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INTRODUCTION

Polyamide is an important construction ma-
terial, especially in the engineering industry. In 
addition to machine components, it is also used 
in kinematic nodes as a pivot-bush motion joint 
or as a motion association of planar surfaces. In 
modern structures stationary bonds of adhesive 
nature, especially adhesive bonds, are also very 
often used in assembly processes. In order to re-
duce friction between elements made of polyam-
ide in motion joints, oiling or addition of other 
substances that reduce friction is used, for ex-
ample molybdenum disulfi de or lubricant – this 
modifi cation is used at the processing stage [1, 2]. 

Such modifi cation may signifi cantly alter its ad-
hesive properties, i.e. the ability to form an adhe-
sive bond of structural character, i.e. prepared to 
carry mechanical loads of defi ned values. 

Polyamide as a construction material is avail-
able in many grades, as basic and modifi ed. 
Modifi cation makes it possible to obtain many 
structurally signifi cant features, such as: a large 
range of variability in terms of stiff ness, appropri-
ate hardness, durability and mechanical strength, 
shape stability in operating conditions, good slid-
ing properties and resistance to abrasion, very 
good electrical insulation, high vibration damp-
ing capacity and impact strength, high resistance 
to UV radiation, good machinability, chemical 
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resistance to oils, fats, greases, petrol, low ther-
mal expansion [3]. These properties make poly-
amides used for manufacturing such machine 
elements as slide bearings, wheel caps, spoilers, 
tank covers, elements of slides and guides, con-
veyor rollers, wheel and pulley bushings, pulleys, 
sprockets and gears, cams, hammers, sealing and 
thrust rings, pull screws, ropes, etc. [4]. Such a 
wide range of applications makes it necessary to 
use various methods of joining polyamide ele-
ments in mechanical engineering, including those 
where the phenomenon of adhesion determines 
the effectiveness of the joint. This applies in par-
ticular to bonding, structure sealing and coating. 

In bonding, it is particularly important to en-
sure that the surfaces of the parts to be bonded are 
properly prepared. A properly prepared surface 
for bonding is characterised by high cleanliness, 
good adhesive wetting, ability to form interfacial 
bonds, stability for the assumed conditions and 
joint operation time [5, 6].

Adhesion can be aided by removing unwant-
ed layers from bonded surfaces, creating a new 
active surface by coating primers, and changing 
the surface activity [7, 8]. These changes can be 
induced by mechanical methods, chemical (etch-
ing), and radiation: UV, X-ray, laser, electron 
beam, reactive gas exposure (e.g. ozonation, fluo-
rination), and low-temperature plasma exposure, 
corona discharge or flame treatment [9, 10]. This 
means that by appropriate processing, the adhe-
sive properties of materials that are difficult to 
bond can be significantly improved [11].

Research works presented in the literature very 
often refer to the physical or chemical properties of 
the polyamide material itself. Due to the fact that 
polyamide is common in industry, it is frequent-
ly modified by changing its physical or chemical 
properties [12, 13]. The literature lacks detailed 
studies focused on the potential of modified poly-
amide to form adhesive bonds. Nevertheless, few 
studies were found focusing on the modification of 
the surface layer in order to improve its adhesive 
properties. The conducted research shows the im-
provement of the adhesive properties as a result of 
plasma treatment the polyamide surface [7]. The 
studies presented in the literature also confirm the 
positive effect of plasma treatment on the wetta-
bility of the polyamide surface and the strength of 
its adhesive bonds [14]. Polyamide is inherently 
difficult to bond. There are also research which 
discusses various methods of surface preparation 
for the fatigue strength of the adhesive joint were 

analysed. However, they usually referred to the ba-
sic polyamide PA6 not modified in any way [15]. 
Another research discusses the laser treatment of 
the surface of polyamide CFRP composite. From 
the results of these studies it can be concluded 
that the laser treatment significantly improved the 
strength of adhesive joints made on surfaces pre-
pared in this way [16]. The research on the treat-
ment of helium-dielectric discharge on the adhesive 
properties of the PA6 polyamide surface should 
be cited as well. This type of treatment strongly 
develops the geometric surface of the polyamide, 
which also favours the formation of strong adhe-
sive bonds [17]. Despite the works presented in the 
literature, no studies have been found that would 
deal with the subject of joining by adhesive bond-
ing a modified polyamide solely to work in motion 
joints - with a reduced coefficient of friction. As 
already mentioned, modification of the polyamide 
- not its surface itself, can potentially adversely af-
fect the strength of the adhesive bonds made by 
joining the modified polyamide.

The problem of bonding of modified polyam-
ides in the aspect of friction factor reduction is par-
ticularly interesting from the scientific and prac-
tical point of view. Such modification may result 
in a decrease in the surface free energy. This is a 
disadvantageous situation from the perspective of 
efficiency of wetting such a material by the adhe-
sive, and consequently reduction of strength of the 
joint. In the reviewed literature, there are not many 
works on structural bonding of polyamide compo-
nents [14, 18]. Generally, thermoplastics, due to 
their chemical structure and physical properties, 
especially bending and tensile stiffness, are diffi-
cult in adhesive bonding [10]. An important issue 
in these situations is to use the appropriate technol-
ogy, especially surface preparation technology. 

It is a legitimate hypothesis that improving 
sliding properties, which is the purpose of oil-
ing or modification with molybdenum disulfide, 
may impair polyamide’s ability to form effective 
structural adhesive bonds. In this study, adhe-
sive properties of polyamide PA6 and polyamide 
modified with molybdenum disulfide PA6 – MoS2 
were analysed. Static shear strength of double-
overlap adhesive bonds made of the analysed 
grades of polyamide (connectors) and aluminium 
alloy EN AW 2024 (overlays) was taken as a 
measure of adhesive properties. Double-overlap 
adhesive bonds were chosen to eliminate the ef-
fect of bending (typical of lap bonds). The main 
purpose of the tests and analyses was to compare 
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the strength of adhesive bonds for polyamide PA6 
(basic), polyamide PA6 – MoS2 and PA6G + oil. 
A secondary goal was to select a surface prepara-
tion technology that would allow maintaining or 
improving the adhesive properties of the modi-
fied polyamide at comparable level to polyamide 
without modification. Additionally the study cov-
ers, the effectiveness of plasma treatment, sol-gel 
and sandblasting on the energetic properties of the 
surface layer and bonding effects of basic poly-
amide, oiled polyamide and polyamide modified 
with molybdenum disulfide were investigated. 

MATERIALS, APPARATUS AND METHODS

The study used double-overlap samples ac-
cording to ASTM D3528 [19]. They are partic-
ularly dedicated to shear strength testing when 
joining materials with reduced bending stiffness. 
Double-overlap samples are also used to test the 
properties of adhesives in the hardened state, 
especially the shear stiffness of the adhesive. In 
the case analysed, polyamide PA6 and polyam-
ide PA6 – MoS2 with EN – AW 2024 aluminium 
alloy overlays and polyamide PA6 G + oil were 
bonded. In the last configuration, the overlays 
and connectors were made of polyamide. The 
investigated unmodified polyamide grade PA6 
was TECAMID, whereas the modified polyam-
ides were TECAST kind, both manufactured by 
Ensinger [20, 21, 22]. The samples were bonded 
with Loctite EA 9392 AERO. The adhesive was 
applied with a spatula, spread evenly over the 
connectors and overlays of the bonded elements. 
The overlays were positioned relative to the con-
nectors using of locating pins. The panels were 
hardened for 24 hours in a vacuum bag. Panels 

were hardened for a minimum of 7 days before 
samples were made. Figure 1 shows the process 
of panel preparation. The bonded panel contains 
about 7–8 specimens. The panel is cut into indi-
vidual samples after seasoning period.

A drawing of a double-overlap sample, with 
dimensions according to ASTM D3528 is shown 
in Figure 2. The samples cut using a water abra-
sive cutting machine, were subjected to measure-
ment inspection to verify that the required di-
mensional tolerance was maintained. It should be 
emphasised that keeping sample sizes within tol-
erance in a series of samples is not an easy matter 
and requires the use of appropriate technologies. 
This is not always observed in scientific research, 
hence the often observed high levels of scatter in 
terms of strength of the tested series of samples. 
Consequently, it requires a larger number of sam-
ples to be able to estimate the mean value at a 
defined level of significance. The following con-
nection and overlay surface preparation technolo-
gies were used in the experiment:

Sandblasting (abrasive jet machining) with 
the following parameters: feed pressure 0.07 
MPa, head travel speed 50 mm/s, distance of the 
head tip from the surface 90 mm, nozzle tip ori-
ented perpendicularly, number of passes 1, grain: 
electrocorundum F70.

Atmospheric argon plasma treatment (cold) 
with the following parameters: plasma power 180 
W, plasma head speed 4000 mm/min, oxygen 
consumption 0.3 l/min, helium consumption 30 l/
min, number of passes 6. Plasma treatment was ap-
plied to a surface using a nozzle, which directed a 
stream of flowing gas to the surface. The device 
used for treatment was Atomflo 500 plasma system 
by Surfx Technologies. The nozzle movement was 
done in an automated manner using a CNC router. 

Fig. 1. Preparation of samples in the form of panel, containing about 7–8 individual samples; a) bonded 
panel prepared for curing, b) curing in the vacuum bag, c) panel cut in the individual samples
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Application of sol-gel primer, according to 
procedure. The surface was prepared by pre-
cleaning with a cleaning cloth and Loctite SF 
7063 universal remover. In the next step, the 
surface was sanded with a Scotch-Brite Heavy 
Duty Hand Pad 7440, maintaining a 90° di-
rectional change, and cleaned again with the 
remover. Sol-gel AC-130-2, manufactured by 
3M, was prepared and the solution was gener-
ously applied with a brush to the surface of the 
bonded parts. The excess was removed and al-
lowed to dry for a smooth and continuous coat-
ing. The bonding was performed keeping the 
adhesive’s shelf life.

The following confi gurations of surface prep-
aration technologies were tested:
1. Overlays (plasma treatment) – connectors 

(sandblasting)
2. Overlays (plasma treatment) – connectors 

(plasma treatment)
3. Overlays (sol gel) – connectors (sandblasting)
4. Overlays (sol gel) – connectors (plasma treatment)
5. Overlays (sandblasting) – connectors 

(sandblasting) 

One of the most important geometrical fac-
tors signifi cantly aff ecting the strength of adhesive 
bonds is the thickness of the adhesive layer and the 
uniformity of this thickness in a series of tested 
samples. In addition, under-bonding may occur in 
the adhesive zone, which is usually a consequence 
of hardening shrinkage under insuffi  cient pressure 
during the process. These under-bonding defects 
can occur at various locations of the adhesive bond 
and are detected by defectoscopic testing. An ex-
ample of a made sample is shown in Figure 3.

The shear strength of the adhesive bonds was 
performed in accordance with ASTM D3528. The 
samples were placed in the jaws of the testing ma-
chine, clamped and the test was started. The sam-
ples were tensioned with a pre-load equal to 10 
N. The test was carried out at a traverse speed of 
3 mm/min. In each series, 5 samples were tested. 
The maximum breaking force was recorded, on 
the basis of which the shear stress was calculated. 
Destructive testing was performed on a Zwick 
Roell Z150 testing machine, shown in Figure 4.

At this point of the research, the obtained 
results were summarised and compiled. Authors 

Fig. 2. A double-overlap sample, manufactured in accordance with ASTM D3528

Fig. 3. View of a typical double-overlap sample used in the experiment with indicated four adhesive bonds (1–4)
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verifi ed the results and picked samples prepared 
with sandblasting, as the ones which achieved the 
highest shear strength, for further investigation. 
As one of the goals of the research is to pick the 
surface treatment which preserves or improves 
the adhesive properties of the modifi ed polyam-
ides, sandblasted samples were further investigat-
ed with measurements of static contact angle and 

surface roughness. Static contact angle measure-
ment was performed with PGX goniometer us-
ing distilled water and diiodomethane. The mea-
surement for each tested surface was repeated 10 
times. A single droplet had a volume of 2 µl. A 3D 
T8000 RC120-400 Hommel Etamic profi lometer 
was used to measure surface roughness. The mea-
suring was held according to ISO 4287. Measure-
ments of 2D surface roughness parameters were 
performed within the 4.8 mm sampling length and 
repeated 10 times for each of the tested materials 
and surface preparation methods. Measurements 
were taken on the area prepared for bonding.

RESULTS

An important objective in the strength tests was 
to verify whether modifi cation of polyamide with 
molybdenum disulfi de and oiling, in order to im-
prove sliding properties, signifi cantly alters the ad-
hesive properties of the surface, understood in this 
study as susceptibility to structural bonding. The 
results obtained in the axial tensile test of the sam-
ples were developed and presented in the form of 
graphs for Polyamide PA6, Polyamide PA6 MoS2
and Polyamide PA6G + oil are shown in Figure 5. 

The results obtained clearly show the posi-
tive eff ect of sandblasting on the strength of PA6-
AL2024 adhesive bonds in comparison with plasma 

Fig. 4. Testing machine ZWICK/ROELL Z150 
with investigated sample mounted in the jaws

Fig. 5. Comparison of the shear strength of double-overlap samples
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activation. A similar relationship was obtained for 
polyamide modifi ed with molybdenum disulfi de 
(connectors) and AL2024 (overlays). In this case 
also, sandblasted connectors showed an advantage 
over plasma-activated connectors. Such eff ects 
were obtained regardless of whether the overlays 
had a sol-gel coating or were plasma-activated. For 
polyamide PA6G+ oil both the connectors and the 
overlays were made of polyamide, with sandblast-
ing as the only surface preparation technology. In 
this case, the results made it possible to assess the 
eff ect of sandblasting on the strength of an adhesive 
bond that is homogeneous in terms of materials. 

A lower strength values were achieved for 
samples prepared with plasma treatment in com-
parison to these prepared with sandblasting. Since 
the research has a specifi cally industrial applica-
tion, authors decided to investigate sandblasted 
samples only. In order to compare the quality of 
the surfaces prepared for bonding, roughness 
measurements and contact angle measurements 
were performed for PA6, PA6 MoS2 and PA6G 
+ oil materials to determine the value of surface 
free energy. Measurements were performed on the 
untreated and sandblasted surface. The graph in 
Figure 6, shows the roughness parameter Ra for 
all the materials tested. Ra parameter was used for 
comparison because prepared surface area is small 
and uniformly prepared, so the parameter will well 
map the surface condition and the presented results 
are focused on the industrial applications.

Sandblasting in each case “developed” the 
polyamide surface geometrically. The signifi cant 

diff erence in Ra value of oiled polyamide in the 
untreated state compared to PA6 and PA6 MoS2 is 
puzzling. This implies a signifi cant infl uence of 
technology and tooling condition at the polyam-
ide plates manufacturing stage. 

The surface free energy (SEP) was also com-
pared. A summary of the surface free energy re-
sults calculated by the Owens – Wendt method is 
provided in the graph shown in Figure 7.

The value of surface free energy was calcu-
lated from the following relationships (1, 2, 3).

𝛾𝛾𝛾𝛾𝑠𝑠𝑠𝑠 = 𝛾𝛾𝛾𝛾𝑠𝑠𝑠𝑠 𝑑𝑑𝑑𝑑 + 𝛾𝛾𝛾𝛾𝑠𝑠𝑠𝑠
 𝑝𝑝𝑝𝑝 (1)
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𝛾𝛾𝛾𝛾𝑑𝑑𝑑𝑑(cos𝛩𝛩𝛩𝛩𝑑𝑑𝑑𝑑 + 1) −�𝛾𝛾𝛾𝛾𝑑𝑑𝑑𝑑
𝑝𝑝𝑝𝑝
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𝑝𝑝𝑝𝑝

 (3)

where: γS – SEP of tested surface; γS
d – dispersive 

component; γS 
p – polar component; θ - con-

tact angle between tested surface and test 
liquid; γw – free surface energy of water; 
γw

d – dispersive component of SEP of wa-
ter; γw

p – polar component of SEP of water; 
γd – SEP of diiodomethane; γd

d – dispersive 
component of SEP of diiodomethane; γd

p – 
polar component of SEP of diiodomethane.

Fig. 6. Surface roughness of PA6, PA6 MoS2 and PA6G+oil joints 
without surface preparation and after sandblasting
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A relatively small improvement in surface 
free energy after sandblasting (only in the case of 
oiled polyamide) in comparison with the untreat-
ed state is noticeable. In other cases, a decrease in 
SEP was observed. It should be noted, however, 
that a high SEP value is a necessary but not suffi  -
cient condition for a high strength adhesive bond. 
It may be that the physicalsorption layer covering 
the surface of the slab, as a result of technological 
history, has a high SEP value, but it is a poorly 
bonded layer to the substrate and may constitute a 
weakening boundary layer. 

DISCUSSION

When analysing the results of the tests, one 
can notice signifi cantly higher values of the 
strength of adhesive bonds of the samples whose 
connector surfaces were sandblasted, in compari-
son to those whose connector surfaces were plas-
ma-treated. Samples with sandblasted connectors 
are characterised by 81.8% higher shear strength 
than samples with plasma-treated connectors and 
overlays and 114% higher shear strength than 
samples with sol-gel overlays and plasma-coated 
connectors. These diff erences are similar for both 
bonded materials: PA6 and PA6 MoS2. It can be 
concluded that surface preparation using sand-
blasting gives much better results (in terms of joint 
strength) than plasma and sol-gel methods. The 
results of samples prepared by combined plasma 
and sol-gel methods are much worse. The use of 

plasma method for the preparation of both over-
lays and connectors allowed to reach higher shear 
strengths, respectively by 14.02% for polyamide 
PA6 and by 19.33% for polyamide PA6 MoS2, as 
compared to samples with overlays treated by sol-
gel method and connectors treated by plasma.

Also it is important to compare the eff ect of 
modifying polyamide with friction reducing agents 
on the adhesive properties measured as the strength 
of the adhesive bond shear strength. Samples in the 
confi guration of overlays treated with plasma / con-
nectors sandblasted made of PA6 MoS2 achieved 
marginally lower strengths, by an average of 0.6%, 
compared to those with PA6. Compared to the sam-
ples made of PA6 G + oil, a 14.2% lower strength 
was observed. For samples in the sol-gel overlay 
/ connectors sandblasted confi guration, compared 
to samples made of PA6, the results achieved by 
samples made of PA6 MoS2 are on average 6% 
lower, for PA6 G + oil on average 17.7% lower. In 
the case of surface preparation by sol-gel and plas-
ma methods, a decrease in strength by 4.28% on 
average was observed in comparison with samples 
with overlays and connectors treated with plasma. 
An average decrease of 8.54% was observed for 
PA6 MoS2 samples with overlays treated by sol-gel 
method and connectors treated by plasma spraying 
in comparison with samples treated using the same 
method made of PA6 material. The high value of 
standard deviation should also be noted, reaching 
up to 30% in the case of samples with overlays 
treated by plasma and sol-gel methods. Based on 
the results obtained, it can be concluded that the 

Fig. 7. Free surface energy of PA6, PA6 MoS2 and PA6G+oil without surface preparation and after sandblasting
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method of polyamide surface activation by plasma 
treatment is unsatisfactory as a method preparing 
the surface for bonding. When sandblasting is used 
on connectors or overlays, the standard deviation 
is at an acceptable level. Comparing the roughness 
value with the results of strength tests, attention 
should be paid to similar values of surface rough-
ness of sandblasted samples of polyamide with 
friction reducing agents. Although the use of the 
same sandblasting parameters, for all tested mate-
rials, the surfaces of the modified polyamides are 
characterized by a higher roughness, compared to 
the unmodified polyamide. The difference in sur-
face roughness between unmodified and modified 
polyamide can be addressed to the reduced hard-
ness of the modified material itself. Despite the 
similar surface roughness values of PA6G + oil and 
PA6 MoS2, lower strength of the adhesive bond of 
samples made of PA6G + oil was obtained. The 
reduction in strength can be attributed to the pres-
ence of friction reducing agents.

The obtained results can only be indirectly 
compared to the studies presented in the literature 
due to the lack of studies on adhesive bonds of 
polyamide modified by adding friction reducing 
agents. It can be concluded that in the case of apply-
ing plasma treatment on modified polyamide sur-
face with friction reducing agents, slightly worse 
results are obtained than in the case of activating 
the surface of the polyamide without modifica-
tion. For samples with a surface prepared for ad-
hesive bonding by plasma treatment, the obtained 
results were similar to the research presented in the 
literature [14]. Slightly worse results of the shear 
strength of samples with the surface prepared by 
plasma treatment can be observed in the case of 
breaking single-overlap samples, which may be 
mainly caused by the non-axial load [18]. In case 
of comparison of the samples prepared by plasma 
treatment, from PA6 and PA6 MoS2 material with 
the literature research, it should be considered that 
the results presented in the article are equivalent, 
regardless of the introduction of friction reducing 
additives. Sandblasting should be considered as the 
leading method of surface preparation. In favour of 
plasma treatment, the repeatability of the process 
parameters, as well as the ease and cleanliness of 
the treatment, should be emphasized.

Achieved research results allow for the elimi-
nation of additional connecting elements, e.g. 
bolts, rivets and at the same time weight reduction 
of the structure. Maintaining good adhesive prop-
erties despite the introduction of lubricants to the 

polyamide, can be attributed to one of the theories 
of adhesion, to be precise, mechanical adhesion, 
which consists in mechanically anchoring the ad-
hesive in the micropores of the base material. This 
is also confirmed by the surface free energy values 
shown in Figure 7. They are also at comparable lev-
els. The surface roughness was also examined. It is 
worth noting that roughness of the untreated (raw) 
polyamide surface increases with the introduction 
of friction reducing substances into its composition.

CONCLUSIONS

Basing on the presented results the following 
conclusions can be formulated: 
	• The addition of friction reducing agents to 

polyamide does not significantly impair the 
adhesive properties of the materials presented. 
This is an interesting piece of information of a 
utilitarian nature as well. It shows that in ma-
chines and devices using modified polyamide, 
it is possible to use adhesive bonds in fric-
tion nodes with effects comparable to those of 
bonding “pure” polyamide. 

	• A slight decrease in the shear strength of 
modified versus unmodified polyamides can 
be explained by higher surface roughness of 
modified polyamide. This observation shows 
that the influence of surface roughness, in the 
comparative tests, on the strength of adhesive 
joints of unmodified and modified polyamides 
is complex. The modified polyamides due to its 
reduced hardness are more susceptible to shap-
ing the surface by sandblasting. Correction of 
sandblasting parameters could potentially fur-
ther improve the strength of the joints made.

	• The test results prove that the introduction of 
friction-reducing agents into the polyamide 
composition is not a factor that deteriorates 
the adhesive properties. It appears that in case 
of polyamide adhesive bonding, the strength 
of the bond can be attributed to mechanical 
adhesion, which can be improved by proper 
surface roughening. It should be emphasized 
that the preparation of the surface is still the 
most important factor determining the quality 
of the connections made.

	• The proper preparation of polyamide surface 
by sandblasting, independently on its modifi-
cation with friction reducing agents, can en-
sure satisfactory results of adhesive bonding 
strength for the materials studied.
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