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1 | INTRODUCTION

Jean Pierre Kenné |

Lucas A. Hof

Abstract

This study explores the influence of environmental factors and printing orien-
tation on the aging of additive manufactured polyamide 12 (PA12). A multifac-
torial experimental design was employed to age specimens under controlled
conditions. Analysis of variance revealed that temperature, irradiance, relative
humidity, and time significantly impact the ultimate tensile strength (UTS)
and Young's modulus (Y) of PA12. Applying multiple linear regression
methods produced predictive models with R* values of 0.9075 for the UTS and
0.5226 for the Y, indicating substantial explanatory power for the specimen'’s
UTS. These models enhance understanding of PA12 aging, aiding in the design
of more durable mechanical parts for applications exposed to environmental
conditions, such as footwear, automotive components, and medical devices. As
next steps, future research could empirically deploy these developed predictive
models and explore longer time scales to further elucidate the long-term aging
behavior of additively manufactured PA12.
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Compared to the long history of polymer engineering
processes, additive manufacturing (AM), introduced in

Polymers, a divers class of materials, can be categorized
into thermoplastics, thermosets, and elastomers.
Although thermoplastic polymers are commonly
known as plastics, thermosets are often referred to as
resins, and elastomers are known as rubbers. These
materials have undergone extensive development and
study since the early twentieth century and have been
mass-produced for nearly a century.! Their low mass,
high flexibility, and ease of shaping resulted in a wide
range of applications of polymer materials in engineer-
ing fields.

the 1980s, is still an emerging manufacturing process that
has not yet reached its maturity.>® Among the seven
(7) primary AM technologies outlined in the ISO/ASTM
52900:15 standard,” polyamide 12 (PA12 or Nylon 12)
powder bed fusion (PBF) stands out as the most devel-
oped category for industrial product applications.® The
most widely deployed polymer AM technologies for PBF
in industry are Multi Jet Fusion (MJF),”® and selective
laser sintering (SLS).”® SLS employs a laser for melting
and fusing the feedstock powder, contrary to the MIJF
process that fuses the powder to produce final parts by

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2024 The Author(s). Journal of Applied Polymer Science published by Wiley Periodicals LLC.

J Appl Polym Sci. 2024;141:56091.
https://doi.org/10.1002/app.56091

wileyonlinelibrary.com/journal/app 1of16


https://orcid.org/0009-0007-3781-2327
https://orcid.org/0000-0002-0495-9572
mailto:lucas.hof@etsmtl.ca
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/app
https://doi.org/10.1002/app.56091

GHIMOUZ Et AL.

ot | WiLEY-Applied Polymer

CIENCE

using infrared light, heat and a bonding agent. Both
methods involve heating particles of feedstock powder,
typically ranging in size from 45 to 90 pm,” in order to
sinter and consolidate these particles layer by layer, ulti-
mately forming a three-dimensional (3D) object.

In contrast to traditional manufacturing methods, AM
offers a significant level of geometric freedom in both
design and fabrication.'® PBF AM processes present various
advantages, including mass customization, lightweight,
surface texturing, and precise dimensional accuracy.

Polymer AM has found application in diverse fields,
such as the medical industry,"" the aerospace sector, and
the automotive industry,'® as well as spare parts for main-
tenance and repair,'* or as a process that can be integrated
into the design and manufacture of footwear with the aim
of reducing its environmental impact.'> Among the limita-
tions associated with the PBF process is the generation of
residual stresses in the produced part, due to temperature
graduations created by the layer-by-layer sintering, which
can result in warping, as well as dimensional and shape
deviations of the final part. Furthermore, although reduc-
ing the manufacturing process speed, post-processing is
often necessary in most industrial scenarios to achieve a
satisfactory surface finish, for example, to increase the
fatigue resistance of printed parts.

The composition of feedstock polymer powders used
in AM can vary significantly depending on the manufac-
turer, resulting in particles with different morphologies
such as spherical, flaky, rounded, or irregular shapes.15
Moreover, these particles also exhibit heterogeneous
sizes, leading to variations in packing density and, conse-
quently, the final density of the additively manufactured
parts. This variation in density directly influences the
mechanical properties of the fabricated component.

In addition, it is essential to consider the material's
degradation as a significant process factor, especially
when reusing powder over multiple cycles.'” Indeed, one
notable vulnerability of polymers is their susceptibility to
degradation caused by environmental factors, commonly
known as weathering."

Polymers are formed through the polymerization pro-
cess, wherein short monomers are chemically bonded to
create long molecular chains comprising tens of thousands
of monomers. However, prolonged exposure to environ-
mental factors, including heat, humidity, and ultraviolet
(UV) radiation, can induce structural degradation within
these polymer chains. The degradation mechanisms
encompass various types such as thermal, ozone-induced,
photo-oxidative, mechanochemical, biodegradation, and
catalytic degradation among others.'* It is essential to note
that all these degradation mechanisms can adversely affect
the mechanical properties of the polymer, which is dis-
cussed in detail in literature.'® Hence, the influence of
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weathering on polymers has been a subject of investiga-
tion since the 1950s."

In order to simulate the environmental stresses that
polymers experience, specialized equipment for acceler-
ated weathering has been developed, enabling laborato-
ries to replicate and study the effects of these stresses on
polymers. The literature offers abundant studies on the
aging of injection molded polymers, however, aging stud-
ies for PBF fabricated parts are limited. In fact, aging
studies were most often carried out during the
manufacturing process to understand the degradation of
the powder and the impact of mixing recycled with virgin
powder on the mechanical properties of the final part.

Various studies in the literature have added to the
understanding of material aging in PBF-manufactured
components. For instance, research has explored the deg-
radation of SLS fabricated PA12 parts after accelerated
Ultraviolet B (UVB) exposure,'® investigated the impact
of water conditioning on the fracture behavior of com-
posite PA12 parts,'”” and compared the effects of heat
conditioning on SLS and injection molded parts.'”® A
recent comprehensive study evaluated the effect of accel-
erated weathering of different materials on their mechan-
ical properties based on method A of the ISO-4982-3
standard,'® which involves an Ultraviolet A (UVA)-340
radiation at 0.76 W m > under an exposure at a tempera-
ture of 60°C during 8 h, followed by a 4 h condensation
phase at 50°C and repeating these 12 h cycles for a total
duration of 1500 h.?° However, the protocol provided by
this standard does not allow the evaluation of the direct
effect of each factor independently of the others
(e.g., temperature, relative humidity, and ultraviolet light
irradiance) nor their combined effect on polymer degra-
dation, because of the different environmental factors.

In the context of sustainable manufacturing,
improved understanding of the effect of aging on addi-
tively manufactured (polymer) materials is needed to
design parts that consider their mechanical properties
over time, that is, their durability. A major current
knowledge gap in this research field is the study of the
individual and combined effect of environmental factors
on polymer AM part performance. Therefore, this study
aims to address this research gap by establishing an
experimental design to assess the independent effect of
each environmental factor contributing to material degra-
dation, as well as to evaluate the combined binary effect
of the different independent environmental variables.

In addition, the performed assessment includes an
evaluation of vapor polishing as a post-processing tech-
nique for PA12 AM parts. This evaluation compares the
mechanical properties and weathering resistance
between samples that underwent vapor polishing and
those that remained as-built.
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2 | MATERIALS AND METHODS

The developed methodology for this study consists of four
(4) stages that are presented in Figure 1 and discussed in
the Sections 2.1-2.4. In a first step (Section 2.1), the speci-
mens for material degradation tests are prepared,
whereas a second step (Section 2.2) involves the develop-
ment of the experimental design for the weathering tests,
detailing both the dependent and independent variables.
The third stage (Section 2.3) includes the tensile tests to
determine the mechanical properties after each weather-
ing test. Finally, in step four (Section 2.4), the results are
thoroughly analyzed by statistical methods to reveal
interactions between the different experimental factors.

2.1 | Sample preparation

Tensile tests were required to estimate the mechanical
properties, ultimate tensile strength (UTS) and Young's
modulus (Y), in this work. Therefore, tensile test speci-
mens were designed according to the ASTM D638 Type
1 standard, as presented in Figure 2a.>' All specimens
were printed from virgin polyamide 12, also referred to as
PA12 or PA 2200, powder from EOS GmbH on an EOS
P110 SLS printer with a chamber temperature of 168°C.

The selected polyamide material is a semi-crystalline
polymer, exhibiting material properties, such as outlined
in Table 1.

Figure 2b presents a screenshot of the build chamber
preparation; the XYZ and XZY oriented specimens are
uniformly distributed over the entire height of the cham-
ber to reduce the effect of hypothetical temperature varia-
tions of the parts. Before further treatment, the
specimens were shuffled and picked in random order to
have a better statistical representation for next steps. A

2.1 Sample
Preparation

\\

£ N

Sample
Manufacturing

FIGURE 1
overview of the experimental

Schematic

and statistical analysis
methodology adopted in this
study. [Color figure can be
viewed at
wileyonlinelibrary.com]
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vapor polishing (Vp) treatment, performed by the sup-
plier AMTechnologies (AMT),”” was applied to half of
the total number of specimens (135) in order to experi-
mentally estimate its protective effect on the aging of
their surface condition. Table 2 summarizes the charac-
teristics of the PBF fabricated and Vp treated PA 2200
specimens for this study.

2.2 | Accelerated weathering

An experimental design was developed including six
(6) two-level factors applied on a total of 276 samples.
The factors selected in this study for accelerated aging
are chamber temperature (temperature), relative humid-
ity, irradiance at 340 nm, exposure time (time), and vapor
polishing and layer orientation during printing. The
dependent variables for this study are UTS and Young's
modulus (Y).

A two-level fractional factorial experimental design
was selected in order to avoid over costly and lengthy
experiments and its details are presented in Table 3 and
Figure 3. The weathering was performed on a Q-Sun
Xe-3 Xenon Test Chamber using UVA lamps with a
wavelength of 340 nm.?® A single cycle was performed on
the specimens in each configuration, and the machine
was recalibrated every 500 h. The specimens were flipped
to the other side in the middle of each cycle to have a
homogeneous aging on both sides of each sample.

Due to the seasonality of solar irradiance, the choice
of irradiance levels was based on average measured
values according to the summer (June) and winter season
(December). Details of such measurements are presented
in more detail in literature.*

Regarding the temperature, the two levels of 30 and
70°C for the experimental design, were chosen based on

2.3 Tensile
Testing
“u
Design of ANOVA
Experiment

Post-hoc Test

SN

A

Multiple Linear
Regression
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TABLE 1 Key material properties of PA 2200.
Properties Values
Chemical formula® [(CH,),;CONH],
Density* 0.93 gcm™>
Melting temperature (Tp,,)**** 176-178°C
Glass transition temperature (Tg)*>****  42-54°C
Degree of crystallinity (D.)** 57%
Average molecular weight (Mg)*>2° 18,900-32,900 g mol *

the glass transition temperature of PA2200 as presented
in Table 1.

Concerning the relative humidity, and time, two
levels were chosen that allowed for a measurable effect of
each factor and that exceeded the variability of mechani-
cal properties due to the SLS manufacturing process.*
The choice of the used, typical, values for the levels is
based on complementary studies found in the
literature.*"**

Figure 3 shows the fractional multifactorial experi-
mental design that was developed, including the total
number of specimens (276) of which 32 specimens
(11.6%) served as reference, that is, without aging treat-
ment. Regarding the aging treatment, eight (8) different
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FIGURE 2 (a) ASTM
D638-Type 1 specimen
dimensions (mm), (b) build
orientation XYZ and XZY.
[Color figure can be viewed at
wileyonlinelibrary.com]

configurations were tested (C1-C8), which is also illus-
trated in Figure 3. Table 3 presents the different levels of
each independent variable for the eight (8) configurations
with the corresponding number (n) of aged specimens
specified in Figure 3.

2.3 | Tensile testing

The tensile tests performed on the samples were carried
out in accordance with the ASTM D638-22 Type
1 standard,* employing a 10kN load cell on an MTS Alli-
ance RF/200 machine at a temperature of 23°C and 50%
humidity. The displacement speed was set to 5 mm/min
and the displacement data acquisition frequency was
10 Hz with the same operator performing all the tests
presented in this study. The exact dimensions (width and
thickness) of the specimens were entered into the MTS
software for each tested specimen to avoid dimensional
variations by the manufacturing process and by the
applied weathering treatments. The specimens were
directly placed in vacuum sealed bags and stored at 20°C
in a dark storage place after being removed from the
accelerated weathering machine until the tensile tests
were performed, to avoid any uncontrolled aging of the
specimens between the different testing operations.
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TABLE 2 Overview of the prepared specimens.
Materials Supplier Process Orientation Machine Dimensions Surface Color
PA 2200 EOS GmbH SLS XYZ EOS P110 ASTM D638-1 As printed White
PA 2200 EOS GmbH SLS XZY EOS P110 ASTM D638-1 As printed White
PA 2200 EOS GmbH + AMT SLS XYZ EOS P110 ASTM D638-1 Vapor smoothed White
PA 2200 EOS GmbH + AMT SLS XZY EOS P110 ASTM D638-1 Vapor smoothed White
TABLE 3 Levels for each factor.
Irradiance
Factor Temperature(°C)  Relative humidity (%) (Wm *nm™') Timeh Vapor polishing Build orientation
Levels 1 30 50 0.23 250 No XYZ
2 70 80 0.68 500 Yes XZY

276

Samples

47/////\,

136
XZ orientation

/\>

66 70
With Without
Vapor polishing 58 Vapor polishing

140
XY orientation

/\

69 71
With Without
Vapor polishing Vapor polishing

63

Irradiance  Time

Configuration Temperature Relative

No aging treatment (n = 32) (number of Humidity

specimen)
C1 (n=31) 1 1 1 1
C2 (n=31) 1 1 1 2
C3(n=29) 2 1 2 1
C4 (n=30) 2 1 2 2
C5(n=32) 1 2 2 1
C6 (n=32) 1 2 2 2
C7 (n=29) 2 2 1 1
C8 (n=30) 2 2 1 2

FIGURE 3 Presentation of the fractional multifactorial experimental design.

2.4 | Data analysis treatment by vapor polishing and build orientation) with

For each factor level configuration (C1-C8), the number
of specimens tested (n) is presented in the first column of
Table A.1 in in Data S1 with a total of 244 specimens
tested in addition to the 32 reference specimens.

Table 6 summarizes the UTS and Y results for the two
levels of each factor, including absolute frequencies. The
collected data of the tensile results (UTS and Y) were
then analyzed by analysis of variance (ANOVA) to deter-
mine the significance of the individual and combined
effects of the independent variables (temperature, irradi-
ance, relative humidity, time, presence of surface

RIGHTS L1 N Hig

a 95% confidence level. To further analyze the interac-
tions, a post-hoc pairwise comparison (Tukey test*’) was
carried out for each interaction. This included examining
the effects of the combined binary factors as detailed in
Table 3.

A multiple linear regression (MLR) model for the pre-
diction of UTS and Y is proposed, composed of the inde-
pendent variables and their possible interactions, based
on the ANOVA results. When multiple models needed to
be compared, the Akaike criterion (AIC),** was used
to estimate the relative quality of each proposed model. It
should be noted that the health of the presented models
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will be diagnosed by checking the assumptions of linear-
ity, absence of autocorrelation, homoscedasticity, normal-
ity of the error term, absence of multicollinear values, as
well as the absence of influential values using the Cook
distance.*>*® The coefficients of each independent and
interaction variable will be presented and interpreted
along with their associated p-values.

The variance of the dependent variables (UTS and Y)
by the independent variables (temperature, irradiance, rel-
ative humidity, time, vapor polishing and build direction)
was evaluated for the proposed MLR models using the
coefficient of determination R” and adjusted R” metrics. R
adjustment is used to penalize the number of predictors
used in MLR models, and the R’ and adjusted R? values
were calculated by Equation 1 and 2, where n is the num-
ber of observations, and k is the number of predictors

R =1 oo 1)
SStotal ’
( SSres )
Sslota
RzAdjusted =1- (n - 1) ( 1 (2)

where SS,¢ is the sum of squared residuals, and SS;, is
the total sum of the squares, as denoted in Equation 3
and 4, respectively.

TABLE 4
with and without Vp.

XYZ as printed

UTS MPa Mean (SD) 52.01 (0.41)

CoV 0.79

Min/max 51.30/52.40
Y MPa Mean (SD) 2135.82 (142.64)

CoV 6.67

Min/max 1933.42/2323.84
Elongation at break % Mean (SD) 18.82 (2.59)

CoV 13.79

Min/max 15.30/23.20

GHIMOUZ Et AL.
< 2
Ssres:Z(y_y*) ’ (3)
1
n
SSwa = »_ (-9, (4)
1

where y is the individual observed value, y* is the individ-
ual predicted value, and y is the overall mean.

3 | RESULTS AND DISCUSSION

Reference tests were carried out on eight (8) specimens
per category that had not received any aging treatment,
as summarized in Table 4. As discussed in the introduc-
tion, AM implies a greater or lesser variability of mechan-
ical properties depending on the control of
manufacturing parameters,”’>* and the properties of the
deployed powder*’

It can be observed from Table 4, that the coefficient of
variation (CoV) is relatively low for the UTS, which indi-
cates a good repeatability as well as for the Y that has a CoV
between 6.67% and 9.56%, which corresponds to the coeffi-
cient determined by Faes et al. between 5.61% and 6.5%.*°

After the ANOVA of the reference results presented
in Table 4, Table 5 demonstrates that the surface

Mechanical properties of PA2200 printed specimens without aging treatment in orientations flat (XYZ) and on edge (XZY)

XYZ Vp XZY as printed XZY Vp

54.10 (0.70) 48.95 (0.62) 51.73 (0.39)
1.31 1.27 0.77

52.80/55.00 48.10/50.10 51.20/52.30
2093.04 (48.93) 2179.88 (208.59) 2011.02 (154.95)
2.33 9.56 7.70
2031.78/2164.71 1811.45/2467.05 1856.23/2283.04
18.90 (2.03) 21.68 (3.42) 20.91 (2.14)
10.76 15.80 10.25
16.10/21.90 15.90/26.90 18.50/23.90

TABLE 5 ANOVA for mechanical properties of PA2200 printed samples without aging treatment in orientations flat (XYZ) and on edge

(XZY) with and without Vp.

UTS Young's modulus

Factors p-value Factors

A: Vapor polishing <0.0001 A: Vapor polishing

B: Build direction <0.0001 B: Build direction

Interactions Interactions

AB 0.0843 AB
RIGHTS LIS

Elongation at break
p-value Factors p-value
0.0562 A: Vapor polishing 0.7072
0.7235 B: Build direction 0.0133
Interactions
0.2452 AB 0.6486
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treatment by Vp significantly increases the mechanical
strength (UTS) for any printing orientation with a p-value
<0.0001. Regarding the elongation, only the orientation
of the part during printing influences this property with a
p-value = 0.0133. The Young's modulus (Y) is not signifi-
cantly affected by either Vp nor part orientation during
printing. No interaction between Vp and part orientation
is observed for the three dependent variables.

Table 6 presents a description of the data provided by
the tensile tests on aged samples for both levels of the dif-
ferent factors by presenting the mean (Mean), standard
deviation (SD), minimum (Min), maximum (Max), and
absolute frequencies (n). It should be noted that the aver-
ages in Table 6 are not representative for the individual
effect of each factor; in fact, here the effect of other fac-
tors is not considered to describe the dependent variables
UTS and Y. However, the evolution of the average values
is in good agreement with the literature.*

Figure 4 shows the variation of the Y according to
the eight configurations (C1-C8) presented in Section 2.2
for the four (4) studied cases, including Vp and as-built
samples, as well as different printing orientations. It can
be noticed that for all the configurations, the Vp treat-
ment increases the stiffness for PA12 for the XYZ and
XZY construction orientation. It can also be observed
that for PA12 with Vp treatment and as printed in the
XYZ orientation typically results in a higher median of
Y compared to the XZY orientation printed samples.
Indeed, due to variability depending on the treatment
conditions the median of Y varies significantly. The
ANOVA described in Section 3.1 suggests that it is
required to evaluate the direct influence of the indepen-
dent variables as well as their interactions, thus it is not

Applied Polymer_wiLEy-L 70

necessary to look at the levels of the dependant
variable Y.

The variation of the UTS values according to the dif-
ferent aging treatment configurations is presented in
Figure 5, which demonstrates that for some configura-
tions (C1-C8) the effect of Vp increases the value of UTS,
whereas for other configurations leaving the specimens
in as printed condition resulted in a higher mechanical
resistance. This is caused by the interaction effect of the
independent variables (temperature, relative humidity,
irradiance, vapor polishing, build orientation, and time),
which justifies further investigation by the ANOVA
method. Furthermore, it was noticed that the XYZ print-
ing orientation systematically gives a higher UTS than
the XZY orientation and this for any configuration, with
or without Vp.

3.1 | Analysis of variance
In view of the limited number of performed configura-
tions, three different models (Model 1, Model 2, and Model
3) are analyzed to determine the effect of the factors on
the dependent variables UTS and Y. These models include
five (5) factors each, indeed, the time, Vp treatment, and
different build orientations (XYZ and XZY) are treated in
each model. Tables 7.a and 8.a present the ANOVA results
indicating the significance of the effect of the independent
factors as well as the significant interactions whose p-
values are lower than 0.05 (highlighted in red).

For the three developed models, the p-values of the
ANOVA indicate a significant effect of the factors used in
the models on the mechanical strength of the tested

TABLE 6 Data description for aged samples: ultimate tensile strength (UTS) and Young's modulus (Y) for each factor level.
UTS (MPa) Y (MPa)
Levels Min Max Mean (SD) Min Max Mean (SD)
Temperature (°C) 30 (n = 126) 35.80 53.60 48.77 (2.97) 1745.80 2604.53 2073.92 (172.87)
70 (n = 118) 10.80 47.90 31.82(9.21) 1640.25 4846.26 2262.75 (428.08)
Relative humidity (%) 50 (n = 137) 10.80 53.60 39.35 (12.16) 1745.80 4846.26 2269.29 (373.71)
80 (n =107) 22.70 50.80 42.14 (8.65) 1640.25 2674.55 2032.02 (216.60)
Irradiance (W m~2 nm™ %) 0.23 (n = 121) 22.70 53.60 44.26 (9.13) 1640.25 2674.55 2037.32 (217.60)
0.68 (n = 123) 10.80 50.80 36.95 (11.18) 1828.54 4846.26 2291.10 (381.31)
Time (h) 250 (n = 121) 22.70 53.40 41.27 (10.50) 1640.25 3315.56 2149.18 (278.04)
500 (n = 123) 10.80 53.60 39.89 (11.16) 1723.05 4846.26 2181.04 (384.22)
Vapor polishing No/Yes No (n = 125) 18.00 51.70 41.93 (10.19) 1640.25 3193.13 2076.70 (284.81)
Yes (n = 119) 10.80 53.60 39.15(11.34) 1805.03 4846.26 2258.24 (359.86)
Build orientation XYZ/XZY XYZ (n = 124) 18.00 53.60 41.18 (11.14) 1693.96 3315.56 2185.26 (308.48)
XZY (n = 120) 10.80 52.10 39.95 (10.51) 1640.25 4846.26 2144.56 (361.40)
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FIGURE 4 Variation of Young's modulus (Y) as a function of aging conditions C1-C8 (see for definitions Figure 3) for samples with/

without vapor polishing and according to the building orientation. [Color figure can be viewed at wileyonlinelibrary.com]

specimens (Table 7.a). Regarding the Young's modulus
(Table 8.a), it is noticed that in the three models the two
(2) factors (time and part orientation during printing) do
not have a direct significant effect on Y (p-value >0.05).
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In Table 7.a it can be clearly concluded that beyond
the individual effects of the factors, there is also the effect
of the binary interactions between the different factors
which is statistically significant. In the purpose of
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FIGURE 5 Variation of ultimate tensile strength (UTS) as a function of aging conditions C1-C8 (see for definition in Figure 3) for
samples with/without Vapor polishing and according to the building orientation. [Color figure can be viewed at wileyonlinelibrary.com]

studying and understanding the interactions multiple
pairwise comparisons (post hoc tests) are proposed.

Table 7.b demonstrates that the interaction effect of
the pair of factors (temperature/relative humidity) affect

RIGHTS LI N K}

the UTS significantly in both directions, that is, when the
temperature is set at any level the effect of relative
humidity differs, which is supported by a p-value less
than 5%. In the case where we fix the relative humidity at
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TABLE 7.a Results of the ANOVA of the three models for UTS.
UTS
Factors p-value Factors p-value Factors p-value
Model 1  A: Temperature <0.0001 Model 2  A: Temperature <0.0001 Model3 A:Irradiance <0.0001
B: Relative Humidity =~ <0.0001 B: Irradiance <0.0001 B: Relative Humidity  0.0010
C: Time <0.0001 C: Time 0.0172 C: Time 0.8717
D: Vapor polishing <0.0001 D: Vapor polishing  <0.0001 D: Vapor polishing 0.0011
E: Build direction 0.0034 E: Build direction 0.0114 E: Build direction 0.0122
Interactions Interactions Interactions
AB <0.0001 AB <0.0001 AB <0.0001
AD <0.0001 AD <0.0001 AD <0.0001
BD <0.0001 BD <0.0001 BD <0.0001
BC 0.0103
TABLE 7.b Post hoc test for interactions that affect UTS.
UTS (MPa)
Temperature (°C) Relative humidity (%) Relative humidity (%) Temperature(°C)
50 (i) 80 (j) ()] p-value 30 (i) 70 (j) >i-)) p-value
30 49.56 47.48 2.08 0.0001 50 49.56 25.86 23.7 <0.0001
70 25.86 37.79 —11.93  <0.0001 80 47.48 37.79 9.69 <0.0001
Temperature (°C) Vapor polishing Vapor polishing Temperature®°C
No (i) Yes(j) (@i—j) p-value 30 (i) 70 (j) @i-)) p-value
30 48.49 49.03 —0.54 0.3074 No 48.49 35.47 13.02 <0.0001
70 35.74 27.64 8.10 <0.0001  Yes 49.03 27.64 21.39 <0.0001
Relative humidity (%) Vapor polishing Vapor polishing Relative humidity (%)
No (i) Yes(j) @—)) p-value 50 (i) 80 (j) @i—) p-value
50 36.66 41.51 —4.85 0.0199 No 36.66 46.95 —10.29  <0.0001
80 46.95 34.97 11.98 <0.0001  Yes 41.51 34.97 6.54 0.0022
Irradiance (W m 2> nm™')  Temperature(°C) Temperature(°C) Irradiance (W m 2 nm ')
30 (i) 70 (j) i) p-value 023(1) 0.68() (i—)) p-value
0.23 50.42 37.79 12.63 <0.0001 30 50.42 47.16 3.26 <0.0001
0.68 47.16 25.86 21.3 <0.0001 70 37.79 25.86 11.93 <0.0001
Irradiance (W m™2>nm™')  Vapor polishing Vapor polishing Irradiance (W m™2 nm ™)
No (i) Yes(j) (@(i—)) p-value 0.23({) 0.68(G) (i—j) p-value
0.23 47.5 40.86 6.64 <0.0001 No 47.5 36.45 11.05 <0.0001
0.68 36.45 37.46 —-1.01 0.6171  Yes 40.86 37.46 3.40 0.1025
Irradiance (W m 2nm ')  Time (h) Time (h) Irradiance (W m 2 nm ')
250 (i) 500 (j) (@i—)) p-value 023(1) 0.68() (—)) p-value
0.23 44.32 44.21 0.11 0.9490 250 44.32 38.27 6.05 0.0013
0.68 38.27 35.63 2.64 0.1925 500 44.21 35.63 8.58 <0.0001
Irradiance (W m™>nm™")  Relative humidity (%) Relative humidity (%)  Irradiance (W m ™2 nm ™)
50 (i) 80 (j) ()] p-value 023(i) 0.68() (i—)) p-value
0.23 50.42 37.79 12.63 <0.0001 50 50.42 30.2 20.22 <0.0001
0.68 30.2 47.48 —17.28  <0.0001 80 37.79 47.48 —9.69 <0.0001
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any level the effect of temperature on UTS is also signifi-
cantly different.

The interaction between temperature and Vp is
shown in Table 7.b. However, this interaction is only
one-directional. The effect of Vp is not significant at a
temperature of 30°C, but it is significant at 70°C. In the
opposed direction, by applying the Vp treatment or not,
the temperature has a significant effect on the mechani-
cal strength of the studied material. This finding is valid
for the first and second model presented in Table 7.a.
Hence, this may suggest that Vp protects the material
from thermal degradation (i.e., here defined as not affect-
ing its UTS) at low temperatures (e.g., 30°C), however, at
higher temperatures (e.g., 70°C) the protection from the
Vp treatment is lost. Further research could be conducted
to study more precisely the temperature limits for PA12
(PA2200) protection by the Vp process against thermal
degradation. It should be noted that the present work
entails a pairwise comparison and the effect of other fac-
tors is not considered, However, other factors and their
interactions may help to explain the average values
obtained when switching from the first temperature level
to the second.

Another interaction (RH/Vp) is significantly bidirec-
tional (note that the interaction is present in the first and
third models), for any level of humidity the Vp to a differ-
ent effect and vice versa. Same for the couple (irradiance/
temperature) that is present in Model 2, for any level of
either, the other factor will have a different effect on
the UTS.

For a nonvapor polished material, irradiance has a sig-
nificant effect while for samples that have received the Vp
treatment well the effect of irradiance becomes nonsignifi-
cant which implies a line of thought on the protection of
Nylon 12 by Vp treatment against photo degradation. A

Applied Polymer WiLEgy-| 2o

significant decrease in the average UTS with a p-value
<0.0001 indicates that at 0.23 W m ™2 nm™ ", Vp has a sig-
nificant effect contrary to a level of 0.68 Wm *nm '
where there is no effect on the mechanical strength.

For both levels of irradiance, the time has no effect,
however for both levels of time the effect of irradiance is
well present significantly and with a different effect
depending on the time of exposure. It should be noted
that this interaction is present only in Model 2, in the
third proposed model the interaction between irradiance
and time does not seem to be significant with a p-value
equal to 0.8868.

For the interaction of the pair (irradiance/relative
humidity) found in Model 3, there seems to be an effect
of both factors for any level of the other. Hence, a bidirec-
tional interaction is observed.

Table 8.a shows the presence of significant binary
interactions between the different factors for each model.
As for the mechanical strength (UTS) a post-hoc test was
performed on the collected data of the Young's modulus
(Y) and shown in Table 8.b.

As can be observed in Table 8.b the effect of the inter-
action between temperature and relative humidity is not
significantly manifested for all configurations, for a tem-
perature of 70°C, the increase in the level of relative
humidity lowers the Young's modulus of Nylon 12. How-
ever, for a relative humidity of 50% the increase in tem-
perature makes the material stiffen increasing the
Young's modulus in this model.

Regarding the interaction of temperature and Vp
treatment, the results show that Vp treatment protects
the material from thermal degradation for both tested
temperature levels. Time seems to have an effect only for
long exposure times, in such cases, we observe a differ-
ence of Y between the two temperature levels.

TABLE 8.a Results of the ANOVA of the three models for Young's modulus.

Y
Factors p-value Factors p-value Factors p-value

Model 1 ~ A: Temperature <0.0001 Model2 A: Temperature <0.0001 Model3 A:Irradiance <0.0001
B: Relative Humidity =~ <0.0001 B: Irradiance <0.0001 B: Relative Humidity =~ <0.0001
C: Time 0.3419 C: Time 0.3102 C: Time 0.9475
D: Vapor polishing <0.0001 D: Vapor polishing  <0.0001 D: Vapor polishing <0.0001
E: Build direction 0.1978 E: Build direction 0.1906 E: Build direction 0.3222
Interactions Interactions Interactions
AB <0.0001 AB <0.0001 AB 0.0001
AC 0.0047 AC 0.0035 AC 0.0330
AD 0.0391 AD 0.0342 BD 0.0022

BC 0.0012
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TABLE 8.b Post hoc test for interactions that affect the Young's modulus (Y).
Y (MPa)
Temperature (°C) Relative humidity (%) Relative humidity (%) Temperature (°C)
50 (i) 80 (j) @{i-j) p-value 30 (i) 70 (j) @i—)) p-value
30 2085.26  2055.50 29.76 0.3501 50 2085.26  2512.58 —427.32 <0.0001
70 2512.52  2012.93 499.65 <0.0001 80 2055.5 2012.93  42.57 0.3143
Temperature (°C) Vapor polishing Vapor polishing Temperature (°C)
No (i) Yes (j) (i—)) p-value 30 (i) 70 (j) (&) p-value
30 2012.05 2133.85 —121.8 <0.0001 No 2012.05 2140.33 —128.28 0.0112
70 2140.33  2402.99 —262.66 0.0007 Yes 2133.85 240299 —269.14 <0.0001
Temperature (°C) Time (h) Time (h) Temperature (°C)
250 (i) 500 (j)  (i—j) p-value 30 (i) 70 (j) @i—)) p-value
30 2102.82 2045.02 57.8 0.0603 250 2102.82  2199.54 96.72 0.0556
70 2199.54 2323.86 —124.32 0.1151 500 2045.02 2323.86 —278.84 <0.0001
Irradiance (W m 2 nm ') Temperature (°C) Temperature (°C) Irradiance (W m % nm ™)
30 (i) 70 (j) () p-value 023 () 0.68() (—j) p-value
0.23 2060.53 2012.93 47.6 0.2306 30 2060.53 2086.89 —26.36 0.3942
0.68 2086.89 2512.58 —425.69 <0.0001 70 2012.93 2512.58 —499.65 <0.0001
Irradiance (W m 2 nm™') Time (h) Time (h) Irradiance (W m 2 nm™!)
250 (i) 500 (j)  (i—j) p-value 023(@{) 0.68() (i—)) p-value
0.23 2073.37 2001.85 71.52 0.0705 250 2073.37 2223.75 —150.38 0.0026
0.68 222375 2357.33 —133.58 0.0517 500 2001.85 2357.33 —355.48 <0.0001
Irradiance (W m 2 nm™") Relative humidity (%) Relative humidity (%) Irradiance (W m 2 nm ™)
50 (i) 80 (j) () p-value 023 () 0.68() (—j) p-value
0.23 2060.53 2012.93 47.6 0.2306 50 2060.53 2441.86 —381.33 <0.0001
0.68 2441.86  2055.5 386.36 <0.0001 80 2012.93  2055.5 —42.57 0.3143
Relative humidity (%) Vapor polishing Vapor polishing Relative humidity (%)
No (i) Yes(j) (i—)) p-value 50 (i) 80 () @i—)) p-value
50 2225.51 230442 —78.91 0.2206 No 2225.51 1934.87 290.64 <0.0001
80 1934.87 2176.62 —241.75 <0.0001 Yes 2304.42 2176.62 127.8 0.0625

It can be concluded that PA12 responds significantly
to the effect of temperature for irradiance at
0.68 Wm > nm ™' by increasing the average Y for higher
temperatures. However, the irradiance has a significant
effect only for a temperature of 70°C. In addition, the
results show that there is an interaction between time
and irradiance, the latter has a significant effect at a con-
fidence level greater than 99% whatever the level of
time used.

The interaction of irradiance with relative humidity
(RH) is presented in the third model with a p-value less
than 0.0001, the effect of RH is manifested only for an
irradiance set to 0.68 W m~2 nm ™%, as well as the effect
of irradiance is manifested only for an RH of 50%.

The protective effect of the surface treatment Vp
seems to be present significantly only for RH = 80%,
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moreover RH to a significant effect when the treatment
Vp is not applied with a decrease in the mean of Y.

3.2 | Prediction model development

Based on the results of the ANOVA presented in previous
sections, regression models were developed and com-
pared with each other using the AIC in order to deter-
mine which one performs best, while penalizing the
models with the largest number of independent variables.
The same work was done for the explained variable UTS,
as well as for Y. For the construction of the MLR models
all the variables are numerical, except for the variable Vp
and building orientation (BO). When applying the
Vp treatment, the variable takes the Level 1, otherwise
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0, and for the orientation on the printer build plate (XYZ)
BO = 0 and for (XZY) BO = 1. As mentioned in Section 2,
the models have been diagnosed and respond favorably
to the assumptions of the MLR (see Appendix B in
Data S1).

The proposed MLR model to predict the variation of
UTS as a function of the independent variables follows
the results of the ANOVA, and is expressed by Equation 5
below.

UTS = f + f, Temp + f,RH + f3;Time + §,Vp (5)
+ fsBO + S Temp RH + 5, Temp Vp + fgRH Vp.

Table 9 presents the coefficients (), significance (p-
value), standard error, and 95% confidence interval of the
independent variables used in the model explaining UTS
(Equation 5).

The effects of the independent variables can be esti-
mated by considering the effect of the interactions as fol-
lows: for example, for a RH value of 50% and by

TABLE 9
explaining ultimate tensile strength (UTS).

Predicted variable Independent variable Coefficient

UTS Constant Po =281.2404
A: Temperature B =-1.1380
B: Relative Humidity B, =—0.2863
C: Time 3 =—0.0099
D: Vapor polishing P4 =129.3482
E: Build orientation Ps =—1.2689
AB B =0.0125
AD B, =—0.1441
BD Ps =—0.4139

TABLE 10

explaining and Y.

Predicted variable Independent variable Coefficient

Log (Y) Constant Bo=17.9730
A: Temperature $1 =—0.0069
B: Irradiance P, =—0.5886
C: Time B3 =—0.0007
AxVp P4 =0.0017
AB fs=0.0112
AC B =0.0000
BC f, =0.0008
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increasing the temperature 1°C, the UTS will vary from
Bi+Ps  (50)=—1.1379+ (0.0125 x 50) = —0.5145 MPa.
Thus, when a Vp treatment is applied, that is, Vp=1,
and for an increase in temperature of 1°C, the UTS
will vary from p;+p,(1)=-1.1379+(—0.1441x 1) =
—1.282 MPa. This reasoning can be applied to all inde-
pendent variables if they interact with each other, result-
ing in a model with a value of the coefficient of
determination R*=0.9075 and a R® adjusted = 0.9043,
which is satisfactory to validate the proposed model.

Indeed, the proposed MLR model uses the results of
the ANOVA to predict the variation of Y as a function of
the independent variables and is expressed as follows in
Equation 6:

log(Y) = fy + 1 Temp + B,Irr + B, Time + +4,Temp Vp  (6)
+ psTemp Irr + S Temp Time + f,1rr Time.

Table 10 presents the independent variables used in
the MLR explaining Y, their coefficients, the standard

The values of the p-value, coefficients, standard errors, and 95% confidence intervals of independent variables for the model

95% confidence interval

Std. error p-value Lower bound Upper bound
3.0653 <0.0001 75.2013 87.2796
0.0512 <0.0001 —1.2388 —1.0371
0.0426 <0.0001 —0.3702 —0.2025
0.0018 <0.0001 —0.0134 —0.0064
2.1008 <0.0001 25.2093 33.4871
0.4292 0.0034 —2.1145 —0.4232
0.0007 <0.0001 0.0110 0.0139
0.0222 <0.0001 —0.1878 —0.1005
0.0301 <0.0001 —0.4732 —0.3547

The values of the p-value, coefficients, standard errors, and 95% confidence intervals of independent variables for the model

95% Confidence interval

Std. error p-value Lower bound Upper bound
0.0073 <0.0001 7.8297 8.1170
0.0012 <0.0001 —0.0092 —0.0046
0.1104 <0.0001 —0.8062 -0.3710
0.0002 <0.0001 —0.0010 —0.0004
0.0002 <0.0001 0.0012 0.0021
0.0014 <0.0001 0.0085 0.0139
0.0000 0.0018 0.0000 0.0000
0.0002 0.0007 0.0003 0.0012
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error, the associated p-value, and the upper and lower
bounds of the 95% confidence interval.

The rationale for interpretation is the same as for UTS,
with one exception: the variation in Y is calculated in per-
centage (%) rather than MPa, as the explanatory variable
underwent a logarithmic transformation during model
development. This was done to stabilize the variance of
the variable Y and reduce the effect of extreme values.

To estimate the variation of Y for an irradiance fixed
at 023Wm ?nm !, for each 1°C temperature
increase, Y will vary by p; + f5(0.23) =100(—0.0069+
(0.0112x 0.23)) =—0.4324%. This model has an
R*=0.5226 and a R* adjusted = 0.5084.

It should be noted that these models were built to pre-
dict the UTS and Y values using values of the indepen-
dent variables between Level 1 and Level 2, as presented
in Table 3.

The relatively low R* and adjusted R* values for the
Y model can be explained by the lack of factors investi-
gated in this study. Manufacturing parameters such as
the repeatability of the melt pool or the size of the pow-
der particles have all a significant influence on the vari-
ability of the studied dependent variable Y, indeed, aging
effects accentuate this variability.

3.3 | Discussion of polymer degradation
mechanisms

3.3.1 | Temperature and relative humidity
interaction

Temperature and humidity significantly impact the PA12
(PA2200) AM specimens, due to their effects on polymer
chain mobility in both crystalline and amorphous phases
of the polymer and intermolecular interactions.*’ Ele-
vated temperatures increase the mobility of polymer
chains, potentially lowering the glass transition tempera-
ture (T,) and making the polymer more susceptible to
deformation.*"*' When combined with high humidity,
the absorbed water molecules disrupt intermolecular
hydrogen bonds through plasticization.*' This reduces
the polymer's tensile strength and stiffness, while increas-
ing its flexibility and ductility. Hydrolytic degradation is
also a concern at higher temperatures,***> where water
molecules break amide bonds, leading to a reduction in
molecular weight and mechanical properties.**

3.3.2 | UV radiation and temperature
interaction

The combined effects of UV radiation and high tempera-
ture accelerate the degradation of PA12 (PA2200) AM
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specimens. The elevated temperature may catalyze the
effect of UV exposure (accelerated testing 70°C). UV
exposure generates free radicals, which are more reactive
at elevated temperatures. This leads to faster chain scis-
sion in the amorphous regions and oxidation,'® hence sig-
nificantly degrading mechanical properties. The
synergistic interaction between UV and temperature
results in more rapid loss of tensile strength, increased
brittleness, and surface damage compared to each factor
individually.

3.3.3 | UV and humidity interaction

UV radiation and high humidity together exacerbate sur-
face degradation through photodegradation and hydro-
lytic processes.'>** Moisture absorption plasticizes the
polymer and increases the rate of oxidation and chain
scission under UV exposure.'® This combination results
in more severe surface cracking, discoloration, and loss
of mechanical integrity.

3.34 | Additive manufactured specimens

AM introduces unique interface effects in polyamide
specimens, such as layer adhesion and microstructural
variations. Optical and electronic microscopy can reveal
these phenomena, aiding in the understanding of
mechanical and thermal behaviors. Poor interlayer adhe-
sion can lead to reduced mechanical strength and
increased susceptibility to environmental degradation.

3.3.5 | MLR analysis

The proposed MLR model in this study highlights the
complex interactions between temperature, UV, and
humidity. These interactions can be explained through
established theories of polymer science (see Sec-
tions 3.3.1-3.3.4), such as the increased reactivity of free
radicals at higher temperatures and the plasticizing effect
of moisture. The combined effects can lead to synergistic
degradation, emphasizing the importance of considering
multiple environmental variables in polymer perfor-
mance analysis.

The proposed prediction model is applicable to poly-
amide 12 (PA12) parts produced from virgin powder
using SLS printing. However, for parts manufactured by
other AM technologies, this model may not be valid due
to inherent differences in machine-specific manufactur-
ing parameters. Although the material degradation
mechanisms remain broadly similar, the proportions of
these mechanisms may vary, making the model
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imprecise. Furthermore, when another material will be
assessed, the MLR model, based on statistical data from
samples made exclusively of PA12, loses its validity for
prediction. Polymer chains, degree of crystallinity and
thermal properties differ from one material to another,
significantly influencing the results, as reported in tests
conducted by Puttonen et al.*°

4 | CONCLUSION

The experimental design developed in this work evalu-
ated the impact of six independent variables (tempera-
ture, relative humidity, UV irradiance, time, vapor
polishing, and construction orientation) on the UTS and
Young's modulus (Y) of additive-manufactured Polyam-
ide 12 (PA2200) specimens using SLS technology. Signifi-
cant individual and interaction effects were determined
through ANOVA and post hoc analysis. A MLR model,
using the AIC for model selection, yielded an R* value of
0.9075 for UTS and 0.5226 for Y. These results inform a
predictive model that enhances the optimization of fabri-
cation processes, allowing for the adjustment of environ-
mental parameters to achieve desired mechanical
properties.

The present study fills a gap in existing knowledge and
has practical implications for the AM industry. It offers a
more informed approach to designing parts with enhanced
longevity and durability, which is beneficial for example
the automotive and medical device industries. By optimiz-
ing manufacturing parameters, manufacturers can produce
parts with improved structural integrity and functional
properties, minimizing the risk of premature failure and
promoting sustainable manufacturing practices.

Future research should focus on experimentally test-
ing the predictive models for UTS and Y, and exploring
longer time scales to better understand the aging of addi-
tive manufactured materials, ultimately refining part
design for long-term durability.
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