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Abstract: Effect of selective laser sintering printing orientation (0°, 45°, 90°) on stress relaxation in PA12 
was investigated. The results were highly consistent with the Maxwell-Wiechert model, as evidenced by 
the average values of the fit coefficients Chi2 = 0.00004 and R2 = 0.996. By changing the printing orienta-
tion, anisotropy of rheological properties was achieved.
Keywords: SLS, Maxwell-Wiechert model, stress relaxation, PA12.

Wpływ selektywnego spiekania laserowego na relaksację naprężeń w PA12 
(Komunikat szybkiego druku)

Streszczenie: Zbadano wpływ orientacji wydruku selektywnego spiekania laserowego (0°, 45°, 90°) 
na relaksację naprężeń w PA12. Uzyskano dużą zgodność wyników z modelem Maxwella-Wiecherta, 
o czym świadczą średnie wartości współczynników dopasowania Chi2 = 0,00004 oraz R2 = 0,996. Zmie-
niając orientację wydruku uzyskano anizotropię właściwości reologicznych. 
Słowa kluczowe: SLS, model Maxwella-Wiecherta, relaksacja naprężeń, PA12.

The additive technologies found increased usage in var-
ious fields of industry, especially where demand for com-
plex shaped parts is growing. For this reason, it is required 
to conduct extensive research focused on the properties of 
materials used for 3D printing especially for polymeric 
materials [1, 2]. Most polymeric materials are chosen more 
frequently because of their good mechanical properties 
relative to the low cost of manufacture [3]. Components 
made of polymers and polymer composites meet the 
strength requirements while reducing their weight, which 
is important in the automotive and space industries. The 
widespread use of polymers for components that operate 
under constant loads determines the knowledge of the 
strain-stress relationship. These relationships are needed 
to conduct stability analyses of details operating under 
constant stress. Therefore, to determine the reliability and 

durability of polymer material, it is necessary to know its 
mechanical properties during its use [3, 4].

Stress relaxation of additively manufactured polymer 
materials are increasingly being researched [3, 5–12]. 
To describe the stress relaxation, well-known rheologi-
cal models are used [5, 13–18]. In authors previous work, 
research on the rheological properties of parts produced 
by FDM technology from acrylonitrile-butadiene-styrene 
(ABS) material was conducted [10]. The samples were sub-
jected to tensile stress and the 3D printing technological 
parameters analyzed were layer height  (0.254 mm and 
0.33 mm) and print orientation  (0°, 45°, 90°). The Maxwell-
Viechert and Kelvin-Voight models were used to describe 
stress relaxation and material creep, respectively. The 
results of the research confirmed the obtaining of a strong 
fit of the rheological models to the experimental curves. 
Anisotropy of the rheological properties was detected due 
to the orientation of the print. In another paper, Reis et 
al. [8] analyzed stress relaxation and creep phenomena 
caused by compressive, tensile, and bending stresses. 
The research was made of G6-Impact nanocomposite 
material in FFF technology with technological param-
eters of layer height  (0.25 mm), infill (100%) and depo-
sition angle direction (0°/45°/-45°/90°/90°/-45°/45°/0°). The 
research results showed that the lowest relaxation values 
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T a b l e 1. Selected properties of PA12 (PA2200) [30] 

Property Standard Direction Value
Young’s modulus 
MPa ISO 527 X, Y, Z 1650

Tensile strength 
MPa ISO 527

X
Y
Z

48
48
42

Elongation at break 
% ISO 527

X
Y
Z

18
18
4

Flexural modulus 
MPa ISO 178 X 1500

Charpy impact 
strength, kJ/m2 ISO 179/1eU X 53

Hardness, D ISO 7619-1 75
Biocompatibility – EN ISO 10993-1 and USP/level VI/121. 

Certified for food contact with Directive 2002/72/EC (except 
alcohol products).

were obtained for bending stress, while the highest values 
were obtained for tensile stress. For creep, the highest dis-
placement was obtained for tensile stress. On the other 
hand, the displacement values for bending and compres-
sive stress were similar. Bochnia et al. [19] manufactured 
samples for rheological research using selective laser sin-
tering (SLS) technology from ALUMIDE material, with 
print parameters: layer height  (0.12 mm), energy density  
(0.056 J/mm2) and print direction (X, Y, Z). The samples 
were exposed to tensile stresses, from which stress relax-
ation and material creep curves were obtained. Five-
parameter Maxwell Wiechert and Kelvin-Voight models 
were used to describe these curves. It was observed that 
for both stress relaxation and creep, the direction of print-
ing affected the dynamic viscosity coefficients (obtained 
by fitting rheological models to experimental curves). 
The strong fits obtained confirmed the usefulness of the 
Maxwell-Wiechert and Kelvin-Voight models. 

In summary, there is a growing interest in rheological 
research of additively manufactured materials. In a way, 
this is a necessity resulting from the increasing use of 
3D printing for the manufacture of usable components 
and components important for the overall device, e.g., 
mechanical seals. 

In additive technologies, technological parameters 
affect the mechanical properties of manufactured parts 
[20, 21]. And quite often, the influence of print orienta-
tion is analyzed, as confirmed by research described in 
articles [20–25]. Selective laser sintering (SLS) technol-
ogy uses a laser beam to selectively irradiate and solid-
ify the material in powder form layer by layer until 
a finished 3D part is obtained [26, 27]. Before irradiat-
ing the powder with a laser beam, it must be heated to 
a high working temperature. The working temperature 
must not be higher than the melting point of the poly-
mer material, otherwise the powder particles will stick 
together [26, 28, 29]. After the layer is applied, the mate-
rial is selectively solidified by further laser heating to the 
sintering temperature. The next step is to lower the work-
ing platform by a preset layer height and the processes 
again follow in the order: application of powder, solidifi-
cation of the applied powder. A three-dimensional object 
is obtained after an appropriate number of powder layers 
are applied and sintered [26, 28, 29]. Selective laser sinter-
ing technology finds its applications in medicine, aero-
space, electronics, packaging, military, and automotive 
industries [26,29].

Polyamides are the most used polymers in selective 
powder sintering technology [29]. There are three types 
of such materials polyamide 6 (PA6), polyamide 11 (PA11) 
and polyamide 12 (PA12) [29]. Crystalline polyamide 12 
is easier to sinter with a laser compared to other poly-
mers [26, 29]. Polyamide behaves as a flexible material 
when the printed part is thin, while when the model is 
thick then the polymer behaves as a rigid one. The PA12 
material exhibits excellent strength, thermal and chemi-
cal resistance properties [29]. 

The aim of the current research is to investigate effect 
of selective laser sintering printing orientation (0°, 45°, 
90°) on stress relaxation in PA12. Additionally, the 
five-parameter Maxwell-Wiechert model was used for 
the mathematical description, determination of elastic 
moduli and dynamic viscosity coefficients.

EXPERIMENTAL PART

Materials 

Polyamide 12 (PA12) trade name PA2200, obtained from 
EOS GmbH Electro Optical Systems (Krailling, Germany) 
was used (Table 1). 

Samples preparation

Samples for stress relaxation testing were developed 
in CAD (Computer Aided Design) software (sample 1BA 
according to ISO 527), and saved in a digital file with 
STL (Surface Tessellation Language) extension using tri-
angulation parameters: deflection (0.0069 mm), angle 
(5°). The paddles were obtained by SLS technology 
using EOS Formiga P100 printer (EOS GmbH Electro 
Optical Systems, Krailling, Germany). The 3D printing 
parameters are layer thickness  (0.1 mm), energy density  
(0.056 J/mm2) and print orientation  (0°, 45°, 90°). The sam-
ples were marked as follows: e.g., SLS – 90°-1 means that 
the sample was made using SLS technology, the printing 
orientation was 90°, and the test number was 1. A scheme 
of the SLS process is shown in Figure 1 [26, 27].

Methods 

Stress relaxation

Stress relaxation was tested on the Inspect mini test-
ing machine (Hegewald&Peschke MPT GmbH, Nossen, 
Germany) at a head speed of 10 mm/s, a constant strain of 
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1 mm and a relaxation time of 600 s. Measurements, data 
acquisition and test parameter setting were performed in 
the LabMaster program (version 2.5.3.21).

The Maxwell-Wiechert model

The five-parameter Maxwell-Wiechert model was 
used to mathematically describe the experimental 
curves obtained in stress relaxation tests. Fitting was 
performed using OriginPro software (OriginLab Corp., 
Northampton, Massachusetts, USA) with the Levenberq-
Marquadt algorithm. Schematic diagram of the Maxwell-
Wiechert model is shown in Fig. 2 [9, 10, 19]. 

The Maxwell-Wiechert model can be described using 
Equation 1 [10, 19]:

T a b l e 2. Parameters and fitting factors for PA12 samples

Sample σ0, MPa σ1, MPa σ2, MPa t1, s t2, s Chi2 R2

SLS – 0°-1 4.86 0.92 0.90 10.83 221.09 0.00004 0.995

SLS – 0°-2 5.00 0.94 0.91 10.45 210.64 0.00004 0.995

SLS – 0°-3 5.16 0.95 1.00 10.65 206.90 0.00004 0.996

SLS – 0°-4 5.50 0.97 1.01 10.14 210.65 0.00004 0.996

SLS – 0°-5 5.70 0.99 1.10 9.73 218.05 0.00004 0.996

x 5.24 0.95 0.98 10.36 213.47 0.00004 0.996

SD 0.35 0.03 0.08 0.44 5.88 0.0000 0.001

SLS – 45°-1 5.89 0.84 0.89 11.23 218.87 0.00004 0.995

SLS – 45°-2 5.70 1.00 1.05 14.16 328.30 0.00004 0.992

SLS – 45°-3 6.30 1.04 1.19 12.41 263.44 0.00005 0.997

SLS – 45°-4 5.83 0.97 0.98 11.67 248.63 0.00005 0.994

SLS – 45°-5 5.90 1.04 1.10 11.70 236.99 0.00004 0.995

x 5.92 0.98 1.04 12.23 259.25 0.00004 0.995

SD 0.22 0.08 0.11 1.16 41.91 0.00001 0.002

SLS – 90°-1 5.09 0.90 0.80 11.11 216.49 0.00004 0.994

SLS – 90°-2 5.99 1.04 1.02 11.58 212.20 0.00004 0.995

SLS – 90°-3 5.52 0.97 0.96 11.51 213.30 0.00004 0.995

SLS – 90°-4 5.58 0.98 0.98 10.85 218.62 0.00004 0.995

SLS – 90°-5 5.77 0.95 0.93 11.26 212.67 0.00004 0.995

x 5.59 0.97 0.94 11.26 214.66 0.00004 0.995

SD 0.33 0.05 0.08 0.30 2.78 0.00000 0.000

E0

E1 E2

µ2µ1

σ

σ
Fig. 2. Schematic diagram of Maxwell-Wiechert model [19]

Parts
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Fig. 1. Scheme of 3D printing process using SLS technology



182 POLIMERY 2024, 69, nr 3

  (1)

where: E0, E1, E2 – moduli of elasticity, µ1, µ2 – dynamic 
viscosity coefficients, ε0 – initial unit strain, t – time. 

Equation 1 can be simplified and then takes the form 
of Equation 2 [19]:

  (2)

where:  – relaxation time,  – relaxation time,

In addition, the equivalent modulus was calculated 
according to Equation 3 [19]:

 Ez = E0 + E1 + E2 (3)

The percentage decrease in stress after a given expo-
sure time was calculated according to Equation 4:

  (4)

where: σ0 – initial stress, σt – stress after time t.

RESULTS AND DISCUSSION

Experimental stress relaxation curves at different 
printing orientation are presented in Figure 3. Selected 
experimental relaxation curves fitted to the Maxwell-
Wiechert model are shown in Figure 4.

The result of the approximation was the model param-
eters Maxwell-Wiechert σ0, σ1, σ2, t1, and t2 and the fitting 
coefficients Chi2 and R2. The values of these parameters 
and coefficients are presented in Table 2.

Based on the results presented in Table 2, the high-
est standard deviation was obtained for the parameter 
t2 (41.96 s) and printing orientation of 45°. The parame-

ter t2 obtained the highest standard deviation among the 
others. The lowest standard deviation was obtained for 
the parameter σ1 (0.03 MPa). In the case of matching coef-
ficients, standard deviations reached low values.

Using the average values of the parameters σ0, σ1, σ2, 
t1, and t2 and the given constant strain (εconst = 1 mm) the 
elastic moduli E0, E1, E2 and the dynamic viscosity coeffi-
cients µ1, µ2 were calculated. The values of elastic moduli 
and dynamic viscosity coefficients along with the equiv-
alent modulus are presented in Table 3. 

The elastic moduli did not differ much depending 
on the printing orientation. The highest elastic modu-
lus, equivalent modulus and dynamic viscosity coef-
ficients were obtained with a print orientation of 45°. 
The dynamic viscosity coefficient µ1 did not vary much 
depending on print orientation. However, in the case of 
µ2, high difference between the highest and the lowest 
value was observed.

Table 4 shows that the largest standard deviation 
occurred at a print orientation of 45°, and the lowest at 
a print orientation of 90°. The overlap of the experimen-
tal curves (black) and the rheological model curves (red) 
confirms a very good fit (Fig. 4), as also evidenced by 
the values of the fit coefficients R2 and Chi2. The closer 
Chi2 parameter is to 0, the better the fit. For R2, the fit is 
better when its value is closer to 1. The average Chi2 and 
R2 values for the tested samples were 0.0004 and 0.996, 
respectively. Moreover, it is observed that the highest 
equivalent modulus  (397 MPa) was 10% higher than the 
lowest EZ (359 MPa). For the dynamic viscosity coefficient 
µ2, the highest value of 13507 MPa∙s was 25% higher than 
the lowest value of 10067 MPa∙s. For the dynamic viscos-
ity coefficient µ1, the highest value of 598 MPa∙s was 17% 
higher than the lowest value of 494 MPa∙s. Analyzing the 
relaxation time t2, the highest standard deviation (41.9 s) 
was achieved for a printing orientation of 45° and it was 
93% higher than the lowest (2.8 s) obtained for a printing 
orientation of 90°.The high SD of the time t2 is caused by 
the different dynamic viscosity coefficient µ2.

The elastic moduli and dynamic viscosity coefficients 
were related to the research presented elsewhere [31]. 
The authors applied compressive stress to cylindrical 
specimens. They obtained elastic moduli and dynamic 
viscosity coefficients for printing orientation of 0° and 
90°. The samples were made from PA12 using SLS tech-
nology. The comparison shows that the elastic modu-
lus E0 was 2.7 times higher for tensile stress compared 
to compressive stress. In contrast, the elastic moduli E1, 
E2 were on average 16.5 times higher for tensile stress 
compared to compressive stress. The reverse was true 

T a b l e  3.  Moduli of elasticity and dynamic viscosity for PA12

Raster angle, ° E0, MPa E1, MPa E2, MPa Ez, MPa µ1, MPa∙s µ2, MPa∙s
0 262.20 47.70 49.20 359.10 494 10502

45 296.20 48.90 52.10 397.20 598 13507
90 279.50 48.40 46.90 374.80 545 10067

Table 4. Stress drops after exposure time of PA12 samples

Test number
Decrease in stress, %

0° 45° 90°
1 33.5 29.2 31.3
2 33.1 31.7 31.2
3 33.3 30.9 31.7
4 32.0 30.5 31.6
5 31.8 32.3 30.4
x 32.7 30.9 31.3

SD 0.8 1.2 0.5
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Fig. 3. Experimental stress relaxation curves at different print-
ing orientation: a) 0°, b) 45°, c) 90°

Fig. 4. Selected experimental data fitted to the Maxwell-Wiechert 
model: a) SLS ‒ 0°-1, b) SLS ‒ 45°-1, c) SLS ‒ 90°-1
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for dynamic viscosity coefficients µ1, µ2, which were 
on average 1.5 times higher for compressive stress com-
pared to tensile stress.

CONCLUSIONS

The influence of SLS printing orientation on stress 
relaxation in PA12 was investigated. The obtained results 
fit the Maxwell-Wiechert model very well, as evidenced 
by the average values of the coefficients, which were Chi2 
(0.0004) and R2 (0.996). This allows to recommend the 
obtained results for various engineering calculations, 
especially computer simulations with practical utilitarian 
applications. It was found that the anisotropy of rheologi-
cal properties results from the printing orientation. The 
decrease in relaxation stress was the highest for a print 
orientation of 0° (32.7%), which suggests that this printing 
orientation is the least favorable for structural elements 
that maintain, for example, tightness or fastening.
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IV Ogólnopolskiej Konferencji Naukowej 
,,ROZWIĄZANIA I TECHNOLOGIE XXI WIEKU”

9 maja 2024 r., online
Współcześnie prowadzone badania, oparte na wiedzy i nowatorskich technologiach, stanowią siłę napędową 
gospodarki. Dążenie do optymalizacji bieżących procesów oraz niejednokrotnie konieczność zastosowania 
niestandardowych rozwiązań zaistniałych problemów zachęca naukowców do eksploracji nowych kierunków 
badań i łączenia wiedzy eksperckiej z wielu obszarów nauki. 

Organizowana przez Fundację na rzecz promocji nauki i rozwoju TYGIEL Konferencja skierowana jest do 
studentów, doktorantów, pracowników naukowych oraz przedstawicieli firm, a także osób zainteresowanych 
tematyką innowacyjnych technologii i narzędzi przyszłości.

Tematyka konferencji:
• technologie komputerowe
• sztuczna inteligencja
• technologie produkcji
• budowa maszyn i podzespołów mechanicznych
• budownictwo
• biomateriały i nanomateriały
• energetyka, systemy cieplne i grzewcze

• przemysł rolniczo-spożywczy
• przemysł lotniczy, samochodowy i kosmiczny
• narzędzia medyczne
• wykorzystanie technologii w ochronie zdrowia 

człowieka i środowiska
• technologie kwantowe
• optoelektronika

Ważne terminy:
Zgłoszenie udziału:
I etap – 27 lutego 2024 r., II etap – 19 marca 2024 r., III etap – 18 kwietnia 2024 r.
Przysłanie streszczenia wystąpienia – 25 kwietnia 2024 r.
Miejsce konferencji: platforma ClickMeeting – online 

Kontakt: technologie@fundacja-tygiel.pl, tel.: 733 933 416

https://technologie.fundacja-tygiel.pl/

mailto:technologie@fundacja-tygiel.pl
tel:+48733933416

