual Residual
Type of Tensile tensile breaking Ultimate
rope Condition breaking force (kN) Ultimate strain (mm/mm) force® (%) strain® (%)
PAG As-received Mean 41.96 Mean 0.389 91.55 128.8
Std. dev. 2.05 Std. dev. 8.94 x 1072
Aged 6 months Mean 38.41 Mean 0.501
Std. dev. 0.62 Std. dev. 2.94 x 1072
PET As-received Mean 38.58 Mean 0.247 102.58 110.5
Std. dev. 0.95 Std. dev. 5.44 x 1072
Aged 6 months Mean 39.41 Mean 0.273
Std. dev. 2.84 Std. dev. 187 x10°2

@Residual property is calculated as the ratio aged value/as-received value.

ropes is expected to be affected by other parameters, such as the
availability of oxygen and water in the inner layers of the
strands, which were not considered in the calculation.

No new absorption bands were observed to develop in the FTIR
spectrum of PA6 after the outdoor exposure. Photodegradation
of PA6 is expected to result in the formation of aldehydic and
acidic groups, whereas carboxylic acid and amine groups are the
final products of the hydrolysis reaction.**™"' Both aldehydes
and acid groups display a strong absorption band in the car-
bonyl region (1650-1800 cm ') corresponding to the C=O
stretching vibration that makes IR band assignment a relatively
straightforward procedure. The FTIR spectrum of as-received
PA6, however, already exhibits strong bands in the carbonyl
region, and so any new band in this region linked to the forma-
tion of chemical degradation products is bound to overlap the
existing bands. A careful inspection of the spectrum of aged
PAG6 fibers, however, reveals a slight increase in the intensity of
the bands in the 1700-1800 cm ™' region, as seen in Figure 5.

Absorbance

M0 ‘ T a0

PET aged 6 months

As-received PET

Given the difficulty entailed by the overlapping of absorption
bands when assigning individual bands to specific degradation
products, the area of the absorption bands in the carbonyl
region was chosen over the height of individual bands as the
parameter to quantify the spectra of aged PA6 fibers. The
method used for quantitative analysis consisted in calculating
the ratio Iaponyl/J1465 cm-1 by normalizing the area of the group
of bands in the 1700-1800 c¢m ™' region using the area of the
band at 1465 cm ™! (ascribed to the bending vibration of CH,
molecules) as reference (see Figure 6).

The Tarbonyl /T1465 cm—1 Tatio, calculated as the average of five dif-
ferent analyses, was found to go from 0.589 to 0.683, which cor-
responds to ~16% increase in intensity. This increase suggests
the formation of photooxidation (aldehyde or carboxylic acids)
products or carboxylic acids resulting from hydrolysis reactions,
which exhibit all an absorption band in the carbonyl region. As
with PET fibers, the absorption bands corresponding to amine
end groups, which may be used to estimate the amount of

3000 2800

Figure 3. Spectra of as-received and aged PET fibers. The band corresponding to newly formed carboxylic acid end groups is encircled. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 4. Norrish type I and II chain scission processes.

carboxylic acid end groups produced by hydrolysis, were not
discernible in the spectrum of aged PA6.

Melting Behavior and Material Crystallinity

The crystalline fraction of PA6 and PET was calculated using
eq. (1) with H,,q taken as 117%° and 240 J g71 for PET and
PAG6, respectively. The thermograms of as-received and weath-
ered PA6 and PET fibers are shown in Figures 7 and 8, respec-
tively. The crystalline fraction for as-received PA6 was found
to increase from 16 to 33% after the weathering treatment,
indicating a twofold increment in crystallinity. X-ray diffrac-
tion analyses were carried out to confirm these results. The
diffraction profile of PA6 fibers before and after the weathering
treatment is shown in Figure 9. The two crystalline peaks char-
acteristic of the o phase can be observed in the diffractogram
of the as-received PA6 fiber at 20.5° and 23.2°. These two
peaks correspond to the 200 and 002/202 reflections, respec-
tively.>* The diffraction profile of PA6 fibers after a 6-month
weathering treatment revealed an increment of the size of the
two peaks in the crystalline phase, indicating an increase of
the crystalline fraction of the material. The full width at half
maximum, a parameter associated with the size and perfection
of crystals, increases as well for both peaks, suggesting that the
aging treatment leads to crystallites of larger dimensions. A
similar result has been reported by Murthy et al.>® after

0484
046-5
o]
042§
o‘ao-f

0384

Absorbance

0364
0344
0324

030 _ PA6 aged 6 months

As-received PAG

028{

1800

exposing nylon 6 fibers to high humidity at room temperature.
The authors argue that in the presence of moisture, PA6 mole-
cules in the crystalline y phase and the amorphous region gain
in mobility and are able to migrate toward the lower-energy-
conformation o phase. This hypothesis may hold as well in the
case of the current weathering treatment with an additional
consideration, namely that, as suggested by the FTIR analyses,
the weathering treatment may result in a chain scission process
that reduces the length of PA6 molecules, increasing their
mobility even further.

Two features can be readily noticed in the thermogram of
weathered PET fibers in Figure 8: a broadening of the melting
endotherm and a shift of the onset of the melting peak toward
lower temperatures. These results suggest that as the weathering
treatment proceeds, the crystallites in the as-received PET fibers
break down into smaller crystals having lower melting tempera-
tures. The breaking down of larger PET crystallites into smaller
ones leads to a larger spectrum of crystallite sizes that display a
wider range of melting temperatures, hence the broader melting
peak seen in the thermogram of PET.

The outdoor exposure of PA6 and PET ropes leads to oppo-
site results regarding the crystalline fraction of both poly-
mers, as it decreases in the case of PET while it increases for
PA6.

1750 ’ ) T 700

Wavenumbers (cm-1)

1

Figure 5. Comparison of the spectra of as-received and aged PA6 in the 1700-1800 cm™ region. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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Figure 6. Illustration of the procedure used for analysis of the spectra of aged PA6 fibers. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

DISCUSSION

Although the results presented in the previous section seem to
suggest that both chemical degradation (in the form of photoxi-
dation and/or hydrolysis reactions) and physical aging (recrys-
tallization) take place during the outdoor exposure of the ropes,
it is still unclear how these two processes relate to the unex-
pected phenomena observed in PA6 after the weathering treat-
ments, namely the length reduction and the increase of the
ultimate strain. An understanding of the mechanisms underly-
ing these baffling observations is needed to gain a deeper
insight into the weathering process of this material. Assuming
that the mass of the ropes remains constant throughout the
weathering treatment, a higher density brought about by the
larger crystalline fraction found in aged PA6 fibers would be the
most likely phenomenon to account for the significant reduc-
tion in the length of PA6 ropes observed after aging. The larger
crystalline phase entails an increase of the density of the

45
- - PA6 as-received
40 -
—PA6 aged for 6 months
% 35
2
2
® 4 ]
o 30 . \
T L .
25
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Figure 7. DSC thermograms of as-received and weathered PA6 fibers.
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material, as the molecules in the less ordered amorphous and
crystalline y phases arrange themselves in the more closely pack-
aged manner characteristic of the o phase. Because the mass of
the fiber remains constant, the volume of the fiber needs to be
reduced accordingly, prompting the decrease in length seen in
aged PAG6 ropes.

The other observation that opposes the normal depiction of
aged materials is the enhancement of the ultimate strain of
weathered PA6. As mentioned earlier, weathering treatments are
expected to worsen the mechanical properties of polymers,
which in the case of ultimate strain normally translates into a
decrease of the property. The increase of crystallinity of treated
PA6 fibers may be once again the underlying phenomenon
causing the increase in ultimate strain. Although different prop-
erties are assigned to the PA6 fiber as a whole, the amorphous
and crystalline phases within a fiber exhibit different properties
when a mechanical load is applied, including a different elastic

33
a1 | —polyester aged for 6 months .
= =polyester as-received LS
29 _l ]
-l '
27 l’._.’ 1

25 | - N,
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Figure 8. DSC thermograms of as-received and weathered PET fibers.
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Figure 9. XRD profile of as-received and aged PA6 fibers.

modulus. The strength of the fiber is believed to be controlled
by the presence of defects in its structure, whereas the elastic
modulus of PA6 fibers as an aggregate of the amorphous and
crystalline regions (microfibrils) is governed by the joint behav-
ior of the microfibrils that support the load and the extended
molecules between microfibrils, which transmit the force among
them.”®*” As the crystallinity of PA6 increases with the weather-
ing treatment, a larger fraction of the load applied during ten-
sile tests is supported by microfibrils, which have a higher
elastic modulus, and thus yield a smaller strain than nonaged
samples when subjected to a similar level of stress. The overall
tensile strain in the PA6 rope is consequently reduced, so that
when the failure stress is reached, the extent of the deformation
is larger than in the case of the as-received sample, which has a
lower crystalline fraction.

At this stage of the outdoor weathering program we have
undertaken, most of the processes responsible for the changes
in mechanical properties are believed to be physical in nature.
This is highlighted by the fact that PET rope, which exhibits
solid indications of undergoing chemical degradation reactions
after outdoor exposure, is the least affected by the weathering
treatment in terms of loss of mechanical performance out of
the two materials included in this study.

CONCLUSIONS

Samples of rope made from PA6 and PET fibers were exposed
for 6 months to the outdoor weather of Montreal. The length
of PA6 ropes was found to decrease after the aging treatment
while the length of PET ropes remained constant. Tensile tests
carried out on weathered PA6 ropes revealed that the outdoor
exposure resulted in a slight decrease in tensile breaking force
and a significant increase of ultimate strain. The tensile breaking
force of aged PET ropes remained virtually constant while their
ultimate strain showed a little increase. FTIR spectra of aged
PET fibers revealed the formation of a new absorption band
toward 3300 cm™'. This band was ascribed to carboxylic acid
end groups, which are believed to be the product of either pho-
tochemical or hydrolytic degradation reactions. The intensity of
the bands in the carbonyl region of FTIR spectra of aged PA6
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fibers increased after outdoor exposure, a result that suggests
that PA6 fibers have undergone chemical degradation reactions.
The crystallinity of PA6 fibers, calculated from DSC data, was
found to undergo a twofold increase after the weathering treat-
ment, a result bolstered by the increase of the intensity of the
peaks associated to the crystalline phase in the XRD profile of
aged PAG6 fibers. The increase in density caused by the larger
crystalline phase seems to be the underlying phenomenon caus-
ing the decrease in length observed in aged PA6 ropes.

The significant increase in ultimate strain of weathered PA6
ropes is likely related to an increase in the elastic modulus of
the PA6 fibers caused by the augmentation of the crystalline
phase.
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