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ARTICLE INFO ABSTRACT

Keywords: Large-format additive manufacturing (LFAM) of polymer composites enables rapid production of large-scale
LFAM components for infrastructure, transportation, and defense. As these components see increased outdoor use,
Additive manufacturing understanding their durability under moisture exposure is critical. This study evaluates the effects of water
I?Al;rizsﬂtjli:y immersion on the durability of LFAM composites using three material systems: carbon fiber reinforced acrylo-
Accelerated ageing nitrile butadiene styrene (CF-ABS), glass fiber reinforced polyethylene terephthalate glycol (GF-PETG), and wood
flour reinforced amorphous polylactic acid (WF-aPLA). Specimens were fabricated using a pellet-fed extrusion-
based LFAM process and immersed in water for 30, 60, and 90 days at three temperatures. Moisture uptake and
mechanical degradation were assessed in both longitudinal and through-thickness orientations to capture the
influence of interlayer interfaces. Results show that bio-based WF-aPLA absorbed significantly more moisture
than petroleum-based CF-ABS and GF-PETG and exhibited ongoing degradation that prevented saturation. The
most severe mechanical losses occurred in the through-thickness direction, where more interbead interfaces and
voids were present. Longitudinal specimens showed better retention of strength and stiffness. Mechanical
property degradation progressed in two stages: an initial rapid phase following an Arrhenius relationship with
inverse temperature, and a slower secondary phase that deviated from this behavior. The findings demonstrate
that both material selection and build orientation significantly affect moisture durability. While petroleum-based
composites performed better overall, their durability remains influenced by LFAM-induced anisotropy. These
results support material selection and predictive modeling for reliable LFAM structures in outdoor environments.

Introduction

Polymer composite parts produced using large-format additive
manufacturing (LFAM) have been used in exterior environment appli-
cations. The broadening of additive manufacturing (AM) technology to
encompass larger-scale capabilities promises to transform numerous
industries by providing more efficient, cost-effective, and adaptable
manufacturing solutions [1]. In polymer extrusion-based AM, LFAM is
generally designated as an AM process capable of producing parts that
are considerably larger than typical desktop-scale printers, with higher
deposition rates and larger-diameter extruded beads. Nieto and Molina
[2] describe LFAM as a 3D printing technology capable of build volumes
over one cubic meter. The study for polymer extrusion-based 3D print-
ing highlights the use of pellet-based extrusion systems in LFAM in
contrast to filament-based extrusion systems in desktop-scale 3D
printers and mentions that the extruded beads in LFAM systems have
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diameters larger than 2.5 mm. Similarly, Vicente et al. [3] describe
LFAM as systems capable of producing parts larger than 1 cubic meter
and further classify LFAM into medium-sized AM (MSAM) and high-size
AM (HSAM). Machines with build volumes between one and seven cubic
meters are identified as MSAM, and machines with build volumes
greater than seven cubic meters are identified as HSAM.

Polymer extrusion-based LFAM has found applications in several
industries. Najmon et al. [4] described several applications of LFAM in
the aerospace industry. Chambon et al. [5] presented the use of LFAM
for the development of the vehicle powertrain of a utility vehicle. Jaf-
ferson et al. [6] demonstrated design and manufacturing of airless tires
using LFAM of thermoplastic polyurethane (TPU). Ziétkowski and Dyl
[7] reviewed the applications of LFAM technologies in the shipbuilding
industry. Transportation infrastructures like culvert outlet diffusers [8]
and formwork for precast concrete structures [9] have been manufac-
tured using LFAM of polymer composites.

2666-6820/© 2025 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Several thermoplastic composites have been used as feedstock ma-
terials for LFAM. Love [10] reported on the rapid manufacturing of
customized electric vehicles with carbon fiber reinforced acrylonitrile
butadiene styrene (CF-ABS) composites using big area additive
manufacturing (BAAM), which was one of the first LFAM equipment.
Duty et al. studied the structure and mechanical behavior of CF-ABS
parts manufactured using LFAM [11]. The research work concluded
that the addition of reinforcing fibers can improve stiffness and strength
but introduces a high degree of anisotropy. Ajineru et al. [12] studied
the rheological behavior of carbon fiber (CF) reinforced polymers, pol-
yphenylsulphone (CF-PPS), polyethylsulphone (CF-PES), polyphenylene
sulphide (CF-PPS), and CF-ABS. The extrusion screw speed and tem-
perature were identified as the process parameters that can be varied to
manufacture complex geometry parts. Post et al. [13] studied the eco-
nomic viability of using several polymer composites for the LFAM pro-
cess to manufacture composite tooling. The study evaluated polyether
ether ketone (PEEK), ULTEM, PPS, PPSF, and PPFSU polymers for the
economic viability of LFAM molds and found significant savings in terms
of time and money compared to conventionally manufactured molds.
Bhandari et al. [8] used bio-based wood flour reinforced polylactic acid
(WF-PLA) to manufacture prototype-culvert outlet diffusers for reha-
bilitation of deteriorated culverts. Lopez-Anido et al. [14] used LFAM
CF-ABS to manufacture formworks used for casting precast concrete
structures in railroad bridge rehabilitation.

The durability of thermoplastic composites for applications that
involve environmental exposure has been well studied. Stark et al. [15]
studied the durability of wood fiber-reinforced high-density poly-
ethylene and found that the composite materials decreased in mechan-
ical performance and were more susceptible to biological attacks when
exposed to a high-moisture environment. Pomies and Carlson [16]
studied the durability of glass fiber-reinforced polyphenylene sulfide
when subjected to moisture exposure and proposed a numerical model
to predict the reduction in mechanical properties of the composite. Zhou
et al. [17] compared the performance difference between thermoplastic
polypropylene and thermosetting epoxy, both reinforced with carbon
fiber, when subjected to elevated temperatures, water immersion, and
sustained bending loading. The study found that polypropylene com-
posites exhibited better environmental durability compared to epoxy
composites. Zhao et al. [18] studied the hygrothermal aging behavior
and mechanical degradation of ramie/carbon fiber reinforced hybrid
thermoplastic composites and found that moisture diffusion across
cross-section is faster than on the surface. Ghazebi et al. [19] studied the
long-term effects of saltwater ageing on 3D printed polyamide-6 rein-
forced with carbon fiber, Kevlar fiber, and glass fiber. The study found
that increasing fiber volume fraction increases water absorption and
that the flexural strength of 3D printed composites.

Some research works that study the durability of polymer composites
that were 3D printed on a desktop scale show the degradation in me-
chanical properties of the 3D printed parts. Banjo et al. [20] studied the
moisture-induced changes in the mechanical properties of 3D printed
nylon, carbon fiber-reinforced nylon, and PLA. The study found signif-
icant property degradation in the studied polymer composite systems,
with flexural modulus of nylon decreasing by as much as 60 percent
after degradation. The study highlighted the plasticization and hydro-
lytic cleavage due to moisture absorption as the reason for the reduction
in mechanical properties. However, the effect of layerwise
manufacturing and the voids was not studied. Elmushyakhi [21] studied
the effects of freeze-thaw exposure of 3D printed polyetherimide and
found that freeze-thaw conditioning reduced the mechanical properties
of the 3D printed parts. Microscopic computed tomography showed an
increase in void volume, cracking, and distortion in the extruded
cross-section in the specimens subjected to freeze-thaw cycling. Pizzorni
and Prato [22] studied the effects of hygrothermal aging on the tensile
and bonding performance of 3D printed carbon fiber reinforced
polyamide-6. The 3D printed composites were consolidated by pressing
and used as substrates of structural epoxy-adhesive joints. The study
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showed that post-printing consolidation is beneficial as it causes a
reduction in void volume fraction that partially counteracts moisture
absorption.

For large-format additive manufacturing, the voids due to the
layered deposition of extruded material introduce more voids and wider
interfaces. Duty et al. [11] found bubbles within deposited beads and
voids between the extruded beads. The contact area is 30 to 50 % be-
tween the beads in the same layer and 70 % between the beads in
adjacent layers. Such continuous voids make the LFAM parts more
susceptible to moisture ingress. Saavedra-Rojas et al. [23] studied the
flexural properties of WF-PLA and CF-ABS parts manufactured using
LFAM. The results showed that the bio-based polymer composites were
more susceptible to degradation caused by moisture, which resulted in
significantly lower mechanical properties.

While there are several studies on the durability of conventionally
manufactured polymer composites, and a few on desktop-scale 3D
printed composites, the durability of Large-format additively manufac-
tured (LFAM) polymer composites under environmental exposure re-
mains largely unexplored. Moreover, it is unknown whether the
degradation mechanisms observed in LFAM are the same as in conven-
tional composites, particularly given the unique anisotropy, void dis-
tribution, and interlayer interfaces inherent to LFAM processes. This
study aims to systematically investigate accelerated water immersion of
LFAM composites across petroleum-based and bio-based systems,
comparing both longitudinal and through-thickness orientations to
isolate the role of interlayer interfaces. By combining physical, thermal,
and mechanical testing with predictive modeling, the work provides
novel insights into degradation mechanisms specific to LFAM compos-
ites, filling a key gap in durability assessment for their use in infra-
structure and outdoor applications. The objectives of this study are:

1. Study the durability of LFAM polymer composites exposed to
moisture.

2. Characterize the loss in mechanical properties of LFAM polymer
composites with an increase in exposure to the external environment.

3. Model and predict the degradation of LFAM polymer composite parts
to guide the design of load-bearing components.

Materials and methods
Materials
Three thermoplastic polymer composites were used for this study:

1. CF-ABS (Carbon Fiber-reinforced Acrylonitrile Butadiene Styrene),
specifically LNP™ THERMOCOMP™ AM AC004XXAR1 from SABIC,
is a compounded thermoplastic material containing 20 % of chopped
carbon fiber by weight within a conventional petroleum-based ABS
matrix. This material is widely used in polymer LFAM due to its
favorable balance of printability, stiffness, dimensional stability, and
mechanical strength. Its prevalence in industrial LFAM applications
makes it a benchmark for evaluating long-term durability under
mechanical loading and thermal cycling. Studying CF-ABS provides
valuable insights into the performance boundaries of traditional,
non-biodegradable thermoplastic composites in demanding service
environments.

2. GF-PETG (Glass Fiber-reinforced Polyethylene Terephthalate Gly-
col), marketed as HiFill® PETG 1701 3DP by Techmer PV, is a
thermoplastic composite containing 20 % of glass fiber by weight.
Compared to unfilled PETG, the inclusion of glass fibers enhances
toughness, impact resistance, and creep performance, while also
improving chemical resistance and environmental stability. These
properties make GF-PETG a strong candidate for durability studies,
particularly in applications exposed to moisture or outdoor
conditions.
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3. WF-aPLA (Wood Fiber-reinforced amorphous Polylactic Acid), sold
as Jabil PLA 3120 WF, is a bio-based thermoplastic composite con-
taining 20 % wood fiber by weight. This material represents a more
sustainable alternative to petroleum-based composites and is typi-
cally used in aesthetic or low-load-bearing applications. Its inclusion
in this study enables the assessment of how natural fiber-reinforced
and potentially biodegradable materials degrade over time, in com-
parison to conventional engineered thermoplastics.

Methods

Sample preparation

A Tradesman Series P3-44 3D printer from JuggerBot3D was used to
manufacture the specimens. The 3D printer has a heated vacuum bed
and a heated, insulated printing chamber. The print envelope is 1168
mm in X, 889 mm in Y, and 939 mm in Z. Two nozzles were available for
this machine: a 4 mm diameter nozzle and a 10 mm diameter nozzle.
Typically, bead geometry for the g4 mm nozzle is 6 mm wide by 1.5 mm
tall. For the 910 mm nozzle, the typically used bead geometry is 15 mm
wide by 3.75 mm tall. For this study, a 10 mm nozzle was used to create
a bead geometry with a width of 15 mm and a height of 3.75 mm. A total
of two beads per layer was used to manufacture the hollow hexagonal
prisms. Table 1 shows the printing parameters used for additive
manufacturing of the polymer composite specimens used in this study.

Fig. 1 shows the process of manufacturing the test specimens used for
the durability studies. Hollow hexagonal prisms were manufactured
using the JuggerBot3D LFAM equipment. The hexagonal prisms were
cut into six walls. Each wall was placed on a waterjet cutting equipment
and test specimens were cut out. Test specimens were cut from the walls
with two length orientations: specimen type-X (length aligned with the
direction of the deposition of extruded polymer) and specimen type-Z
(length aligned with the direction of the stacked layers).

The dimensions of all the specimens used for tensile testing were 200
mm long, 30 mm wide, and 7.5 mm thick. The gauge region of the
central 50 mm length of the specimen was monitored during the test.
The grip lengths were 25 mm on both sides. The dimensions of the
specimens were in accordance with the ASTM D3039 [24] for tensile
testing. Fig. 2 shows the GF-PETG and type-X and type-Z specimens used
for the study. The type-X specimens have two visible interfaces along the
length of the specimen. The type-Z specimens have 54 interfaces along
the length of the specimen.

Evaluation of physical properties

Polymer molecular weight. Measurements of changes in molecular weight
of polymers after accelerated water ageing was performed to evaluate
polymer degradation and understand mechanical property loss. Polymer
molecular weight was determined experimentally by gel permeation
chromatography (GPC). The experiment used an Agilent 1260 Infinity
Size Exclusion Chromatography system with a temperature-controlled
refractive index array. The method followed was similar to that of
Khoda et al. [25] Schweizer et al. [26] also followed a similar method to
determine the polymer molecular weight of 3D-printed CF-ABS and

Table 1

Printing parameters for WF-aPLA, GF-PETG, and CF-ABS.
Parameter WEF- GF- CF-

aPLA PETG ABS
Extrusion temperature ( °C) 200 215 245
Bed temperature ( °C) 50 60 95
Layer time (min:sec) 3:38 3:23 2:43
Deposition travel speed (mm/min) 850 808 1148
Layer height (mm) 3.75 3.75 3.75
Aspect ratio of layer (bead width/bead 4.00 4.00 4.00
height)

Deposition rate (kg/hr) 3.50 4.50 4.40
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WF-aPLA. The method required the dissolution of the polymer in a
solvent. Samples weighing approximately 5 mg were dissolved in
high-performance liquid chromatography (HPLC) grade tetrahydro-
furan, which served as the solvent. The polymer concentration ranged
from 1 mg/mL to 3 mg/mL. Before injection, samples were filtered
through a 0.2 pm PTFE syringe filter. The analysis used tetrahydrofuran
as the eluent at a 1 mL/min flow rate. The tests were conducted at a
temperature of 35 °C.

GPC was used to measure the molecular weight of the compounded
material’s baseline and water-immersed specimens. The tests were done
for the X-specimens as shown in Fig. 2. The specimens were immersed in
water at 40 °C for 90 days. The tests were performed to evaluate whether
accelerated water immersion causes chain scission of the polymers used
in this study.

Measurement of specific gravity. Previous research works showed that
reduction in mechanical properties of 3D printed polymer composites
after accelerated water immersion ageing [18,23,27]. In this research
work, the “specific gravity” of the composites was measured for different
temperature and time conditioning to check if there was a change in
specific gravity that corresponds to change in mechanical properties. A
decrease in specific gravity suggests material degradation or formation
of voids. The specific gravity of specimens was measured following Test
Method A of ASTM D792, which includes testing solid plastics in water.
The mass of the specimen in air was measured. The specimen was
immersed in water, and its apparent mass upon immersion was deter-
mined to calculate the specific gravity of the specimen. Three specimens
were used to calculate an average value for the specific gravity of each
set of material and conditioning. The specific gravity of the specimen
was calculated using Eq. (1).

SG=a/(a+w-D) @
where,

a = apparent mass of the specimen, without wire, in air,

b= apparent mass of the specimen completely immersed and of the
wire partially immersed in liquid, and

w= apparent mass of partially immersed wire.

The change in specific gravity was used to determine if the acceler-
ated water immersion tests introduced voids into the 3D printed
polymer composite specimens.

Thermal property characterization

Change in glass transition temperature has been used by researchers
to identify the effects of ageing and degradation of polymer [28,29].
Glass transition temperature was measured for the polymer composites
to identify conditioning temperature since the conditioning tempera-
tures had to be chosen below glass transition temperature. Furthermore,
the glass transition temperature was measured to check if water im-
mersion accelerated ageing affects the glass transition temperature of 3D
printed thermoplastic specimens. Glass transition temperature was
evaluated experimentally using Differential Scanning Calorimetry
(DSC). DSC tests were conducted in accordance with ASTM E1356.
Colén Quintana et al. [30] and Schweizer et al. [26] followed a similar
procedure to measure glass transition temperature in their study. The
samples were analyzed using a TA Instruments DSC2500 (TA In-
struments, New Castle, DE, USA) in TA Tzero Aluminum pans. The DSC
process involved the following steps:

. Equilibrate at 20 °C

. Ramp 10 °C /min to 200 °C (First Heating)

. Isothermal for 1 min

. Ramp 10 °C /min to 20 °C (Cooling)

. Isothermal for 1 min

. Ramp 10 °C /min to 200 °C (Second Heating)

DU WN -
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Z-specimens

X-specimens

Fig. 1. Process of manufacturing test specimens for the durability study.

L

Type-Z specimen

Fig. 2. Type-X and type-Z-specimens of GF-PETG material used for the study.

The initial heating step provides the thermal properties resulting
from the manufacturing process. The cooling step was an annealing
process to homogenize the material and achieve equilibrium. The sec-
ond heating step reveals the actual properties of the material [30]. The
sample, weighing between 4 and 10 mg, was placed in a pan and covered
with a lid. Another empty pan was taken, closed with a lid, and weighed.
Both masses were then input into the program, and the program was run.
The glass transition temperature (Tg) was determined from the heat flow
curves generated during the second heating ramps. The results were
analyzed using TA Universal Analysis software. The midpoint temper-
ature was taken as the glass transition temperature, as defined by ASTM
E1356. The average of three samples was taken as the mean Tg.

Accelerated water immersion

An accelerated water immersion methodology was employed to
study the longevity of the LFAM polymer composite parts. ASTM D5229
[31] test standard was adopted for the study. This test method describes

a procedure for determining moisture absorption or desorption prop-
erties in the through-the-thickness direction for single-phase Fickian
solid materials in flat or curved panels. The dimensions of specimens
subjected to accelerated water immersion were 200 mm long, 30 mm
wide, and 7.5 mm thick. The same specimens were used for tension tests
to evaluate the loss in mechanical properties after accelerated ageing.
The specimens were immersed in distilled water procured from Chem-
World. The elevated temperature for oven-dry and accelerated water
immersion was selected based on the conditioned materials’ glass
transition temperature (Tg). A related study on material characteriza-
tion using Differential Scanning Calorimetry (DSC) provided the Tg for
three composite materials: 1) CF-ABS, Tg= 106.8 °C; 2) GF-PETG, Tg=
76.1 °C; and WF-aPLA, Tg= 54.8 °C. Hence, the temperature of 40 °C
(below the Tg of all materials) was selected. Each set of specimens was
dried in an oven at 40 °C until the change in mass of the specimen was
less than 1%. The dried specimens were immersed in distilled water for
90 days at 40 °C. The specimens were weighed at 48 or 72 h intervals,
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depending on the lab schedule. The specimens were taken out of the
distilled water bath and wiped off with an absorbent cloth. The weight of
the specimen was measured using a OHAUS AX4202/E precision bal-
ance with precision of 0.01 g.

A 90-day maximum time was chosen for water immersion. The
choice was based on literature review and practicability. Many prior
studies used 90 days as a benchmark, making it easier to compare results
across different research. The 90-day maximum time was considered as
a reasonable compromise so that it is long enough to observe significant
degradation trends without overextending into impractically long ex-
periments. Moisture content was calculated, and sorption curves were
generated following ASTM D5229 from the set of specimens immersed
for 90 days. The sets of specimens were subjected to accelerated water
immersion at the elevated temperature of 40 °C for either 30, 60, or 90
days, followed by tensile testing.

Later, the same procedure was followed for two more temperatures:
55 °C and 70 °C for CF-ABS and GF-PETG and 23 °C and 30 °C for WF-
aPLA. Table 2 shows the conditioning temperatures for different poly-
mer composite materials.

Average moisture content (M) was calculated using Eq. (2).

VV[ - Wo

M:TO* 100% (2)

where:

W; = current specimen mass, and
W, = oven-dry specimen mass.

Mechanical property characterization using ASTM tension tests

The tensile test was performed on a 100 KN servo-hydraulic load
frame from Instron, equipped with hydraulic grips. Tests were con-
ducted at the environmentally controlled Material Testing Lab (MTL) at
the Advanced Structures and Composites Center at the University of
Maine. The lab temperature was 21.0 °C to 25.0 °C (69.8°F - 77.0°F), and
the relative humidity was 40 % - 60 %. WaveMatrix2 Software was used
to create and run a test method to test materials with the frame. The
method included testing the specimens at a standard head displacement
rate of 2 mm/min, according to ASTM D3039. For each timestamp, the
applied force and position of the crosshead were recorded for the entire
duration of testing.

The strains were recorded using non-contact digital image correla-
tion. A 3D-Digital Image Correlation (DIC) system from GOM ARAMIS,
Germany, was used to record full-field strains over an area of 50 mm
along the axial direction and 30 mm in the transverse direction on the
test specimen surface during the testing. The specimens were spray-
painted to create a stochastic black and white pattern in the gage re-
gion of the specimens. This allowed full-field strain measurement to be
recorded during the entire duration of testing. The strain data was
recorded at a frequency of 1 Hz. Using GOM correlate, mean axial strain
and mean transverse strain were obtained for the entire duration of
testing. Further, the ultimate tensile strain was recorded as the
maximum strain before failure in the longitudinal or axial direction.

Modeling reduction in mechanical properties
Accelerated aging techniques are based on the empirical principle
that chemical reactions, including those causing material deterioration,

Table 2
Conditioning temperatures for different polymer composite materials.

Material Conditioning temperatures ( °C)

T1 T2 T3
CF-ABS 40 55 70
GF-PETG 40 55 70

WEF-aPLA 23 30 40
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follow the Arrhenius reaction rate function [32,33] According to this
function, generally, a 10 °C increase in the temperature of a homoge-
neous process leads to a doubling of the chemical reaction rate [33]. The
Arrhenius model is commonly applied when temperature is the primary
factor in accelerating aging. It operates under the assumption that a
single dominant degradation mechanism remains constant throughout
the exposure period, while the degradation rate increases with higher
exposure temperatures [34]. The Arrhenius relation is given by Eq. (3).

K(T) = Ae & ®3)
where,

K is a reaction rate or degradation rate
A is a constant

Ea is the process activation energy

R is the universal gas constant

T is the absolute temperature

The Arrhenius relationship is extensively used to predict the lifespan
of polymers and composites by evaluating their ultimate mechanical
properties and retention, such as tensile strength, interfacial shear
strength, creep strength, and fatigue strength [35-37]. In polymeric
matrix composites, it is assumed that temperatures close to the glass
transition temperature (Tg) are not used. Under these conditions, the
tensile strength retention (SR) of GFRP composite laminates, which is
the ratio of residual strength to original tensile strength, is determined
from experimental data for each exposure temperature (T). These data
points are plotted against the logarithm of time, enabling predictions of
strength loss over longer periods and varying temperatures. According
to the method used by Davalos et al. [38], it is assumed that the per-
centage of strength retention during accelerated aging tests, SR, can be
expressed as Eq. (4), where t is the time of exposure.

SR = SR(t) = 100 x e (@)

This expression implies a total loss of strength if time t reaches the
limit. Plotting the experimental values of stress retention against the
corresponding aging times enables the determination of the degradation
rate k through regression analysis, valid if the correlation coefficient is
above 0.8 [39]. The time required to reach a specified tensile strength
retention at a different temperature can be calculated using Eq. (4). All
temperature regression curves should have approximately equal slopes;
otherwise, the degradation mechanism is dependent on temperature
[40].

In many studies, the durability prediction approach relies on the time
shift concept [38,40-42]. Dejke [42] utilized the time shift factor (TSF)
concept, defined as the ratio of the times needed for a specific reduction
in a mechanical property at two different temperatures. The time
required for a reaction is inversely proportional to the reaction rate k.
Therefore, the ratio of t1, the time needed for a specific property
reduction at temperature T1, to t2, the time required for the same
reduction at temperature T2, can be expressed as Eq. (5) [35].

2 Ackiz % (L*>
R T1 T2
TSF=—==20""_¢ )
a , B
Ae RT1

The time shift factor (TSF) enables the estimation of degradation
under actual service conditions using data from accelerated aging ex-
periments [43]. It involves adjusting the laboratory data (e.g., strength
retention) along the time axis to determine the time t1 at which the same
level of degradation is projected to occur at a lower temperature. Once
the TSF is obtained from experimental data, the activation energy
(Ea/R) can be calculated, allowing the use of regression curves to predict
strength retention under field conditions and a specified time [40].
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Results and discussion
Accelerated water immersion ageing results
Physical properties

Changes in molecular weight. Table 3 presents the GPC results for mo-
lecular weights of polymers under study for baseline and accelerated
water-immersed specimens.

The results show 4.0 %, 20 %, and 64 % reduction in mean molecular
weight and 3.3 %, 16 %, and 69 % increase in polydispersity for CF-ABS,
GF-PETG, and WF-aPLA, respectively, after water immersion at 40 °C for
90 days. The results indicate the degradation of all three polymers (ABS,
PETG, and aPLA) after water immersion at 40 °C. The degradation in
bio-based aPLA is the highest among the three. Further, the poly-
dispersity was found to increase, resulting in a broader molecular weight
distribution. The broadness of molecular weights was higher in the case
of bio-based aPLA compared to petroleum-based polymers.

Changes in specific gravity. Table 4 summarizes the results for the
average specific gravity of baseline and 90-day accelerated water-
immersed specimens for petroleum-based materials (CF-ABS and GF-
PETG) and bio-based material (WF-aPLA) respectively. The average
was taken from the specific gravity of three specimens for every con-
dition. The values in parenthesis represent the coefficient of variation
(cv).

The results show a less than 1 % change in the specific gravity of
petroleum-based materials (CF-ABS and GF-PETG) after accelerated
water immersion at elevated temperatures. For bio-based WF-aPLA, the
specific gravity after accelerated water immersion at 40 °C was reduced
by 6.5 % for both type-X and type-Z specimens.

Changes in glass transition temperature. Table 5 shows the glass transition
temperatures of the polymer composites used for the study before and
after the accelerated water immersion test. The baseline mean Tg for CF-
ABS, GF-PETG, and WF-aPLA were found to be 106.8 °C, 76.1 °C, and
54.8 °C, respectively. The values obtained are comparable to the avail-
able literature. Schweizer et al. [26] reported the Tg values of 102 °C for
CF-ABS and 54.4 °C for WF-aPLA. Similarly, Bin et al. [44] reported Tg
for CF-ABS to be approximately 100 °C. Colén Quintana et al. [30] re-
ported the Tg of 104-108 °C for CF-ABS and 77-78 °C for GF-PETG. No
significant change in glass transition temperature was found after
accelerated water immersion.

Water absorption. Table 6 presents the average moisture content after
water immersion at three different temperatures for 90 days for all three
materials.

In the case of CF-ABS, the water content of 1.6 % in specimens X and
1.3 % in specimens type-Z was observed after water immersion at 40 °C
for 90 days. Saavedra-Rojas et al. [9] observed similar results for CF-ABS
with a water content of 1.35 % after water immersion at 40 °C for 81
days.

It was found that bio-based WF-aPLA has the highest water content
of 10.1 % in specimens type-Z after exposure at 40 °C for 90 days
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Table 4
Specific gravity of composite after 90 days of water immersion.

Material Specimen Baseline Water immersion temperature
type
23 °C 30°C 40 °C 55°C 70 °C
CF-ABS X 1.10 - - 1.11 1.10 1.11
(0.7 %) (0.2 0.3 0.5
%) %) %)
Z 1.09 - - 1.10 1.10 1.11
(0.2 %) (1.1 (1.2 0.5
%) %) %)
GF- X 1.33 - - 1.33 1.33 1.32
PETG (0.4 %) (0.7 0.3 0.4
%) %) %)
Z 1.33 - - 1.32 1.33 1.32
(0.3 %) (0.5 (0.3 (0.6
%) %) %)
WE- X 1.24 1.22 1.18 1.15 -
aPLA 1.1 %) (0.5 (0.2 (1.0
%) %) %)
Z 1.22 1.22 1.22 1.14
(0.2 %) 0.4 0.3 (0.6
%) %) %)
Table 5

Glass transition temperatures of polymer composites subjected to accelerated
water immersion.

Composite Conditioning Mean glass transition temperature (°C)
CF-ABS Baseline 106.8 (0.1)
30 days 107.3 (0.1)
60 days 107.0 (0.2)
90 days 107.3 (0.1)
GF-PETG Baseline 76.1 (0.1)
30 days 76.5 (1.1)
60 days 76.2 (0.0)
90 days 75.9 (0.4)
WF-aPLA Baseline 54.8 (0.0)
30 days 54.7 (0.2)
60 days 54.4 (0.1)
90 days 54.6 (0.1)
Table 6

Moisture content in specimens subjected to accelerated water immersion.

Material Specimen type Moisture content (%)
23°C 30°C 40 °C 55°C 70°C

CF-ABS X - 1.6 1.6 1.6

z - 1.3 1.4 1.5
GF-PETG X - 1.3 1.4 2.1

Z - - 1.0 1.2 2.1
WF-aPLA X 3.8 5.9 8.2 - -

z 4.5 6.6 10.1 -

compared to petroleum-based materials. Saavedra-Rojas et al. [23]
observed similar results for WF-aPLA with a water content of 9.23 %
after water immersion at 40 °C for 81 days.

WF-aPLA specimens did not reach their saturation point. CF-ABS
specimens subjected to water immersion at 55 °C and 70 °C reached

Table 3
The effect of accelerated water immersion on the molecular weight of polymers.
Material Mean molecular weight- Average peak molecular Mean molecular weight- water ~ Average peak molecular weight - PD - PD - water
baseline weight - immersion water immersion baseline immersion
baseline
CF-ABS 60.8 154 58.4 153 2.09 2.16
GF- 17.9 52.8 14.3 50.6 2.53 2.94
PETG
WE- 83.2 187 30.1 138 2.04 3.45

aPLA




S. Bhandari et al.

saturation point. GF-PETG specimens subjected to water immersion at
55 °C reached their saturation point.

Based on the effective moisture equilibrium criteria as per ASTM
D5229, the specimens can be considered to have reached moisture
equilibrium if the average moisture content of the specimens changes by
less than 0.020 % over each of two consecutive reference time spans. At
40 °C, none of the specimens reached moisture equilibrium (saturation
point). The changes in moisture content of CF-ABS and GF-PETG were
relatively small and the rates of water absorption were getting slower. At
55 °C, equilibrium was reached for CF-ABS and GF-PETG. At 70 °C,
equilibrium was reached for CF-ABS. However, GF-PETG continued to
absorb water at a significant rate even after 90 days. Even though this
temperature is below the glass transition temperature of PETG (76.1 °C),
it is very close. Similar results have been reported by other researchers
for water absorption of polymers at temperatures close to glass transi-
tion temperature. At all temperatures (23 °C, 30 °C, and 40 °C) the
changes in moisture content of WF-aPLA was significantly large and the
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rate of water absorption did not slow down. Similar results have been
reported in published research work regarding water absorption of WF-
aPLA composites.

Fig. 3 shows the sorption curves for the polymer composite
specimens.

Change in mechanical properties. Tables 7 and 8 show the mechanical
properties of CF-ABS type-X and type-Z specimens subjected to accel-
erated water immersion. The results for CF-ABS type-X specimens show
that after 90 days of water immersion, the average tensile strength is
reduced by 10 %, 25 %, and 36 % at 40 °C, 55 °C, and 70 °C, respec-
tively. However, the average tensile modulus is relatively unaffected
(<5 % reduction).

The results for CF-ABS in the through-thickness direction indicate
that after 90 days of water immersion, average tensile strength is
reduced by 5.8 %, 32 %, and 32 % at 40 °C, 55 °C, and 70 °C,
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Fig. 3. Sorption curves of polymer-composite specimens.
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Table 7
Mechanical properties of CF-ABS type-X specimens subjected to accelerated
water immersion.
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Table 9
Mechanical properties of GF-PETG type-X specimens subjected to accelerated
water immersion.

Exposure F (MPa) E (GPa) Strain to failure Poisson’s Exposure F (MPa) E (GPa) Strain to failure Poisson’s
(%) ratio (%) ratio
Baseline 75.4 (3.3 11.3 (2.8 0.80 (6.7 %) 0.39 (5.4 %) Baseline 67.4 (7.3 6.71 (4.6 1.55 (19 %) 0.39 (15 %)
%) %) %) %)
Water/ 40 °C/30 70.5 (14 11.4 (3.5 0.75 (15 %) 0.39 (14 %) Water/ 40 °C/30 67.9 (5.0 6.82 (2.2 1.51 (14 %) 0.40 (3.0 %)
days %) %) days %) %)
Water/ 40 °C/60 66.2 (13 11.7 (4.9 0.63 (21 %) 0.41 (17 %) Water/ 40 °C/60 68.7 (5.5 6.78(3.4 1.52 (14 %) 0.39 (4.6 %)
days %) %) days %) %)
Water/ 40 °C/90 67.8 (9.5 11.5 (4.7 0.66 (15 %) 0.42 (14 %) Water/ 40 °C/90 62.6 (1.4 6.22 (2.5 1.55 (3.1 %) 0.39 (1.9 %)
days %) %) days %) %)
Water/ 55 °C/30 62.1 (5.6 11.4 (3.6 0.60 (8.6 %) 0.39 (4.4 %) Water/ 55 °C/30 54.1 (3.6 6.12 (3.9 1.21 (7.7 %) 0.39 (3.0 %)
days %) %) days %) %)
Water/ 55 °C/60 56.2 (6.4 11.4 (1.5 0.53 (8.0 %) 0.39 (4.2 %) Water/ 55 °C/60 52.5 (3.8 6.07 (2.5 1.16 (5.6 %) 0.39 (3.3 %)
days %) %) days %) %)
Water/ 55 °C/90 56.7 (7.3 11.3(1.8 0.54 (10 %) 0.39 (5.1 %) Water/ 55 °C/90 56.8 (3.4 6.11 (3.9 1.58 (8.0 %) 0.42 (5.4 %)
days %) %) days %) %)
Water/ 70 °C/30 57.3 (6.3 11.3 (1.1 0.55 (7.7 %) 0.40 (3.6 %) Water/ 70 °C/30 51.2 (4.1 6.10 (1.8 1.15 (10 %) 0.39 (4.6 %)
days %) %) days %) %)
Water/ 70 °C/60 51.1 (7.1 11.1 (1.4 0.49 (9.2 %) 0.40 (6.4 %) Water/ 70 °C/60 50.1 (3.6 6.10 (2.8 1.07 (8.1 %) 0.38 (6.0 %)
days %) %) days %) %)
Water/ 70 °C/90 48.6 (5.7 10.8 (1.2 0.49 (8.8 %) 0.40 (3.2 %) Water/ 70 °C/90 67.4 (7.3 6.71 (4.6 1.55 (19 %) 0.39 (15 %)
days %) %) days %) %)
Table 8 Table 10

Mechanical properties of CF-ABS type-Z specimens subjected to accelerated
water immersion.

Mechanical properties of GF-PETG type-Z specimens subjected to accelerated
water immersion.

Exposure F (MPa) E (GPa) Strain to failure  Poisson’s Exposure F (MPa) E (GPa) Strain to failure Poisson’s
(%) ratio (%) ratio
Baseline 17.1 (6.8 2.63 (4.9 0.69 (6.1 %) 0.40 (9.8 %) Baseline 19.3 (7.8 2.22 (4.5 0.99 (7.7 %) 0.45 (3.1 %)
%) %) %) %)
Water/ 40 °C/30 17.0 (3.5 2.63 (3.5 0.68 (3.6 %) 0.37 (4.7 %) Water/ 40 °C/30 18.2 (5.0 2.27 (4.2 0.96 (5.6 %) 0.46 (7.1 %)
days %) %) days %) %)
Water/ 40 °C/60 16.0 (7.8 2.66 (4.0 0.64 (9.9 %) 0.42 (6.8 %) Water/ 40 °C/60 19.3 (3.8 2.31 (6.0 0.93 (5.6 %) 0.45 (2.4 %)
days %) %) days %) %)
Water/ 40 °C/90 16.1 (7.6 2.63 (2.0 0.66 (7.8 %) 0.42 (4.8 %) Water/ 40 °C/90 19.2 (3.9 2.28 (3.0 0.95 (5.8 %) 0.47 (9.1 %)
days %) %) days %) %)
Water/ 55 °C/30 12.4 (9.7 2.67 (1.5 0.48 (11 %) 0.39 (3.4 %) Water/ 55 °C/30 18.4 (3.9 2.23 (0.8 1.03 (6.1 %) 0.46 (2.3 %)
days %) %) days %) %)
Water/ 55 °C/60 11.3 (7.2 2.59 (1.3 0.45 (7.8 %) 0.38 (4.6 %) Water/ 55 °C/60 17.7 (2.4 2.22 (2.4 1.05 (7.1 %) 0.47 (3.0 %)
days %) %) days %) %)
Water/ 55 °C/90 11.6 (13 2.60 (1.5 0.46 (16 %) 0.38 (5.6 %) Water/ 55 °C/90 15.7 (7.8 2.09 (4.5 1.01 (6.6 %) 0.47 (6.5 %)
days %) %) days %) %)
Water/ 70 °C/30 12.2 (6.0 2.61 (3.3 0.49 (8.0 %) 0.40 (4.4 %) Water/ 70 °C/30 12.8 (11 2.04 (14 0.75 (27 %) 0.45 (8.7 %)
days %) %) days %) %)
Water/ 70 °C/60 11.2 (10 2.56 (1.3 0.45 (13 %) 0.41 (2.2 %) Water/ 70 °C/60 9.77 (6.6 1.97 (3.3 0.53 (13 %) 0.46 (4.5 %)
days %) %) days %) %)
Water/ 70 °C/90 11.7 (3.5 2.46 (1.5 0.53 (6.0 %) 0.38 (8.8 %) Water/ 70 °C/90 7.13 (18 1.97 (3.5 0.36 (24 %) 0.43 (4.2 %)
days %) %) days %) %)

respectively. The average tensile modulus is relatively unaffected at 40
°C and 55 °C and is reduced by 6.5 % at a higher exposure temperature
of 70 °C.

Tables 9 and 10 show the mechanical properties of GF-PETG type-X
and type-Z specimens subjected to accelerated water immersion.

The results for GF-PETG type-X specimens show that after 90 days of
water immersion at 40 °C, the tensile properties are relatively unaf-
fected. At relatively higher temperatures of exposure, 55 °C and 70 °C,
the average tensile strength is reduced by 25 % and 29 %, respectively,
and the average tensile modulus is reduced by around 8.5 % in both
cases.

The results for GF-PETG in the through-thickness direction show that
after 90 days of water immersion, tensile properties are unaffected at 40
°C. At 55 °C and 70 °C, the average tensile strength is reduced by 19 %
and 63 %, respectively, and the average tensile modulus is reduced by
5.9 % and 11 %, respectively.

Tables 11 and 12 show the mechanical properties of WF-aPLA type-X
and type-Z specimens subjected to accelerated water immersion. The

results for WF-aPLA type-X specimens show the following:

e Water immersion at 23 °C: The average tensile strength reduced by
14 %, 17 %, and 22 % and the average tensile modulus by 12 %, 14
%, and 19 % in 30, 60, and 90 days, respectively.

e Water immersion at 30 °C: The average tensile strength reduced by
22 %, 31 %, and 36 % and the average tensile modulus by 20 %, 27
%, and 28 % in 30, 60, and 90 days, respectively.

e Water immersion at 40 °C: The average tensile strength reduced by

29 %, 35 %, and 41 % and the average tensile modulus by 26 %, 30

%, and 37 % in 30, 60, and 90 days, respectively.

The average tensile strains are relatively increased by 15 % to 62 %

after water immersion compared to the baseline samples.

The results for WF-aPLA in the through-thickness show the
following:
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Table 11
Mechanical properties of WF-aPLA type-X specimens subjected to accelerated
water immersion.

Exposure F (MPa) E (GPa) Strain to failure Poisson’s
(%) ratio
Baseline 40.3 (2.4 4.36 (2.7 1.27 (7.6 %) 0.34 (7.2 %)
%) %)
Water/ 40 °C/30 34.8 (2.5 3.84 (3.0 1.46 (15 %) 0.34 (4.3 %)
days %) %)
Water/ 40 °C/60 33.3(3.9 3.73 (3.1 1.65 (20 %) 0.32 (16 %)
days %) %)
Water/ 40 °C/90 31.3 (4.0 3.54 (4.0 1.94 (14 %) 0.34 (4.1 %)
days %) %)
Water/ 55 °C/30 31.5(1.6 3.49 (1.5 1.69 (16 %) 0.35 (4.1 %)
days %) %)
Water/ 55 °C/60 27.7 (3.6 3.18 (5.3 2.06 (29 %) 0.34 (8.4 %)
days %) %)
Water/ 55 °C/90 25.8 (2.1 3.13 (2.5 1.73 (17 %) 0.34 (5.3 %)
days %) %)
Water/ 70 °C/30 28.8 (3.8 3.22 (5.1 1.81 (20 %) 0.37 (17 %)
days %) %)
Water/ 70 °C/60 26.2 (3.8 3.07 (4.6 1.74 (17 %) 0.35 (8.8 %)
days %) %)
Water/ 70 °C/90 23.8(5.3 2.73 (5.3 1.68 (28 %) 0.36 (6.8 %)
days %) %)
Table 12

Mechanical properties of WF-aPLA type-Z specimens subjected to accelerated
water immersion.

Exposure F (MPa) E (GPa) Strain to failure  Poisson’s
(%) ratio
Baseline 21.2 (6.3 3.11 (5.8 0.78 (11 %) 0.37 (17 %)
%) %)
Water/ 40 °C/30 17.4 (6.5 2.78 (3.2 0.72 (7.4 %) 0.37 (3.1 %)
days %) %)
Water/ 40 °C/60 15.9 (6.4 2.56 (3.2 0.77 (8.8 %) 0.35 (3.6 %)
days %) %)
Water/ 40 °C/90 12.8 (16 2.47 (3.8 0.59 (18 %) 0.37 (2.8 %)
days %) %)
Water/ 55 °C/30 15.0 (4.2 2.28 (3.4 0.94 (13 %) 0.36 (4.0 %)
days %) %)
Water/ 55 °C/60 13.9 (3.6 2.22 (3.6 0.88 (7.9 %) 0.38 (11 %)
days %) %)
Water/ 55 °C/90 12.9 (3.0 2.24 (3.3 0.76 (9.0 %) 0.39 (7.4 %)
days %) %)
Water/ 70 °C/30 13.9 (2.2 2.11 (7.8 1.16 (18 %) 0.38 (3.0 %)
days %) %)
Water/ 70 °C/60 13.4 (2.3 1.98 (4.1 1.09 (19 %) 0.40 (2.2 %)
days %) %)
Water/ 70 °C/90 11.6 (3.2 1.88 (2.6 1.12 (9.8 %) 0.40 (3.5 %)
days %) %)

e Water immersion at 23 °C: The average tensile strength reduced by
18 %, 25 %, and 39 % and the average tensile modulus by 11 %, 18
%, and 21 % in 30, 60, and 90 days, respectively.

e Water immersion at 30 °C: The average tensile strength reduced by
29 %, 34 %, and 39 % and the average tensile modulus by 27 %, 29
%, and 28 % in 30, 60, and 90 days, respectively.

e Water immersion at 40 °C: The average tensile strength reduced by

34 %, 37 %, and 45 % and the average tensile modulus by 32 %, 36

%, and 40 % in 30, 60, and 90 days, respectively.

The tensile strains are relatively increased after water immersion

compared to the baseline samples.

Bio-based WF-aPLA is highly susceptible to water immersion and the
reduction in average tensile strength and average tensile modulus when
compared to baseline is statistically significant at all three temperatures
of water immersion (23 °C, 30 °C, and 40 °C). This is true for both di-
rections under consideration.

Petroleum-based CF-ABS and GF-PETG are less susceptible to water

Composites Part C: Open Access 18 (2025) 100659

immersion compared to bio-based WF-aPLA. In general, the effect at a
relatively lower temperature of 40 °C is statistically insignificant. But as
the temperature of immersion increases to 55 °C and 70 °C, the effect is
significant. In both cases, the significance of the effect in average tensile
strength is greater compared to average tensile modulus.

Based on the effective moisture equilibrium criteria as per ASTM
D5229, i.e., the average moisture content of the material changes by less
than 0.020 % over each of two consecutive reference time spans, none of
the thermoplastic composite materials reached moisture equilibrium
after 90 days of accelerated water immersion at 40 °C. So, further ac-
celeration was done for both petroleum-based thermoplastic materials
by increasing the temperature of the water immersion bath to reach
moisture equilibrium in 90 days. CF-ABS specimens type-X reached the
equilibrium moisture content of 1.6 % (after 1680 h/70 days) at 55 °C
and 1.6 % (after 1752 h/73 days) at 70 °C. CF-ABS specimens type-Z,
GF-PETG, and WF-aPLA did not reach the moisture equilibrium. For
WF-aPLA, further acceleration is not feasible by increasing the water
bath temperature since it needs to be lower than the Tg. Hence, to reach
moisture equilibrium, the water immersion should be conducted for
more than 90 days.

For petroleum-based CF-ABS and GF-PETG, it is observed that for all
the temperatures of water immersion, the moisture absorption in the
first 30 days is comparatively higher compared to the moisture ab-
sorption after 30 days of immersion. The mean tensile strength reduction
correlates with water absorption and the reduction in the first 30 days of
water immersion is comparatively higher and is relatively steady after
30 days of water immersion.

Fig. 4 shows the change in strength of the accelerated water im-
mersion specimens over time at different temperatures. The strength
decreases with duration of exposure and temperature.

Fig. 5 shows strength vs moisture content of the specimens subjected
to accelerated water absorption. It is observed that the strength de-
creases with increasing water absorption for the specimens. For bio-
based WF-aPLA, it is observed that the mean tensile strength corre-
lates with the moisture content for all three temperatures of water im-
mersion. The rate of water absorption was comparatively higher in the
first 30 days of water immersion. The reduction in mean tensile strength
was higher in the first 30 days of water immersion and the reduction was
relatively slower after 30 days.

Bio-based WF-aPLA experienced the highest moisture content after
90 days of accelerated water at 40 °C compared to petroleum-based
composite materials. Moisture content for WF-aPLA type-X specimens
was 8.2 % and, in the type-Z specimens, 10.1 %.

Fig. 6 shows the tensile strength and tensile modulus vs normalized
mean molecular weight of WF-aPLA type-X specimens.

Bio-based WF-aPLA at 40 °C experienced average tensile strength in
the type-X specimens, reduced by 41 %, and in the type-Z specimens,
reduced by 45 % after 90 days of accelerated water immersion. The
average tensile modulus in the type-X specimens is reduced by 37 %, and
in the type-Z specimens is reduced by 40 % after 90 days of accelerated
water immersion. This reduction can be attributed to the combination of
the following:

e 64 % reduction in mean molecular weight (Mn) (for type X speci-
mens), which implies the polymer is degrading,

e 6.5 % reduction in specific gravity (for both type-X and type-Z),
which implies the formation of voids due to polymer degradation and

e moisture content of 8.2 % (type-X specimens) and 10.1 % (type-Z
specimens).

Modeling reduction in mechanical properties

Based on the experimental results, the rate of degradation is signif-
icantly higher in the first 30 days of water immersion compared to the
rate of degradation after 30 days. Hence, it is assumed that the degra-
dation of 3D-printed thermoplastic composites does not follow a single
degradation mechanism. Jiang et al. [27] observed three stages of



S. Bhandari et al.

80
70

——
— 60 b
I
s 50
£ 40
oo
§ 30
a 20 —&—40°C —8—55°C 70°C
10
0
0 30 60 90
Time (days)
a) CF-ABS type-X
80
70 = e e A
— 60 o
U
S so —
£ 40
oo
g 30
E
v 20
18 —4—40°C ——55°C 70°C
0
0 30 60 90
Time (days)
c) GF-PETG type-X
45
40 K
35
& 30
2
<
En 20
;.’ 15
10
5 —8—40°C 30°C 23°C
0
0 30 60 90
Time (days)

e) WEF-aPLA type-X

Composites Part C: Open Access 18 (2025) 100659

18

16 | — —a
. 14
§ 12 ) —
=10
-]
w 8
[
2 6
= e 40°C ®—55°C 70°C

4

2

0

0 30 60 90
Time (days)

b) CF-ABS type-Z

N
v

n
o
b

-
wn

Strength (MPa)
i
o

w

—&—40°C —@—55°C 70°C

60 90

Time (days)

d) GF-PETG type-Z

25

20

15

10

Strength (MPa)

—8—40°C —8—30°C 23°C

60 90

Time (days)

f) WEF-aPLA type-Z

Fig. 4. Strength vs time for polymer composite specimens subjected to accelerated water immersion.

hygrothermal aging in Jute/PLA composites, which could be related to
changes in mechanical properties: in stage I, the absorption of water
leads to plasticization, resulting in increased ductility while reducing
strength and tensile elastic modulus, with no noticeable change in the
microstructure, in stage II, cracks form between the fiber and matrix due
to differential swelling and interface weakening, significantly harming
the mechanical properties and in stage III, matrix hydrolysis induces
microcracking, causing a further substantial reduction in ductility.
Similar observations were made by Zhao et al. [18], where the fracture
mode of another thermoplastic polymer polyethylene terephthalate
glycol (PETG) changed from brittle to ductile, indicating absorption of
water leading to plasticization.

Fig. 7 presents the rate of degradation as a function of inverse of
temperature for the different polymer composite specimens. Stage I
shows good correlation between the degradation vs inverse of temper-
ature, supporting the existence of Arrhenius type-relation, suggesting
that increasing the temperature increases the rate of polymer composite
degradation. However, in stage II, the Arrhenius relationship does not
hold true, suggesting that the polymer degradation is more complex and
the strength reduction is not only due to increased rate of reaction.
Further studies are required to understand the polymer composite
degradation and strength reduction at stage II and to model the strength
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reduction.

The low R? value of 0.37 suggests the degradation model does not fit
with the Arrhenius equation. This result indicates there was no signifi-
cant degradation at 40 °C, and therefore, a prediction for CF-ABS type-Z
specimens was not applicable.

Fig. 8 shows the predicted and measured mean strength of the
polymer composite specimens after water immersion. The predictions
are based on the first stage of degradation, i.e., the first 30 days of water
immersion.

Based on the prediction plots, the predicted mean strength is
comparatively lower than the measured mean strength. The prediction
of mean strength using Arrhenius relationship was only possible for a
short duration of time.

Discussion on degradation mechanisms

The results of this study indicate that LFAM polymer composites
degrade through a combination of chemical and mechanical processes
during prolonged water immersion. The extent and rate of these
mechanisms depend strongly on the polymer chemistry and the build
orientation of the specimens.

Chemical degradation was most evident in the bio-based WF-aPLA,
where a 64 % reduction in mean molecular weight and a 69 % increase
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Fig. 7. Rate of degradation vs 1/temperature for polymer composite specimens.

in polydispersity were observed after 90 days of immersion at 40 °C.
This indicates significant chain scission and hydrolytic cleavage of the
PLA backbone, a degradation pathway well-documented for aliphatic
polyesters [45-47]. GF-PETG also exhibited molecular weight reduction
(~20 %), consistent with partial hydrolysis of ester linkages, whereas
CF-ABS showed relatively minor changes (~4 %), reflecting the greater
hydrolytic stability of petroleum-based ABS. The reduction in specific
gravity for WF-aPLA further suggests void formation and mass loss
associated with polymer degradation, providing additional evidence of
chemical weakening of the polymer matrix.

Mechanical degradation manifested as strength and stiffness losses,
particularly in Z-direction specimens, where a greater number of inter-
layer interfaces and voids were present. This anisotropic behavior sug-
gests that moisture ingress accelerates interfacial debonding and void
coalescence at LFAM bead boundaries. In WF-aPLA, chemical degrada-
tion and void formation compounded the mechanical weakening,
resulting in up to 45 % loss in tensile strength and 40 % reduction in
tensile modulus. In contrast, CF-ABS and GF-PETG retained much of
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their stiffness but exhibited progressive strength reduction, likely due to
fiber-matrix debonding and interface softening, rather than bulk matrix
failure.

The degradation process occurred in two stages. An initial rapid
stage was observed within the first 30 days, where water uptake caused
plasticization of the polymer matrix, reduction in strength, and weak-
ening of bead interfaces. This stage followed an Arrhenius-type tem-
perature dependence, indicating a reaction-rate controlled process. A
secondary slower stage followed, where further reductions in molecular
weight, microcrack formation, and progressive fiber-matrix debonding
occurred. The slower kinetics and deviation from Arrhenius behavior
suggest that multiple degradation mechanisms of hydrolysis, micro-
cracking, and interfacial weakening interact in this stage, making it
more complex to predict with conventional models.

Together, these findings show that LFAM composites are susceptible
to both chemical hydrolysis of the polymer matrix and mechanical
degradation driven by moisture-assisted interfacial failure, with bio-
based polymers being especially vulnerable. The distinct two-stage
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degradation pattern underscores the need for durability models that
account for coupled chemical and mechanical processes rather than

specimens, with a greater number of interfaces, were less durable
compared to the longitudinal specimens.

relying solely on single-mechanism Arrhenius extrapolations. 2. The loss in mechanical properties of the specimens was character-
ized. It was observed that the bio-based polymer composites had a
Conclusions significant loss in mechanical properties. The loss in mechanical

The following conclusions were drawn from the study:

. The durability of LFAM polymer composites exposed to moisture was
studied using accelerated water immersion. It was observed that
conventional petroleum-based polymer composites are more durable
compared to bio-based polymers. The bio-based polymers absorbed
moisture and underwent molecular degradation, which resulted in
the specimens never reaching the moisture equilibrium. The type-Z

13

properties was greater for the type-Z specimens, with a greater
number of interfaces.

. It was observed that the strength reduction occurred in stages. The

first stage showed rapid degradation, and the rate of degradation
followed the Arrhenius model with respect to the inverse of tem-
perature. The predictions on the strength reductions based on stage I
of degradation tend to overpredict the loss of strength. The second
stage of degradation was slower and could not be modeled properly
using the Arrhenius model, indicating a need for more sophisticated
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models that account for degradation mechanisms other than the
increased rate of reaction at elevated temperatures.
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Abstract: This research investigates the durability of large-format 3D-printed thermoplastic composite
material systems under environmental exposure conditions of moisture and freeze-thaw. Durabil-
ity was evaluated for two bio-based composite material systems, namely wood-fiber-reinforced
semi-crystalline polylactic acid (WF/PLA) and wood-fiber-reinforced amorphous polylactic acid
(WF/aPLA), and one conventionally used synthetic material system, namely short-carbon-fiber-
reinforced acrylonitrile butadiene styrene (CF/ABS). The moisture absorption, coefficient of mois-
ture expansion, and reduction of relevant mechanical properties—flexural strength and flexural
modulus—after accelerated exposure were experimentally characterized. The results showed that the
large-format 3D-printed parts made from bio-based thermoplastic polymer composites, compared
to conventional polymer composites, were more susceptible to moisture and freeze-thaw exposure,
with higher moisture absorption and greater reductions in mechanical properties.

Keywords: large-format additive manufacturing; 3D printing; durability; accelerated testing; moisture;
freeze—thaw; composite; bio-based; carbon fiber

1. Introduction

In recent years, the use of additive manufacturing (AM) to make functional products
has increased significantly. The expansion of 3D printing technology to include larger-scale
capabilities has the potential to revolutionize various industries by offering more efficient,
cost-effective, and flexible manufacturing solutions [1]. Bishop et al. [2] highlighted the us-
age of large-format additive manufacturing for rapid manufacturing processes in response
to emergency shortages. Roschli et al. [3] demonstrated the use of precast concrete molds
fabricated for casting architectural building components using additive manufacturing.
Bhandari et al. presented the use of 3D-printed formworks for a precast concrete pier cap
of a highway bridge [4], formworks for window openings for a precast concrete parking
garage wall system [5], and formworks for casting precast concrete ballast retainers for
railroad bridges [6]. Peters [7] studied the potential and advantages of flexible formwork
for precast concrete architectural applications, showing that it can be implemented im-
mediately in the construction industry since it improves an already known technique
and material.

Large-format AM has also been used to manufacture polymer composite structures
that are expected to last for long timespans. Bhandari et al. [8] demonstrated the use of
3D-printed diffusers for the rehabilitation of highway culverts. The University of Maine
and Oak Ridge National Laboratory collaborated to design and manufacture a bio-based
additively manufactured house prototype known as BioHome3D [9]. Liedtka [10] evaluated
the life cycle, embodied energy, and sustainability potential for large-format additive
manufacturing of 3D-printed modular houses. Conventional polymer composite systems
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derived from petroleum products as well as novel bio-based polymer composite systems
are being used as feedstock material in large-format additive manufacturing. Van de
Werken et al. [11] reviewed the use and effectiveness of short carbon fiber reinforcement in
different polymer composite systems, used as a feedstock material in large-format additive
manufacturing. Zhao et al. [12] used poplar-biofiber-reinforced polylactic acid (PLA) to
manufacture podium supports and found that the porous and hollow microstructures in
poplar fibers enabled better interfacial bonding with the PLA polymer. Lamm et al. [13]
reviewed the use of natural fillers in the polymer composite systems used in large-format
additive manufacturing.

The increasing adoption of large-format AM for the manufacturing of long-standing
structures with outdoor exposure has necessitated the development of a better understand-
ing of the mechanical durability of large-format extrusion-based AM-produced polymer
composite parts [14]. Specifically, the durability of a material or structure is summarized as
“its ability to resist cracking, oxidation, chemical degradation, delamination, wear, and/or
the effects of foreign object damage for a specified period, under the appropriate load
conditions, under specified environmental conditions” [15]. The durability of various
conventionally manufactured synthetic as well as bio-based polymer composites has been
well studied. The durability of polymer composites is divided into two broad categories:
structural durability and aesthetic durability [16]. Both categories are important since,
from the structural durability point of view, polymer composites need to withstand service
loads while, at the same time, maintaining the required aesthetics during their service life.
From the structural point of view, durability can be defined as the ability of a building
structure to remain fit for the design purpose during its service life [17]. Accelerated
testing uses several test techniques to cut the lifespan of products or speed up the per-
formance degradation of such products [18]. Stamboulis et al. [19] studied the durability
of compression-molded flax-fiber-reinforced polypropylene composites. Stark et al. [20]
studied the outdoor durability of wood polymer composites (WPC) made of high-density
polyethylene (HDPE) with 50% wood flour, comparing extruded, compression-molded,
and injection-molded WPC. For moisture, the hydroxyl groups on wood or other ligno-
cellulosic materials are primarily responsible for water absorption. As the wood particle
absorbs moisture, it swells, producing stresses in the WPC matrix and creating microcracks.
Swelling also creates stress in the wood particles. Once the material is dried, there is no
adhesion at the matrix and wood particle interface, creating voids that water will penetrate
during later exposure, affecting its durability. In a ten-year field study, Gardner et al. [21]
inserted stakes made of polypropylene (PP) with 49-52% wood flour in the ground to eval-
uate decay, termite ratings, surface weathering, biological colonization, and dimensional
changes. In addition, flexural tests were conducted to evaluate the flexural properties
after ten years, showing a decrease or no change depending on the composite formulation.
Malpot et al. [22] investigated the effect of moisture ingress on the fatigue behavior of
glass-fiber-reinforced polyamide manufactured using resin transfer molding. The study
found that moisture ingress significantly increased the fiber fracture for fatigue loadings
with medium to high stress ratios. Pomies and Carlsson [23] studied the effect of moisture
on injection-molded glass-fiber-reinforced polyphenylene sulfide and found degradation
in the fiber-matrix interface due to moisture ingress.

Researchers have studied the environmental durability of desktop-scale 3D-printed
thermoplastic composites. Celestine et al. [24] studied the mechanical moisture-ingress-
induced degradation of 3D-printed and injection-molded nylon polymer parts. The study
found that the rate of absorption for the 3D-printed specimens was higher than that of
the injection-molded specimens. Cormier and Poddar [25] highlighted that printing voids,
the interlayer bond strength, and the fiber strength affect the durability of parts fabricated
via additive manufacturing. These properties are influenced by the processing settings
and material selection. The material structure in large-format polymer-extrusion-based
3D parts makes the material more susceptible to moisture absorption and water ingress,
which affects the durability. Banjo et al. [26] reported a high water absorption rate for
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desktop-scale 3D-printed nylon and PLA and corresponding physical and mechanical
property degradation, when immersed in water at high temperatures of 70 °C. However,
the loss in mechanical properties was negligible when the immersion was at a temperature
of 20 °C. Kaknuru and Pochiraju [27] studied the uptake of moisture in desktop-scale
3D-printed ABS and PLA polymers and highlighted the effects of moisture penetration on
the mechanical properties of the 3D-printed parts. Xiao et al. [28] studied the degradation
in the mechanical properties of 3D-printed polyethylene due to exposure to ultraviolet
radiation and found that such exposure caused a reduction in tensile strength, modulus,
ductility, and toughness. Dizon et al. [29] studied the effect of post-processing on 3D-
printed polymer composite parts and found that post-processing could be used to improve
the durability of such parts. Afshar and Mihut [30] found that the durability of 3D-printed
polymer composite parts could be improved by depositing a thin metallic copper film on
the surface of the 3D-printed parts. Glowacki et al. [31] studied the effect of freeze-thaw
cycling on the durability of 3D-printed acrylonitrile butadiene styrene and polylactic acid
and found that one cycle lasting seven days was enough to alter the mechanical properties
of the materials.

Although studies have been carried out to investigate the durability of thermoplastic
polymer composites manufactured using desktop-scale 3D printing, the durability of
thermoplastic composite materials manufactured with large-format 3D printing needs
further investigation. Grassi et al. [32] studied the durability of wood-fiber-reinforced
polylactic acid and polypropylene for desert climates. The study focused on the durability
of large-format 3D-printed structures against thermal and ultraviolet exposure. Large-scale
3D-printed parts for exterior use are exposed to freeze-thaw cycles and moisture. This
exposure affects the durability of the part in service. The voids and imperfect fusion
between layers and the micro-porosity within the beads are more pronounced in parts
manufactured with large-format additive manufacturing [33]. Such a material structure
in large-format polymer-extrusion-based 3D parts makes the material more susceptible to
moisture absorption and water ingress, which affects the durability. Hence, a durability
study of large-format 3D-printed polymer composite materials is necessary to evaluate
their use and guide the design of long-standing structures.

The objectives of this study are to

1. Investigate the moisture absorption behavior of bio-based and synthetic polymer
composites manufactured using large-format additive manufacturing;

2. Evaluate the dimensional changes of bio-based 3D-printed polymer composites
caused by moisture ingress;

3. Characterize the mechanical property degradation of large-format 3D-printed bio-
based and synthetic polymer composites due to moisture ingress; and

4. Characterize the mechanical property degradation of large-format 3D-printed bio-
based and synthetic polymer composites due to freeze-thaw cycling.

2. Materials and Methods
2.1. Materials and Sample Preparation
2.1.1. Materials

This study used two bio-based polymer composites and a synthetic polymer composite.

e  WE/PLA, or wood fiber (WF)-reinforced polylactic acid (PLA), is a bio-based polymer
composite with a conventional semi-crystalline PLA polymer. HiFill PLA 1816 3DP
with 20% fiber reinforcement by weight, supplied by Techmer PM, Clinton, TN, USA,
was used as the feedstock material for large-format 3D printing.

*  WEF/aPLA, or WF-reinforced amorphous PLA, is a bio-based polymer composite with
a novel amorphous PLA polymer. PLA 3120 WF PEL with 20% fiber reinforcement by
weight, supplied by Jabil, Chaska, MN, USA, was used as the feedstock material for
large-format 3D printing.

*  CF/ABS, or short-carbon-fiber-reinforced acrylonitrile butadiene styrene (ABS), is a
synthetic material system with a petroleum-derived ABS polymer. Electrafil ABS 1501
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3DP with 20% fiber reinforcement by weight, supplied by Techmer PM, Clinton, TN,
USA, was used as the feedstock material for large-format 3D printing.

The 3D-printed parts exhibited orthotropic mechanical behavior [34,35]. Figure 1
shows the principal material direction convention adopted for the large-format 3D-printed
specimens. Direction 1 is along the bead, direction 2 is perpendicular to the bead in the
same plane of deposition, and direction 3 is normal to the plane of deposition.

3 — Through-Thickness

1 - Longitudinal

2 - Transverse

Figure 1. Material direction convention adopted for large-format 3D-printed specimens.

2.1.2. Specimen Preparation

The 3D-printed panels were manufactured using large-format 3D printing using the
Ingersoll Masterprint 3D printing equipment. A bead width of 19.1 mm (0.75 inches) and
a bead height of 5.08 mm (0.20 inch) were used for the manufacturing of the specimens.
The extrusion temperature at the nozzle for CF/ABS, WF/PLA, and WEF/aPLA was 240 °C,
207 °C, and 210 °C, respectively. Figure 2 shows the principal material directions in
the specimen. The specimens were 196 mm long, 38.2 mm wide, and 10.2 mm thick.
The specimens were two beads thick and two beads wide. The specimens consisted of at
least one interlayer interface and one intralayer interface, so that the effect of the interface on
water ingress, hygroscopic expansion, and mechanical properties was taken into account.

P Py

Direction 1

Figure 2. The 3D-printed specimens with dimensions and material direction.
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2.2. Experimental Methods

Three sets of 3D-printed specimens were prepared. Each set consisted of three dif-
ferent materials. The first set of 3D-printed specimens served as the baseline specimens.
These baseline specimens were used to characterize the as-printed mechanical properties.
The second set of 3D-printed specimens was subjected to accelerated water immersion.
The third set of specimens was subjected to freeze-thaw cycling.

2.2.1. Accelerated Water Immersion

The ASTM D5229 [36] test standard was adopted to evaluate the moisture absorp-
tion and equilibrium conditioning of the 3D-printed polymer composite specimens. The
selected temperature for oven drying and water absorption was 40 °C (below the glass
transition temperature (Tg) of WE/PLA 60 °C, being the lowest T, of the three materials).
Specimens were oven-dried at 40 °C for 24 h. Specimens were immersed in distilled water
at 40 °C after oven drying, and the conditioning time was 81 days. Moisture content
was calculated according to the ASTM D5229 standard. Sorption curves were generated
according to the ASTM D5229 standard. The length was measured using a calibrated
steel ruler and the width and height were measured using calibrated vernier calipers.
The coefficient of moisture expansion (CME) B for the specimens was calculated using
Equations (1) and (2) [37,38].

_ &H
P= M%) M
= @

0

where

&£y = moisture strain;

Al = change in dimensions of the specimen;

lp = initial dimensions;

B = coefficient of moisture expansion for the composite material;
M(%) = specimen moisture content as a percentage.

2.2.2. Freeze-Thaw Cycling

Freeze—thaw cycling was conducted according to ASTM D7992 [39]. A minimum of
three specimens were subjected to the freeze—thaw cycles below to determine the effect of
freeze—thaw exposure. Test specimens were submerged underwater for 24 h. The specimens
were then placed in a freezer at —29 °C (—20 °F) for 24 h. After being frozen, the specimens
were returned to room temperature for 24 h. This process comprised one hygrothermal
cycle. The procedure was repeated two more times for a total of three cycles of water
submersion, freezing, and thawing. After three freeze—thaw cycles, the specimens were
allowed to return to room temperature, followed by flexure testing.

2.3. Evaluation of Mechanical Properties Using Flexure Tests

Procedure B of the ASTM D7264 standard test method [40] was adopted to evaluate
the flexural modulus and flexural strength of the specimens. A beam specimen with a
rectangular cross-section was simply supported and loaded in four-point bending. A con-
stant displacement rate of 4.34 mm/min was adopted. Figure 3 illustrates the loading
configuration and the principal material axes of the beam specimen. The specimen was
loaded in flexure along the direction of the deposited beads (direction—1). The length of the
specimen was 196 mm, the width was 38.2 mm, and the height was 10.2 mm. The specimen
dimensions were selected based on the bead geometry of the 3D-printed parts, with the
width of the flexure test specimen equal to the width of two extruded beads and the speci-
men height equal to the thickness of two extruded beads. The loaded span was 180 mm
with an 8 mm overhang on both sides. The loads were applied at a distance of 90 mm from
the supports.
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Figure 3. Beam specimen loading configuration and material directions.

An ARAMIS (v 6.3) 3D-Digital Image Correlation (DIC) system from GOM GmbH,
Braunschweig, Germany was used to record the strains on the test specimens’ surfaces
during testing. The specimens were prepared for the DIC measurement system by placing
uncoded white single-point markers of 0.8 mm diameter. Figure 4 shows the single-point
markers used for DIC to evaluate the displacements at different locations in the specimens
during testing. The displacements were used by the DIC software to calculate the axial
strains in the 3D-printed specimens. The flexure tests were performed on a 100 kN servo-
hydraulic load frame from Instron, Norwood, MA, equipped with side-loading hydraulic
grips, at a temperature of 23 + 2 °C and 50 + 5% relative humidity in an environmentally
controlled test lab at the Advanced Structures and Composites Center at the University of
Maine in Orono, Maine.

Flexural strength was calculated using Equation (3).

~ 3PL

%= g 3)

where

0y, = flexural strength;
P = total applied load;
L = beam span;

b = beam width;

h = beam height.

Figure 4. Central span of specimen loaded in four-point bending with single-point markers.

3. Results and Discussion
3.1. Water Immersion Test Results

Moisture diffusion occurred primarily through the surfaces normal to directions 2 and
3 in the specimen. Directions 2 and 3 in relation to the 3D-printed specimens are shown in
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Figure 2. The average moisture content measured for WF/PLA, WF/aPLA, and CF/ABS
specimens at the end of accelerated moisture exposure are shown in Table 1.

Table 1. Moisture content at the end of accelerated moisture exposure.

Set Number of Average Moisture Coefficient of
Specimens Content (%) Variation (%)
WE/PLA 10 7.74 4.08
WE/aPLA 6 9.23 0.72
CF/ABS 6 1.35 7.63

After water immersion for 81 days, WF/aPLA was the material with the highest
moisture content of 9.23%, followed by WF/PLA with moisture content of 7.74%, and finally
CF/ABS with moisture content of 1.35%. Similar results were observed for WPC- and
CF-reinforced polymer composites by other researchers. Wang et al. [41] reported moisture
of 10 % to 16 % in different wood plastic composites after water immersion for 200 days.
Kim et al. [42] observed moisture absorption of 12% to 16% for different wood polymer
composites manufactured using polypropylene and different wood species after water
immersion for 100 days. Huang et al. [43] observed moisture absorption of 5% to 6% for
different wood polymer composites subjected to water immersion for 40 days.

Sorption curves were generated to visualize the variation in moisture over time.
Figure 5 illustrates the sorption curves for WE/PLA, WF/aPLA, and CF/ABS specimens.
The bio-based composites gained moisture more rapidly compared to the synthetic polymer
composite. WF/aPLA showed the highest rate of increase in moisture with time, followed
by WE/PLA. CF/ABS had the lowest rate of water uptake with time. The moisture content
of the bio-based polymer composite specimens increased with time and did not reach
equilibrium at the end of the testing period. For bio-based polymer composites, the rate of
water absorption did not decrease with time. This suggests that mechanisms other than the
simple sorption of water by the polymer and reinforcing fiber might have been in action.
Jiang et al. [44] reported similar water uptake behavior in conventionally manufactured
Jute/PLA composites, where the water uptake of such composites did not reach saturation
levels. The research work showed that the water absorption proceeded in three different
stages: water absorption by the polymer matrix and wood fiber, crack formation at the
matrix—fiber interface, and further microcracking due to the hydrolysis of the matrix.
Further study is necessary to identify the cause of this behavior observed in bio-based
large-format 3D-printed polymers. The rate of water uptake with time decreased for
CF/ABS polymers. The moisture content of CF/ABS specimens increased and approached
saturation levels at the end of the testing period. Aniskevich et al. [45] reported similar
moisture uptake behavior in 3D-printed ABS polymers.

The coefficients of moisture expansion of the specimens subjected to the accelerated
water immersion tests were evaluated. The CF-ABS specimens did not exhibit any change
in dimensions when the length was measured with a calibrated ruler and the width and
height were measured with vernier calipers. Table 2 shows the coefficient of moisture
expansion for WF/aPLA and WF/PLA specimens.

Table 2. Coefficient of moisture expansion for WEF/PLA and WF/aPLA specimens.

Material B1 (cv) B2 (cv) B3 (cv)

WEF/PLA 2.13 x 1073 (31%) 2.08 x 1073 (27%) 5.57 x 1073 (7.6%)
WF/aPLA 1.83 x 1073 (10%) 3.26 x 1073 (3.6%) 5.58 x 1073 (6.2%)
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Figure 5. Sorption curves for WF/PLA, WE/aPLA, and CF/ABS.

B1, B2, and B3 are the coefficients of moisture expansion in directions 1, 2, and 3,
respectively. The coefficients of moisture expansion showed high values of variation, espe-
cially for WF/PLA specimens. In order to compare the CMEs of the materials in different
directions and check whether the specimens exhibited orthotropic moisture expansion
behavior, an ANOVA test was performed. A p-value of less than 0.05 was considered
statistically significant. The results of the ANOVA test are presented in Table 3.

Table 3. Comparison of coefficients of moisture expansion in principal material directions.

Material Directions

p-Value (WF/PLA) p-Value (WF/aPLA)

Compared

B1, B2, and B3 1.87 x 10714 9.95 x 10~
B1 and B 0.896 3.25 x 1077
B1 and B3 3.80 x 10710 1.51 x 1078
B and B3 3.36 x 1071 3.88 x 107°

The results from the ANOVA test showed that

¢  The large-format 3D-printed WE/aPLA exhibited orthotropic moisture expansion
behavior, i.e., the CME in each of the three principal material directions was unique;

*  The difference between B and 8, was not statistically significant; the large-format 3D-
printed WF/PLA presented in-plane isotropy, with planes 1-2 as the planes of isotropy.

3.2. Flexure Test Results
Baseline Results

Table 4 presents the average flexural strength and flexural modulus of the baseline
sets. The number of specimens and the coefficient of variation for strength and moduli
calculation are listed in parentheses.

Table 4. Baseline flexural properties of WF/PLA, WF/aPLA, and CF/ABS.

Set Strength (MPa) (Qty/cv) Modulus (GPa) (Qty/cv)
WE/PLA 64.5 (8/4.3%) 4.2 (8/8.1%)
WEF/aPLA 73.2 (10/6.8%) 4.59 (10/4.6%)
CF/ABS 82.5 (10/11%) 6.95 (10/15%)
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Figure 6 shows the flexural stress vs. strain test results for the baseline specimens
manufactured using different materials. Different colored curves represent the stress-strain
curves for individual specimens. The flexural strength of the 3D-printed CF/ABS was
the highest among the three polymer composites, while that of the WF/PLA polymer
composite was the lowest. The 3D-printed WF/PLA polymer composites were more
ductile, with a strain to failure of 2.7% compared to that of 2.2% of WF/aPLA and 1.6% of
CF/ABS. The CF-ABS specimens also showed higher variability in flexural strength and
flexural modulus, with a COV of 11% in strength and 15% in flexural modulus.

o
T e — 7 o T e
H - H H
@ 7, @ @

0
00 05 10 15 20 25 30 35 00 05 10 15 20 25 30 35 00 05 10 15 20 25 30 35
Strain [%] Strain %] Strain [%]

(a) WE/PLA (b) WE/aPLA (c) CF/ABS
Figure 6. Flexural stress vs. strain curves for baseline specimens.

3.3. Flexure Test Results of Specimens Subjected to Accelerated Water Immersion Tests

The WF/PLA specimens failed at a preload of 40 N, indicating severe degradation
after 81 days of accelerated water immersion aging. Table 5 presents the average flexural
strength and flexural modulus of the WF/aPLA and CF/ABS sets subjected to accelerated
water immersion aging. A 73% reduction in flexural strength and a 49% reduction in
flexural modulus was observed in WF/aPLA composite specimens. A 49% reduction in
flexural strength and an 18% reduction in flexural modulus was observed for CF/ABS
composite specimens.

Table 5. Flexural properties of WF/aPLA and CF/ABS after accelerated water immersion aging.

Set Strength (MPa) (Qty/cv) Modulus (GPa) (Qty/cv)
WE/aPLA 19.4 (6/4.6%) 2.34 (6/15%)
CF/ABS 42.2 (6/8.9%) 5.74 (6/12%)

Figure 7 shows the stress versus strain plots for the large-format 3D-printed WF/aPLA
and CF/ABS specimens subjected to accelerated water immersion aging. Different colored
curves represent the stress-strain curves for individual specimens. The flexural strength
and flexural moduli of WF/aPLA polymer composite specimens were reduced. The strain
to failure was also reduced for WF/aPLA specimens, from an average of 2.2% to an average
of 1.3%. Similarly, the flexural strength and flexural moduli of CF/ABS polymer composite
specimens were reduced. The strain to failure was also reduced for CF/ABS specimens,
from 1.6% to 0.94%.

An ANOVA test was used to compare the flexural strength and modulus between
the baseline sets and those under moisture absorption. A p-value < 0.05 was considered
statistically significant. Table 6 shows the comparison of the flexural properties before and
after the accelerated water immersion aging test. The results of the ANOVA test show that
the changes in both flexural strength and flexural moduli were statistically significant for
WE/aPLA and CF/ABS polymer composite specimens.
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Table 6. Comparison of flexural properties before and after accelerated water immersion aging.

Set Baseline Moisture % Reduction p-Value
Flexural Strength (MPa)
WEF/aPLA 73.2 (10/6.8%) 19.4 (6/4.7%) 73 157 x 10~13
CF/ABS 82.5 (10/11%) 42.1 (6/8.9%) 49 428 x 1078
Flexural Modulus (GPa)
WF/aPLA 4.59 (10/4.6%) 2.34 (6/15%) 49 8.57 x 10~ 11
CF/ABS 6.95 (10/15%) 5.74 (6/12%) 18 0.011

Significant reductions in mechanical properties have been reported for ABS as well as
PLA composites due to the hygrothermal aging process. Jiang et al. [44] reported a signifi-
cant reduction in the strength of Jute/PLA composites manufactured using conventional
methods due to cracking between the fiber and matrix, associated with the differential
swelling and weakening of the interface, and also due to the hydrolysis of the matrix,
resulting in microcracking.

Flexural Test Results of Specimens Subjected to Freeze-Thaw Cycling

Table 7 presents the average flexural strength and flexural modulus of the WF/PLA,
WE/aPLA, and CF/ABS sets subjected to freeze-thaw cycling.

Table 7. Flexural properties of WF/PLA, WF/aPLA and CF/ABS after freeze-thaw cycling.

Set Strength (MPa) (Qty/cv) Modulus (GPa) (Qty/cv)
WE/PLA 64.1(7/3.8%) 3.64 (7/9.7%)
WE/aPLA 71.9 (10/4.3%) 4.33 (10/4.9%)
CF/ABS 83.9 (6/9.4%) 6.83 (6/16%)

Figure 8 shows the stress versus strain plots for WF/PLA and CF/ABS specimens
after freeze-thaw cycling. Different colored curves represent the stress-strain curves for
individual specimens. An ANOVA f-test, considering a p-value < 0.05 as statistically
significant, was used to compare the flexural strength and moduli between the baseline sets
and those under moisture absorption. Table 8 shows the p-values obtained for WE/PLA,
WE/aPLA, and CF/ABS.
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Figure 8. Flexural stress vs. strain curves for specimens subjected to freeze-thaw cycling.
Table 8. Comparison of flexural properties before and after freeze-thaw cycling.
Set Baseline Freeze-thaw % Reduction p-Value
Flexural Strength (MPa)
WE/PLA 64.5 (8/4.3%) 64.1(7/3.8%) <1 0.400
WE/aPLA 73.2 (10/6.8%) 71.9 (10/4.3%) 2 0.250
CF/ABS 82.5(10/11%) 83.9 (6/9.4%) <1 0.106
Flexural Modulus (GPa)
WE/PLA 4.21 (8/8.0%) 3.64 (7/9.7%) 14 1.49 x 1073
WEF/aPLA 4.59 (10/4.6%) 4.33 (10/4.9%) 6 722 x 1073
CF/ABS 6.95 (10/15%) 6.83 (6/16%) 2 3.36 x 107!

Freeze-thaw cycling reduced the flexural moduli of WF/PLA and WF/aPLA, with a
statistically significant difference from the baseline set of specimens without freeze—thaw
conditioning. For WF/PLA, a reduction of 14% in its flexural modulus of elasticity was
observed. For WF/aPLA, a reduction of 6% in its flexural modulus of elasticity was
observed. No significant change in the flexural properties of CF/ABS specimens was
observed due to freeze-thaw cycling.

Freeze-thaw cycling impacted the bio-based materials, affecting the flexural modulus;
in the case of CF/ABS, it did not affect its flexural strength and modulus. Similar results
were observed for WPC and ABS materials manufactured using conventional manufac-
turing methods. Darwish [46] studied the effect of freeze-thaw cycling on desktop-scale
3D-printed CF/ABS composites for 300 cycles and found that there was a loss in ten-
sile strength but an increase in the ductility of the material. However, the reductions
in strength were small, and the statistical significance of the change was not analyzed.
Pilarski et al. [47,48] studied the effect of freeze-thaw cycles on the strength of wood-
plastic composites and found that the change in strength was not significant after two full
freeze-thaw cycles but was significant after five freeze-thaw cycles. Consistent with these
observations, the change in flexural strength was not found to be statistically significant in
this study, where only three freeze-thaw cycles were performed. However, the change in
the flexural modulus of large-format 3D-printed composites was found to be statistically
significant. Turku et al. [49] also reported that freeze-thaw cycles alone did not affect
the mechanical properties. The research also concluded that the loss in properties due to
water immersion followed by freeze—thaw cycling was similar to the loss in properties
solely due to water immersion. Friedrich et al. [50] mentioned that hygrothermal weather
cycles reduced the bonding between the fiber and matrix for swelled and frozen fibers.
The freeze-thaw cycling protocol followed in this study adopted only 24 h of water immer-
sion at room temperature before freezing. A longer water immersion period at a higher
temperature might allow the fibers to absorb water and undergo swelling and freezing and
cause debonding between the fiber and matrix, resulting in reduced mechanical proper-
ties. Further investigations are necessary to study the effect of the freeze-thaw cycling of
large-format 3D-printed thermoplastic wood—plastic composites at higher moisture content.
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4. Conclusions

The durability of the 3D-printed materials was assessed through water absorption and
freeze-thaw cycling accelerated testing. The following conclusions have been drawn from
the study.

1.  Large-format 3D-printed bio-based polymer composite parts absorb significantly
more moisture compared to their synthetic counterparts. The bio-based large-format
3D-printed parts were found to have approximately five times the moisture content
of the synthetic material. It is noteworthy that the synthetic material approximately
reached moisture content equilibrium, while the bio-based materials did not.

2. The coefficients of moisture expansion for the bio-based materials (WF/PLA and
WE/aPLA) were orthotropic, with different coefficients of moisture expansion for the
three principal material directions.

3.  Bio-based 3D-printed parts are more susceptible to moisture degradation, showing
a larger reduction in flexural modulus and flexural strength compared to synthetic
material parts.

4.  Bio-based 3D-printed materials are more susceptible to degradation due to freeze—
thaw cycles, showing a significant reduction in the flexural modulus.
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