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In the article, the study of polymer properties is dealt with as a result of production technology on pat-
terns, which were made by injecting, machining of the extruded profile and 3D printing. All samples were
made from iglidur® J260 material, and they were subsequently tested in order to find out properties of
roughness, breaking strength, hardness according to Shore, friction coefficient and swelling. Further-
more, the samples were exposed to light microscopy, where material structure was studied, especially
from the view of structure defects, distribution and shape of solid lubricants.

Based on the performed experiment, it can be stated that production technology affects some properties
of the sliding bushing. Above all, properties of the sliding bushing were affected by 3D printing techno-
logy. The measured samples had the worst results with regard to roughness and swelling values. Conver-
sely, the values acquired by measuring hardness were surprising as the 3D priting samples reached better
results than the samples made by machining. The samples created by injection had the best results com-
pared to others in all tests. The measured values cotresponded to the values listed by the manufacturer.
Machined sample of the extruded profile is mainly affected by the type of machining, but with conside-
ration to the structure, it can be claimed that the extruded material has the same structure as an injected

piece and its properties, with the exception of surface roughness, are on the same level.
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1 Introduction

In the article, the study of the influence of used
production technology on selected properties of the
polymer made from sliding material iglidur® J260 was
described. For the research purposes, the samples cre-
ated by injection technology, machining of the ex-
truded profile were used together with samples made
by 3D printing method — FDM.

Tests were carried out on the samples to retrieve
values of the coefficient of friction, roughness, hard-
ness according to Shore’s test, compressive strength,
swelling, and structure analysis. Material iglidur®,
which was developed by igus® company, is mainly
used to produce sliding bushingss. Those are sub-
sequently used in car, packaging, or textile industry.

The subject of the analysis were unanswered ques-
tions of the target customers when choosing sliding
bushing for particular application. There are times
when the user wants to use the sliding bushing igli-
dur®, but their requested dimensions do not cotte-
spond with the standard injected dimensions. For that
case, there are three options. The production of molds
for injection technology, which is based on high input
costs to produce injection molds. This way is espe-
cially appropriate for mass production (thousands of
pieces). This is where the best properties of the sliding
bushing are reached. Igus® company catties out lab

testing of each material which is developed. Acquired
properties are provided by the producer online and in
the catalogue. In 2018, 1140 milion pieces of iglidur®
were made. The values measured in collaboration with
the Department of Material Engineering will be com-
pared with the manufacturing technologies of machin-
ing of extruded profile and 3D printing. During the
production of extrusions, a rod material is created,
which then has to be machined to fit the chosen di-
mension. Igus® company lists properties of the ex-
truded profile which has the same properties as the
injected semi-manufactured product. However, these
properties do not have to be final since the following
machining technology can significantly affect the
properties of the selected material. The properties will
be studied and compared with the properties of ex-
truded profile and with the properties of other manu-
facturing technologies. The third option is 3D printing
technology using the FDM method. This method is
expected to have the worst properties caused by the
manufacturing method itself. This method is very
cheap and fast, so it is particulatly useful for prototyp-
ing. The acquired properties can enable this technol-
ogy to gain a broader scale of application such as for
components designed for industrial purposes. The ac-
quired properties will be compared with the properties
of the injection and extrusion technologies [1-3].
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Fig. 15/iding bushing example

2 Methodology of samples production

Igus®, the manufacturer of the sliding bushings,
provided 10 samples of injected sliding bushings for
this research. Moreover, they provided 10 samples of
sliding bushings made by 3D printing, and a semi-ma-
nufactured rod made by extrusion, which was then
machined to the requested dimensions of the sliding
bushing in Hennlich inc. The manufacturing proces-
ses with the selected technology were preserved like in
standard production of the sliding bushing.

2.1 Injection technology of iglidur® material

Since most produced parts are relatively small and
have roughly the same shape, igus® invented more
flexible modular system. Instead of creating a com-
pletely new mold everytime it is needed to produce a
new special component, only liners (so called ‘cavi-
ties’) are made. In comparison with the main mold,
which costs tens of thousands of Euros, the cavity
starts at only 1,200 €. The cavity igus® usually consists
of three parts — A, B, C. The Part A consists of the
outer shape of bearings and a chamfer F'1. The part B
consists of a flange and ‘nuzzles up’ the component,
Lastly, the part C and the core form inside diameter
and a chamfer F4 (see Fig. 2). The injection process of
the iglidur® material begins with the granulate of a
raw material, which is melted and injected into an
closed cavity. Once the material cools down, the cavity
opens up and the new components can be extracted.
It is also possible to create more components simulta-
neously. This procesudure makes the manufacturing
process more effective, and it is used for mass-pro-
duction. Company igus® does not provide more in-
formation regarding injection technology due to trade
secrets. [1].

Fig. 2 Injection mold with cavities for the production of plain bearing

2.2 Extrusion technology and machining of the igli-
dur® material

Plastic mixtures and additives are placed into the
feeder and are melted in the heating zone of the ex-
truder. The bolt presses the melted material through a
nozzle and and shapes the iglidur® material (rods, pi-
pes, boards). Extruded iglidur® is still very hot and it
is necessary to cool it down in a bath before cutting it
into requested dimensions. Uneven cooling after ex-
trusion causes pressure in the centre, which leads to
various problems during machining. For that reason,
all materials have to go through the process of specific
tempering, which eliminates the pressure. The extru-
sion is a very slow process, especially long lengths and
diameters are often made only at the speed of 0.8 m/h.
The extruded profile, which was provided by igus® as
a semi-manufactured rod with a diameter of 24 mm

and 1 m length, was subsequently machined in Henn-
linch Inc. on an EMCO MAXXTURN 45 machine.

(1]

2.3 Manufacturing using 3D printing - Fusion Depo-
sition Modeling (FDM) Method

During this method, the melted material is applied
by the nozzle onto the model, where it solidifies. It is
stored on the coil from where it is being withdrawn by
the extruder in needed amount. First, the matetial en-
ters the extrusion head in a form of a plastic wire, and
subsequently is being fed through a heated nozzle by
the feeding mechanism onto a work plate or previ-
ously applied layer. The layers are mathematically divi-
ded by the software with thickness between 0,127 and
0,254 mm. Based on the shape, a supporting con-
struction is created in places where support is needed.
Heating temperature is theoretically just by 1 °C
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higher than the temperature of the material melting.
The main movement takes place on the XY axes, the
shift of the component vertically is often ensured by
the working plate. In termally controlled head there
are usually two nozzles. One of them is used for ap-
plying the model material, and the second one applies
supporting material. The head applies the melted ma-
terial through the nozzle with high accuracy into ultra-

Tab. 1 Print parameters

thin layers and on the printing desk. Once the nozzle
drops the plastic, it immediately solidifies and con-
nects with the previous layer. When the layer is fin-
ished, the building base drops by the layer thickness.
Next, the thermally controlled head starts applying a
new layer and repeats the process until the product is
completely finished. [1].

Nozzle temperature Bed temperature

3D Printer

Printing details

270 °C 110°C

EVO-Lizer

Protected by IGUS trade secrets

3 The Measuring method

The experimental part is focused on the analysis of
the influence of the manufacturing technology in rela-
tion to the properties of the sliding bushing made
from the iglidur® J260 material, which was provided
by the igus® company. In order to retrieve the values
for compatison of the matetial iglidur® J260 propet-
ties, each manufacturing technology underwent mea-
suring of roughness, pressure, coefficient of friction,
hardness according to Sho-re, swelling and studying

Tab. 2 Description and designation of experimental samples

the structure using the light microscopy method.
Igus®, the manufacturer of the sliding bushings,
provided 10 samples of injected sliding bushings for
this research as well as 10 samples of sliding bushings
made by 3D printing and a semi-manufactured rod
made by extrusion, which was subsequently machined
to the requested dimensions of a sliding bushing in
Hennlich Inc. The injected bushing, machined
bushing and bushing made by 3D printing are displa-
yed in Fig. 1. For better overview the samples were
described based on their designation; see Tab. 1.

Manufacturing technology | Sample designation Inner o (mm) Outer o (mm) Length (mm)
Injection V1-V10 20 22 20
Extrusion+ machining O1-010 20 22 20
3D printing T1-T10 20 22 20

3.1 The Methodology of evalution of the experimen-
tal samples

The evaluation of the experimental samples will be
examined from several points of view and by using
different technologies, which are available in the labs
of the Institute of technologies and materials at the
Faculty of Mechanical Engineering. The evaluation of
the samples will be examined using the following:

o Measuring of roughness of the surface: by measuring

the roughness, the focus will be on how the
manufacturing technology affects the inner
and outer surface of the sliding bushing, and
what differences are between the individual
technologies.

o Measuring of compressive strength in pressure: On a
bursting apparatus Insekt 100 there will be
pressure tests on the sliding bushings on a
cast iron broach until the deformation phase
commences (burst). Each technology will
have their compressive strength stated as well
as the value difference among them.

o Measuring of coefficient of friction: 5 samples for

each manufacturing technology will be tested

on an apparatus Hommel Tester T8000. The
roughness of the inner and outer diameter of
the sliding bushing will be measured. It will be
examined whether the results for the inner
and outer surface are different and how the
manufacturing technology affects the surface
of the sliding bushing.

o Measuring of hardness according to Shore: There
will be three samples in five different places
for each manufacturing technology. The re-
sulting values will be compared among the in-
dividual technologies and values provided by
the igus® manufacturer.

o Measuring of swelling: The test will be carried out
by submerging the samples of the sliding
bushings into liquid of distilled water by re-
presenting one sample for each manufactu-
ring technology. The samples will be firstly
moved and measured and then submerged
into the liquid for 168 hours and afterwards
they will be remeasured and weighed. The fo-

cus will be on how much the inner and outer
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diameter, length and weight of the bushing
change.

o Light wmiroscopy: The structures of sliding
bushings for each manufacturing technology
will be studied on confocal optical micros-
cope Olympus LEXT OLS 3100. It will be
determined whether a defect was formed in
the structure and how the solid lubricants are
distributed.

4 Measuring results
4.1 Measuring of roughness

Measuring of roughness was performed on a
Hommel Tester T8000 apparatus in a specialised la-
boratory of accurate measurements of the Faculty of
Mechanical Engineering. The measurement on the de-
vice is normalised and was performed according to the
CSN EN ISO 4287 norm. Overall, there were 30
measurements performed. There were five surface
roughness measurements of the inner and five meas-
urements of the outer diameter of the sliding bushing
[4].

For the evaluation of the measurement parameters
of roughness were used — Ra (average arithmetic devi-
ation of the considered surface), Rz (greatest height of
the profile), R/ (total height of the profile). These pa-
rameters could help the end user in some situations
during contruction of mechines with the given type of
the sliding bushing iglidur®. Arithmetic averages were
calculated from the measured values for clarity of pre-
sentation of the results, see Tab. 2 [5].

Tab. 3 Measured values of Ronghness

f()f;y Surface | Ra [um] | Rz [um] | Rt [um]
v Inner | 057 555 | 12.82
Outer | 044 | 3814 | 659

o Inner 2.49 15.2 23.99
Outer | 585 | 2953 | 36.65

. Inner | 20.85 | 94.65 | 110.96

Outer | 2097 | 992 | 120.09

The first measurement was performed to deter-
mine roughness of the material of the sliding bushing
for inner and outer surface of the sliding bushing by a
normalised method on the Hommel Tester T8000 ap-
paratus. Firstly, the measurement was done on the
sliding bushing made by the injection technology,
which is more common for sliding bushings. Next, the
measurement was done on the sliding bushing made
by machining of the extruded profile. Lastly, the meas-
urement was done on the sliding bushing made by 3D
printing with a FDM method. The measurement was
always performed five times on the inner surface and
five times on the outer surface. When comparing the

measured values of the inner and outer surface for the
injection and 3D printing technologies, it is apparent
that inner and outer surface were not atfected by man-
ufacturing of the given technologies. The measured
values of roughness converted into the arithmetic av-
erage were Rz = 0.57 pm for the inner surface and Ra
= 0.44 um for the outer surface. With the machining
of the extruded material the inner surface was affected
and its roughness worsened by about 3.36 um compa-
red to the outer surface. The measutred value of rou-
ghness of the surface and converted into the arithme-
tic average was Kz = 5.85 pm for the inner surface and
Ra = 2.49 um for the outer surface. This detetioration
was probably caused by the change of the machining
apparatus. For the bushings made by 3D printing, the
values of roughness for the inner and outer surface
were Ra = 20.97 um and Ra = 20.85 um respectively;
these values were probably caused by the manufactu-
ring technology of 3D printing. The applied layers
cool down on surface much faster than underneath it.
During such fast cool-down there is not enough time
for them to merge, and that is why the nicked surface
is formed. Igus® manufacturer does not list rou-
ghness of the surface for any of manufacturing tech-
nologies, so in that case it is impossible to compare
them with the measured data.

4.2 Measuring of compressive strength in pressure

The principle of the test consisted in deformation
of the sliding bushing by pressure equipment in order
to set the compressive strength in pressure. There
were five samples tested for each technology. Each
sample was placed on a CSN 11 523 pin. During this
test the sample was under the pressure until the mo-
ment of bursting. This burst can be considered the
compressive strength in pressure. The test was perfor-
med on a universal bursting apparatus Insekt 100 and
computing software LabMaster in a room temperature
of 20 °C. The injection technology had the highest
compressive strength. The destruction of the sample
was observed when the values reached the range
between R = 125 MPa and R = 132 MPa. 3D prin-
ting had the second highest compressive strength in
the range between R = 121 MPa and R = 126 MPa.
The machined sample had the lowest values of
compressive strength in the range between Rz = 99
MPa and R = 110 MPa.

a)  Comparison between manufacturing technologies

In the graph 1, there are curves of the compressive
strength in pressure for the first measurement of each
technology. It can be seen in the graph, the curve In-
jection 1 reaches the highest pressure resistence even
to the point of compressive strength, which is R =
129.8 MPa in this case. This resulted in destruction of
the sliding bushing. The Extruded 1 curve respresents
the sliding bushing that was made by machining of the
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extruded profile. During this measurement the mea-
sured value was Rz = 102.8 MPa. In this case there
was also a burst just like with the injected mold. The
3D print 1 curve reached Rz = 123.8 MPa compres-
sive strength in pressure. When comparing these cur-
ves, the order from the highest pressure resistance can
be set as follows: injection, 3D printing and extrusion.
b)  Comparison with the values provided by igus® manu-
Sfacturer

Igus® manufacturer mentions Rz = 50 MPa for
the compressive strength in pressure, however, the
measured value of compressive strength in pressure in

this experiment reached R» = 129.8 MPa, and is thus
about 2.5 times higher than the value provided by the
manufacturer. This difference is caused by adding the
coefficient of safety, which igus® company adds into
the measured values. When it comes to the extruded
mold, igus® manufacturer lists the same value as for
the injected mold, ie. Rz = 50 MPa. The average me-
asured value in this experiment was R» = 102.8 MPa.
Here the estimated measured value is two times higher
than the values provided by the manufacturer. As for
3D printing, the manufacturer does not mention any
value for compressive strength.

130004

600 700 800 900 1000

1100 1200 1300 1400 1500 1600 2100 2200
pm

1700 1800 1900 2000

Legend: a) Injection molded b) Extruded and machined ¢) 3D printing

Graph 1 Pressure diagram (Force -displacement) for samples No. 1

4.3 Measuring of friction coefficient

Tab. 4 Measured values of coefficient of friction of material
]260

The experiment took place on an apparatus provi-
ded by Bruker UMT/APEX Multi-Specimen Test
System, in a specialised laboratory of accurate mea-

Cocfficient surements of the Faculty of Mechanical Engineering.
Technolo Sampl f Fricti Standard During this test a ball P/N BM110052, provided by
&Y ample OF HICHON | deviation Bruker company, was used with a 2.5 mm diameter
m pany,
V1 0.075 0,013 and a load of 10 N. The ball moved on a 10 mm track
: : for 60 seconds and with velocity of 10 mm/s.
V2 0.063 0.006 a)  Comparison of the coefficient among production technolo-
V3 0.061 0.006 gies
vV Xg 88;3 8882 The recorded values using the injection method are
: : in the average arithmetic value of 0.062 with standard
Ayeragc_: deviation of 0.006. For the machining method the
arithmetic 0.062 0.005 average arithmetic value recorded was 0.07 with stan-
value dard deviation of 0.005. For 3D printing the average
Ol 0.071 0.005 arithmetic value recorded was 0.086 with standard de-
02 0.081 0.007 viation of 0.005. When comparing the average
O3 0.072 0.005 arithmetic value for each recorded production techno-
o O4 0.072 0.003 logy, it can be seen that the injection method reached
05 0.054 0.003 the best result followed by the machining and 3D prin-
Average ting method. The comparison of the recorded values
arithmetic 0.070 0.005 can be seen in the Graph 2, where the cutves of pro-
value duction technologies for measurements are displayed,
T1 0.087 0.005 and which are the closest to the average arithmetic va-
T2 0.089 0.007 lues of the selected technologies.
T3 0.082 0.005 b)  Comparison with the values provided by igus® company
T4 0.085 0.005 The manufacturer lists the value of the friction co-
T T5 0.086 0.005 efficient for steel in the range between 0.06 and 0.20.
Average All the recorded values were measured for each pro-
arithmetic 0.086 0.005 duction technology in the range for the steel ball, so it
value corresponds to the values listed by the manufacturer
for this type of material.
524 indexced on: btp:/ | www.scopus.com



Aungust 2021, Vol. 21, No. 4

MANUFACTURING TECHNOLOGY

ISSN 1213-2489

COF
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b) O1 ‘measured 0,071 j1, standard deviation : 0,005 p
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Graph 2 Friction coefficient curves of production technologies

4.4 Measuring of hardness according to Shore

Measuring of hardness according to Shore A., ac-
cording to DIN 53505 was performer on a SHORE
HARDNESS TESTER HT — 6510A apparatus. Ove-
rall, five samples for each production technology on
three different places were measured, and afterwards
the average arithmetic value was calculated.

Tab. 5 Measured values of hardness according to Shore

Tech- Sample Hardness according
nology to Shore
Number of mea- 1 5 3
surements
Vi 87.9 | 88.1 | 87.2
V2 86.9 | 87.5 | 88.3
A% V3 85.4 | 86.4 | 84.3
V4 84.3 | 87.4 | 83.4
V5 85.9 | 852 | 88.2
Average arithme-
tiécD value 8.4
o1 86.4 | 86.7 | 85.5
02 87.4 | 86.1 | 85.6
03 86.9 | 85.7 | 85.1
@) 04 84.3 | 88.2 | 84.9
05 85.9 | 88.7 | 88.1
Average arithme-
tif value 86.3
T1 75.6 | 77.3 | 78.7
T2 747 | 782 | 76.8
T3 749 | 784 | 75.9
T T4 76.9 | 752 | 76.3
T5 76.7 | 753 | 76.6
Aver;.lge arithme- 76.5
tic value

a)  Comparison of hardness according to Shore among produ-
ction technologies
For the injection and machining method the recor-
ded values were roughly the same, and on average they
reached 86.4 and 86.3 respectively. The samples made
by 3D printing had the lowest values recorded rea-
ching 76.5 on average.
b)  Comparison with the values provided by igns® mann-
Sfacturer
The manufacturer provides the following values of
hardness according to Shore-the injected mold-77; ex-
truded semi-manufactured product- 77; 3D printing
filament-60. It can be then stated that the recorded va-
lues for all the production technologies are 10 units
greater than what the manufacturer lists.

4.5 Measuring of swelling

The measuring of swelling of iglidur® material was
performed through liquid submersion (distilled water)
with the representation of one sliding bushing sample
for each tested production technology. The samples
were submerged for 168 hours in order to find out
whether their inner and outer diameter, length and
weight would change. The samples were remeasured
and reweighed before and after extraction from the
liquid. The recorded values are mentioned in Tab. 5.

The recorded results show that when submerged in
liquid and the sliding bushing is not in a moulded state,
there is no internal stress being applied to the struc-
ture, and as a result there is no dimension change for
the injection and machining of the extruded profile
production technologies. The manufacturer of Igus®
mentions maximum water absorption of 0.4 % of its
weight. In the case of the tested samples, it would
mean weight increase of the injected mold by 0.01 g.
However, there was no weight change for the sample
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and it corresponds to the values provided by the man-
ufacturer. With the 3D printed sample there was
weight increase of 0.04g, which corresponds to the
1.7% of weight. The maximum weight change accord-
ing to the manufacturer is 0.4% of weight, ie. 0.01 g;

Tab. 6 Measured values of swelling

in this case the recorded values do nott match the val-
ues provided by the manufacturer and exceed the
given range. The weight increase of 0.04 g affected the
growth of the inner diameter by 0.04 mm and the
length by 0.02 mm compared to the dimensions prior
to submersion.

Technology | Prior to submerging Averags;ililéhmetlc After submerging Averag\emzll:ethmetlc
Inner | 20.19 | 20.20 | 20.21 20.2 20.20 | 20.22 | 20.19 20.2
Outer | 23.13 | 23.16 | 23.09 23.13 23.15 | 23.11 | 23.12 23.13

v Length | 19.86 | 19.85 | 19.83 19.85 19.83 | 19.85 | 19.87 19.85

Weight | 2.66 | 2.66 | 2.67 2.66 2.67 | 2.67 | 2.66 2.66
Inner | 19.90 | 20.28 | 20.26 20.14 20.11 | 20.12 | 20.20 20.14
Outer | 23.12 | 23.08 | 23.15 23.12 23.10 | 23.12 | 23.15 23.12

O Length | 19.77 | 19.74 | 19.75 19.75 19.76 | 19.76 | 19.75 19.75

Weight | 2.59 2.6 2.59 2.59 2.60 | 2.60 | 2.59 2.59
Inner | 19.65 | 19.49 | 19.64 19.59 19.62 | 19.64 | 19.63 19.63
Outer | 23.36 | 23.38 | 23.39 23.38 23.36 | 23.39 | 23.39 23.38

T Length | 19.97 | 19.94 | 19.96 19.96 19.97 | 19.98 | 19.99 19.98

Weight | 2.35 | 2.36 | 2.35 2.35 239 | 2.39 | 2.38 2.39

4.6 Studying of the structure using light microscopy

Data name; Picture 268.0sl, Comment: Injected

Fig. 3 Sample — Injected, Magnification 50x

The sample of the sliding bushing for each produ-
ction technology was prepared in order to achieve bet-
ter and most importantly safer manipulation. The pre-
paration was carried out by a cold encapsulating
method, where colourless casting binary methyl-
methacrylate resin Dentacryl (technical) with a rele-
vant hardener was used. Mixing ratio was 100 volume
portions of powder to 50 volume portions of the lig-
uid. The marking of the sample encapsulated by the
casting substance as well as the sample. The clean sam-
ple was placed in the mold, so that the area designated
for further alteration was in contact with the bottom
of the mold. The sample was encapsulated and left to

harden for 24 hours. Furthermore, grinding was pet-
formed on a polishing apparatus SAPHIR 360. P102,
P320, P600 and P1200 abrasive papers were used for
grinding. The sample was continuously moved in the
same direction to capture plane, and then the grinding
was done in a direction perpendicular to the previous
one. After the preparation of the cut, the structure of
the samples was observed on a confocal optical micro-
scope Olympus OLS 3100.

The structure of the injected mold of the sliding
bushing can be seen with no internal defects in Fig. 3.
Solid lubricants are distributed irregularly.

Data name: Picture_276.0sl, Comment: Injected

Fig. 4 Sample — Injected, Magnification 200x

The solid lubricants are highlighted in Fig. 4 as well
as the base polymer. These particles have amorphous
shape and measure approximately tens of microme-
tres.
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Data name: Pichare_271.0zl, Comment: Machinad

Fig. 5 Sample - Machined, Magnification 50x

The structure of the machined mold can be seen in
Fig. 5 with no internal breach of the structure. The
lubricants are evenly distributed and have the same
shape as the injected mold.

Data name: Picture_273 .0zl, Cornmment: Machined mold

Fig. 6 Sample - Machined, Magnification 200x

The solid lubricants and base polymer are highligh-
ted in Fig. 6. Since the semi-manufactured product
was extruded, it is possible to observe the same
structure as with the injected mold.

Data name: Picture_260.0sl, Comment: 3D printing

Fig. 7 Sample - 3D Printing cross section, magnification 50x

The structure of the sliding bushing made by 3D
printing can be seen in Fig. 7, where pores can be ob-
served within the structure. These were probably
caused by application of the layer of the material and
imperfect conjunction of the individual components.

Fig. 8 Sample - 3D Printing cross section, magnification
200

This pore distupts the structure of the material,
which can affect the properties of the sliding bushing.
The occurence of this pore can cause higher absorp-
tion of the liquid, which results in dimension alteration
and decrease in compressive strength. As tension can
start to build up in the area of the pore, it can sub-
sequently result in a mechanical failure. 200x magnifi-
cation is displayed in Fig. 8.

Data name: Pichwra_264.0zl, Comment: 3D printing

3 Cross section of the layer

Fig. 9 Sample - 3D Printing horizontal cut, magnification
50x

On a lateral section in fig. 9, it can be seen that
there was no cross-over of the layers on the surface of
the bushing. This is probably caused by a rapid cool-
down of the material. The material is fully intercon-
nected underneath the surface. The solid lubricants
have similar distribution compared to the structure of
the injected and extruded samples.
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Fig. 10 Sample - 3D Printing, 3D Pore Model

The 3D model of the pore, which emerged on the
sliding bushing made by 3D printing, can be seen in
Fig. 10. This pore affected several layers under the sut-
face. As a result, this pore can cause a decrease in
compressive strength and greater swelling of the
bushing.

5 Discussion and conclusion

The purpose of this research was to study propet-
ties of a polymer on samples made by the following
production technologies-injection, 3D printing, and
machining of the extruded profile. The samples, which
were made from iglidur® J260 material in a shape of
a sliding bushing, underwent individual measure-
ments, and the properties were compared with the va-
lues provided by the manufacturer.

Based on the values obtained by roughness measu-
ring of the samples of all three production technolo-
gies, it can be said that production technology affects
roughness of the surface significantly. The injection
technology showed the best values with the average
arithmetic value of roughness, which were Rz = 0,57
pm and Rz = 0,44 um for the outer and inner surface
respectively. The machining technology was the se-
cond best, where the average arithmetic values were
Ra = 2,49 ym and Ra = 5,85 um for the outer and
inner surface respectively. In this case it is possible to
observe a difference between the roughness of the in-
ner and outer surface caused by changing the appara-
tus. As expected, 3D printing manufacturing displayed
the worst results of the surface roughness. The
average arithmetic values were Ra = 20,85 pm and Ra
= 20,97 um for the outer and inner surface respecti-
vely.

The measuring of compressive strength in pressure
was performed on five samples for each production
technology, and the average arithmetic value was
calculated for the individual technologies. The
samples made by the injection technology had the
highest strength of ... = 13 148,6 N and R = 129,8

MPa with ductility of .4 = 5,92 %. The samples made
by 3D printing technology had the second highest
strength of F.. = 12 549,2 N and R» = 123,8 MPa
with ductility of A4 = 3,7 %. The samples made by ma-
chining of the extruded profile had the lowest strength
of Fu =10 393,6 N and Rz = 102,8 MPa with duc-
tility of .4 = 6,18 %. This measurement revealed by
comparing the results with the manufacturer’s values
that the manufacturer who mentions the compressive
strength in pressure of 50 MPa also adds the safety
coefficient in their values, which is approximately 2,5.

Measuring of the coefficient of friction revealed
that all the measured values correspond with the range
listed by the manufacturer, which is between 0,06 and
0,20. The injected mold recorded the best results,
where the average arithmetic value was 0,062 and the
standard deviation was 0,005. The machining method
showed the average arithmetic value of 0,070 and the
standard deviation was 0,005. 3D printing production
had slightly worse results with the average arithmetic
value of 0,086 and the standard deviation was 0,005.

Measuring of hardness according to Shore rec-
orded values of 86,4 and 86,3 for the injection and ma-
chining technologies respectively.

Measuring of swelling revealed after 168 hours of
the samples being submerged in liquid that the sam-
ples made by the injection technology and machining
of the extruded profile did not display any dimension
or weight changes. The sample made by 3D printing
changed its weight by 1,4 % increase, ie. 0,04 g, and its
inner diameter increased by 0,04 mm and got 0,02 mm
longer compared to the dimensions prior to submer-
sion. This measurement proved that 3D printing af-
fected the material and changed its absorbability,
which resulted in the increase of the inner diameter.

Light microscopy was carried out to gather infor-
mation about structural defects and the shape of solid
lubricants. The samples made by injection and machi-
ning of the extruded profile technologies did not show
any defects in the structure. The structure was conti-
nuous, and the solid lubricants had amorphous shape
and were irregularly distributed. The sample created
by 3D printing showed pores in the structure, which
were probably caused by 3D printing production tech-
nology. The applied melted material began to cool
down quickly and the structure did not have enough
time to interconnect. These pores which were created
in the sliding bushing can affect its properties, espe-
cially strength, toughness, and swelling of the material.
The solid lubricants had similar distribution and shape
as the previous two production technologies.

The incentive for this research was the problematic
of choosing technology for production of a sliding
bushing with respect to the properties of the iglidur®
J260 material. This study did not concern the econo-
mic aspect of the selected technologies, so the choice
of the most suitable technology for sliding bushing
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production only takes into account the change of pro-
perties among the particular technologies.

Based on the research, it can be stated that produc-
tion technology can influence some particular proper-
ties of a sliding bushing. 3D printing technology affec-
ted the properties of a sliding bushing the most. The
roughness and swelling values were the worst on the
measured samples. Conversely, the recorded values of
strength were quite surprising, where the samples
made by 3D printing reached better results than the
ones made by machining. The samples made by in-
jection came on top in all tests. The recorded values
corresponded with the values listed by the manufactu-
rer. The machined sample of the extruded profile is
majorly affected by the machining method itself, but
with respect to the structure it can be said that the ex-
truded profile has the same structure as the injected
mold, and its properties are on the same level with the
exception of roughness of the surface.
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