Acta Polytechnica 60(6):512-517, 2020
D0I:10.14311/AP.2020.60.0512

TESTING OF GLUED JOINTS ON PLASTIC PARTS
MANUFACTURED USING FFF TECHNOLOGY

JIRT SUDER®*, MICHAL VOCETKA?, ToMAS KoT? FRANTISEK FoJTiK?,
MARTIN FUSEK®?

% VSB - Technical University of Ostrava, Faculty of Mechanical Engineering, Department of Robotics, 17.
Listopadu 2172/15, Ostrava, Czech Republic

VSB - Technical University of Ostrava, Faculty of Mechanical Engineering, Department of Applied Mechanics,
17. Listopadu 2172/15, Ostrava, Czech Republic

corresponding author: jiri.suder@vsb.cz

b

ABSTRACT. The article focuses on the testing of glued joints of plastic parts manufactured by 3D rapid
prototyping, using the Fused Filament Fabrication technology. The first part of the article describes
the suitability of using a glued joint. Then follows a brief description of the plastic materials used for
the manufacturing of the testing samples. The materials include not only the common types, such
as Polylactide, Polyethylene Terephthalate, Acrylonitrile Butadiene Styrene, but also Thermoplastic
Polyurethane, which has a high elasticity and is usually described as a flexible material. The main
section of the article deals with the testing of glued joints on a tensometric machine, which produces
stress-strain curves. The shear strength of the joints is evaluated. For each material, multiple samples
are prepared with different orientation of individual layers created by the 3D printing process. The
impact of the orientation of the layers on the resulting strength of the glued joint is also evaluated. The
final section of the article presents comparison and evaluation of the results —analyses of cracks, the
impact of the orientation of the layers and the impact of individual materials. The experiment proved
the independence of the orientation of the layers on the strength of the glued joint. It was also found
out during the experiment that the use of a common adhesive on a flexible material was unsuitable.
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1. INTRODUCTION

3D printing is a well-known and widespread technology
of manufacturing [I]. Because of the short time it
takes to get a functional prototype, this technology is
getting more popular not only in industry but also in
households due to the availability of cheaper hobby
printers. The quality of some of today’s hobby 3D
printers is at a very good level, and many prototypes
are created on them [2] B]. One of the disadvantages
of 3D printing nowadays is the limited working area [4]
9]. Big printers are very expensive and the working
volume of hobby printers is typically around 25 x 21 x
21 cm (Prusa I3 MK3S — the most recent version of
one of the best hobby printers on the market [6]). To
be able to print bigger parts, it is either necessary to
purchase a larger printer or to separate the model into
several pieces and then connect them together [4]. The
latter option is usually the preferred one, for economic
reasons. Another reason for splitting one model into
several sections that are printed separately can be the
complexity of the model — the whole model can be
impossible to print altogether, or it would require the
usage of a lot of support material. There can also
be an aesthetical reason related to how the layers are
created.

The separate pieces can be connected by using var-
ious methods. The most common method is adhesive
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bonding, which is a permanent connection. The basic
parameter of a glued joint is its strength. Omne of
the possibilities of experimental determination of the
strength of plastic samples produced on a 3D printer is
through a tensile test. Due to the anisotropic proper-
ties of parts printed by the Fused Filament Fabrication
(FFF) method, the strength and at the same time the
elongation of the samples depends on the angle (orien-
tation) by which the layers are laid [7, 8]. Thus, it can
be assumed that the orientation of the parts can also
affect the strength of the glued joints, due to different
extensions at the same load. Different elongations at
the same load can affect the adhesion of the adhesive
to the bonded sample and thus the resulting strength
of the bonded joint. A research has already been done
on the strength of glued joints [4], which tested the
most suitable adhesive for joining two polycarbonate
parts made by Fused Deposition Modelling (FDM).

This work expands the knowledge about determin-
ing the strength of glued joints of the following mate-
rials: Acrylonitrile Butadiene Styrene (ABS), Polylac-
tide Acid (PLA), Polyethylene Terephthalate (PETG)
and Thermoplastic Polyurethane (TPU) made by the
FFF method. The results of the research are focused
on the influence of the orientation of the layers on
the strength of the glued joint and the influence of
the sample material used on the strength of the glued
joint.
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FIGURE 1. The orientation of samples on the printer
base plate.

2. SAMPLE PREPARATION

Adhesive bonding is a relatively complex process,
which requires strictly following the technological rules
to achieve the best properties. The process consists of
several technological steps: surface preparation, adhe-
sive preparation, adhesive application, the connection
of surfaces, fixation, and curing. Only after all these
steps, the model can be used [9] [10].

2.1. DESCRIPTION OF SAMPLES

For tensile tests of plastic samples, it is common to
follow the ASTM D638 standard [II]. This standard
assumes the shape of standard dumbbell-shaped test
specimens. Since the aim of this work is not to test the
material itself, but the glued joint, the shape of the test
specimen is adjusted based on the standard CSN EN
1465 [12]. The samples were designed with dimensions
100x25x 1 mm (length x width x thickness) and made
on a 3D printer using the FFF method from materials
ABS, PLA, PETG and TPU (98A quality). The TPU
material is also called flexible, and it is supposed to
have considerably different properties when compared
with the other materials [I3]. Samples made from all
materials were printed in three different orientations
relative to the printing surface to be able to verify the
impact of layers on the adhesion and thus the strength
of the connection. 20 samples were printed for each
material and orientation. Two samples are required
for one glued joint. Thus, a total of 240 samples
were printed to create 120 glued joints. The different
orientations are shown in Fig. [T}

The orientation marked as 0° represents a location
parallel to the border of the printer mat, the filling
is square with a 20 % density (this is the standard
setting [I4]). The orientation 45° represents a rotation
by this angle relative to the mat border, and the filling
is the same as in the previous case. The third, vertical,
orientation uses filling with a 100 % density, which is
more appropriate in this case.

Overlapping of two glued samples is shown in Fig.
where the blue colour represents the adhesive. The
length of the overlapping area is 12.5 mm according to

FIGURE 2. Overlapping of the glued samples.

the CSN EN 1465 [12] norm for the testing of glued
samples by a tensile test. The main type of stress of
the adhesive is shear, but there is also a small amount
of bending because of the misalignment of the samples
— this causes the adhesive to peel off. In this case, this
effect is not very significant and can be neglected.

2.2. TYPE OF ADHESIVE

There are many types of adhesives on the market
that can be used for plastic materials. According to
a research, a suitable adhesive for bonding of poly-
carbonate samples printed by the FDM method [4]
is Loctite 401. In this research, a similar adhesive
Loctite 406 was used, because it is more suitable for
the bonding of samples made from selected materials
according to the manufacturer’s recommendations [15].
All the tested samples were first tested for wettability,
which proved to be perfect — the adhesive spreads on
the surface and does not create drops.

2.3. SURFACE PREPARATION AND GLUEING

Surfaces of the samples were prepared by mechani-
cal grinding using a medium-grained sandpaper. The
contact areas were then cleaned and degreased by
acetone and a degreaser. Manipulation with the sam-
ples was then done by using gloves to prevent further
contamination of the surfaces.

Then, a thin layer of the adhesive was applied on the
contact surfaces, and the samples were immediately
pressed together and fixed for 24 hours, which is the
time recommended by the adhesive manufacturer [16].

3. METHODOLOGY

All samples were subjected to a tensile test on the
Testometric machine M500/50CT (Fig. [3)) in the labo-
ratory of the Department of Applied Mechanics, Fac-
ulty of Mechanical Engineering, VSB — Technical Uni-
versity of Ostrava. The load force F' was increased
until the material broke, or the adhesive bond failed
and the samples separated. The load force F' (N) and
elongation A;, (mm) were recorded. The longitudinal
strain € (-) is calculated as:

_ AL _L-lLo
571307 Lo

(=) (1)

where Ay is the elongation of samples, L is the length
of samples after the test and Lo is the initial length
of samples.

4. RESULTS

In Fig. [ the graph showing the relation between the
load force and the linear strain for the ABS material
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FIGURE 3. Samples fixed in the jaws of the Testometric machine M500/50CT.
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FIGURE 4. Force — strain graph for the ABS material.

FIGURE 5. Force — strain graph for the ABS material.
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FIGURE 6. Force — strain graph for the PETG material.
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FIGURE 7. Force — strain graph for the PLA material.

is shown. Almost all samples broke around the load
force of 560 N. It can also be seen on the graph that the
“vertical” sample (see Fig. [1]) has a slightly different
behaviour.

In the case of the ABS samples, the material broke
first (as can be seen in Fig. [f]), the adhesive bond
proved to be stronger than the material itself. That
also means that the orientation of the parts during
printing does not have a significant impact on the
adhesive bond strength.

The force — strain graph for the PETG material can
be seen in Fig. [} The samples with the orientation
0° and 45° broke around 1200N and the “vertical”
sample already at 360 N. In the case of the PETG
samples, the material broke first and the adhesive
bond resisted the load. The orientation of the layers
has an impact on the strength of the material, but
not on the strength of the adhesive bond.

The force — strain graph for the PLA material can
be seen in Fig. [7] The samples with the orientation 0°
and 45° broke around 1450 N. The “vertical” sample
broke at 950 N. Also in the case of this material, the
material broke first and the adhesive bond resisted
the load. The orientation of the layers has no impact
on the strength of the adhesive bond.

Finally, Fig. [§] shows the results for the TPU mate-
rial. All samples separated at approx. 420N, where
the adhesive bond failed, and the parts tore off. After
an examination of the contact surface, it was found
out that the adhesion was not sufficient. The ori-
entation of the layers did not affect the strength of

Material and its orientation (-) Force (N)
ABS_0° 554.70 £11.09
ABS_45° 590.30 £ 5.90
ABS_VERTICAL 537.80 £16.13
PETG_0° 1149.50 £ 11.50
PETG_45° 1263.30 £ 12.63
PETG_VERTICAL 359.90 £ 7.20
PLA_0° 1396.30 £ 27.93
PLA_45° 1465.90 £ 29.32
PLA_VERTICAL 952.10 +£ 28.56
TPU_0° 417.00 £8.34
TPU_45° 413.50 +4.14

TPU_VERTICAL 452.10 £ 13.56

TABLE 1. Force for each material.

the glued joint. It is, however, worth noting that the
“vertical” sample has a higher elasticity because of
the way the layers are organised.

Fig. [I0] shows all the graphs together. For better
clarity, the horizontal axis is shorter, and thus the
TPU graph is not completely visible.

Table [[] shows the values of the load force for each
material and its orientation.

5. SUMMARY

The research focuses on a verification of the strength
of adhesive joints of parts created by the FFF method
using the common materials ABS, PLA, PETG and
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FIGURE 8. Force — strain graph for the TPU material.
FIGURE 9. Separation of the adhesive joint of the TPU material.
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TPU. The results show that for the ABS, PLA and
PETG, the usage of the Loctite 406 adhesive is advan-
tageous because for all the tested samples, the base
material broke and not the joint. All the samples
created from the TPU material broke in the adhesive
joint — the glued surfaces separated. This can be
caused either by bad adhesion of the glue to the sur-
face or by a high elasticity and elongation of the TPU
material — the hardened adhesive layer has a lower
elasticity, and thus it tore off the material surface.

The tests also proved that the orientation of the
layers of the printed parts does not affect the strength
of the adhesive bond. That is evident mainly from
the testing of the flexible TPU material, where all the
glued joints broke at approximately the same force,
but different elongations of the samples. However,
the orientation of the layers of the printed parts does
affect the strength of the material itself.

6. CONCLUSION

The testing has shown that the bond strength is
higher than the strength of the base material at a
given fill density. The layer orientation does not affect
the strength of the adhesive bond, but it affects the
strength of the material itself, in which the specimen
breaks after overloading.

Glued joints of a flexible material (TPU) show a dif-
ferent behaviour from the glued joints of conventional
materials. During the testing, the adhesive bond was
damaged while the base material was not damaged.
This behaviour can be the subject of a further research
to find the best adhesive for flexible materials.
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