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ABSTRACT

In this work, the mechanical characterisation of fused filament fabricated non-reinforced polylactide and poly-
lactide reinforced with short carbon fibre laminate after environmental aging was reported. In the manufacturing
process, the symmetric laminate was used to determine the influence of environmental aging of the 3D printed
parts. The sterilisation agents and buffered saline solution environment were used as aging factors. Also, the frac-
ture surfaces of non-reinforced and reinforced specimens were imaged with scanning electron microscopy. It was
found that short carbon fibres in general influence the higher mechanical strength of materials, compared to ma-
terials without fibres. However, at the same time the addition of short carbon fibre contributes to a significant loss
of toughness when aged with sterilisation agents and buffered saline solution environment over one, six or twelve
weeks. The results presented in this work are important for several reasons. The study highlights how the addition
of short carbon fibres enhances the mechanical properties of polylactide (PLA), which is valuable for the appli-
cations requiring increased strength and stiffness, while also addressing the impact of environmental aging, par-
ticularly in sterilisation and buffered saline solution environment. This is crucial in understanding the mechanical
behaviour of these materials, as many PLA applications (e.g., in medical devices or marine environments) involve
the exposure to conditions like mentioned above. Understanding how aging affects the mechanical properties of a
material helps project lifetime and reliability of products.

Keywords: composite material filament, additive manufacturing, water environment aging, sterilisation, sustain-
able manufacturing.

INTRODUCTION

Mechanical properties of additive
manufacturing materials

Additive manufacturing of engineering com-
ponents with thermoplastic polymers is extensive-
ly practiced in the medical, automotive, or aero-
space industries. The manufactured parts becom-
ing a substitute for those produced by traditional
manufacturing technologies. Unfortunately, there
are some inconveniences associated with layer-by-
layer printing of composite materials, which may
contribute to the deterioration of their mechani-
cal properties. In general, the structure of inner

layers of additive manufactured parts is associated
with printing orientation on the printing plane [1].
There are three main build directions: flat, on edge
and upright. Hanon et al. [2] noted that flat and
on-edge specimens revealed a major plastic be-
haviour. This is a consequence of arrangement of
filament in the same direction to the pulling di-
rection of specimen. Hence, contour and raster
are longitudinally pulled. However, when using
upright specimen, its fracture fragile because and
not much plastic deformation was observed. This
behaviour is related to tension load during the test,
which was applied perpendicular to the built lay-
ers, and the bonding strength between the layers
is weaker than the resistance of pulled contours.
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In addition, the presence of voids causes micro-
porous structures in printed parts, which reduces
tensile strength. In their work, Tao et al. [3] high-
lighted five categories of voids, which vary in the
mechanism of their formation: raster voids, par-
tial neck growth voids, voids below the perimeter,
voids inside the beads, and filling voids. Also, Yao
et al. [4] proved that the tensile strength increases
along with the printing angle of inclination of the
print wall from the vertical axis or the decrease of
the layer thickness.

In particular cases, through careful selection
of fabrication parameters, such as in-plane build
direction, temperature or printing speed, result-
ing in voids reduction or delamination between
layers, it is not possible to achieve the desired
strength or stiffness. For this reason, it is neces-
sary to use the materials that contain the additives
that improve their mechanic behaviour, such as
carbon fibre, microcrystalline cellulose, core-
shell rubber, wood, basalt fibres.

In the field of additive manufacturing with
fibre fillers, the continuous [5—6] or short fibre
[7-8] may be used. The carbon fibre features
good strength-to-weight ratio and stiffness. When
added to a polymer matrix in additive manufac-
turing process, it can significantly enhance the
mechanical properties of the resulting composite.
With its use, it can be possible to increase tensile
strength, flexural strength, or impact resistance.
In the commercial distribution, several popular
filaments can be bought with short carbon fibre
fill including PLA, polyethylene terephthalate
glycol-modified (PETG), nylon, acrylonitrile bu-
tadiene styrene (ABS), and polycarbonate.

Additive manufactured parts as a laminates

The term “laminate” is applicable to 3D-print-
ed elements created via the Fused Filament Fabri-
cation (FFF) method due to the fundamental char-
acteristics of the printing process, which involves
layer-by-layer deposition. In FFF, thermoplastic
filament is extruded and laid down in successive
layers that fuse together to form a solid object.

Each of these layers can be considered a “lam-
inate,” as the material is built up in thin, discrete
layers, much like traditional composite laminates,
where multiple layers of material are stacked and
bonded to create a structure with enhanced me-
chanical properties [9].

The fabrication of 3D-printed objects and tra-
ditional laminated composite materials, such as
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fiberglass laminates, share a fundamental similar-
ity in their underlying construction [10]. Both are
composed of individual layers of materials that
are bonded together to form a cohesive and inte-
grated structure. This layered approach is crucial
for imparting the desired mechanical properties,
as each individual layer contributes to the overall
strength, stiffness, and durability of the final prod-
uct. The interlayer adhesion, whether in 3D-print-
ed parts or traditional composites, is a key factor
in determining the integrity and performance of
the assembled structure. Ensuring strong bonding
between these layers is essential for transferring
loads effectively and maintaining the structural
integrity of the final component.

The layered construction of objects produced
via Fused Filament Fabrication 3D printing
closely resembles the architecture of traditional
laminated composite materials. This analogous
structural design results in printed parts exhibit-
ing mechanical properties akin to those observed
in laminated composites. Consequently, the term
“laminate” suitably describes the printed struc-
tures, as it encapsulates the fundamental layered
nature of the 3D-printed parts and the crucial role
of interlayer bonding in determining their overall
performance [11-12].

Similar to how fibre orientations in composite
laminates optimise strength, FFF printing enables
precise control over layer deposition, allowing
for the tailoring of specific mechanical and func-
tional characteristics. This customisation capac-
ity is a key advantage shared by both traditional
laminates and modern 3D-printed materials [13].

However, the interlayer bonding in FFF-
printed parts can be challenging to achieve, often
resulting in delamination and reduced mechanical
integrity compared to traditional manufacturing
methods [14].

Environmental aging of additive
manufacturing materials

Environmental aging is the process when ma-
terials degrade and change their properties occur
over time due to exposure to various environmen-
tal factors. In materials used in additive manufac-
turing, the environmental aging factors can have
significant implications for their performance and
durability. The most important factors regarding
the environmental aging of these materials in-
clude: exposure to moisture or humidity [15-18],
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UV radiation [18-20], heat [16, 18] or exposure
to chemical agents [21-22].

When the thermoplastic biodegradable ma-
terials like PLA are used in 3D printing, the
common issue is moisture absorption. The prob-
lem with moisture absorption can be considered
in two ways. The first way is air moisture ab-
sorption associated with filament storage used in
3D printing, but the second way is humidity or
moisture of working environment, for example,
working in marine environments [23—24] or for
biological [15, 17] use. Consequently, exposure
to humidity or moisture can lead to changes in
material properties, such as reduced strength, in-
creased brittleness, and warping or it can also af-
fect the adhesion of layers during printing. Also,
the exposure of extreme temperatures, both high
or low, during printing process or post-process-
ing might affect the dimensional stability of 3D
printed parts. The temperature during printing is
considered an external factor, like, for example,
the ambient temperature. That is, if the tempera-
ture rises or reduces rapidly during printing,
damage to the print layers can occur. Its thermal
expansion and contraction can result in warp-
ing, delamination, or cracking. Some materials
are more sensitive to temperature changes than
others, and it is related to melting temperature,
glass transition temperature or softening point.
It is therefore advantageous to use equipment
with closed printing chambers that maintain a
constant printing temperature. This is in contrast
to open systems, where users sometimes place
cardboard over the device to eliminate ambient
temperature fluctuations.

Polylactide (PLA) and its composites are
widely employed in biomedical devices, im-
plants, and tissue engineering applications due
to their excellent biocompatibility and biode-
gradability. To ensure these materials are free
of contaminants, effective sterilisation is essen-
tial. Sterilisation methods, such as gas plasma
(VH202) and ethylene oxide (EtO) sterilisation
are preferred for their compatibility with sensi-
tive materials. Gas plasma sterilisation operates
at low temperatures using reactive gas plasma,
which minimises thermal degradation of the ma-
terial. In contrast, ethylene oxide sterilisation,
effectively penetrates complex geometries, mak-
ing it particularly suitable for 3D-printed struc-
tures. Furthermore, it does not require moisture,
preserving the integrity of PLA and PLA-carbon
fibre composites.

Effect of carbon fibre on tensile properties of
environmental aged biodegradable material

In a comparison between dry PLA and
PLA+CF specimens, it was observed that the ad-
dition of carbon fibres enhances the tensile prop-
erties of symmetric composites with a raster ori-
entation of +45°/-45°. This finding aligns with the
observations described in [28], despite differences
in raw materials and process parameters. Further-
more, the inclusion of carbon fibres in the poly-
lactide matrix significantly improves mechanical
characteristics, a phenomenon influenced by infill
directions [24]. When a layer is deposited perpen-
dicular to the zero axis, the polymer chains may
entangle around the carbon fibres in the lower
layer. This entanglement could improve Young’s
modulus by reinforcing the bond between layers,
as described in previous studies [26—28].

The introduction of additional aging factors
resulted in changes to the tensile properties of the
materials. It was observed that pure PLA exhib-
ited higher toughness values in week 6 (W6) and
week 12 (W12) compared to the specimens rein-
forced with carbon fibres when aged in a buffered
saline solution environment or subjected to both
sterilisation agents and buffered saline solution
aging. The reduction in strength observed in com-
posite laminates aged under the conditions of wa-
ter absorption can be attributed to the limitations
on matrix deformation imposed by the fibres, as
described in [28] [2].

This phenomenon has been widely studied in
the literature, where fibre-matrix interactions are
identified as a critical factor influencing the ulti-
mate mechanical performance of composite ma-
terials under tensile loading. The constraints im-
posed by fibres can restrict the ability of the matrix
to deform and transfer stress effectively, leading to
reductions in composite strength and energy ab-
sorption behaviour. These findings underscore the
importance of understanding the complex inter-
actions between fibres and matrix components to
optimise the performance and durability of fibre-
reinforced composites, particularly under chal-
lenging environmental conditions [28].

Additionally, aging with sterilisation agents
and exposure to temperatures near the glass tran-
sition temperature can significantly affect materi-
al behaviour. As aging time increases, molecules
from the buffered saline solution occupy addi-
tional volume within the PLA+CF composite,
contributing to its brittle characteristics [29].
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Moreover, moisture absorption in natural fi-
bres impacts laminates in several ways, includ-
ing wear rate, crack propagation, and surface re-
actions during sliding, as reported in [30]. Water
absorption affects natural fibres in two stages:
initially causing the fibres to swell, followed by
changes in fibre density corresponding to the
weight of the absorbed moisture [31].

Water can significantly affect carbon fibre
materials, especially when used in composite
forms where carbon fibres are embedded in a
polymer matrix. The impact of water on carbon
fibre materials is typically indirect, as the car-
bon fibres themselves are chemically inert and
hydrophobic. However, the matrix material and
the fibre-matrix interface are more susceptible to
water-related degradation. Water can infiltrate the
interface between carbon fibres and the matrix,
reducing adhesion and weakening the ability of
the composite to transfer stress from the matrix to
the fibres [32].

Motivation and objective

The literature review proves that in develop-
ment and future application of additive manufac-
turing parts with thermoplastic materials requires
the proper manufacturing, postprocessing and
working conditions. In some cases, it is crucial to
improve the mechanical properties of 3D printed
materials, with additives. Also, several factors,
such as exposure to moisture or humidity, UV ra-
diation, heat or exposure to chemicals, can affect
the changes in mechanical properties.

To the best authors’ knowledge, there is no
study considered environmental aging of the in-
terface for additive manufacturing biodegrad-
able materials reinforced with short carbon fibre.
The quantities of interest are tensile properties of
symmetric laminates manufactured with pure or
reinforced with short carbon fibre polylactide and
it were aged in a buffered saline solution environ-
ment and/or with sterilisation agents.

The objective of this work was to experimen-
tally characterise the changes in mechanical prop-
erties during environmental aging of a pure PLA
material without any dyes and reinforcement ad-
ditives and its comparison with black polylactide
with short carbon fibres reinforcement (PLA+CF).
The environmental aging factors, such as buffered
saline solution environment (PBS) at 37 °C, ster-
ilisation with ethylene oxide (EtO) or gas plasma
(VH202) were used.
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For this purpose, specially oriented 3D-print-
ed symmetric laminate with 0.2 mm layer height
was prepared and being tested up to failure. The
laminate prepared in this way are novel for the
study of additive manufactured materials. The
research presented in the scientific literature fo-
cuses in general on asymmetric laminates. After
the mechanical testing, scanning electron micros-
copy (SEM) technique were used in analysis of
fracture surfaces. The micrographs provided in-
formation regarding the raster orientation, voids
or carbon fibre orientation.

In the case of manufacturing composites by
traditional methods, a basic and important prop-
erty of all symmetric fibre-reinforced composites,
regardless of their further characteristics, is that
the interfacial coupling stiffness matrix is a zero
matrix. This means that bending-stretch coupling,
tensile-shear coupling and bending-torsional cou-
pling are negligible, reflecting the separation of
in-plane and out-of-plane deformation modes
[33]. This attribute of a matrix with zero coupling
stiffness in symmetric fibre-reinforced laminate
composites produced using traditional methods
has important implications. In particular, it en-
sures that symmetric laminates do not incline to
buckle during the curing process after lamina-
tion. As a result, the separation of in-plane and
out-of-plane deformation modes prevents the in-
troduction of destabilizing coupling effects that
could lead to unwanted buckling. This fundamen-
tal feature of traditional composite manufactur-
ing is critical to ensuring the structural integrity
and dimensional stability of the final composite
component, especially during the critical curing
stage, where residual stresses can develop [34].
Keeping this separation of deformation modes
is an important design feature for engineers de-
veloping symmetric fibre-reinforced composite
laminates and this phenomenon was adapted to
additive manufactured materials.

EXPERIMENTAL INVESTIGATIONS

Object of research

In this paper, two types of polylactide (PLA)
filament were selected for the study. Polylactide
is a commonly used 3D printing material with
biodegradable properties. In turn, addition of
carbon fibre to polymer matrix offer greater stiff-
ness and strength of the composite. In the study,
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pure neutral polylactide and polylactide filled
with short carbon fibre were used. These materi-
als were produced by 3DXTECH (Grand Rapids,
MI, USA), and it was: ECOMAX® PLA made
using Natureworks 4043D PLA biopolymer and
CarbonX™ PLA+CF made using Natureworks
PLA and 100% premium recycled carbon fibre.
The content of carbon fibres was 20% by weight,
while their diameter was 5—10 micrometres.

The “dog bone” shaped specimens with mea-
surement base length and width of 60 mm and 20
mm, respectively, were used, as shown in Figure
1. The nominal thickness was 3.6 mm, reached
with 18 printed layers the stacking sequence of
which was [+45°/-45°], but layer no. 9 and 10 had
the same raster alignment angle [+45°] to ensure
the symmetry of laminate. In each testing group,
five specimens were used. A total of 60 specimens
were examined in the PLA specimen group and
60 specimens in the PLA+CF specimen group.

The test specimens were shaped with fused
FFF with CREALITY Ender 6X (Shenzhen,
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China), customised by using hardened steel noz-
zle with 0.8 mm diameter, and maximum tem-
peratures of extrusion or cooling. The most im-
portant processing parameters generated in Sim-
plify3D software were: extrusion multiplier — 1;
extrusion width — 0.8 mm; primary layer height
— 0.2 mm; top/bottom solid layers — 0; outline/
perimeter shells — 1; outline direction — outside-
in; internal/external fill pattern — rectilinear; build
direction — flat; interior fill percentage — 100%;
extruder temperature — 205 + 1 °C; heated bed
temperature — 60 £ 1 °C; default printing speed —
3000 mm/min.

Experimental setup and procedure

Testing procedure was realised in four test-
ing paths, using samples made of pure polylac-
tide (PLA) or polylactide with short carbon fibres
reinforcement (PLA+CF). In path 1, PLA and
PLA+CF specimens were measured to determine

]

+45°

Layers: 1-8

- 45°

+45°

Layers: 9 - 10

- 45°

Layers: 11 - 18

+45°

N\

Figure 1. Object of research: geometry of specimen, graphical representation of the one layer and graphical
representation of the layers in symmetric composite sequence

287



Advances in Science and Technology Research Journal 2025, 19(3), 283-298

their initial mechanical strength before aging with
various factors.

In paths 2 to 4, PLA and PLA+CF specimens
were measured to determine their mechanical
strength after aging with various chemical fac-
tors, such as buffered saline solution environment
(PBS), sterilisation with ethylene oxide (EtO),
sterilisation with gas plasma (VH202) or both
sterilisation with one selected method and then
aging in buffered saline solution environment.

At the end of each testing path the specimens
were also analysed using the scanning electron
microscopy (SEM) with energy dispersive spec-
troscopy (EDS) technique. The schematic repre-
sentation of testing paths and specimen prepara-
tion before testing is presented in Figure 2.

Environmental aging

Two types of environmental aging were pre-
pared for this research. One way was aging with
sterilisation techniques, such as ethylene oxide
sterilisation or gas plasma sterilisation. Process
of sterilisation was prepared in a specialised
company for sterilisation services and validated,
according to the PN-EN ISO 17665 standard. In
the process of aging with ethylene oxide ster-
ilisation, the following parameters were defined:
gas concentration: 450 mg/l; temperature: 55 °C;

exposure time: 60 min. Then, after the exposure to
the sterilising agent, the specimens were subjected
to a degasification period lasting 12 hours in the
steriliser chamber. In turn, in the process of aging
with gas plasma sterilisation, the following pa-
rameters were defined: vapour pressure: 1.9 mm/
Hg; temperature: 40 °C; exposure time: 30 min.
Each specimen was delivered for further testing
enclosed in special packaging for sterilisation.

The second way of aging was aging in buff-
ered saline solution environment. For the aging
studies, buffered saline solution (PBS, BIOCORP
Poland), pH = 7.2, was used. The specimens were
stored in single plastic containers in laboratory
dryer at temperature 37 = 1 °C. The time of aging
was divided into three intervals of 1, 6, 12 weeks,
marked as W1, W6, W12. The specimens were
tested after a fixed exposure time. Also, the pH
value of the aging medium was monitored dur-
ing the test using a pH and conductivity meter.
The medium was replaced in all of the containers
at every four weeks, before each change, the pH
value was measured.

The relative mass change of the specimens
during degradation (Am) was calculated using
the data obtained from the weighing process. The
initial mass (m,) of each specimen was measured
before placement in the degradation medium, and

Manufacturing

[ap <
Ll =
IS ©
a o
A
N
= Mass and geometry
5 measurements
v v
g Aging: Aging:
5 Ethylene oxide Plasma
v v
Mass and geometry
measurements
v v v
Aging:
Water environment
v v v

Mass and geometry
measurements

Figure 2. Schematic representation of testing procedure for four testing paths (left) and preparation of
specimens (right): (a) pure PLA and PLA with CF specimens after manufacturing; (b) specimens wrapped after
sterilisation; (c) specimens stored in a medium in a dryer; (d) steps of marking samples for measurement with
video-extensometer
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the mass at a given time (m) was noted after a
specific degradation period. The mass change was
computed using the formula:

Am = (m —~m)/ m > 100% (1)

Testing equipment

The mass and geometry of the specimens was
measured before aging with sterilisation methods
and after them and then before and after aging
in a buffered saline solution environment or only
before mechanical testing, when the specimens
were not aged. The mass of specimens were mea-
sured with a Radwag AS 220.X2 PLUS analyti-
cal balance (Radwag, Radom, Poland) with pre-
cision d = 0.0001 g. The geometry was verified
using a micrometre.

The measurements of mechanical properties
were conducted using a Zwick/Roell Z10 univer-
sal testing machine (ZwickRoell GmbH & Co.
KG, Ulm, Germany) equipped with a video-ex-
tensometer. The gauge points were marked with a
custom made template fabricated on a 3D printer.
An initial load of 10 N was applied in the tests.
The specimens were loaded to failure with a con-
stant speed of 1 mm/min of the upper crosshead.

After mechanical testing, the fracture surfaces
of chosen specimens were evaluated by Hitachi
SU3500 Scanning Electron Microscope (Hita-
chi, Ltd., Tokyo, Japan). It was used to determine
fracture surface parameters, such as voids, fibre
pull-out and delamination.

Statistical analysis

To evaluate the results, the statistical analysis
was prepared. The normality of the distribution,
the coefficient of variation, and the statistical sig-
nificance of the differences between the specified
parameters were resolved. To evaluate the nor-
mality of the distribution of quantitative variables,
the Shapiro-Wilk test was used. Verification was
provided at a significance level of a = 0.05. Also,
the coefficient of variation of the results V was
determined for the above-mentioned parameters.
It was supposed that achieving a V-ratio of less
than 10% means low variability of the feature
and, at the same time, non-variability of the ex-
amined population.

The statistical significance of the differenc-
es in the results was determined using one-way
ANOVA. These served to verify the hypothesis of
equality of the means of the variable under study

in several populations (k > 2). In addition, Fish-
er’s least significant difference (LSD) post-hoc
test was performed. The significance coefficient
o.= 0.05 was used to check the above parameters,
giving the possibility of determining statistically
significant differences at p < 0.05.

RESULTS OF MECHANICAL PROPERTIES
TESTS

Pure polylactide vs. polylactide with short
carbon fibres reinforcement

The tensile properties were calculated in ac-
cordance to the ISO 527 standard [35]. To calcu-
late stress and strain, the values of applied loads
and measured strains were collected. A video-ex-
tensometer was used to measure strains in longi-
tudinal and transverse directions. Calculation of
Young modulus and Poisson ratios was carried
out via approximation of stress values derived at
strains of &, = 0.05% and ¢, = 0.25%.

The energy absorbed by the material before
specimen failure (toughness) was also deter-
mined. The parameter described by relation Equa-
tion 2 was determined from the surface under the
curve of the monotonic tensile test.

Q=fads )
t

The stress-strain curves of the representative
specimens fabricated with PLA and PLA+CF are
presented in Figure 3. The curves obtained for
each measured specimen were post-processed ant
the mean values of the mechanical properties are
collected in Table 1. For the comparison of PLA
and PLA+CEF, the mean values marked as WO, are
specimens non-aged in the buffered saline solu-
tion environment.

The tensile curves presented indicate that the
mechanical characteristics of PLA and PLA+CF
composites evolve with the duration of condi-
tioning in PBS. For pure PLA, the curves exhibit
typical brittle material behaviour at weeks WO,
W1, and W12, with a more pronounced brittle
nature at W6. In contrast, the PLA+CF compos-
ites demonstrate stronger, non-ductile character-
istics at weeks W0, W1, and W12 (for non-ster-
ilised PLA+CF), while the remaining curves for
PLA+CF specimens aged at W6 and W12 show
a shift towards ductile material behaviour. This
shift indicates that the incorporation of carbon
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Figure 3. Stress-strain curves for PLA and PLA+CF before and after environmental aging in W1, W6, W12

fibres influences the ability of the material to
maintain strength and ductility over extended ex-
posure to PBS, particularly in the case of aging
with sterilisation agents.

From the results presented in Table 1, it can
be observed that the tensile strength of PLA+CF
specimens was, on average, 1.38 times higher
than that of PLA specimens when no aging agents
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were applied. For specimens aged with ethylene
oxide (EtO) or gas plasma (VH20?2), the tensile
strength of PLA+CF specimens was 1.41 and 1.06
times higher than that of PLA specimens, respec-
tively. A two-sample t-test confirmed that these
differences were statistically significant, with a p-
value of < 0.0001. An analysis of the differences
in Young’s modulus revealed that the values for
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Table 1. Summaries of tensile strength, tensile modulus, Poisson ratio, toughness and mass change for each PLA
and PLA+CF, n = 5, mean with standard deviation

WS\?k’ Non-aged Aged with ethylene oxide (EtO) Aged with plasma (VH202)
PLA PLA+CF PLA PLA+CF PLA PLA+CF
Tensile strength, o, (MPa), n=5

Wo 31.71+£2.07 43.88+0.88 31.69+1.97 44.88 + 1.11 42.72 £4.52 45.06 + 1.52

W1 32.03+1.74 42.21£0.76 4217 £ 1.66 44.09 £ 0.55 42.67 +3.59 42.82+£1.11

W6 45.47 £ 0.89 41.27 £0.42 4490 £0.14 40.16 £ 0.71 44.71£0.35 40.69 +0.31
W12 44.41 £ 0.57 38.89+0.27 37.97 £ 1.00 37.45+0.94 35.99 +2.65 36.62 + 1.01

Young modulus, E (MPa), n=5
Wo 4223.47 +47.27 |4711.57 £47.12 | 4109.07 £ 201.13 | 4344.95 + 687.70 | 4268.10+73.14 | 4789.69 + 80.39
W1 4116.46 + 71.45 |4522.88 +29.04 | 4071.15+76.45 | 4801.22 + 340.73 | 4118.69 + 142.00 | 4847.53 + 50.21
W6 3812.52 £ 97.75 |4589.82 + 63.62 | 3895.41 +94.35 | 4531.19 + 134.89 | 3755.53 +58.14 | 4622.23 + 76.21
W12 | 3864.95 + 189.02 |4559.40 + 34.54 | 4131.16 + 177.42 | 3831.03 +81.04 | 4095.30 +62.31 | 4096.17+ 175.55
Poisson ratio, v (-), n=5
Wo 0.40 £ 0.02 0.44 +£0.03 0.38 £0.08 0.33£0.11 0.41+0.02 0.42 +£0.03
W1 0.39+0.03 0.44 £ 0.02 0.43+0.04 0.44 +0.04 0.44 £ 0.02 0.42 £0.02
W6 0.43 £ 0.06 0.43 £0.04 0.45+0.10 0.46 £ 0.04 0.38 £ 0.06 0.46 + 0.01
W12 0.45+0.17 0.47 £0.02 0.50+0.12 0.43 +0.05 0.44 £ 0.04 0.44 £ 0.08
Toughness, U, (MJ/m?), n=5
WO 0.17 £0.02 0.28 £ 0.01 0.19 £0.02 0.34 £0.06 0.34 £0.07 0.29 £0.02
W1 0.19£0.03 0.27 £0.02 0.34 £0.03 0.31£0.03 0.34 £ 0.06 0.29 £0.02
W6 0.35+0.02 0.21 £0.05 0.33 £0.03 0.15+£0.08 0.35+0.03 0.12 £0.07
W12 0.37 £0.02 0.19 £ 0.04 0.26 £ 0.02 0.15 £ 0.06 0.24 £ 0.03 0.19 £0.03
Mass change, Am, (%), n=5

WO X X X X X X

W1 0.60 + 0.01 0.64 £ 0.04 0.62 + 0.01 0.57 £ 0.00 0.61+0.01 0.59 £ 0.01
W6 0.74 £ 0.03 0.74 £ 0.02 0.74 £ 0.01 0.79 £ 0.00 0.69 £ 0.02 0.71 £0.02
W12 0.71£0.08 1.00 £ 0.02 0.78 £ 0.05 0.99 + 0.06 0.68 + 0.08 0.98 + 0.06

PLA+CF specimens were 1.05—1.12 times higher
than those for PLA specimens. These differences
were also statistically significant, with a p-val-
ue of < 0.0001. Regarding the Poisson’s ratio,
PLA+CF specimens exhibited higher values than
PLA specimens for both non-aged specimens and
those aged with VH202. However, for the speci-
mens aged with EtO, PLA specimens showed
higher Poisson’s ratio values. The differences
ranged from 1.02 to 1.15 times higher and were
statistically significant, with a p-value of 0.0190.

In terms of material toughness, PLA+CF
specimens demonstrated 1.66 times higher tough-
ness than PLA specimens in the non-aged condi-
tion and 1.80 times higher toughness when aged
with EtO. Conversely, when aged with VH202,
PLA specimens exhibited 1.16 times higher
toughness than PLA+CF specimens. These differ-
ences were statistically significant, with a p-value
of <0.0001.

Pure polylactide aged with sterilisation
agents or buffered saline solution
environment

The stress-strain curves of representative
PLA specimens aged with sterilisation agents and
in a buffered saline solution (PBS) environment
are shown in Figure 3. These curves, as described
earlier, were used to analyse the mechanical prop-
erties of the specimens. The analysis of differenc-
es between specimen groups was conducted fol-
lowing the testing procedure outlined in Figure 2.

In the second pathway, specimens that were
not aged with sterilisation agents were examined.
These specimens were aged solely in PBS for
durations of one week (W1), six weeks (W6), or
twelve weeks (W12). The results were then com-
pared to dry specimens, as discussed in section
“Pure Polylactide vs. Polylactide with Short Car-
bon Fiber Reinforcement.”
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Aging in PBS was observed to increase the
tensile strength of pure PLA specimens. Specifi-
cally, the tensile strength for the specimens aged
for six (W6) and twelve weeks (W12) was approx-
imately 1.4 times higher than for the specimens at
week zero (WO0). In contrast, the tensile strength
for the specimens aged for one week (W1) was
similar to that of WO specimens. ANOVA analy-
sis indicated that these differences were statisti-
cally significant, with a p-value of < 0.0001 for
comparisons between W0 and W6, W0 and W12,
W1 and W6, and W1 and W12,

However, comparisons between W0 and W1
or W6 and W12 revealed no statistically signifi-
cant differences, with p-values of 0.7328 and
0.2655, respectively.

Although the tensile strength values for the
specimens aged in PBS were higher than those
for the specimens not aged with any agents, the
Young’s modulus exhibited a different trend. The
modulus was highest for specimens in W0 and de-
creased progressively with longer aging periods.
For the W1 specimens, the modulus was the same
as in WO, whereas for the W6 and W12 speci-
mens, it was approximately 1.10 times lower than
in WO0. The differences were statistically signifi-
cant for comparisons between W0 and W6, W0
and W12, W1 and W6, and W1 and W12, with p-
values of <0.0001, <0.0001, 0.0007, and 0.0032,
respectively. However, no statistically significant
differences were observed for comparisons be-
tween W0 and W1 or W6 and W12, with p-values
of 0.1596 and 0.4803, respectively.

The Poisson’s ratio values remained consis-
tent, indicating that aging in PBS did not sig-
nificantly alter the transverse deformation of the
specimens. Statistically non-significant differ-
ences were observed in all comparisons, includ-
ing WO vs. W1, WO vs. W6, WO vs. W12, W1 vs.
W6, W1 vs. W12, and W6 vs. W12, with p-values
of 0.9323, 0.5743, 0.7470, 0.5188, 0.6840, and
0.8094, respectively.

Toughness values were approximately twice
as high for the specimens aged in PBS for six (W6)
or twelve weeks (W12) compared to those in W0
or W1. The toughness values for the W0 and W1
specimens were nearly identical. ANOVA analy-
sis confirmed that the differences were statistically
significant for comparisons between W0 and W6,
WO0and W12, W1 and W6, and W1 and W12, with
p-values of < 0.0001 for all. However, compari-
sons between W0 and W1 or W6 and W12 showed
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no statistically significant differences, with p-val-
ues of 0.0861 and 0.1502, respectively.

In the third and fourth paths, the specimens
aged with sterilisation agents were analysed.
These specimens, after sterilisation with EtO or
VH202, were aged in PBS for the same dura-
tions as the specimens described previously. For
the specimens aged with EtO and PBS, the ten-
sile strength was approximately 1.2 to 1.4 times
higher over the aging period corresponding to the
buffered saline solution environment compared
to dry specimens aged only with EtO. ANOVA
analysis showed that these differences were sta-
tistically significant, with p-values of < 0.0001
for comparisons between W0 and W1, W0 and
W6, W0 and W12, and W6 and W12. Statistically
significant differences were also found between
W1 and W6, and between W1 and W12, with p-
values of 0.0066 and 0.0002, respectively.

However, the changes in Young’s modu-
lus for the specimens aged with EtO and subse-
quently aged in PBS followed a pattern similar
to that observed for the specimens aged only in
PBS. Specifically, the modulus values for the dry
specimens aged with EtO were higher than those
of the specimens aged in PBS after EtO sterilisa-
tion. Statistically non-significant differences were
found for comparisons between W0 and W1, W0
and W12, W1 and W6, and W1 and W12, with
p-values of 0.6892, 0.8155, 0.0774, and 0.5283,
respectively. In contrast, statistically significant
differences were observed between specimens at
WO and W6, as well as between W6 and W12,
with p-values of 0.0356 and 0.0222, respectively.

In contrast to the specimens that were not
aged with any sterilisation agents, the specimens
aged with EtO exhibited changes in Poisson’s
ratio, with a noticeable decrease over time. The
highest Poisson’s ratio, 1.32 times greater than
that of dry specimens (W0), was observed in the
specimens aged in PBS for 12 weeks (W12). For
the specimens aged for one (W1) and six weeks
(W6), the Poisson’s ratio was 1.13 to 1.18 times
higher than for dry specimens. The differences
were statistically non-significant in comparisons
between W0 and W1, W0 and W6, W0 and W12,
W1 and W6, W1 and W12, and W6 and W12,
with p-values of 0.3889, 0.2252, 0.0589, 0.7119,
0.2678, and 0.4512, respectively.

The toughness of specimens aged with EtO and
PBS was approximately 1.7 times higher for those
aged for one or six weeks (W1 and W6), and about
1.4 times higher for those aged for twelve weeks
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(W12), compared to the dry specimens aged only
with EtO. Statistically non-significant differences
were found between the specimens aged for one
and six weeks (p-value 0.8186). However, statisti-
cally significant differences were observed in com-
parisons between W0 and W1, W0 and W6, W0
and W12, W1 and W12, and W6 and W12, with
p-values of <0.0001 for the first two comparisons,
and 0.0005, 0.0001, and 0.0002 for the others.

When the sterilising agent was changed to
VH202, the tensile strength of the specimens
aged in PBS for one and six weeks (W1 and W6)
remained similar to that of the dry specimens.
However, the specimens aged in PBS for twelve
weeks (W12) had 1.2 times lower tensile strength
than the dry specimens.

The changes in Young’s modulus followed a
similar pattern to those observed in the specimens
aged with EtO. Additionally, the changes in Pois-
son’s ratio and toughness for the specimens aged
with VH202 before aging in PBS were similar to
those observed in the specimens aged with EtO, with
comparable trends over the aging period in PBS.

Polylactide with short carbon fibres
reinforcement aged with sterilisation agents
or buffered saline solution environment

Aging in PBS resulted in higher tensile
strength values for PLA+CF specimens. The ten-
sile strength was approximately 1.3 times high-
er at W1, 1.4 times higher at W6, and 1.2 times
higher at W12 compared to W0. ANOVA analysis
revealed that these differences were statistically
significant, with p-values of < 0.0001 for com-
parisons between W0 and W6, W0 and W12, W1
and W12, and W6 and W12. For other compari-
sons, the p-values were 0.0007 (W0 and W1) and
0.0308 (W1 and W6).

Despite the higher tensile strength values for
specimens aged in PBS compared to non-aged
specimens, the Young’s modulus was 1.3 times
higher for the WO specimens and decreased with
longer aging. Statistically significant differenc-
es were found in comparisons between W0 and
W1, W0 and W6, WO and W12, and W1 and W6,
with p-values of < 0.0001, 0.0006, < 0.0001, and
0.0337, respectively. However, no statistically
significant differences were observed between
W1 and W12, or W6 and W12, with p-values of
0.2232 and 0.3068, respectively. Poisson’s ratio
remained consistent across all aging periods, indi-
cating that aging in PBS did not substantially affect

the transverse deformation of the PLA+CF mate-
rial. Toughness values were approximately 1.47
times higher for the specimens aged for twelve
weeks (W12) compared to non-aged specimens
(W0), and 1.30 times higher in W0 compared
to the specimens aged for six weeks (W6). The
toughness values for W0 and W1 specimens were
nearly identical. The differences between groups
were not statistically significant.

The toughness values were approximately
1.08 to 1.16 times higher for non-aged specimens
compared to those aged in PBS for six or twelve
weeks. Meanwhile, the toughness values for non-
aged specimens (WO0) and those aged for one
week (W1) were nearly identical. Statistically
significant differences were observed in compari-
sons between W0 and W6, W0 and W12, W1 and
W6, and W1 and W12, with p-values of 0.0075,
0.0007, 0.0285, and 0.0029, respectively.

In the third and fourth paths, the PLA+CF
specimens aged with sterilisation agents were
evaluated. These specimens were sterilised using
either EtO or VH202 and subsequently aged in
PBS for the same durations as described for the
previous specimens.

The specimens aged with EtO and subse-
quently in PBS exhibited tensile strength values
approximately 1.2 times higher throughout the ag-
ing weeks in PBS compared to the dry specimens
aged only with EtO. Statistically significant differ-
ences were observed in comparisons between W0
and W6, W0 and W12, W1 and W6, and W1 and
W12, with p-values < 0.0001. For the comparison
between W6 and W12, the p-value was 0.0006.

Regarding changes in Young’s modulus for
the specimens aged with EtO and then in PBS,
the trend mirrored that observed in the specimens
aged only in PBS (without prior sterilisation). The
Young’s modulus values of dry specimens aged
with EtO were higher than those of the specimens
further aged in PBS. Statistically significant dif-
ferences were identified in comparisons between
WO and W12, W1 and W6, W1 and W12, and
W6 and W12, with p-values of < 0.0001, 0.0491,
0.0408, and < 0.0001, respectively.

The specimens aged with EtO showed no
significant changes in Poisson’s ratio, consistent
with the results observed for specimens not sub-
jected to sterilisation. The differences between
groups were not statistically significant.

The toughness of PLA+CF specimens aged
with EtO and PBS was approximately 1.1 times
higher for the specimens aged for one week (W1)
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and about 2.2 times higher for the specimens aged
for six or twelve weeks (W6 or W12) compared
to dry specimens aged only with EtO. Statistically
significant differences were observed in compari-
sons between W0 and W6, W0 and W12, W1 and
W6, and W1 and W12, with p-values of <0.0001,
0.0001, 0.0005, and 0.0006, respectively.

When the sterilising agent was changed
to VH202, the tensile strength values of the
PLA+CF specimens were comparable for the
specimens additionally aged in PBS over one
week (W1). However, the dry specimens exhib-
ited 1.1-1.2 times higher tensile strength than
those aged for six weeks (W6) or twelve weeks

(W12), respectively. Statistically significant dif-
ferences were observed in comparisons between
WO0 and W6, W0 and W12, W1 and W12, and W6
and W12, with p-values < 0.0001. Additionally,
comparisons between W0 and W1 or W1 and W6
showed p-values of 0.0047 and 0.0068, respec-
tively. Unlike the specimens aged only in PBS,
differences in Young’s modulus were noted for
the specimens at W12. The Young’s modulus of
dry specimens (W0) was approximately 1.07—
1.16 times higher than that of the specimens at
W6 or W12. However, for W1, the values were
nearly identical to those of dry specimens. Sta-
tistically significant differences were observed in

Pure PLA
Aging: NO

PURE PLA
Aging: EtO

PURE PLA
Aging: Plasma

Aging in water environment: W12

Figure 4. SEM image of non-reinforced PLA specimens before and after aging
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PLA with CF
Aging: NO

PLA with CF
Aging: EtO

PLA with CF
Aging: Plasma

o

Aging in water environment: W12

Figure 5. SEM image of carbon fibres reinforced PLA specimens before and after aging

comparisons between W0 and W6 (p = 0.0247)
and W1 and W6 (p = 0.0042). For comparisons
involving W0 and W12, W1 and W12, and W6
and W12, the p-value was <0.0001. For the speci-
mens aged with VH202 prior to aging in PBS, the
Poisson’s ratio remained largely unchanged over
the aging period. The differences between groups
were not statistically significant. The toughness
values of PLA+CF specimens varied with aging
time. For dry specimens (WO0), toughness was
approximately 1.5-2.5 times higher than for the
specimens aged for six weeks (W6) or twelve
weeks (W12). For the W1 specimens, toughness

was similar to that of dry specimens. Statistically
significant differences were observed in compari-
sons between W0 and W6 and W1 and W6 (p <
0.0001). Comparisons between W0 and W12, W1
and W12, and W6 and W12 yielded p-values of
0.0011, 0.0010, and 0.0080, respectively.

MICROGRAPHY OF PLA AND PLA+CF
SPECIMENS

Figures 4 to 5, present the SEM images of the
fracture surfaces for materials considered in this
study. The images in the first row represents the
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fracture surfaces of the PLA or PLA+CF before
aging in PBS. Each column represents the frac-
ture surfaces at different aging factors, wherein the
first column presents the specimens not subjected
to aging, the second column presents the fracture
surfaces after aging with EtO and the last column
presents the fracture surfaces after aging with
VH202. Correspondingly, further rows present the
fracture surfaces after aging with PBS over W1,
W6 or W12 weeks of soaking. In each specimen,
details of the printing process, especially the cross-
sectional shape of the raster lines and voids be-
tween them, can be observed (see Figures 4 and 5).

Figure 4 shows the fractures of single PLA
lines where in its cross-section or in its side are
marked stress whitening (crazing), associated with
brittle characteristic of material which was pre-
senfed in Figure 3. This applies to the effect of fi-
bre-reinforced thermoplastic composite materials,
in which the fibres and matrix are deformed under
tensile loading. By the time the composite material
deforms at a certain rate, the fibres can be pulled
out of the matrix rather than completely broken off.
This causes the composite material to appear visu-
ally whiter and less transparent, since pulled fibres
scatter light differently than intact composite. The
phenomenon of fibre pullout during tensile defor-
mation has been widely reported and studied in the
literature on the failure mechanisms of fibre-rein-
forced composites [35]. On the other hand, Figure
5 shows crazes with failed fibrils, especially in W6
and W12, associated with more ductile characteris-
tic of material than in the case of pure PLA.

Moreover Figure 5 shows small circular voids
(black dots) in the PLA matrix, these voids have the
same shape as the short carbon fibre and it should
be places of pulled out fibres. Also, in Figure 5,
single carbon fibres can be observed; especially,
they are illustrated in fracture surfaces correspond-
ing to time of PBS aging marked as W6 and W12.
On the basis of fracture surfaces, it can be observed
that the orientation of short carbon fibre in polymer
in general respond to the feeding direction, and the
3D printed material should be classified as unidi-
rectional fibre-reinforced composites.

CONCLUSIONS

This study investigated the mechanical prop-
erties and failure modes of non-reinforced PLA
and carbon fibre-reinforced PLA (PLA+CF) speci-
mens processed using Fused Filament Fabrication
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(FFF), with a focus on the impact of environmen-
tal aging. The specimens, printed with a symmet-
rical laminate orientation [+45°/-45°], were sub-
jected to aging in a buffered saline solution and
sterilisation agents over one, six, or twelve weeks,
and compared to non-aged specimens.

The results show that carbon fibre reinforce-
ment significantly improves the tensile strength,
modulus, and toughness of PLA+CF compared
to pure PLA. However, the adhesion between the
carbon fibres and the polymer matrix remains a
potential issue, with SEM micrographs indicating
that fibre pullout, rather than fibre breakage, is the
primary failure mode during tensile testing. This
observation suggests that the bond between the
fibres and the matrix may not be fully optimised,
potentially limiting the overall mechanical per-
formance of the composite.

Additionally, aging in both sterilisation agents
and buffered saline solution had a notable effect
on the mechanical properties of PLA+CF. Ster-
ilised specimens exhibited higher toughness than
their non-aged counterparts, but when further ex-
posed to the buffered saline solution, a dramatic
reduction in toughness was observed, particularly
in fibre-reinforced specimens. In contrast, non-re-
inforced PLA showed less deterioration in tough-
ness, highlighting the accelerated aging effect in
fibre-reinforced polymers. This phenomenon sug-
gests that moisture absorption, when combined
with other aging factors such as temperature or
sterilisation agents, can lead to a faster degra-
dation of mechanical properties. Similar effects
have been observed in other composite systems,
such as carbon fibre-reinforced polyamide.

Overall, while carbon fibre reinforcement
provides a clear enhancement in mechanical
strength, it may not be suitable for applications
where the material is exposed to harsh environ-
mental conditions for extended periods.

The accelerated loss of fracture toughness ob-
served under certain conditions, particularly when
exposed to moisture and sterilisation agents, sig-
nificantly impacts the durability and reliability
of carbon fibre-reinforced PLA (PLA+CF). This
phenomenon can be attributed to several factors,
including the compromised interfacial bond be-
tween the carbon fibres and the PLA matrix under
environmental stress, leading to increased suscep-
tibility to failure. Furthermore, moisture absorp-
tion, especially in combination with sterilisation
processes, accelerates the degradation of the me-
chanical properties of the composite, resulting in a
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reduced ability to withstand fracture-induced fail-
ure. These findings are critical for understanding
the long-term behaviour of 3D-printed composites
and their performance in real-world applications.

The implications of these results underscore
the importance of considering environmental fac-
tors when selecting materials for specific applica-
tions. While carbon fibre reinforcement enhances
strength and stiffness, the degradation of frac-
ture toughness under environmental aging must
be factored into the material selection process,
particularly for components exposed to harsh or
moisture-rich conditions. This study suggests
that, for certain high-performance applications
where durability under adverse environmental
conditions is a priority, carbon fibre-reinforced
PLA may not be the optimal material choice un-
less further optimisation of fibre-matrix bonding
and moisture resistance is achieved.

This study highlighted the balance between
the mechanical benefits of carbon fibre reinforce-
ment and the limitations imposed by environmen-
tal aging, underscoring the need for careful con-
sideration of operational conditions when select-
ing materials for practical use.
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