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Abstract:

The article examines how relative humidity affects the wear resistance and mechanical properties of PA6, PA6
GF30, and Onyx, processed by 3D printing. Findings show that mass loss rises with humidity across all materials,
with Onyx exhibiting the lowest average mass loss despite larger percentage increases. At pressure value of
0.32 N-mm-2, mass loss increased due to their properties compared to metallic materials by 2.4% from 33% to
65% humidity, then by 10.5% from 65% to 97%. Notably, at high humidity, there were significant differences
in wear loss between parallel and vertical orientations, with Onyx showing a 36% difference at 97% humidity.
Tensile tests revealed a strong correlation between humidity and tensile strength in PA6 of 0.9331 correlation
coefficient value, while PA6 GF30 showed inconsistent properties. For Onyx, higher humidity led to substantial
drops in tensile strength (0.911 correlation coefficient value) and increases in elongation (0.603 correlation
coefficient value). The contribution of this study lies in its ability to guide the selection of composite materials,
for wet and abrasive conditions, optimizing wear resistance and extending component lifespan while reducing
maintenance needs.
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INTRODUCTION

The increasing use of plastic materials in industrial appli-
cations, often replacing metallic components, can be at-
tributed to their advantageous properties, including
weight reduction, corrosion resistance, and improved de-
sign possibilities [1, 2]. The primary advantages of plastics
include their low weight, cost-effectiveness for large-scale
production, and excellent self-lubricating properties [3,
4]. However, plastics also exhibit certain drawbacks, such
as inferior mechanical properties, lower thermal conduc-
tivity, and reduced operating temperatures compared to
metals [5, 6]. Polyamide 6 (PA6) has become a crucial en-
gineering plastic due to its exceptional physical and me-
chanical capabilities, making it widely used in various en-
gineering products, including automotive parts, electrical
equipment, and packaging materials. Despite its benefits,
PA6 has several limitations, including poor dimensional
stability, low thermal deformation temperature, high sus-
ceptibility to notch impact [7, 8, 9]. Polyamides, particu-
larly PA6 and PA66, are hygroscopic polymers that absorb
moisture from their environment, which significantly af-
fects their behavior and dimensions [10]. The amount of

moisture absorbed is influenced by environmental condi-
tions, leading to degradation through increased chain mo-
bility, swelling, and matrix hydrolysis [11]. This degrada-
tion manifests as a decrease in elastic modulus, an in-
crease in elongation at break, and a reduction in glass
transition temperature [12, 13].

A large amount of research in the field of polymer compo-
site materials produced by additive technologies (3D
printing) primarily focuses on their mechanical properties
[14, 15, 16]. Research on mechanical properties enables
the development of new polymer blends, the addition of
various reinforcing materials, and the optimization of
printing processes to achieve the desired mechanical
characteristics [17, 18, 19].

However, with the gradual improvement of additive tech-
nologies and their broader acceptance, researchers are in-
creasingly focusing on other aspects of polymer and com-
posite materials produced by additive technologies [20,
21, 22]. As part of their investigation, Kumar and Pan-
nerselvam [23] examined the mechanical and tribological
properties of pure PA6 and glass fiber-reinforced (GFR)
PA6 composites as a potential replacement for metals.
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The results showed that the coefficient of friction and the
specific wear rate of PA6 composites decreased with in-
creasing glass fiber content, with the optimal result at
30% glass fiber content. It was found that the coefficient
of friction of GFR PA6 decreased with increasing load and
sliding speed, while the specific wear rate increased with
higher load and sliding speed. The applied load had a
greater impact on the coefficient of friction, while the fric-
tion speed was the key factor affecting the specific wear
rate. In their research, Dawoud et al. [24] investigated the
impact of 3D printing parameters, such as layer orienta-
tion and layer thickness, on composite parts fabricated via
3D printing. The research utilized FDM technology, with
graphite flakes added to the ABS matrix as a filler. They
found that layer orientation influences the coefficient of
friction. The maximum coefficient of friction with accepta-
ble wear rates was achieved at a 90°layer orientation. The
addition of graphite increased the coefficient of friction at
the expense of wear resistance. The conclusions showed
that 3D printing parameters significantly affect the wear
resistance of 3D-printed parts, and a trade-off between
the coefficient of friction and wear rates is necessary de-
pending on the specific application.

Within their study, Myalski et al. [25] and Prabhakaran,
Toftegaard [26] examined the impact of various carbon fi-
ber fillers on the tribological and manufacturing proper-
ties of thermoplastic polyamide PA6. The carbon fibers
used included glassy carbon (GC), carbon derived from py-
rolyzed polymer waste (BC), and graphene oxide (GO).
The fillers were added to the PA6 matrix by mechanical
mixing in alcohol, and samples were produced by injection
molding. They investigated the microstructure, hardness,
melt flow index, and degree of crystallinity. The tribologi-
cal properties of the composites were assessed using a
pin-on-block test in comparison with steel samples. The
results suggest that adding graphene oxide to the PA6 ma-
trix leads to an improvement in tribological properties, re-
sulting in the formation of particles that reduce wear and
friction coefficient. The composite containing graphene
oxide demonstrated significantly better properties than
the other samples, although its production process was
more demanding. Microstructural studies revealed that
adhesion between the polymer matrix and the carbon fill-
ers affects tribological properties, with graphene oxide
and glassy carbon having a more pronounced impact than
biochar. The applied manufacturing technology proved
relatively simple and efficient for producing a composite
with favorable tribological properties.

Several studies have demonstrated that the mechanical
properties and wear behavior of 3D printed parts are
largely influenced by processing parameters such as layer
angle, layer thickness, and layer orientation [27, 28, 29].
The primary aim of this study is to quantify the effects of
relative humidity (33-97% RH) on the tribological perfor-
mance (abrasive wear) and mechanical properties (tensile
strength, elongation) of three 3D-printed PA6-based com-
posites: unfilled PA6, glass fiber-reinforced PA6 GF30, and
carbon fiber-reinforced Onyx.

MATERIAL AND METHODS

Material samples prepared for the experiments
Samples were produced using 3D printing with Prusa
Mk3S+ and Markforged Mark Two printers. The materials
tested were Spectrum PA6 Low Warp, BASF Ultrafuse PA6
GF30, and Markforged Onyx. Tribological test samples
were cylindrical (10 mm diameter, 60 mm length). Two
orientations of layers were used: perpendicular (90°) and
parallel (0°) to the abrasive surface. The samples for test-
ing mechanical properties were produced according to
the ISO 527 [30] standard. The 3D printing parameters for
each material are shown in Table 1.

Table 1
3D Printing parameters for the samples
Parameter PA6 PA6 GF30 Onyx
Nozzle temperature 260°C 270°C 275°C
Bed temperature 90°C 100°C unheated
Layer height 0.2 mm 0.2 mm 0.2 mm
Nozzle diameter 0.4 mm 0.4 mm 0.4 mm
Infill solid solid solid
Number of perimeters 2 2 2
Perimeters speed 45 mm-st | 45 mm-s? | 45 mm-s?
Infill speed 80 mm-st | 80 mm-s? | 80 mm-st
Extrusion width 0.45 mm 0.45 mm 0.45 mm

The relative humidity in the desiccators was created using
saturated salt solutions. Four levels of humidity were used
during the experiments:

® 33%RH (MgCl,),

e 65% RH (NH4NO3),

e 85% RH (KCl),

e 95% RH (KNOs).

Laboratory equipment

The Pin-On-Disk testing device (Fig. 1) was used for the
tribological tests. The sample is pressed onto a rotating
disc with bonded abrasive, moved by an automatic feed
system.
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Fig. 1 Used testing equipment, where: 1 — Sample holder head,
2 - Sample holder, 3 - Weights, 4 — Feed mechanism,
5 - Rotating disc with bonded abrasive, 6 — Control unit

The test ends once the sample covers a defined distance.
Normal force is applied using interchangeable weights
(970 g, 2540 g, and 4080 g). Germaflex X sanding paper
(P120 grit) with corundum grain is used as the abrasive.
Key device characteristics are listed in Table 2.
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Table 2
Selected characteristics of testing device
Parameter Value (Unit)
Disc diameter 460 (mm)
Rotation speed 0.18 (m-s?)
Feed 3 (mm)
Path length 50 (m)
Specific pressure 0.12 + 0.51 (N-mm2)
Specimen diameter 10 (mm)

Interchengable weights 970, 2540, 4080 (g)
Mechanical properties of material samples were tested on
the Testometric X350-10 device, with the jaw movement
speed set to 50 mm-min’.

Execution of experiments and their assessment
For the experiments were used 450 samples in total for
tribological tests and 150 samples for mechanical prop-
erty evaluations. There were 5 repetitions for tribological
property tests and 10 repetitions for mechanical tests.
The samples were exposed to specific environmental rel-
ative humidity levels in desiccators They were considered
stabilized if their mass did not change by more than 0.1%
over 24 hours.
A second-degree polynomial regression function was used
for the statistical evaluation of the results, which can be
described by the relationship [31]:

y= By+B; X+ B, X? (1)
where:
y is the dependent variable [g],
X is the independent variable [%r+],
Bo is the regression coefficient [g],
B is the regression coefficient [g-(%=rn)1],
B, is the regression coefficient[g:(%sn)2].

RESULTS AND DISCUSSION

The first material examined was PA6, a pure polymer
without fillers. Fig. 2 shows the relationship between the
average mass loss of the sample and the relative humidity
to which the PA6 samples were exposed.
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Fig. 2 Relationship between relative humidity and average
mass loss of samples made from PA6 material

The Figure illustrates a moderate increase in mass loss up
to 85% relative humidity for nearly all loads and orienta-
tions. For example, at a specific pressure of 0.32 N-mm~2
and a perpendicular orientation of the individual layers up

to 85% relative humidity, the increase in the average mass
loss of material between the different relative humidity
levels was 3.3% to 4.3%. When the relative humidity in-
creased from 85% to 97%, the increase in average mate-
rial mass loss was 10.3%.

Regression analysis was performed, and a polynomial
function (Eg. 1) was found to be the best model, with co-
efficients of determination ranging from 0.604 to 0.8497.
These values and the regression coefficients are listed in
Table 3.

Table 3
Regression coefficients and coefficients
of determination for PA6
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Regarding layer orientation, no significant dependence on
wear resistance was found. At all humidity levels and spe-
cific pressures, no differences were observed between
orientations. The analysis of variance confirmed no signif-
icant differences, with p-values above 0.99, indicating
that wear resistance in PA6 is independent of layer orien-
tation.
The second material, PA6 GF30, a composite with glass fi-
bers, also showed an increase in mass loss with rising rel-
ative humidity (Fig. 3).
----- Parallel 0.12 N-mm™® Parallel 0.32 N-mm™ ===+ Parallel 0.51 N-mm?
——  Perpendicular 0.12 N-nm?——  Perpendicular 0.32 N-mm? ——  Perpendicular 0.51 N-mm™
2.0

Average weight loss (g)
2 B
1 1

e
=)

100

N
o
Y
o
=
=1
©
=3

Relative humidity (%)
Fig. 3 Relationship between relative humidity and average
mass loss of samples made from PA6 GF30 material
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The values of the regression coefficients and the coeffi-
cients of determination are shown in Table 4. Unlike PAS,
the largest mass loss increase occurred when humidity in-
creased from 33% to 65%, reaching 12.2%. Further in-
creases in humidity led to mass loss increases of 4% to
6.9%. This may be due to the filler mitigating the impact
of humidity on the matrix material.

Despite some deviations at 0.51 N-mm? specific pressure,
the results were generally consistent. PA6 GF30 showed
partial dependence of wear on layer orientation, with
wear being higher for parallel orientations. At the lowest
pressure (0.12 N-mm?2), no significant difference was
found between orientations (p-values between 0.1271
and 0.9843). However, for the other pressures (0.32
N-mm2and 0.51 N-mm), significant differences were ob-
served (p-values < 0.05), indicating that under certain con-
ditions, layer orientation affects wear resistance (Table 4).

Table 4
Regression coefficients and coefficients
of determination for PA6 GF30

. . Perpendicular layer
o | Parallel layer orientation R .
£ £ orientation
o § Constant coefficients Constant coefficients
o
w3 of model Eq. (1) [R?(-)| ofmodel Eq.(1) |[R2(-)
Bo Bl Bz Bo Bl BZ
= =) ™ =)
E S| ¥ | F /B3] g | % |8
< = & ® | N b= X ~
=z N ~ < N 8 — @
N o © N © | o S n o
S (o] (o] T i
N'E o p I p
< < = o | n aQ S 0
g N N . Q| N © . ~
= LN o 0 ~ <t o ~ N
N =] X 0 | W Q ~N o)l
N S 8 ] c | o 8 — o
S ~ ~N
E 0 ) 0 ©
g <) 3 =] 3 ©0 =] S n
- ~ o0 X o — - X 7]
= < o ~ 21~ 3 I~ o))
— - = 3 c | - S 4 ©
S T [t} © n

The final material studied was Onyx, a PA6 composite with
carbon fibers. The regression coefficients for different ap-
plied pressures, as well as the coefficients of determina-
tion, are presented in Table 5. Significant mass loss in-
creases were observed starting from 65% relative humid-
ity, with a sharp rise at higher humidity levels, evident at
all applied pressures (Fig. 4). For example, at 0.32 N-mm~
pressure and vertical layer orientation, samples exposed
to 33% and 65% relative humidity, samples exposed to
65% relative humidity show a higher weight loss of 2.4%.
When the samples were exposed to higher moisture lev-
els, there was about a 10.5% increase in weight loss.

At parallel layer orientation, Onyx exhibited more wear
than at vertical orientation (Table 5). ANOVA showed no
significant difference in wear at 0.12 N-mmfor 33% and
65% humidity (p-values > 0.05).
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Fig. 4 Dependence between environmental relative humidity
and the average mass loss of samples made from Onyx
material

However, at 85% and 97% humidity, the differences be-
came statistically significant, with p-values of 0.0142 and
< 0.0001, respectively. For 0.32 N-mm™ and 0.51 N-mm~
pressures, differences between orientations were signifi-
cant at all humidity levels (p-values < 0.0001), with the
largest wear at 97% humidity, showing a 36% mass loss
difference between orientations.

Table 5
Coefficients of the regression function and coefficients
of determination for Onyx
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As relative humidity increased, the average weight loss of
the samples also increased, indicating a decrease in mate-
rial wear resistance. From the percentage difference val-
ues of the average weight losses listed in Table 6, PA6
GF30 was the most sensitive to humidity changes, show-
ing a significant rise in weight loss at 33% and 65% relative
humidity. At a relative humidity of around 65%, the poly-
mer matrix (PA6) becomes saturated with moisture,
which significantly increases its molecular mobility and
causes hydrolytic degradation of the polymer chains. This
process leads to a weakening of the bonds between the
matrix and the glass fibers. Above 65% humidity, the glass
fibers may partially mitigate further damage to the matrix,
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resulting in a smaller increase in mass loss at higher hu-
midity levels. PA6 was the most stable, with noticeable
changes only at 85% humidity. Despite a slightly higher in-
crease in wear, Onyx was the most suitable material for
abrasive wear applications, as it had the lowest average
weight loss overall. Table 6 shows the percentage differ-
ence in average weight loss between dried samples and
those exposed to different humidity levels.

Table 6
Percentage difference in average weight loss

Relative humidity of the
Specific . environment
pr’:essure Material ™330, T 65% | 85% | 97%
Weight loss (%)
Onyx -3.3 -2.5 13.3 47.5
0.12 N-mm-2 |PA6 GF30 5.9 22.5 28 42.6
PAG6 1.2 6.8 31 48.2
Onyx 3.6 5.6 22.2 | 45.33
0.32 N-mm-2 |PA6 GF30 15.1 32.4 38.3 53
PAG6 4.5 6.6 12.3 30.4
Onyx 1.66 6.4 24.4 37.4
0.51 N-mm-2 |PA6 GF30 16.46 21.8 35.3 39.54
PAG6 2.4 8.9 13.8 20.5

Fig. 5 shows the relationship between stress at maximum
force and relative humidity for PA6 samples, with a coef-
ficient of determination of 0.9331, indicating a strong cor-
relation. As relative humidity increases, tensile strength at
maximum force decreases. The regression curve is de-
fined by Eq. (1), and the coefficients are listed in Table 7.
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Fig. 5 Dependence of stress at maximum force on the relative
humidity of the environment for PA6 material

Table 7
Coefficients of the regression function and coefficients
of determination for PA6 material

Constant coefficients of model Eq. (1
Parameter il a- (1) RZ (-)
Bo B; B,
Tensile strenght| 75.97 0.2859 -0.005196 |0.9331
Elongation 3.961 0.02294 -0.000221 |0.2118

In contrast, the relationship between elongation and rel-
ative humidity (shown in Fig. 6) is burdened with a high
standard deviation.

The coefficient of determination is also at a low level, R? =
0.2118. Thus, from this data, it is not possible to deter-
mine a precise relationship between elongation at maxi-
mum strength and the relative humidity of the environ-
ment.
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Fig. 6 Dependence of elongation at maximum strength on the
relative humidity of the environment for PA6 material

Fig. 7 shows the relationship between stress at maximum
strength and relative humidity for PA6 GF30, with a low

coefficient of determination (R? = 0.1235) and high
standard deviation, indicating no clear correlation.

120
110

1004

Tensile strength (MPa)

90+ I

40 60 80 100

Relative humidity (%)
Fig. 7 Dependence of stress at maximum strength on the rela-
tive humidity of the environment for the material PA6 GF30

Fig. 8 illustrates elongation, with a coefficient of
determination of 0.4224 (Table 8), showing a slight trend
of increased elongation as relative humidity rises, but still
with considerable variability.
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Fig. 8 Dependence of elongation at maximum strength on the
relative humidity of the environment for the material PA6 GF30

Table 8
Regression coefficients and coefficients
of determination for the material PA6 GF30

Constant coefficients of model Eq. (1
Parameter ot a- (1) RZ(-)
Bo B; B,
Tensile strenght| 93.43 0.03859 -0.004074 0.1235
Elongation 2.446 0.02369 -0.0001277 |0.4224
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Fig. 9 shows a clear decrease in tensile strength of Onyx
as relative humidity increases, with tests at 65% humidity
deemed invalid due to none of the samples experienced
rupture across their entire cross-section, and thus the test
at this humidity is considered invalid.
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Tensile strength (MPa)

30— T L 1

Relative humidity (%)

Fig. 9 Dependence of stress at maximum force on relative
humidity of the environment for the Onyx material

Fig. 10 shows elongation increasing with relative humid-
ity. The coefficient of determination for stress is 0.911 (Ta-
ble 9), indicating a strong correlation, while elongation
has a lower value of 0.603, still showing reasonable fit.
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Fig. 10 Dependence of elongation at maximum strength on rel-
ative humidity of the environment for the Onyx material

Table 9
Coefficients of the regression function and coefficients
of determination for the Onyx material

Parameter Constant coefficients of model Eq. (1) RZ(4)
Bo B1 B,

Tensile strenght | 90.62 -1.381 0.008506 |0.911

Elongation 6.557 -0.03752 0.00136 |0.603

While Sudin et al. [32] demonstrated the benefit of carbon
fiber in ABS, our study shows that this advantage in Onyx
(PA6-CF) is significantly reduced at high humidity, high-
lighting the critical role of environmental factors.

Zhou et al. [33] found that higher humidity (15% to 90%)
increased strain and decreased Young’s modulus in PA6
by about 75%. Our study confirms that increased humidity
reduces PA6 tensile strength, and quantifies this reduc-
tion in 3D-printed PA6 composites (R? = 0.9331), demon-
strating the real-world impact on additively manufactured
parts.

Our results regarding the influence of layer orientation on
composite wear align with the study by Mital et al. [34],
who found that a parallel layer orientation increases ma-
terial loss. However, our work shows that this effect is sig-
nificantly amplified in a humid environment: at 97% RH,

the difference in Onyx mass loss between orientations
was 36% (Fig. 4), which is more than double the value
(17.5%) reported by Mital et al. under standard condi-
tions. The following study Cleveria et al. [35] shows that
moisture not only affects mechanical and tribological
properties but even dimensions. They demonstrated that
moisture absorption affects not only the mechanical and
tribological properties of materials but also the dimen-
sions, with PA6 expanding by up to 12% after absorbing
water compared to its dry state.

CONCLUSION

The investigation into the effects of relative humidity on
the wear resistance and mechanical properties of PA6,
PA6 GF30, and Onyx has yielded significant insights. In
summary, this study highlights the effects of relative hu-
midity on the tribological and mechanical properties of
PA6-based composites. For PA6, the most significant mass
loss increase occurred between 85% and 97% humidity,
with tensile strength decreasing as humidity increased.
PA6 GF30 experienced the largest mass loss increase be-
tween 33% and 65% humidity. Onyx showed notable mass
loss increases starting at 65% relative humidity, with a
substantial difference in mass loss (36%) observed be-
tween parallel and vertical orientations at 97% humid-
ity.The study also highlighted the differential impact of
layer orientation on wear resistance. While no significant
dependence was found for PA6, the glass-fiber-reinforced
PA6 GF30 showed partial orientation dependence under
specific pressures, indicating that the arrangement of lay-
ers can influence wear behavior. Conversely, Onyx exhib-
ited marked differences in wear based on layer orienta-
tion at higher humidity levels.

Mechanical testing revealed a strong inverse correlation
between tensile strength and relative humidity for PA6,
while the behavior of PA6 GF30 was less consistent, likely
due to variations in the sample manufacturing process.
Onyx maintained significant tensile strength despite in-
creasing humidity, although the elongation at maximum
strength increased with humidity levels.

The innovation of this paper lies in the detailed evaluation
of the impact of relative humidity on the wear and me-
chanical properties of various materials, specifically PA6,
PA6 GF30, and Onyx, in the context of their applications
subjected to abrasive wear. This research provides new
insights into how higher humidity levels affect not only
wear but also the mechanical properties of materials,
such as tensile strength and elongation at maximum load.
Previous studies have primarily focused on the impact of
material composition and 3D printing parameters on the
resulting material properties. The aim of this paper is to
analyze the effect of relative humidity on wear resistance
and mechanical properties of these materials, focusing on
the relationship between layer orientation and material
response to changes in humidity under different loading
conditions. In this way, the paper seeks to contribute to a
better understanding of the behavior of composite mate-
rials in environments with varying humidity levels and
their optimal use in industrial applications. The results
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obtained can be used in component design to design light-
weight yet robust components in the automotive indus-
try. Additionally, they can be employed in prototyping and
manufacturing structural parts that require both high
strength and low weight, such as in aerospace applica-
tions or in the production of sporting goods where perfor-
mance is critical. The wear resistance properties at differ-
ent humidity levels also make these composites ideal for
components exposed to abrasive environments, offering
extended lifespan and reduced maintenance in industrial
machinery and equipment.
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