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INTRODUCTION

The field of applications of additively manu-
factured parts is currently very wide and includes 
various industries mostly, medicine, aerospace, 
architecture, etc. [1, 2, 3]. Elements shaped with 
additive manufacturing techniques are used not 
only in the process of physical verification and 
preliminary tests at the designand implementa-
tion stage of new products [4, 5]. They are also 
increasingly used as final parts [6, 7]. The rea-
son for this situation is the dynamic development 

of AM (Additive Manufacturing) technologies. 
New manufacturing solutions are developed, key 
techniques of layered material processing are 
modified and improved [8], and above all, the 
range of available model materials is expanded 
[9]. However, the possibility of using a given 
method in a specific area of application is con-
ditioned primarily by the parameters of the ma-
terials and the accuracy of the dimensional and 
shape mapping of the models in the process in 
question [10, 11, 12]. The data declared by the 
manufacturers in the vast majority differ from the 
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actual results determined by laboratory tests. The 
reason for such discrepancies are the individual 
conditions of the elementary AM process, which 
includes things like: the operating conditions of 
the machine, user-defined process parameters 
[13], development of CAD/STL/RP (Computer 
Aided Design / Standard Triangulation Language 
/ Rapid Prototyping) numerical data or the type 
of final processing and post-processing adequate 
for the selected technique, material type and the 
application spectrum of built part [14, 15]. Ad-
ditionally, torsional strength parameters are not 
provided which based on the possibilities provid-
ed by additive manufacturing of wide variety of 
parts loaded with a torsion moment, are extreme-
ly important in the process of their design [16, 17, 
18]. Some of the additively manufactured parts 
are shafts, couplings, gear hubs, for which one of 
the key parameters is torsional strength [19]. In 
addition, the values of dimensional and shape de-
viations are extremely important in this case – cir-
cularity deviation, cylindricity deviation, coaxial-
ity of the model with the CAD nominal cylinder, 
total runout. Therefore, further research work is 
necessary to determine reliable – real values of 
the above-mentioned parameters for commonly 
used AM methods and model materials [20, 21].

In this study an SLS process was performed 
on EOS Formiga P100 machine with layer thick-
ness of 0.1 mm and manufacturer exposition pro-
cess –,,PA2200 Performance 1.0”. Laser energy 
density used in this process was 0.067 J/mm2 with 
laser power set at 25 W and hetch lines laser scan-
ning speed of 1500 mm/s, with laser scanning line 
distance of 0.25 mm [22]. The laser focus spot 
diameter was set to 0.42 mm.

PA2200 in its pre sintered form is a white 
powder that is mainly pure PA12 polymer 
(12-aminododecanoic acid lactam) with additive 
of proprietary heat and oxidation stabilizers (one 
of which is titanium dioxide). Powder granedie 
meter is between 0.03 – 0.120 mm and is highly 
spherical with distorted,,potato – like” shaped 
granes. Typical sintered material is a 50/50% mix-
ture of used, sieved powder from earlier sintering 
process with fresh powder. This procedure is used 
to prevent the powder from influence of thermal 
degradation that occurs during sinterization pro-
cess. Constant powder refreshment is a key factor 
for constant mechanical properties and dimen-
sional accuracy of built elements throughout the 
production process [22, 23, 24]. PA2200 powder 
is certified biocompatible material according to 

EN ISO 109993–1 and USP / level VI / 121 °C 
and due to its properties and quality is also widely 
used in medica industry for surgical guides and 
tooling.

The SLS process used in this research served 
for manufacturing of standard circular samples 
[25]. Individual model groups were arranged in 
three orientations relative to the build platform 
of the machine – vertically, horizontally and at 
an angle of 45°. Two sets of samples were pre-
pared for final processing by water-soaking and 
furnace-heating. The first stage of the research 
was the verification of the dimensions and shape 
of the samples by optical measurements using an 
advanced 3D scanner system. Then, the samples 
were subjected to additional treatment in the two 
post-processing variants indicated above, i.e. 
soaking and heating. Torsional strength tests were 
carried out using a proprietary torsion loads test 
apparatur equipped with an advanced measure-
ments system for determining the torsional mo-
ment and torsion angle, as well as a precise ad-
justable drive system. The last stage of research 
work was the analysis of sample fracture.

The analysis of scientific studies in the area of 
SLS technology for polymer powders shows the 
lack of publication of data on torsional strength. 
A number of tests were carried out to determine 
other material properties, taking into account 
the impact of the parameters of the SLS manu-
facturing process on individual strength param-
eters [26, 27, 28]. Therefore, it was important to 
undertake the research, the results of which will 
complement the current state of knowledge and 
help determine the potential area of application of 
parts manufactured with the SLS technique from 
the PA2200 material.

MATERIALS AND METHODS

The model material in the form of PA2200 
polymer powder was used in the research process. 
A list of selected, sintered PA2200 properties de-
clared by the manufacturer is presented in Table 1.

Samples were made of the PA2200 powder on 
EOS Formiga P100 SLS system [29]. Mechanical 
properties offered by this technology and mate-
rial fulfill the expectations for end use products 
comparable to classical processes like injection 
molding. Digital data for SLS process were pre-
pared with the use of dedicated software tools that 
enable the placement of models in machine build 
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space, layer preparation and information for laser 
exposition. The arrangement of the samples in the 
build space is shown in Figure 1. 

SLS process does not require any support 
structures as unsintered powder is sufficient for 
holding sintered layers in place. One of the major 
limitations to SLS process that needs to be taken 
under consideration regarding parts mechanical 
properties is minimal wall thickness. Walls bel-
low 3 mm thickness will show large difference 
in mechanical properties in comparison to thicker 
walls as the parts are more porous closer to their 
surface then in their core. The above-mentioned 
problem is visible when the same structures are 
produced in different positions in the working 
space [30]. This phenomenon is caused by dif-
ference of energy density and heat influence on 

connection of layer contour exposition and core 
exposition.

Figure 2 shows SLS samples produced for 
the purpose of the research procedure in ques-
tion. Two series of models of 12 pieces were pro-
duced – 4 samples each for 3 orientations of the 
model in the working space (Fig. 1). There were 
4 samples built in vertical orientation to layer 
growth (along Z axis in SLS machine), 4 samples 
in 45° orientation to XY plane and 4 samples built 
along X orientation.

The first stage of the research work in ques-
tion included the process of optical measurements 
using a 3D scanner. The GOM Atos apparatus 
was used for the analysis due to its purpose for 
very complex measurement tasks and the guaran-
tee of extremely precise measurements for small 

Figure 1. Arrangement of samples in the working space: a) isometric view, b) front view, c) side view

Table 1. Selected material data – based on EOS PA2200 catalog data

Property of sintered material Value Unit Test standard

Tensile modulus
X Direction
Y Direction
Z Direction

1700
1700
1700

MPa
MPa
MPa

ISO 527–1/-2

Tensile strength
X Direction
Y Direction
Z Direction

50
50
50

MPa
MPa
MPa

ISO 527–1/-2

Strain at break
X Direction
Y Direction
Z Direction

20
20
10

%
%
%

ISO 527–1/-2

Charpy impact strength (+23 °C, X direction) 53 kJ/m2 ISO 527–1/-2

Charpy notched impact strength (+23 °C, X direction) 4.8 kJ/m2 ISO 527–1/-2

Flexural modulus (23 °C, X direction) 1500 MPa ISO 178

Izod impact notched (23 °C X direction) 4.4 kJ/m2 ISO 180/1A

Shore D hardness (15s) 75 - ISO 7619–1

Density (laser sintered) 930 kg/m3 EOS method

Thermal properties

Melting temperature (20 °C/min) 176 °C ISO 11357–1/-3

Vicat softening temperature (50 °C/h 50N) 163 °C ISO 306
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and medium-sized parts. The scanner uses blue 
light technology in a narrow band, which enables 
effective filtration of light noise from the envi-
ronment. Structural light in the form of stripes is 
projected onto the tested object from a centrally 
placed projector. Advanced cameras are installed 
on both sides of the projector to record the de-
flection of the projected light fringes within the 
geometric changes of the measured part. Spatial 
digitalization with a 3D scanner allows to observe 
the path of technological lines of creation of in-
dividual layers of material. this allows an initial 
visual assessment of the quality of the model and 
the creation of the target accuracy in selected ar-
eas of the model. these lines in the nomenclature 
of 3D printing are called step effect.

The next stage of the research procedure was 
the preparation of samples in two variants of final 
treatment – by water-soaking and furnace-heat-
ing. According to manufacturer recommenda-
tions sintered parts can be enhanced by humidifi-
cation as PA12 increases its ductility after reach-
ing its maximum water absorption in its structure 
[31]. Effect of humidification of sintered part 
should have influence on mechanical properties 
especially part ductility and elasticity. The SLS 

process itself due to it’s high temperature produce 
dried parts which gradually absorb humidity from 
air. This process can be accelerated by intention-
al soaking of built parts in water. Higher water 
temperature can enhance this process. One half 
of samples were dried / heated in furnace for 4 h 
in 110 °C. The other half was soaked in water for 
4 h in 80 °C. All parts were tested within 5 h after 
treatment when they reached room temperature to 
prevent significant changes in part humidity by 
surrounding air water vapor content.

The key research process was the analysis of 
the torsional strength of the SLS samples. The 
tests were carried out with the use of a proprietary 
design of a test stand equipped with an advanced 
measuring system for determining the torque and 
torsion angle, as well as a precise adjustable drive 
system. The results were recorded and processed 
in real time using dedicated software.

The last stage of the research was the analysis 
of the fractures of the samples. For the fractures of 
the samples obtained after the static torsion test, 
surface morphology tests were carried out at ten 
times magnification using the KERN OZL-466 
stereoscopic microscope.

Figure 2. SLS samples 
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RESULTS AND DISCUSSION

Dimensional and shape 
verification of test samples.

Dimensional and shape accuracy of parts 
working under torque load, including primarily 
machine shafts, hubs, couplings, is a key param-
eter that directly determines the possibility of us-
ing parts in a given area. It is therefore necessary 
to analyze the accuracy of model mapping in the 
incremental process, especially due to the indi-
vidual conditions of each process – processing of 
numerical data, printout parameters, and above 
all, setting the model in the working space of the 
apparatus. 

The geometry obtained after the printing pro-
cess was compared with the geometry of the CAD 
model. Only the cylindrical area of the sample 
was selected for detailed examination. Tied ends 
with the mounting system in the measuring sta-
dion – sample holders – omitted. The adjustment 
of the cylinder to the scan mesh was performed 
using the Best-fit Gauss 3 sigma method. The fol-
lowing parameters were obtained:
 • roundness tolerances – two concentric circles 

limit the tolerance zone. The tolerance value 
defines the distance between the circles,

 • cylindricity deviation – two coaxial cylinders 
limit the tolerance zone. The tolerance value 
defines the distance between the cylinders,

 • concentricity deviation of the nominal cylin-
der constituting the CAD cylinder and the cyl-
inder matched to the scan grid in accordance 
with the ISO 1101 standard – the function 
checks whether the center points or the center 
axes lie within a defined tolerance zone. The 
tolerance zone is circular. A cylinder limits the 
circular tolerance zone. The tolerance value 
defines the diameter of the cylinder,

 • the deviation of the total runout relative to the 
axis of the sample’s nominal cylinder. Mea-
surement of the actual diameter within the 
±0.2 deviation range.

In addition, it was possible to graphically dis-
play the best-fit layout of the CAD model and the 
sample scan grid.

The graphical comparison shows that techno-
logical errors in the surface topology are visible in 
all samples. They are manifested by visible limits 
of layering, especially for samples produced hori-
zontally and at 45°. In addition, it can be stated, 
which coincides with the accepted standards, that 
the lowest axial deviations were obtained by sam-
ples manufactured at an angle of 45°. For samples 
produced horizontally, errors due to the ovaliza-
tion of the samples play a major role. The lowest 
deviation of ovalization was obtained for samples 
produced vertically.

The results of the dimensional and shape 
verification of the test samples are shown in Fig-
ures 3–5 and in the summary Table 2.

Figure 3. Graphical representation of the comparison for 3D printing for vertical manufacturing: 
a) best-fit representation, b) graphical representation of the deviation for a cylindrical part, 
c) deviation of the concentricity – axial view, d) deviation of the concentricity – radial view
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Torsional strength analysis

Produced samples were functionally tested 
on mentioned torsional testbench. The results of 
the static torsion test of samples made of PA2200 
material subjected to final treatment by soaking in 
water and heating in an oven are presented in ta-
bles 3 and 4. Based on the obtained results, mean 
values and standard deviation were calculated 
and coefficient of variation. The courses of the 
torque curves as a function of the torsion angle 
are shown in Figures 6–11.

On the basis of the obtained courses of torsion 
curves, it can be concluded that all samples made 
of PA2200 material using the SLS technique have 
the characteristics of elastic-plastic bodies. The 
plastic properties of the material are confirmed by 
a wide range of plasticity in the range of the aver-
age value of the torsion angle from 365 to 1034°. 
By analyzing the course of the torsion curve, a 
deformation characteristic of materials without a 
clear yield strength can be observed, therefore the 
stress causing the conventionally accepted rela-
tive deformation in the material is defined as the 

Figure 4. Graphical representation of the comparison for 3D printing for horizontal manufacturing: 
a) best-fit representation, b) graphical representation of the deviation for a cylindrical part, 
c) deviation of the concentricity – axial view, d) deviation of the concentricity – radial view

Figure 5. Graphical representation of the comparison for 3D printing for 45° manufacturing: 
a) best-fit representation, b) graphical representation of the deviation for a cylindrical part, 
c) deviation of the concentricity – axial view, d) deviation of the concentricity – radial view
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conventional yield strength. After exceeding the 
conventional yield strength, permanent plastic 
deformation occurs (irreversible displacement of 
the layers), which is referred to as material flow. 
In all cases, after exceeding the yield strength, the 
plasticizing stresses (strengthening of the mate-
rial) increase.

Figures 12 and 13 show a summary of the 
average torsional torque and torsional angle for 
each tested variant.

Analyzing the results obtained in the static 
torsion test, it can be seen that the strength of 
the samples produced by the SLS technology 
mainly depends on the type of post-processing 

Table 2. The results of the dimensional and shape verification of the test samples

Sample 
No.

Orientation 
relative to 

the working 
platform

Nominal 
diameter 
in CAD

Determined 
diameter of the 

SLS sample

Cylindricity 
deviation

Circularity 
deviation

Concentricity 
with CAD 

nominal shaft

Total run out relative 
to the nominal line – 
CAD, the axis of the 

model
1

vertically

20.00 19.87 0.26 0.17 0.20 0.29

2 20.00 19.92 0.32 0.26 0.37 0.34

3 20.00 19.95 0.29 0.18 0.24 0.36

4 20.00 19.88 0.28 0.16 0.24 0.29

1

horizontally

20.00 19.83 0.55 0.46 0.45 0.68

2 20.00 19.81 0.50 0.40 0.24 0.57

3 20.00 19.83 0.44 0.30 0.31 0.49

4 20.00 19.80 0.47 0.37 0.47 0.67

1

45°

20.00 19.93 0.38 0.29 0.14 0.42

2 20.00 19.92 0.45 0.34 0.15 0.51

3 20.00 19.96 0.44 0.40 0.28 0.51

4 20.00 19.91 0.34 0.31 0.22 0.37

Table 3. Static torsion test results of water-soaked samples produced in three orientations

Sample print 
orientation No.

Horizontally 45° Vertically
Torsional torque 

[Nm] Torsion angle [°] Torsional torque 
[Nm]

Torsion angle 
[°]

Torsional torque 
[Nm]

Torsion angle 
[°]

Sample 1 65.3 896.3 62.3 825.3 63.5 328.6

Sample 2 65.8 880.9 63.0 660.2 64.9 388.2

Sample 3 66.0 959.2 63.2 723.5 64.4 378.7

Sample 4 66.1 854.8 61.7 551.7 63.2 364.8

Average 65.8 897.8 62.6 690.2 64.0 365.1

Deviation 0.3 38.4 0.6 99.3 0.7 22.6
Coefficient of 
variation [%] 0.5 4.3 0.9 14.4 1.1 6.2

Table 4. Static torsion test results of furnace-heated samples (dried) produced in three orientations

Sample print 
orientation No.

Horizontally 45° Vertically
Torsional torque 

[Nm]
Torsion angle 

[°]
Torsional torque 

[Nm]
Torsion angle 

[°]
Torsional torque 

[Nm]
Torsion angle 

[°]
Sample 1 71.4 944.0 70.8 816.5 71.3 705.1

Sample 2 71.3 965.5 71.2 813.5 71.5 704.8

Sample 3 71.4 1204.9 71.2 811.4 71.1 691.4

Sample 4 71.7 1022.3 71.3 805.9 70.7 757.1

Average 71.5 1034.2 71.1 811.8 71.2 714.6

Deviation 0.2 102.6 0.2 3.9 0.3 25.2
Coefficient of 
variation [%] 0.2 9.9 0.3 0.5 0.4 3.5
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treatment used. The summary of the maximum 
values of the transmitted torque, presented in 
Figures 12 and 13, depending on the applied fi-
nal treatment of the test models and their ori-
entation relative to the working platform of 
the device, shows that the samples that were 

furnace-heated samples had higher torsional 
strength. With regard to the average values of 
the torque in the case of furnace-heated samples, 
the increase in value was about 14%, compared 
to water-soaked samples. For the SLS technol-
ogy, the anisotropy is up to about 10 %, while in 

Figure 6. Graph of the torsion moment as a function of the torsion angle of water-soaked samples set vertically

Figure 7. Graph of the torsion moment as a function of the torsion angle of water-soaked samples set horizontally

Figure 8. Graph of the torsion moment as a function of the torsion 
angle of water-soaked samples set at an angle of 45°
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the case of the obtained test results, for water-
soaked samples, the anisotropy was 5.2 %, and 
for furnace-heated samples, 0.4%. It should also 
be noted that the value of the maximum torsion 
angle (regardless on the type of post-processing) 

depends on the arrangement of the model in the 
working space of the manufacturing equipment. 
The samples arranged vertically in relation to 
the printer’s working platform had the lowest 
values of the maximum twist angle.

Figure 9. Graph of the torsion moment as a function of the torsion angle of furnace-heated samples set vertically

Figure 10. Graph of the torsion moment as a function of the torsion 
angle of furnace-heated samples set horizontally

Figure 11. Graph of the torsion moment as a function of the torsion 
angle furnace-heated samples set at an angle of 45°
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Samples fractures analysis.

For the fractures of the samples obtained after 
the static torsion test, surface morphology tests 
were carried out at ten times magnification using 
the KERN OZL-466 stereoscopic microscope. 
The selected result of the analysis of the SLS 
sample fracture – a microscopic image – is shown 
in Figure 14.

Based on the results of the observation of 
fractures of samples obtained from powdered 
PA2200 polyamide, it can be unequivocally stat-
ed that in all cases the fracture obtained on a mac-
roscopic scale is characterized by a silky surface 

with low roughness. This is directly related to the 
intense plastic deformation and the accumulation 
of deformation energy in the material. The ob-
tained ductile (plastic) fracture occurs in the ma-
terial under the influence of stresses greater than 
the yield strength. This process is associated with 
a large plastic deformation, so it requires signifi-
cant energy expenditure for crack propagation. 
The course of ductile cracking can be stopped 
at any time as a result of reducing the stress be-
low the material’s yield strength. Hence, ductile 
cracking is not as dangerous as brittle cracking 
and it does not happen too often in the operation 
of machines and various types of equipment.

Figure 12. Comparisons of the average values of the torsional torque

Figure 13. Comparisons of the average values of the torsion angle
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CONLUSIONS

The research process of analyzing the torsion-
al strength of standard samples with a circular 
cross-section, incrementally produced by the SLS 
technique from polyamide PA2200 significantly 
supplemented the existing knowledge in terms of 
strength parameters, which in the present case, 
i.e. torsional strength, are currently not published 
by the manufacturers of model materials. The 
wide range of applications of additively manufac-
tured parts also applies to components working 
under complex loads, including torque, such as 
machine shafts, hubs, couplings, etc. Therefore, 
the conducted research is of key importance in the 
process of designing and implementing the indi-
cated machine parts for production.

The initial dimensional and shape verification 
showed that technological errors in the surface to-
pology are visible in all samples. They are mani-
fested by visible limits of layering, especially for 
samples produced horizontally and at 45°. In addi-
tion, it can be stated, which coincides with the ac-
cepted standards, that the lowest axial deviations 
were obtained by samples manufactured at an 
angle of 45°. For samples produced horizontally, 
errors due to the ovalization of the samples play 
a major role. The lowest deviation of ovalization 
was obtained for samples produced vertically.

The analysis of the test results in the static 
torsion test allows to conclude that the strength 
of the samples produced by the SLS technology 
depends mainly on the type of post-processing 
treatment used. Higher torsional strength was 

determined for the furnace-heated samples. In ad-
dition, it was found that the value of the maxi-
mum torsion angle (regardless of the type of post-
processing) depends on the arrangement of the 
model in the working space of the manufacturing 
equipment. The samples arranged vertically in re-
lation to the printer’s working platform had the 
lowest values of the maximum torsion angle.

The fracture analysis of the samples carried 
out at the last stage of the research showed that in 
all cases the fracture obtained on a macroscopic 
scale is characterized by a silky surface with low 
roughness. This is directly related to the intense 
plastic deformation and the accumulation of de-
formation energy in the material. The obtained 
fracture is ductile (plastic), it occurs in the mate-
rial under the influence of stresses greater than the 
yield strength.

The results of the torsional strength analysis 
and the dimensional and shape verification of 
models made of PA2200 material shaped with the 
SLS technique, determined in the research process, 
can be used to define the potential area of applica-
tion of the material in question that is – polymer 
powder and sintering technique for the production 
of parts subjected to complex dynamical loads.

The area of planned future research will be 
the analysis of the torsional strength of other 
commonly used polymeric materials processed 
with AM techniques, for which the parameters 
in question have not been published. In addition, 
comprehensive strength tests of new composite 
materials produced for the needs of AM will be 
undertaken.

Figure 14. Fracture of water-soaked sample in vertical orientation
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