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ORIGINAL ARTICLE

Effects of hygrothermal aging on the physicochemical and mechanical

properties of 3D-printed PA6

Mohammadali Shirinbayan'’
Joseph Fitoussi'

Abstract

- Khaled Benfriha? - Mohammad Ahmadifar? - Clara Penavayre' - Samia Nouira' -

This paper investigates the effects of hygrothermal aging on PA6 filaments used as raw material in fused filament fabrication
(FFF). The filaments were subjected to various aging conditions to evaluate their physicochemical and thermomechanical
properties. The results show that water was uniformly absorbed at all aging temperatures, although the kinetics of absorp-
tion varied. The introduction of water caused an increase in chain mobility, resulting in a decrease in the glass transition
temperature, crystallinity, Young’s modulus, tensile strength, and yield strength. These changes in properties followed a
consistent trend, with an initial rapid decrease followed by stabilization at a minimum value common to all temperatures.
Notably, elongation at break increased sevenfold at the highest temperature. Compared to samples printed with unaged fila-
ments, those produced with aged filaments exhibited a decrease in mechanical properties.

Keywords Hygrothermal aging - PA6 - Fused filament fabrication - Mechanical properties

1 Introduction

The demand for the employment of polymer materials in dif-
ferent industries is increased due to their exceptional proper-
ties [1-3]. It exists a lot of different manufacturing processes
capable of processing polymer objects, but one of the most
attractive ones is additive manufacturing (AM). AM is ais a
family of technologies that involves layer-by-layer material
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deposition [4—6]. Seven types of AM systems are defined by
the ISO/ASTM 52900:2015 standard. These include mate-
rial jetting (MJ), binder jetting (BJ), sheet lamination (SL),
vat photopolymerization (VP), powder bed fusion (PBF),
directed energy deposition (DED), and material extrusion
(ME) [7]. The characteristics of each AM method vary in
terms of production speed, actual costs, and resolution [8].
As one of the most popular ME techniques, fused filament
fabrication (FFF) involves selectively depositing the ther-
moplastic polymer/composite through heated nozzle(s) [9].

The FFF process is a widely used fabrication technique
due to its simple and cost-effective process, economic
accessibility, reliability, and ability to manufacture com-
plex shapes with various materials [10, 11]. Various mate-
rials possessing various properties and characteristics such
as polylactic acid (PLA), acrylonitrile butadiene styrene
(ABS), polyetheretherketone (PEEK), polyethylene tereph-
thalate glycol (PETG), polycaprolactone (PCL), polycarbon-
ate (PC), polypropylene (PP), various types of polyethylene
(PE), polymethyl methylacrylate (PMMA), and polyamide
(PA) are applied in FFF process [12]. Moisture can sig-
nificantly influence the nylons, especially PA6, due to the
hydrophilic feature of the amide functional groups. This fea-
ture of PA6 caused great challenges in the technical appli-
cations of this polymer for designers. Therefore, numerous
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studies concerning the durability of polyamides have been
conducted [13-17]. Moisture absorbed by polymer materi-
als, particularly PA, leads to changes in their chemical and
physical properties. Indeed, PA is a thermoplastic polymer
with the repeating group of [-NH(CH,)s(CO) -] and polar
amide groups. The water molecule (H,O) absorbed during
hygrothermal conditioning replaces the existing inter-chain
amide-amide bonds with amide-water bonds (Fig. 1) [18,
19]. Therefore, the presence of water can disrupt the pre-
existing bond between the C=0 and —NH groups within
the polymer, causing the loss of its mechanical cohesion
[20-22]. In hydrothermal aging, plasticization and swelling
are reported as the most significant physical changes result-
ing from the interaction of water molecules with hydrogen
bonds [23].

Puffr and Sebenda [24] suggested a mechanism of water
sorption into PA6. This hypothesis conjectures that water
penetrates PA by establishing hydrogen bonds between two
adjacent amide groups, resulting in three different types of
bonding of water molecules (Fig. 2). The following pro-
posed water sorption mechanism does not consider capil-
lary condensation. A double H bond is established between
CO groups. As a result of this step, a substantial amount of
heat is generated. This water may be categorized as firmly
bound water that exhibits a low rate of activity. Furthermore,

a double H bond is formed between CO and NH groups as
the other two loosely bound molecules with an insignificant
thermal effect, which can be easily eliminated via drying
[24-26].

Shi et al. [27] conducted a study on the structure and
hygrothermal stability of highly oriented PA6 that was man-
ufactured through the solid hot stretching. According to the
findings, the molecular orientation was effective to decrease
the hydrophilicity of PA6. Consequently, the water uptake
and the subsequent molecular hydrolytic degradation were
restricted. Kehrer et al. [28] studied the thermoviscoelastic
behavior of PA6 concerning the two considered equilibrium
moisture contents.

The hygrothermal effects on linear viscoelastic material
properties and the onset of mechanical nonlinearity under
hygrothermal conditions were evaluated by the authors.
Polymers tend to absorb water through their amorphous
regions, which affects their chemical, mechanical, and physi-
cal properties. [21, 22, 29]. Ksouri et al. [30] investigated
these properties to evaluate the impact of the hygrother-
mal aging on PA6. Aging was conducted in distilled water
(pH =~ 6; 100% RH) at 30 °C, 50 °C, 70 °C, and 90 °C for
80 days. Particularly at high temperatures, several surface
damages were recorded, including crazing and yellowness.
During aging, the glass transition temperature (7,) drops
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progressively with increasing temperature to reach the low-
est value for samples aged at 90 °C. Moreover, a similar
tendency was observed in the Young’s modulus, the tensile
strength, and the elongation at break of the materials stud-
ied. Furthermore, the crack formation on the polymer as the
consequence of the hygrothermal aging has been reported by
the several revealed conducted studies [31, 32]. Moreover,
by means of optical observation of PA6, it is reported that
the formed cracks extended to the core of the sample [33].
Understanding the properties of hygrothermally aged
PAG6 filament is crucial for manufacturers and designers.
This work focuses on studying the physicochemical and
mechanical responses of PA6 filament subjected to hygro-
thermal aging by 20 °C air and by immersion into distilled
water at 20, 50, and 70 °C for up to 1368 h. The study inves-
tigated the physicochemical and mechanical properties of
FFF-processed specimens made from moisturized filaments
with different periods and non-aged/dry filaments with dif-
ferent raster angles (0°, 45°, and 90°). Additionally, SEM
observations were conducted to evaluate the fracture surface
of FFF-processed moisturized filaments at different periods.

2 Material description, characterization
methods, and methodology

2.1 Material and printer

This study considers the polyamide 6 (PA6) filament pro-
duced by MarkForged®. The selected PA6 filament has a
density of 1.1 g/m>, a glass transition temperature (T,) of
45 °C, a melting temperature (7,,,) of 205 °C, and a crystalli-
zation temperature (7) of 173 °C. Additionally, the diameter
of the filament is approximately 1.75 mm (+0.01 mm). The
specimens were manufactured using the German RepRap
X500® 3D printer. The printer’s characteristics include a
printing speed range of 10-150 mm/s, a filament/nozzle
diameter of 1.75 mm/0.4 mm, a maximum extruder tempera-
ture of 752 °F (400 °C) (+2%), a heated chamber tempera-
ture of 176 °F (80 °C), and a heated print bed temperature
of 248 °F (120 °C).

2.2 Characterization methods
2.2.1 Dynamic mechanical thermal analysis

Dynamic mechanical thermal analysis (DMTA) was con-
ducted on the filament and the printed specimens to evaluate
the evolution trend of the related glass transition tempera-
tures (Tg). Indeed, dry and moisturized filaments as well
as the subsequently printed specimens were subjected to
the DMTA. DMTA tensile and flexural tests were applied
on the filament and the printed specimens, respectively.

DMTA specimens were rectangular, with dimensions of
60 % 12.9x 2 mm?>. The utilized machine was DMA Q800
TA Instruments fabricated by TA Company. The multi-fre-
quency measurements with the frequency values of 1, 5, 10,
and 30 Hz, at the temperature range of —50 to 100 °C under
the liquid nitrogen, were performed. The applied amplitude
and ramp values were 20 um and 10 °C/min, respectively, for
both the tensile and flexural DMTA measurements.

2.2.2 Differential scanning calorimetry

Differential scanning calorimetry (DSC) was utilized to
characterize the crystallization temperature (7,), the enthalpy
of fusion (AH)), and consequently to determine the crystal-
linity ratio (X,). Therefore, DSC was employed to evaluate
the effect of the hygrothermal aging on evolution trend of the
crystallinity percentage concerning the PA6 filament (raw
material) and the subsequent printed specimens. The DSC
analysis was conducted with Q10 V9.0 Build 275 TA Instru-
ments machine at the temperature range of — 50 to 250 °C.
In order to conduct the DSC characterization, two ramps
were performed (heating and cooling) at a rate of 10 °C per
minute for the heating and cooling steps.

2.2.3 Fourier transform infrared spectroscopy

This technique allows to identify the functional chemical
groups of the material and to evaluate the occurred shift
due to the hygrothermal aging process. The dry PA6 fila-
ment and the moisturized filaments in distilled water —20 °C
and 70 °C and air 20 °C were studied. FTIR measurements
were performed utilizing PerkinElmer FTIR Spectrometry
Frontier equipment equipped with an ATR (attenuated total
reflection) accessory with a ZnSe crystal. The spectrum of
each sample was performed at room temperature utilizing
16 analyses and a resolution of 4 cm™!.

2.2.4 Quasi-static tensile test

The purpose of the test was to evaluate the effect of hygro-
thermal aging on the mechanical behavior of the specimens.
The tensile test was conducted on both the dry and moistur-
ized PAG6 filament, as well as the printed specimens, using
an INSTRON 5966 tensile machine equipped with a 10 kN
cell and a displacement rate of 5 mm/min. Figure 3 shows
the geometry of the printed specimens.

2.2.5 Microscopic observation

The microscopic observations were performed with scan-
ning electron microscopy (SEM). The utilized SEM was
HITACHI 4800 SEM high resolutions (better than 1 nm).
SEM was utilized for qualitative observation of the fracture



Fig. 3 Tensile specimen geometry

surface of the printed specimens. Indeed, the effect of the
absorbed moisture during the different imposed hygrother-
mal process periods on the quality of the deposited layers of
the related FFF-processed specimens was investigated. The
order and quality of the deposited layers are the influencing
phenomena on the strength of the FFF-processed specimens.

2.3 Methodology

Hygrothermal aging was conducted at various temperatures:
20 °C in air and 20 °C, 50 °C, and 70 °C submerged in dis-
tilled water for up to 1368 h. The investigation evaluated
the percentage of absorbed water, as well as various phys-
icochemical and mechanical properties. Four aging periods,
referred to as “states of study,” were defined to manufac-
ture related specimens from the hygrothermally aged PA6
filament. The PA6 filament raw material was submerged in
distilled water at 70 °C for 24, 223, and 727 h to print speci-
mens. The specimens printed with wet filament were com-
pared to those printed with dry filament. DMTA and tensile
tests were conducted on all specimens. The specimens were
characterized using DMTA with a raster orientation of 90°.
For the tensile test, the specimens were printed with different
raster orientations of 0°, 45°, and 90° (Fig. 4). For the tensile
test, the specimens were printed with different raster orien-
tations of 0°, 45°, and 90° (Fig. 4). The following process
parameters were used for printing the tensile test specimens:
print speed of 900 mm/min, layer height of 0.1 mm, bed tem-
perature at room temperature, nozzle temperature of 240 °C,
and chamber temperature at room temperature.

3 Results and discussions
3.1 Hygrothermal aging of filament (raw material)
3.1.1 Mass evolution

Based on the defined experimental design, all samples
were mass weighed after undergoing a period of aging up
to 1368 h concerning the temperature values of 20 °C in
air (room temperature), 20 °C and 50 °C submerged in the
distilled water, and also 840 h concerning 70 °C submerged
in the distilled water. These measurements were utilized to
determine the mass of absorbed water as the function of time
and applied temperature by applying the following equation:
—my

ml
M%) = e (1)

where m, and m,, denote the mass of the sample at the given
time ¢ (which represents the duration of hygrothermal aging)
and the mass of the sample before aging, respectively.

Figure 5 shows the change in the mass of absorbed mois-
ture in the PA6 filament over time. The water uptake curves
of the different filaments exhibited similar trends, regardless
of the aging temperature. The moisture content increased
rapidly for all samples and was proportional to the immer-
sion time. The increase is generally associated with the
diffusion of water molecules in the amorphous regions of
the semi-crystalline PA6 polymer. This explains the rapid
absorption of water in the early stages until saturation.

The rate of water absorption is related to the applied tem-
perature. Therefore, an increase in the aging temperature
accelerated the penetration of water into the material.

3.1.2 Evolution of the physical-chemical behaviors
of the filament

To evaluate the effect of moisture penetration in PAG6 fila-
ment on the glass transition temperature (7,) over time,

Fig.4 Specimens concerning
the tensile, DMA, and DSC
tests
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Fig.5 Water uptake curves concerning PA6 filament

dynamic-mechanical analyses (DMTAs) were conducted.
The DMTA analysis was performed on both non-aged and
aged filaments after exposure to air at 20 °C (room tempera-
ture) for 55, 223, 528, and 1087 h, as well as distilled water
at 20 °C and 50 °C. The language used is clear, concise, and
objective, with a formal register and precise word choice.
The text adheres to conventional structure and formatting,
including consistent citation and footnote style. The content
has not been altered beyond improving clarity and objec-
tivity, and the text is free from grammatical errors, spell-
ing mistakes, and punctuation errors. In addition, the aging
periods for immersion in 70 °C distilled water were 55, 144,
271, and 624 h. The tan ¢ peak values obtained from DMTA
characterization were used to determine the 7, values. The
T, evolution results for the PA6 filaments at the temperatures
and values are shown below:

The glass transition temperature (7,) of the non-aged
filament was about 66.4 °C. However, due to the moisture
absorption for the different temperatures and periods, the 7,
was decreased to reach the stable value of about 2 °C. This
reduction is attributed to the plasticizing effect, induced by
the absorbed water. The phenomenon of chain scission that
can occur especially at high temperatures also contributes
to this degradation. Figure 6 illustrates that rate of 7, drop
is faster for the higher considered aging temperature. The
mobility of the polymer chains will be is intensified with
higher temperatures. As the result of the PA6 filament expo-
sure to 20 °C air and water immersion below Tg, the mobility
of the polymer chains during the aging process is relatively
low. As temperature increased to close and above 7, (50 and
70 °C), the mobility of the polymer chains was increased.
Moreover, the H-bond formation between amide groups and
the absorbed water is increased (Fig. 1), which increases the
plasticizing effect in PA6, consequently.
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Fig.6 Glass transition temperature evolution of PA6 filament

The evolution of the melting and crystallization tempera-
tures and the crystallinity rate of the hygrothermal aged PA6
filament were studied by DSC. The crystallinity percent-
age of the filaments was calculated according to the below
formula:

AH

Xl = AH 05, @

where AH,, is the melting enthalpy and AH,yy is the
enthalpy of the 100% crystalline PA6 which is 188 J/g. No
significant variation in melting and crystallization tempera-
tures due to hygrothermal aging was observed. However,
hygrothermal aging affected the crystallinity ratio of the PA6
filaments. It varies from 21.58 to 19.73% as is illustrated by
Fig. 7.

Increased water absorption can cause swelling of the
polymer matrix. Water molecules penetrate the polymer
chains, causing them to swell and disrupt the regular pack-
ing of polymer chains. This interference can decrease the
overall crystallinity of the material. Water molecules can act
as plasticizers, reducing the intermolecular forces between
polymer chains. This effect can disrupt the formation of
crystalline regions by increasing the mobility of polymer
chains and inhibiting their ability to form ordered structures.
Hydrolytic degradation of polymer chains in the presence
of water is also a factor to consider. Hydrolysis, facilitated
by water molecules, can catalyze the breakdown of polymer
chains, resulting in chain scission and a reduction in molecu-
lar weight. This degradation process can also contribute to
the observed decrease in crystallinity of water-absorbing
polymers.

The infrared spectra of dry PA6 filaments as well as the
moisturized filaments in air and distilled water are presented
in Fig. 8. Figure 8 depicts the effect of the hygrothermal
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Fig.7 Evolution of the crystallinity ratio of the PA6 filament by
hygrothermal aging

aging temperature on the PA6 filaments, in the constant
period of 840 h. During the imposed hygrothermal aging
process, the intensity of the absorbance bands concerning
most of the detected bands has evolved. Band intensities
change progressively as temperature rises. So that, the peaks
concerning the higher temperature (70 °C) are more high-
lighted. Furthermore, the effect of 20 °C distilled water was
more important than 20 °C air concerning the absorbance
intensity evolution of the characteristic bands during the
hygrothermal aging. Some of the peaks shifted to higher
frequencies (as the bonded N-H stretch and the overtone
of amide II), and some of them shifted to lower frequen-
cies (such as amide I) with aging temperature process. The
observed peaks at the wavenumbers of ~ 3490 cm™! (weak
at shoulder) and 3293 cm™! were concerning the free N-H
stretching and hydrogen-bonded N—H stretching bands,
respectively [33, 34] (Fig. 8a).

As the temperature was increased, the water-absorption
band intensity increased overlapping the N-H stretching
band. Therefore, the free N-H stretch band absorbance is
increased with temperature. The highest observed intensity
of this band corresponded to the highest considered hygro-
thermal aging temperature (70 °C). This band is determined
by an arrow. The broad absorption bands increase due to the
carbonyl groups accumulated in the polymer chains resulted
from the oxidation process in the range 1760-1700 cm™!
[33, 34] that were not highlighted in the hygrothermally
aged PAG filament in the studied temperature and periods
(Fig. 8b).

3.1.3 Evolution of the mechanical behaviors of the filament
To assess the impact of absorbed moisture on the mechani-

cal properties of the PA6 filament, we conducted a uniaxial
tensile test on both non-aged and moisturised samples. This
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Fig. 8 Infrared spectra of non-aged/dry PA6 filaments as well as sub-
merged in distilled water for different conditioning temperatures

test provides valuable information on the filament’s tensile
strength, Young’s modulus, and elongation at break.
Concerning the Young’s modulus, the absorbed moisture
caused a reduction about 84% of the filament rigidity. The
retention level of Young’s modulus varies according to the
applied temperature, attributed to the mass of the absorbed
moisture. Figure 9 illustrated that the dramatic reduction
in the rigidity of the PA6 filaments occurred in the early
period of the hygrothermal aging process. Besides, the
decline trend rate was more significant in the higher temper-
ature values. The moisturized filaments at 20 °C had lower
Young’s modulus reduction rate. The filaments exposed to
hygrothermal aging at 20 °C in air and distilled water have
a close reduction trend. However, the filaments concerning
the water absorption at 20 °C in the distilled water had a bit
higher drop rate. This trend is correlated to the amount of the
absorbed water mass (Fig. 5). Young’s modulus reduction
rate was faster for the filaments which had absorbed moisture
with the higher rate. Therefore, the moisturized filaments
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Fig.9 Evolution of Young’s modulus concerning the PA6 filaments

aged at 70 °C (the highest selected temperature value) in the
distilled water exhibited the higher Young’s modulus reduc-
tion rate comparing to the other selected temperature values.

Because of the presence of water in the amorphous phase
of PAG filament, the stress at yield decreases significantly,
too. The absorbed moisture caused a reduction of about
85.6% of the yield stress of the PA6 filament. The represen-
tation of the curves in Fig. 10 illustrates the progression of
the yield stress in various temperature conditions in response
to absorbed moisture mass. An observable decline in the
yield stress level of the PA6 filament was noted during the
initial stages of hygrothermal aging in the different decided
conditions. The filaments submerged in distilled water
exhibited a more significant reduction in comparison to the
hygrothermally aged filament in the 20 °C air environment
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Fig. 10 Evolution of yield stress concerning the PA6 filaments

in the early period of the hygrothermal aging process. The
levels of yield stress exhibit a consistent trend once a specific
time period has elapsed, which is contingent upon the pre-
vailing ambient temperature. The trend towards constancy
was attained at a quicker pace by the filaments which were
immersed in distilled water at a temperature of 70 °C.

Moisture absorption caused a significant decrease in ten-
sile strength of PA6 filaments. The tensile strength dropped
until 45% and then reached a plateau (Fig. 11). This trend
was similar to the evolution of Young’s modulus. A dramatic
drop in tensile strength was observed in the early stages of
the hygrothermal aging process, which was shortened by
the increase in moisture temperature. The rate of decrease
in tensile strength of PA6 filaments immersed in distilled
water at 70 °C was more significant than that of filaments
exposed to moisture in a colder environment.

Figure 12 depicts the evolution of the elongation at break
concerning the moisturized PA6 filaments. The moisture
absorption caused the increase of the elongation at break
concerning the dry PAG6 filament from about 210 to 330%.
Therefore, the fracture mode of the PA6 filaments was more
ductile by increasing the hygrothermal aging time and tem-
perature. Indeed, water molecules in polyamides contrib-
uted to the increase in ductility (elongation at break) by
plasticizing polyamides, which softened the PA6 filaments.
By increasing the temperature, the rate of the elongation at
break was accelerated. This increase trend is correlated to
the higher rate of the moisture absorption mass in higher
temperature values (Fig. 5).

The impact of absorbed moisture on the physical-chemi-
cal and mechanical behaviors of PA6 filaments was studied
to identify the effects of hygrothermal aging on printed/man-
ufactured specimens by FFF process. The study of speci-
men behavior was conducted at a temperature of 70 °C. To
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Fig. 11 Evolution of tensile strength concerning the PA6 filaments
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Fig. 12 Evolution of elongation at break concerning the PA6 filament

justify this decision, we compared the evolution of different
properties with the mass percentage of absorbed water. For
instance, Fig. 13 shows the evolution of Young’s modulus
with the mass percentage of absorbed moisture at different
temperature values. The Young’s modulus values for the
moisturized PA6 filaments were found to be similar at the
same absorbed moisture mass percentage, regardless of the
environmental temperature.

3.2 Hygrothermal aging of the manufactured/
printed specimens

In this section, the hygrothermally aged PA6 filaments
in 70 °C distilled water were employed as raw mate-
rial in the FFF process. Consequently, the impacts of the
hygrothermally aged raw materials (filaments) on the

physical-chemical and mechanical properties of the printed
specimens were investigated. The considered hygrothermal
aging periods were 24, 223, and 727 h. These periods were
selected according to the obtained results from the con-
ducted study on the PA6 filament (raw material) in the pre-
vious section. The main reason of the selection of these peri-
ods were to consider the different absorbed moisture mass
percentages. Moreover, some specimens were manufactured
with the non-aged PA6 filaments to have better observation
of the effect of the moisturized filaments on the behaviors
of the printed parts.

3.2.1 Dynamic mechanical analysis of the printed
specimens

Dynamic mechanical analysis (DMA) analysis was con-
ducted to identify the evolution of the glass transition tem-
perature (7) of the printed specimens (Fig. 14). It can be
observed that 7, of the printed specimens decreased from 68
to 51 °C after about 727 h of hygrothermal aging process.
Based on this comparison between the moisturized filaments
and the related FFF-processed specimens, the below obser-
vations can be listed:

¢ During the FFF process, the moisturized filament (as raw
material) experienced a high-temperature value (about
240 °C) in the liquefier section of the FFF machine to be
melted, then subsequently extruded and finally depos-
ited layer-by-layer sequence on the bed platform. Indeed,
some absorbed water in the filament was evaporated due
to the experience of high temperature (about 240 °C)
in the liquefier section via the FFF process. Due to this
vaporization, the T, of the printed specimens increased
compared to the T, of the filament (raw material), indi-
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Fig. 14 Tg evolution of the printed specimens and the filaments



cating that the plasticizing effects of hygrothermal aging
have a less important effect (Fig. 14). Plasticizing is
considered to be a reversible aspect of the hygrother-
mal aging process. Furthermore, irreversible hydrolysis
seems to be the main phenomenon responsible for the
degradation of the printed specimens.

¢ The rate and height of the 7, drops were more significant
in the case of the filaments compared to the printed speci-
mens (Fig. 14).

e The amount of the absorbed moisture by the raw material
(PAG6 filament) did not release completely during FFF
process. This note can be understood from the non-flat
section of Fig. 14. Indeed, the raw materials of all the
printed specimens were the moisturized PA6 filaments
in the same environment (70 °C distilled water) but
for different periods. Furthermore, all specimens were
processed under the liquefier temperature of 240 °C,
whereas their related 7, values were not identical.

3.2.2 Evolution of the mechanical properties of the printed
specimens

The analysis focused on the evolution of maximum ten-
sile stress, Young’s modulus, yield stress, and elongation
at break of FFF-processed specimens using moisturized
PAG6 filaments. The specimens were printed with raster ori-
entations of 0°, 45°, and 90°. Figure 15 shows the evolu-
tion of Young’s modulus of the manufactured specimens
using moisturized filaments as raw materials for different
periods and printed under different raster orientations.
Young’s modulus reductions were observed for all printed
specimens, regardless of the printing raster orientation. Spe-
cifically, printed specimens with raster orientations of 0°,
45°, and 90° displayed reductions in Young’s modulus of
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Fig. 15 Evolution of Young’s modulus of the printed specimens with
the moisturized raw materials in the different raster orientations

24%, 38%, and 47%, respectively. The effect of moisture
absorption on Young’s modulus was more pronounced in
the manufactured specimens with a raster orientation of 90°.
The specimens manufactured with a 0° raster orientation
experienced the least reduction in Young’s modulus due to
moisture absorption.

Figure 16 depicts the evolution of the yield stress of the
printed specimens in the raster angle orientations of 0°, 45°,
and 90° from the hygrothermally aged filaments for differ-
ent periods. The yield stress drop is seen for all specimens
The yield stress reduction of printed specimens at 0°, 45°,
and 90° raster orientations were 72%, 64.7%, and 34%,
respectively. Therefore, the experimental results indicated
that the specimens manufactured at 0° exhibited the most
notable decrease in yield stress, whereas the manufactured
specimens at 90° demonstrated the least reduction in the
yield stress. An intriguing observation is that the yield stress
levels of the specimens were consistently stable, regardless
of the raster orientation used, after a certain hygrothermal
aging periods of the raw materials (filaments) for the desig-
nated timeframe. The stable stress levels were aligned and
close to each other.

Figure 17 illustrates the maximum tensile stress evolu-
tion of the manufactured specimens using moisturized fila-
ments. Similar to the elastic modulus evolution, a decreas-
ing trend of the maximum tensile stress value was observed
in all considered raster orientations. The smallest decrease
was observed for the manufactured specimens with a ras-
ter orientation of 90°, which was approximately 9%. The
specimens with a raster angle of 45° showed the greatest
decrease, approximately 23%. It is worth noting that the
maximum stress of the manufactured specimens with raster
orientations of 45° and 90° reached similar values in the
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Fig. 16 Evolution of yield stress of the printed specimens with the
moisturized raw materials in the different raster orientations
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Fig. 17 Evolution of the maximum tensile stress of the printed speci-
mens with the moisturized raw materials in the different raster orien-
tations

stable trend zone. The specimens manufactured with a 0°
raster orientation displayed a decrease of about 17%.

The elongation at the break point of the manufac-
tured specimens with the above-stated raster orientations
decreased until the same stable values for all specimens.
Indeed, the manufactured specimens with the raster orienta-
tions of 0°, 45°, and 90° displayed the decreases of about
38.6%, 23%, and 29.6%, respectively (Fig. 18). Therefore,
the highest decrease is concerning 0° specimens, while the
lowest decrease is concerning 45° specimens. The reduc-
tion concerning the elongation at break as the consequence
of hygrothermal aging was more significant in the printed
specimens with the raster orientation of 0°. Moreover, 0°
specimens displayed higher values of elongation at break
comparing to 45° and 90° specimens printed with the same
aged filament. This is due to the different stress concentra-
tion zones in the 0° specimens and 90° specimens during
the performed tensile test. For the 90° specimens, stress
concentrations were at the interfaces of deposited rasters
perpendicular to the applied stress orientation during ten-
sile tests and generally weak zones as an intrinsic feature of
FFF-processed objects. However, the stress concentration
location in the 0° specimens was along the deposited rasters
which were in the direction of the applied stress during the
tensile test.

Moreover, the manufactured specimens by FFF exhibited
a reduction in the elongation at break compared to the hygro-
thermally aged filaments (Figs. 12 and 18). The initiation of
the polymer damage may have caused the observed elon-
gation reduction in the printed specimens compared to the
aged filaments (raw material). Indeed, the absorbed mois-
ture in the hygrothermally aged filaments performed as the
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Fig. 18 Evolution of the elongation at break of the printed specimens
with the moisturized raw materials in the different raster orientations

plasticizer. However, the moisturized filaments during the
FFF process experienced a high temperature in the liquefier
section (about 240 °C) which accelerated the hygrothermal
aging process. The situated chain segments in the amor-
phous phase and connecting crystalline lamellae might be
unwound and drawn due to the affected entanglement net-
work [35]. Therefore, the plasticizer effect was no longer the
predominant degrading effect, and it is most likely that the
polymer has undergone hydrolysis [36, 37]. Consequently,
it is well established that hygrothermal aging results in the
reduction of the elongation at break of the FFF-processed
specimens compared to the hygrothermally aged filaments.

3.3 Microstructures observations

To evaluate the effects of the hygrothermal aging process on
the fracture characteristics of the FFF-processed specimens,
the fractography of the specimens was performed with SEM
(Fig. 19). Figure 19 depicts the deposited layers of a 90°
specimen and shows the impact of the hygrothermal aging
process on the filaments (raw materials) on the quality of the
deposition during printing. It illustrates that as the period of
absorption during ageing increases, the quality of the layer
deposition decreases. Indeed, the specimen printed with the
non-aged filament (0 h) (Fig. 19a) shows better deposition
quality compared to the other aging periods of 223, 439, and
727 h. Furthermore, specimens printed with the longest-aged
filament (727 h) (Fig. 19d) exhibited a lower quality of the
polymer layer deposition during FFF process.

In this below section, the effect of the decrease in layer
deposition quality on the mechanical properties of the post
ageing printed parts is discussed. Figure 20 illustrates the
superposition of the stress—strain curves concerning the
90° FFF-processed specimens with the non-aged filaments



Fig. 19 The fracture surface
of the 90° FFF-processed
specimens concerning the dry
PAG6 (a) and the moisturized
PAG filaments during 223 h
(b), 439 h (c¢), and 727 h (d) in
70 °C distilled water
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Fig. 20 Stress—strain curves concerning the 90° FFF-processed speci-
mens with the non-aged as well as the moisturized filaments during
the hygrothermal aging process periods of 223 and 439 h

and the moisturized filaments during the hygrothermal
aging process periods of 223 and 439 h. The significant
reduction in Young’s modulus, tensile strength, and elon-
gation at break concerning the FFF-processed PA6 speci-
mens was observed after immersion of the raw materials in

the distilled water for several hours (223 h) (Fig. 20). The
obtained mechanical performance decrease of the FFF-
processed specimens with the increase of the hygrothermal
aging periods is correlated to the observed decrease of the
deposited layer quality in Fig. 19.

3.4 Effect of hygrothermal aging on the surface
quality of the FFF-processed objects

This section investigates the impact of absorbed moisture
during the hygrothermal process of the PA6 filament, used
as raw material, on the subsequent surface finish accuracy of
the FFF-processed object. A cube with a specific geometry
was manufactured using a 727-h moisturized PA6 filament and
compared with another cube manufactured using dry PAG6 fila-
ment (Fig. 21). Figure 21b highlights the superior surface qual-
ity of the object manufactured with dry raw material compared
to the one manufactured with moisturized raw material. The
protrusions from the surface and wall of the structure made
with moisturized PA6 filament are depicted in Fig. 21b. These
protrusions are the extruded raster from the nozzle. Simulta-
neously with the molten PA6 from the nozzle tip, the steam
formed by absorbed moisture in the raw material was extruded.
The steam flow disrupted the deposition of the PA6 rasters,
preventing them from depositing on the intended sections of
the object geometry.



Fig. 21 FFF-processed objects
with the dry (a) and the mois-

Protruding polymer’

turized PA6 filaments (b) "

4 Conclusion

This paper examines the use of PA6 filament as FFF print-
ing feedstock and evaluates the impact of various hygro-
thermal aging conditions on its physicochemical, thermo-
mechanical, and mechanical properties. The water uptake
reached the same plateau value for all aging temperatures,
but the absorption kinetic increased with temperature. The
inclusion of water molecules in PA6 filament resulted in
increased chain mobility, leading to a reduction in the glass
transition temperature, crystallinity ratio, Young’s modulus,
tensile strength, and yield stress. These property losses fol-
lowed a similar trend: a rapid decrease in the early stages of
hygrothermal aging, followed by stabilization at the same
minimum value for all temperatures. Additionally, elonga-
tion at break increased by a factor of seven at the maxi-
mum temperature. The degradation phenomenon occurs at a
faster rate with higher temperatures. Specimens were printed
using PAG6 filaments that were aged under 70 °C distilled
water for four different aging periods. The physicochemi-
cal, mechanical, and microstructural properties of the speci-
mens were characterized. The 7, decreased with the aging
period of the filament, but the decrease was less than that
of the filaments themselves. This discrepancy is due to the
vaporization of the water molecules trapped inside the aged
filament during printing. This phenomenon resulted in a
decrease in the quality of layer deposition. When compared
to a specimen printed with an unaged filament, specimens
printed with aged filament showed a reduction in Young’s
modulus, yield stress, and tensile strength. These mechanical
properties decrease as the aging period of the filament used
for printing increases. The quality of the subsequent printed
part is significantly influenced by the hygrothermal aging
of the filament.
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