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Abstract

The effect of moisture on the photo-oxidative degradation of polyamide-6 (PA-6) was studied by analyzing the mechani-
cal response after two different accelerated aging procedures. In the first aging procedure, the PA-6 was only exposed
to ultra-violet (UV) radiation at 60 °C. In the second procedure, the same duration of UV radiation was periodically
interrupted while the relative humidity was raised to 100%. Diffusion-limited and nominally homogeneous degradation
conditions were investigated using bulk and film specimens, respectively. Accelerated UV aging reduced the ductility of
PA-6, but the additional hygrothermal exposure had no effect on the ductility or strength, indicating that humidity did
not influence the photo-oxidation of PA-6. This finding contrasts with previous studies that found thermo-oxidation of

PA-6 was accelerated by moisture.

Keywords Semicrystalline thermoplastics - Polyamide - Photo-oxidation - Hygrothermal aging - Coupled aging

Introduction

Harsh environmental conditions can initiate chemical reac-
tions in polymers that degrade their mechanical properties
over time, in a process sometimes called chemical aging.
Chemical aging limits the lifetime of polymer parts, with
the most critical effect typically being a catastrophic loss of
ductility, i.e., embrittlement. Therefore, lifetime predictions
for polymers deployed under harsh environments depend on
a thorough understanding of chemical aging.
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The adjective “harsh” may evoke thoughts of extraor-
dinary environments such as outer space [1], directed UV
to sterilize a surface [2], or the high temperatures in the
engine of a car [3], but normal, outdoor environments are
also sufficiently “harsh” to provoke chemical aging [4-9].
One obstacle to predicting lifetime limits imposed by
chemical aging is that, within a single environment, there
may be a number of different conditions that each cause
their own pathway for chemo-mechanical degradation.
For instance, most natural environments simultaneously
experience some combination of UV radiation, high tem-
peratures, and humidity, and these factors typically cause
photo-oxidation [5, 10], thermo-oxidation [11, 12], and
hydrolysis [13], respectively.

Chemical aging is commonly studied under labora-
tory conditions where a single degradation pathway is
isolated, and changes in either macromolecular indica-
tors (e.g., molecular weight, interlamellar spacing) or
mechanical properties (e.g., strain-to-failure, ultimate
tensile strength) are measured as a function of expo-
sure to the controlled environment [14-22]. While this
approach has laid a solid foundation for understanding
specific degradation pathways, there is uncertainty asso-
ciated with deploying these findings to predict polymer
lifetimes in real environments. First, it is not straightfor-
ward to map accelerated aging conditions onto natural
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aging conditions [18], and, second, natural environments
almost always contain multiple factors that might induce
coupled aging mechanisms [23-25].

On the other hand, many studies adopt an engineer-
ing approach where polymers are aged under their real
service environment [4, 6-8, 26, 27].! The engineering
approach provides actionable information for a single pol-
ymer system aged in a single environment, but results are
not easily transferable to other materials or environments.
Furthermore, real-time aging experiments are expensive
due to the long times required. Although using a real ser-
vice environment to age a polymer guarantees exposure
to the relevant environmental factors, the lack of control
over each factor makes it difficult to precisely determine
coupling between them.

So far, only a few studies have characterized chemical
aging using controlled environments that combine multiple
instigators for chemical aging in order to investigate the potential
nonlinear coupling between various degradation pathways. How-
ever, the subset of studies that do explore multiple aging mecha-
nisms tend to focus on polyamide-6 (PA-6) or polyamide-6,6
(PA-6,6), since the kinetics of individual degradation
pathways in these polymers are well understood [12, 13]. In
PA-6, water can initiate a hydrolysis reaction that attacks the
amide group. This causes chain scission between the C-N
bond, leaving behind two chain ends with carboxylic acid and
amine end groups [13]. The reactions for photo-oxidation and
thermo-oxidation are very similar, and their processes are com-
mon for many thermoplastic polymers [10]. Their two main
differences are the energy source that dissociates bonds in the
initiation step of the auto-oxidation cycle [10] and the longev-
ity of intermediate products due to their respective photo- and
thermal-stability [28]. Oxidation can result in both chain scis-
sion and cross-linking, although chain scission is predominant
in thermoplastics when oxygen is present [10]. Chain scission
is often realized by breaking C—C bonds in the polymer back-
bone. This is usually achieved by the scission of alkoxy radicals
(PO) or the decomposition of hydroperoxides (POOH). Both of
these processes leave behind carbonyl end groups (C=0) [10].
In PA-6, chain scission by oxidation can create imides that are
susceptible to hydrolysis [29]. The creation of hydrolyzable
imides on the polymer backbone is one proposed mechanism
for the acceleration of oxidation in the presence of water, but
the exact mechanism for coupling, or even whether water accel-
erates degradation, is not entirely clear.

! Sometimes, the use of a real environment, especially a natural one,
to study degradation is called weathering instead of chemical aging.
This is because a natural environment will likely degrade a polymer
from both chemical and non-chemical effects. Some examples of non-
chemical degradation include abrasion from dust particles blown in
the wind or the absorption of water by a hygroscopic polymer.
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Bernstein et al. [23, 30] measured the decreasing tensile
strength of PA-6,6 after exposure to either dry air or air
at 100% relative humidity (RH). They found that the main
degradation pathway of PA-6,6 under 100% RH and oxygen
was essentially hydrolytic, consistent with the fact that their
PA-6,6 fibers contained anti-oxidant additives, and also that
oxygen accelerated hydrolytic degradation for temperatures
above 50 °C. In contrast, Gongalves et al. [31] found that,
between 25 and 90 °C and for aging times of two days, the
main degradation pathway of additive-free PA-6,6 in water
with oxygen was thermo-oxidation. They characterized the
state of degradation by measuring changes in the IR bands
using FTIR and solid-state '*C NMR spectroscopies. They
concluded that water accelerated thermo-oxidation, not by
acting as a reactive species, but through sorption of water
that increased the PA-6,6 chain mobility. Molecular dynam-
ics simulations have also shown that increasing moisture
content accelerates the thermal degradation of PA-6,6 [32].

More recently, Deshoulles et al. [25] studied chemical
coupling between oxidation and hydrolysis in PA-6 films.
They observed that at 80 °C the chain scission rate of PA-6
in water with oxygen was 80X faster compared to PA-6 in
water without oxygen. Furthermore, when the PA-6 films
were thermo-oxidized at 100 °C in dry air at prior to being
hydrolyzed at 100 °C in water without oxygen, longer pre-
oxidation treatments corresponded with a higher chain scis-
sion concentration during the hydrolysis step. They con-
cluded that nonlinear coupling between thermo-oxidation
and hydrolysis between 80 and 100 °C arises from the for-
mation of imides during oxidation [25]. Since the imides are
susceptible to hydrolysis, oxidation essentially creates more
sites on the polymer chain that are susceptible to hydrolysis.
However, not all polymers are expected to exhibit nonlin-
ear coupling between thermo-oxidation and hydrolysis. For
example, Bahrololoumi et al. [33] proposed a constitutive
model for hygrothermally aged cross-linked polymers where
thermo-oxidative and hydrolytic degradation were assumed
superposable (i.e., not coupled). The model successfully
predicted the constitutive behavior of hygrothermally aged
neoprene and ethylene propylene diene monomer (EPDM)
rubber after several different hygrothermal aging histories.

Of the studies on coupled degradation mechanisms, those
on combined UV and hygrothermal aging are scarce. Roger
et al. [29] found that photo-oxidation at long-wavelengths
(> 340nm) also lead to the formation of imides and that
water consumed these imides through hydrolysis. They also
found that the imides in PA-6 were less stable than in PA-11
or PA-12. In [24], it was found that moisture had no influ-
ence on the photo-oxidation of PA-6 films (50 pm thick), as
measured by the carbonyl absorbance. Ishida et al. [34] stud-
ied the photo-oxidation at 60 °C of an acrylic-urethane net-
work (AUN) polymer under dry (< 10% RH) and wet (75%
RH) conditions. They found that water delayed the reactions
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associated with photo-oxidation. The mechanism proposed
for this delay was a reduced concentration of hydroperoxide
(POOH) in the presence of water, which is a key interme-
diate for the photo-oxidation of AUN. Furthermore, under
dry conditions, photo-oxidation resulted in homogeneous
degradation of the AUN polymer by crosslinking, but wet
photo-oxidation resulted in heterogeneous degradation
where chain scission was predominant overall, but some
sub-nanoscale domains were crosslinked [34].

The goal of the present study is to characterize the
mechanical behavior of a semicrystalline thermoplastic after
coupled UV and hygrothermal chemical aging. The body
of work on coupled aging mechanisms in thermoplastics is
relatively small and focuses on hygrothermal aging (hydroly-
sis and/or thermo-oxidation) [23-25, 30—32]. There are very
few studies on coupled photo-oxidation and hygrothermal
aging [24, 29], none of which discuss mechanical behav-
ior. Furthermore, the studies on coupled photo-oxidative
and hygrothermal aging [24] report conclusions at odds
with the studies on coupled thermo-oxidative and hygro-
thermal aging [23, 25], where moisture is found to acceler-
ate thermo-oxidative degradation, but not photo-oxidative
degradation, despite the two reactions only differing by
the energy source that initiates the reaction [10, 11]. This
investigation uses polyamide-6 (PA-6), which was chosen
because its oxidative and hydrolytic degradation have been
extensively studied [12, 13, 17, 22].

Experimental methods
Material

Experiments used additive-free PA-6 in bulk and film form.
Both bulk and film materials originate from the same batches
described in previous studies [20, 35]. Bulk tensile specimens
were machined from a 0.5 in (12.7 mm) thick plate of PA-6
from Plastics International. In a previous study [20], the
crystal mass fraction and glass transition of the plate were
measured as 38+1% and 47+4 °C using differential scanning
calorimetry (DSC). The DSC characterization used specimens
with masses from 4 to 6 mg tested in a TA Instruments Q20
DSC with a protocol of heating from 25 to 250 °C at a rate
of 5 °C/min under nitrogen gas [20]. Right cylindrical bars
were machined from the PA-6 plate using a lathe. The bars
had a total length of 73.03 mm, a gauge length of 12.70 mm,
a gauge diameter of 4.76 mm, and a grip diameter of 7.94
mm. Films with thickness 0.06 mm were obtained from
Goodfellow, also with a crystal mass fraction of 38 + 1%.
The DSC characterization of the films was also reported in a
previous study [20] and used the same procedure described
above for the bulk specimens, except that the measurements
were made using a PerkinElmer Pyris 1 DSC. Tensile specimens

were cut from the film sheets using a punch. The film specimens
had a double fillet, a total length of 75 mm, a gauge length of
6 mm, and a gauge width of 4 mm.

Aging

To compare coupling between photo-oxidation and water,
PA-6 specimens were either aged by UV radiation or by
alternating UV radiation and 100% relative humidity (RH).
The aging procedures were based on ASTM G154-12a [36].
UV-only aging was conducted in a QUV Accelerated Weath-
ering Tester using fluorescent UVA bulbs with a spectral
irradiance of 1.55 W/(m?nm) at the nominal peak wave-
length of 340 nm. The aging occurred at a chamber tem-
perature of 60 °C and ambient humidity. Nominal exposure
times from 48 to 192 h were used. To evenly irradiate the
surface of the bulk specimens, they were periodically rotated
by 120° every 8 h. Each 120° section of the lateral surface
was aged for the full nominal aging time. Therefore, bulk
specimens UV-aged for nominally 48, 96, and 192 h spent
144, 288, 576 h under irradiation from the UVA lamps. On
the other hand, the thickness of the films was less than the
nominal depth of diffusion-limited oxidation (DLO) [10, 19,
37, 38], so they were not rotated or flipped during aging.
UV-only aging procedures are described using a shorthand,
where “UV” is followed by the nominal UV exposure time,
e.g., UV48 denotes 48 h of UV exposure.

During the combined UV and hygrothermal aging pro-
tocol, the weathering tester alternated between UV expo-
sure for 24 h and hygrothermal exposure for 4 h. The UV
aging periods followed the same procedures as previously
described for UV-only aging. During the hygrothermal
aging periods, the UV lamps were turned off, the tem-
perature was maintained at 60 °C, and the relative humid-
ity was increased to 100%, i.e., the condensing humidity.
Since the bulk specimens were rotated to ensure even irra-
diation of their surface, they were in the weathering device
three times longer than the films to achieve the same nom-
inal UV exposure time. Therefore, due to the fixed dura-
tion of the UV and hygrothermal cycles, the bulk speci-
mens were hygrothermally aged for three times as long as
the films for a given nominal UV exposure time. For the
bulk specimens, for every 24 h of UV exposure, there were
12 h of hygrothermal exposure. For the films, for every 24
h of UV exposure, there were 4 h of hygrothermal expo-
sure. The combined hygrothermal and UV aging regimens
are described using a shorthand where “HUV” is followed
by the nominal UV exposure time, e.g., HUV48 for 48 h
of UV exposure with 24 h of hygrothermal exposure for
a bulk specimen and 8 h of hygrothermal exposure for a
film specimen. This shorthand naming convention helps
correlate aging regimens with the same UV aging time,
e.g., UV48 and HUV48 conditions have both been exposed
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Table 1 Summary of aging
conditions for bulk and film

Round specimens

Film specimens

specimens, the amount of Aging regimen UV energy UV (h) Hygro.(h) Specimens UV (h) Hygro.(h) Specimens
energy directed at the specimen (MJ/m?)
for a given duration of UVA
lamp exposure, and the number Uuv4s 13 48 0 2 48 8
of specimens aged under those HUV48 13 48 24 3 48 6
conditions Uv96 27 9% 0 2 9% 8
HUV96 27 96 48 3 96 16 8
Uvi192 54 192 0 2 — — —
HUV192 54 192 96 3 — — —

to 48 h of aging, but the HUV48 specimen was subjected
to additional hygrothermal exposure. Table 1 summarizes
the aging conditions used in this study for both bulk and
film specimens. For each aging condition, Table 1 lists
the nominal UV and hygrothermal exposure times, the
energy directed at the specimen during the UV exposure
time, and the number of specimens aged. The specimens
were exposed to amounts of UV energy that correspond
to approximately 1 week to 1 month of UV energy from
natural sunlight in the Middle East [39, 40].

Moisture control

PA-6 is hygroscopic, and its mechanical behavior is sensi-
tive to absorbed moisture [41-43]. To control the moisture
content in the specimens, they were dried in a vacuum oven
immediately prior to testing. The specimens were dried for
72 h at 80 °C in a Napco model 5831 vacuum oven with
the vacuum being maintained by a Welch-Ilmvac Duoseal
1400B-01 pump. A vacuum environment was used to avoid
thermo-oxidation [12]. The importance of drying the speci-
mens prior to testing is illustrated in the Appendix.

Mechanical testing

The specimens were tested on an MTS Insight Electrome-
chanical Testing System that was operated in displacement
control mode. A 30-kN load cell was used to measure the
force on the bulk specimens, and a 1-kN load cell was used
to measure the force on the films. Unless otherwise indi-
cated, specimens were loaded at a nominal strain rate of
6/Ly = 1073 /s, where § is the crosshead displacement and
L, is the initial gauge length of the specimen. Tests were
conducted at room temperature (24 °C).

Specimen deformation was measured using contour
tracking [20], a non-contact, video-based extensometry
method. Contour tracking analyzes images from a video of
the mechanical test to determine the lateral contractions of
the specimen at its narrowest point and then uses this meas-
urement to calculate the true strain in the specimen assum-
ing incompressible deformation, no lateral strain gradients,
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and transverse isotropy. In the round specimens, the true
(Hencky) strain is approximated as

=21 Do
€= n<6> 1)

where @ and ® are the initial and current diameters of the
specimen. In the right cylindrical bars, the true axial stress
is calculated as
o= F _ 4F )
A Y’ 2)
where F is the force measured by the load cell and A is the
current cross-sectional area. In the films, the true (Hencky)
strain and axial stress are approximated as

£=21n<%>, G=E=;2, (3)
W A Ag(W/Wp)

where W, and W are the initial and current widths of the film.

Results
Film specimens

The combined effects of photo-oxidation and hygrothermal
aging on PA-6 were studied by comparing the mechanical
behavior of UV-aged specimens to the mechanical behav-
ior of specimens aged under alternating UV radiation and
hygrothermal conditions (abbreviated henceforth as HUV
aging). By comparing the mechanical behavior of UV-aged
and HUV-aged specimens with the same UV aging time,
differences in mechanical behavior can be attributed to the
hygrothermal part of the HUV aging procedure.

First, consider PA-6 film specimens, where the thick-
ness is small enough to assume that reactive species are
homogeneously distributed throughout the volume during
aging. Put simply, diffusion-limited oxidation (DLO) [18]
and diffusion-limited hydrolysis (DLH) [44] are not relevant
when aging the films. However, the unattenuated photons
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Fig. 1 Representative stress—strain curves for PA-6 films aged by UV » 120
(blue, solid line) or by alternating UV and hygrothermal conditions ©
(HUYV, orange, dashed line). Markers indicate the strain-to-fracture. % 100 -
All specimens were UV-aged for 48 h. Each plot shows results from —
tests using the same nominal strain rate. The hygrothermal exposure E 80 -
had no apparent effect on the strength of the films -
g) €0 - /
o L

impinging on the surface of the films are expected to create © 40
a highly oxidized layer on the order of 1 um that is not an P
effect of oxygen diffusion [45]. g 20 A —e— Uvas

The same film materials and UV aging procedures were = HUv48
used in a previous study [20]. In that study, it was found that 0 ! ! ! ! !
48 h of UV exposure increased the yield stress of the mate- 00 01 02 03 04 05 06
rial, but reduced the strain-to-fracture by roughly a factor True strain, 2In(Wo/W) [-]
of two. After 96 h of UV exposure, the ductility gradually
decreased while the yield stress stayed the same. Finally, (a) 5 / Lo = 1073 /S
after 192 h of UV exposure, the material was extremely
brittle and fractured well before the onset of any plastic 120
deformation. In the present study, the materials were also =
exposed to UV and hygrothermal aging to explore whether % 100 -
water accelerates photo-oxidative degradation at 60 °C. ‘:('

Representative stress—strain curves for UV-aged and T 80 -
HUV-aged films are compared in Figs. 1 and 2. Plots for v
films with 48 h of UV exposure are shown in Fig. 1 and g 60
plots for films with 96 h of UV exposure are shown in Fig. 2. “
The subplots in Figs. 1 and 2 show results at different strain -E 40 1 ¢
rates.” The stress—strain curves in Figs. 1 and 2 show that $ 20 _S’ -—e— UV48
the initial linear response between the true stress and strain E f HUV48
is brief. Afterwards, the true stress gradually rolls over up to 0 . T . . .
the yield point and then exhibits approximately linear hard- 00 0.1 02 03 04 05 0.6
ening until fracture. For both UV and HUV aging, scatter True strain, 2In(Wo/W) [-]
in strength was low while scatter in strain-to-fracture was
high, so representative stress—strain curves are useful for . _9
exploring the trends with strength, but not strain-to-fracture. (b) 5/ Lo =10 / 5
For UV-aged and HUV-aged specimens with the same UV
exposure time and tested at the same strain rate, no differ- 120

ence in strength is apparent. In other words, the UV-aged
and HUV-aged films follow roughly the same stress—strain
path until fracture.

Since the scatter in strain-to-fracture is high, the entire
data set must be examined to determine if hygrothermal
aging had any influence on ductility. The strain-to-fracture

i
. f/‘v

True axial stress, F/A [MPa]

versus UV exposure time for three different strain rates is 40 -

shown in Fig. 3. As expected, the average strain-to-fracture

is lower for films with 96 h of UV exposure time than for 20 A —6— Uv4s
films with 48 h of UV exposure time. However, when com- HUv48
paring UV-aged and HUV-aged films with the same UV 0 ! ! ! ! !

00 01 02 03 04 05 0.6
True strain, 2In(Wo/W) [-]

2 The effect of strain rate was not within the scope of this study, but

different strain rates were nevertheless used to build a data set suit- \ -1
c)6/Lop=10""/s

able for calibrating a viscoplastic model [35]. ( ) / 0 /
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Fig.2 Representative stress—strain curves for PA-6 films aged by UV »
(blue, solid line) or by alternating UV and hygrothermal conditions
(HUYV, orange, dashed line). Markers indicate the strain-to-fracture.
All specimens were UV-aged for 96 h. Each plot shows results from
tests using the same nominal strain rate. The hygrothermal exposure
had no apparent effect on the strength of the films

exposure time and strain rate, no clear trends emerge. Given
that much of the data is spread out over several strain rates,
it is useful to account for the effect of strain rate on ductility
and then re-evaluate the effect of hygrothermal aging on the
ductility using a larger sample size of film specimens. The
effect of strain rate on the ductility of the film specimens is
shown in Fig. 4. For both the UV48-aged and HUV48-aged
films in Fig. 4a and the UV96-aged and HUV96-aged films
in Fig. 4b, the strain-to-fracture is apparently insensitive to
the strain rate. Linear regressions for both UV and HUV
films are fit to the data using the log of the strain rate as the
independent variable. The slopes of these regressions are
nearly flat for all four aging conditions (UV48, HUV48,
UV96, HUV96). Nevertheless, to account for any effects of
strain rate on the strain-to-fracture, the linear regressions
were used to shift all the strain-to-fracture measurements to
a strain rate of 10~¥/s. In Fig. 5, the shifted strain-to-fracture
measurements are plotted for UV and HUV aging as func-
tions of the UV exposure time, allowing for a more statisti-
cally meaningful sample size. The larger markers in Fig. 5
represent the average strain-to-fracture for an aging condi-
tion, error bars represent the standard deviation, and small
markers show individual measurements. Figure 5 clearly
shows that the strain-to-fracture decreases with UV exposure
time, but no effect of hygrothermal aging is apparent, indi-
cating that the loss of ductility is dominated by UV aging.

Bulk specimens

Next, consider the mechanical behavior of UV-aged and
HUV-aged cylindrical (bulk) specimens. The cylindrical
specimens have a radius of 2.38 mm, but the depth of oxi-
dative damage is likely on the order of 100 um [10, 19, 46]
due to diffusion-limited oxidation. On the other hand, PA-6
is hygroscopic, so moisture will more readily diffuse through
the volume [47]. In a study on diffusion-limited hydrolysis
(DLH), Linde et al. [44] estimated that the critical thickness
for DLH in PA-6 at 60 °C is 2 cm, well above even the thick-
ness of the present bulk specimens.

A previous study [20] explored the effect of photo-
oxidation on the mechanical behavior of PA-6 using the
same bulk material and aging procedures as the present study.
That study found that, because of the limited thickness of
oxidation due to DLO, the average strength was unaffected,
so the aged and unaged specimens followed essentially the
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Fig.3 Strain-to-fracture versus UV exposure time for PA-6 films »

aged by UV (blue circles) or by alternating UV and hygrothermal
conditions (HUV, orange triangles). Each plot shows results from
tests using the same nominal strain rate. Small horizontal offsets are
applied to markers for clarity

same stress—strain curve up to the initiation of fracture. In
the unaged specimens, fracture occurred only after extensive
necking and cold drawing. In the aged specimens, fracture
occurred at much lower strains and was mediated by the
formation of a macro-crack in the oxidized surface that
propagated through the thickness as the specimen was drawn.

Representative stress—strain curves comparing the
mechanical behavior of the UV-aged and HUV-aged bulk
specimens are plotted in Fig. 6. The yield point, defined here
as the limit of proportionality, is much clearer in the bulk
specimens than in the film specimens. Beyond yield, the
material exhibits a slight double-yield behavior [48, 49] and
monotonically hardens up to fracture initiation. Figure 6a
shows stress—strain curves for UV-aged and HUV-aged bulk
specimens exposed to UV for 48 h. Here, the mechanical
behavior is essentially the same for the specimens aged
under the UV48 and HUV48 conditions. Figure 6b shows
that the HUV96 specimen is slightly softer than the UV96
specimen. The difference in strength is even greater for the
UV192 and HUV 192 specimens (see Fig. 6¢). The HUV48,
HUV96, and HUV192 specimens were hygrothermally
aged for 24 h, 48 h, and 96 h, respectively (see Table 1),
so increasing the hygrothermal aging time decreases the
strength of PA-6. The effect of UV and hygrothermal aging
on the strength is further explored by plotting the yield stress
in Fig. 7a. Figure 7a shows that the yield stress was constant
with aging time when the bars were only aged by UV. This
is expected in bulk specimens, since the limited depth of
photo-oxidation does not affect the average strength, at least
until cracks eventually initiate from the oxidized surface and
propagate through the thickness [20, 37]. On the other hand,
the yield stress of the HUV-aged specimens (dried for 72 h)
decreases with increasing aging time. However, since the
mechanical behavior of the PA-6 films was unaffected by
hygrothermal aging, it seems unlikely that the decrease in
strength is related to chemical changes from hydrolysis or
some coupling between oxidation and moisture. Instead,
the decreasing yield stress in the bulk specimens is caused
by increased moisture uptake during hygrothermal aging,
since absorbed moisture is known to reduce the strength of
PA-6 [43]. Decreasing strength due to moisture uptake did
not manifest in the films because they were thin enough that
72 h in a vacuum oven dried them completely. For the bulk
specimens not exposed to hygrothermal aging, 72 h was also
sufficient for drying (see the Appendix). However, for the increased
moisture content in the HUV-aged specimens, 72 h was not

Strain-to-fracture, 2In(Wo/Ws) [-] Strain-to-fracture, 2In(Wo/Ws) [-]
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Fig.4 Effect of the nominal strain rate on the strain-to-fracture of
PA-6 films aged by either UV or HUV. Experimental measurements
(markers) and linear regressions (dashed lines) are included. The
strain-to-fracture is relatively insensitive to the nominal strain rate

sufficient to dry the specimen, so the strength decreased
with increasing hygrothermal exposure.

To confirm that the reduced strength in the HUV-aged
specimens was related to moisture uptake rather than hydrol-
ysis, HUV-aged specimens were dried for twice as long (144
h) and then mechanically tested. Stress—strain curves for the
HUV-aged specimens dried for 144 h are plotted alongside
results for UV-aged and HUV-aged specimens dried for 72 h
in Fig. 6, where it is seen that HUV-aged specimens dried for
144 h exhibit essentially the same mechanical behavior as
the specimens aged by UV only. Figure 7a corroborates this,
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Fig.5 Strain-to-fracture for all film specimens after accounting for
the effect of the strain rate using linear regressions. Individual experi-
mental measurements (small markers) are plotted alongside the aver-
age values (large markers). Error bars represent one standard devia-
tion from the average. The hygrothermal exposure had no apparent
effect of the strain-to-fracture of the films

as it shows that hygrothermal aging has no effect on the yield
stress when the drying time is increased from 72 to 144 h.

The strain-to-fracture versus UV exposure time is plotted
in Fig. 7b. As with the film specimens, there is high scat-
ter for the strain-to-fracture of the bulk specimens. When a
thick specimen is aged by UV radiation, the limited diffu-
sion of oxygen confines the oxidation reactions to a rela-
tively thin surface of the specimen. When a load is applied,
cracks initiate in the aged surface and then propagate into
the unaged core [20]. In this way, photo-oxidation reduces
the ductility of a thick bar, even though a high fraction of
the volume is essentially unaged. Therefore, it is not surpris-
ing that Fig. 7b shows that strain-to-fracture decreases with
increasing UV exposure. All aging conditions (UV only,
HUV with 72 h drying, and HUV with 144 h drying) show
essentially the same strain-to-fracture for a given UV expo-
sure time. Although Fig. 7b does not show any significant
difference between the ductility of UV-aged and HUV-aged
bulk specimens, there were admittedly a small number of
bulk specimens tested. However, because this conclusion is
also supported by the larger sample size of films shown in
Fig. 5, it seems unlikely that the lack of an effect exhibited
by the bulk specimens is just a statistical quirk arising from
a small sample size. Therefore, it seems likely that, with
regard to ductility, the effect of hygrothermal aging on bulk
PA-6 was insignificant compared to photo-oxidation.

As further confirmation that HUV aging only changes
the mechanical behavior of the cylindrical bars through
increased moisture uptake, an unaged cylindrical bar and
an HUV192-aged bar were dried in the vacuum oven and
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Fig.6 Representative stress—strain curves for PA-6 cylindrical bars » 120
aged by UV (blue, solid line), by alternating UV and hygrothermal
conditions (HUV dried 72 h, orange, dashed line), or by alternating
UV and hygrothermal conditions with an extended drying time (HUV
dried 144 h black, dotted line). Markers indicate the strain-to-fracture.
All specimens were loaded at a nominal strain rate of 6/L, = 1073 /s.
Each plot shows results for specimens aged with the same UV expo-
sure time
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=B -+ HUV4S, dried 144 h

their weights were periodically measured. The relative
change in weight over the drying treatment is plotted in
Fig. 8. The weight of the unaged bar is nearly constant
after 72 h, which was the standard drying time. However, 0 T T T T T
the weight of the HUV192-aged bar continued to decrease 00 01 02 03 04 05 06
after 72 h, indicating that additional moisture was being True strain, 2In(®o/®) [-]
removed. Therefore, drying the HUV-aged bulk bars

for 144 h is necessary to isolate the effects of chemical (a) 48h of UV

changes on the mechanical behavior.

MI

20 A

True axial stress, F/A [MPa]
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Discussion 100 -

T

After accounting for plasticization by absorbed water, the
strength and strain-to-fracture of PA-6 changed only from
UV exposure. The additional hygrothermal aging had no 19

effect. This result is somewhat surprising in the context of s

the limited number of studies on coupling between oxidation 40 7

and moisture. Thermo-oxidation and photo-oxidation follow 20 -

similar reaction schemes [10, 11, 28, 31], and several stud-

ies in the literature show that moisture accelerates chemical 0 - : | | | :
degradation of polyamides [23-25, 30, 31]. However, of 00 01 02 03 04 05 0.6
these studies, two focus on PA-6 with additives [23, 30], True strain, 2In(®o/®) [-]

and thus, the primary aging mechanism in those studies is

hydrolysis, rather than oxidation (as in the present study).

The other three studies examine coupling between oxidation (b) 96h of UV

and moisture using only chemical measurements [24, 25,

31]. Only one of these references studies coupling between 120
photo-oxidation and moisture [24]. Thus, to the author’s
knowledge, this paper is the first study on the effects of
combined hygrothermal and photo-oxidative aging on the
mechanical properties of additive-free PA-6.

It remains to be explained how the present results can
be reconciled with other findings that thermo-oxidation is
accelerated by moisture [25]. By measuring carbonyl absorb-
ance, Gijsman [24] also found that moisture had no effect on
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the photo-oxidation of PA-6. The aging procedure employed 20 )

by Gijsman used a Xenon light source emitting UV with an “-B-:: HUV192, dried 144 h
irradiance of (0.35 W/m”nm) at the peak wavelength of 340 0 - T T T T T

nm under a temperature of 64 °C, following the protocol of 00 01 02 03 04 05 06
ASTM G155-00 [50]. Gijsman used continuous illumination True strain, 2In(®q/®) [-]

with a dry/wet cycle of 102 min dry and 18 min of front

water spray. For comparison, the aging procedure for the (C) 192h of UV

present study used fluorescent UV lamps with an irradiance
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Fig.7 a Yield stress and b strain-to-fracture versus UV exposure
time for PA-6 cylindrical bar specimens. Data includes specimens
aged by UV (blue circles), by alternating UV and hygrothermal con-
ditions (HUV dried 72 h, orange triangles), or by alternating UV and
hygrothermal conditions with an extended drying time (HUV dried
144 h, black squares). Small horizontal offsets are applied to mark-
ers for clarity. In a, linear fits to the data are included to guide the
eye. Hygrothermal aging had no effect on the strain-to-fracture, but
decreased the yield stress. However, the effects of hygrothermal aging
on the mechanical behavior were reversible when the length of the
vacuum drying procedure was doubled

of (1.55W/m?-nm) at the peak wavelength of 340nm under a
temperature of 60 °C, following a protocol based on ASTM-
G154-12a [36]. In the present study, the UV lamps were on
for 24 h under dry conditions followed by 4 h with the lamps
off at 100 °C RH. Both the present study and Gijsman [24]
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Fig.8 Change in weight during the vacuum drying procedure for an
unaged (blue circles) and an HUV192-aged (orange triangles) PA-6
cylindrical bar. It is assumed that the main mechanism for weight
loss is the removal of moisture from the specimen. The HUV-aged
specimen continues to lose significant weight beyond 72 h, indicat-
ing that the original drying procedure was not sufficient to dry the
HUV-aged specimens

use nearly the same aging temperatures, UV wavelengths,
and ratios of dry to wet time (approximately 6 min of dry
time per 1 min of wet time). However, Gijsman [24] uses a
lower UV irradiance and continuous illumination, while the
present study alternated between UV radiation with ambi-
ent humidity and no UV radiation with 100% RH. The
similarities between this study and [24] demonstrate that the
finding that moisture has no effect on the photo-oxidation of
PA-6 is repeatable for the aging conditions chosen based on
ASTM-G154-12a [36] and ASTM G155-00 [50]. However,
this study complements Gijsman [24] by quantifying deg-
radation using mechanical properties, while Gijsman [24]
arrives at the same conclusion using evidence of chemical
reactions (carbonyl absorbance).

In the present study, hygrothermal aging at 100% RH
was interspersed between periods of UV exposure at ambi-
ent humidity, so the PA-6 specimens were never simul-
taneously exposed to both UV radiation and 100% RH.
However, alternating between the two aging conditions is
unlikely to eliminate the possibility for coupled degrada-
tion pathways. Deshoulles et al. [25] showed nonlinear
coupling between oxidation and hydrolysis of PA-6 for
both simultaneous exposure to water and air as well as
a staggered procedure where PA-6 was oxidized in air
without water followed by hydrolysis in water without
air. Specifically, pre-oxidized PA-6 held in water with-
out air showed a higher chain scission concentration from
hydrolysis compared to PA-6 held in water without air
and no pre-oxidation treatment. In [25], the authors
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hypothesized that the pre-oxidation left behind imi-
des that created additional reactive sites for hydrolysis.
Their experiment demonstrates that oxidation followed
by moisture still allows for the possibility of coupled
degradation in PA-6. Gongalves et al. [31] proposed that
oxidation is accelerated by moisture because moisture is
absorbed into the PA-6 and increases the chain mobility.
In the present study, the hygrothermally aged specimens
showed decreased strength that was reversed by increas-
ing drying time before mechanical loading (see Fig. 7a).
This is evidence that the hygrothermally aged specimens
absorbed and retained more water than the specimens
aged by UV-only (see Fig. 8). Therefore, elevated mois-
ture content is expected after each hygrothermal cycle, so
coupling between photo-oxidation and moisture is possible
even when the hygrothermal aging proceeds with the UV
exposure. Also, the previously mentioned presentation by
Gijsman [24] did subject PA-6 to simultaneous UV and
moisture and still found no effect of moisture on photo-
oxidation. Altogether, it seems unlikely that the lack of
coupling between photo-oxidation and moisture in PA-6 is
due to staggering the UV and moisture exposure.

However, this study used an aging temperature of 60 °C,
which is relatively low compared to other studies on
coupled moisture and thermo-oxidation. Bernstein and Gillen
[23] inferred that moisture would not influence the deg-
radation of PA-6,6 in air at temperatures below 50 °C. How-
ever, their studies used PA-6,6 fibers with antioxidants, so
degradation in their experiments was due to hydrolysis rather
than oxidation. Nevertheless, there is also likely a tempera-
ture at which oxidation is not accelerated by moisture, and
60 °C may be near or below that temperature. The lowest
temperatures used for combined oxidative and hygrothermal
aging in [25] was 80 °C and the lowest combined aging
temperature in [31] was 70 °C. Perhaps moisture would also
accelerate photo-oxidation at these higher temperatures.
However, given that 60 °C is a conservative upper limit for
natural air temperatures on Earth, the results from this study
and from [24] indicate that the effect of moisture on the
degradation of PA-6 is negligible compared to the effect of
UV radiation. Of course, for polymers like polyamides that
are hygroscopic and plasticized by water, only the chemical
effects of moisture can be neglected.

Conclusion

Coupling between hygrothermal aging and UV-induced
photo-oxidative aging was investigated via the mechanical
behavior of bulk and film specimens of additive-free PA-6.
This is the first study that reports the mechanical behavior
of PA-6 aged after combined hygrothermal and photo-
oxidative aging.

For the film specimens, the strength and ductility were
only dependent on the UV exposure times; the hygrothermal
aging had no effect on photo-oxidative degradation. For bulk
specimens, the ductility was also insensitive to hygrothermal
aging, but the strength decreased with hygrothermal aging.
However, the loss of strength was reversible by extending
the pre-loading vacuum drying time, demonstrating that the
loss of strength was related to the plasticization of PA-6 by
absorbed water rather than from chemical aging related to
coupling between water and photo-oxidation.

Because the additional hygrothermal aging had no irre-
versible effects on the mechanical behavior of either film or
bulk specimens, it can be concluded that (1) chemical deg-
radation from hygrothermal aging at 60 °C was negligible
compared to that from photo-oxidation and (2) that chemical
coupling between these two environmental factors is unim-
portant at 60 °C. These findings are inconsistent with other
studies, where strong coupling was found between moisture
and thermo-oxidation of additive-free PA-6. However, stud-
ies showing coupling were conducted at higher tempera-
tures. Therefore, it seems likely that mechanisms for cou-
pling between moisture and oxidation in PA-6 accelerate at
some temperature above 60 °C. Future investigations should
explore the temperature where coupling between hygrother-
mal and photo-oxidation becomes relevant for PA-6.

Appendix: Hygroscopic aging of PA-6

PA-6 is hygroscopic, meaning it readily absorbs mois-
ture [41, 42]. The absorbed moisture acts as a plasticizer
that reduces the glass transition temperature and strength
while increasing the ductility [41]. For this reason, the
experimental protocol included a vacuum drying procedure
as described in Section 2.3. The vacuum drying procedure
was chosen based on preliminary studies on round notched
bars loaded to failure after various storage times in a desic-
cant, but without any pre-test vacuum drying. The round
notched bars had a notch root diameter and notch radius of
3.90 mm, a notch shoulder diameter of 7.00 mm, a gauge
length of 6.22 mm, and a total length of 57.50 mm. The
notched bar geometry was chosen to study triaxiality effects
in photo-oxidized PA-6 for a publication in preparation and
can be designated as RN10 specimens following the nomen-
clature for round notched bars used in [51, 52]. These
specimens were stored in a cabinet with a tray of calcium
sulfate (CaSO,) desiccant after being machined from a
cast plate of PA-6. When the desiccant was saturated, indi-
cated by a change in color from light blue to purple, it was
changed. The ambient humidity in the laboratory where the
cabinet was located was typically 60 + 5%, although meas-
urements as low as 50 + 5% and as high as 70 + 5% were
recorded. These specimens were not aged by either UV or
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Fig.9 Nominal stress—strain curves for PA-6 RN10 bars that were
loaded after being stored in a chamber with a desiccant (CaSO,) or
were loaded immediately after drying in a vacuum oven. Markers
represent the strain-to-fracture. Moisture absorbed during storage
increased the ductility and decreased the strength

hygrothermal aging, so any changes in their mechanical
properties with time are an effect of hygroscopic aging, i.e.,
changes caused by the absorption of moisture under ambi-
ent conditions. The specimens were loaded in displacement
control mode on an MTS Insight Electromechanical Test-
ing System. The test frame was instrumented with a 30-kN
load cell and a laser extensometer. The nominal axial stress
was calculated as o = F/A,,, where F is the force measured
by the load cell and A, is the initial cross-sectional area at
the notch root (narrowest point in the notch). The nominal
strain was calculated as AL/L,, where AL is the displace-
ment measured by the laser extensometer and L is the initial
gauge length, defined as the axial length of the notch from
shoulder to shoulder.

Figure 9 shows nominal stress—strain curves up to the
strain-to-fracture for RN10 bars that were loaded without
being dried. A single realization of a bar that was dried
prior to loading is also shown for reference. The storage
time in the legend is measured from the receipt of the raw
material. For increasing storage times, specimens show
increasing ductility and decreasing strength, which are the
anticipated signatures for moisture absorption [43]. It is
notable that the ambient temperature and humidity were
able to effect significant changes in the mechanical behav-
ior of PA-6 over a time period of only 60 days. When the
specimens were dried prior to loading, the reverse trends
were observed (ductility decreased, strength increased),
indicating that moisture was removed. The stress—strain
curve of the material dried for 72 h was repeatable regard-
less of the storage time, so that drying time was adopted in
the experimental procedure.

@ Springer

Fig. 10 An undeformed PA-6 RNI10 bar (left). A PA-6 RNI10 bar
loaded past the peak nominal stress after storage for 217 days with a
desiccant (CaSO,) (center). A PA-6 RN10 bar loaded to fracture after
storage for 217 days with a desiccant (right). After absorbing ambi-
ent moisture during storage, the material was ductile enough that the
notches in the specimen became locally cylindrical during loading

Figure 10 shows images of RN10 bars that were loaded
after storage for 217 days. An undeformed RN10 bar is also
shown for reference. These images show that the increased
ductility allowed the undried notched bars to deform until
the notch became smooth, i.e., locally cylindrical. The tran-
sition from a shallow notch to a smooth notch represents a
significant change in triaxiality: from 0.56 to 1/3. In this
case, round notched bars are clearly not suitable as constant
triaxiality specimens, complicating their use with ductile
polymers to explore the effects of the stress state on the
mechanical behavior and damage.

Rozanski and Galeski [43] reported that moisture and
other low molecular weight penetrants could suppress cavi-
tation in PA-6. This must be at least partially responsible for
the increased ductility in the undried specimens. However,
since the necked regions of the specimens in Fig. 10 exhibit
stress-whitening, cavitation must have still occurred [53, 54].
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Therefore, constitutive models seeking to predict fracture in
PA-6 will need to include mechanisms for how moisture
affects both the mechanical behavior and damage evolution.
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