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ARTICLE INFO ABSTRACT

Keywords: In this article, we investigate the possibility of combining ABS and PA6 in one structure by means of injection
Overmolding overmolding. The combination of these polymers in one structure is very promising, as PA6 offers good me-
Plasma chanical performance and high melting temperature and abrasion resistance. In contrast, ABS offers excellent
i];;teosil;“mn spectroscopy impact properties, high water resistance, and cost competitiveness. However, these polymers are incompatible

and do not adhere to each other. This study proposes atmospheric plasma treatment to create bonding between
ABS and PA6 processed by injection molding. We demonstrated that bonding was created between ABS and PA6
due to the hydroxylation and the chemical conversion of nitrile groups to amide and carboxyl acid after the
plasma treatment of ABS. Therefore, the plasma-treated ABS surface enabled the formation of various H-bonds,
and the strong coupling of ABS and PA6 via secondary chemical binding forces appears. These results were also
proved by mechanical tests, which showed that the bonding strength of the ABS/PA6 material pair reaches 12

MPa after plasma treatment, while an untreated case demonstrated no bonding at all.

1. Introduction

Nowadays, innovations in plastic production often arise from the
combination of different techniques or different materials within the
production of one part. Such integration offers more design freedom to
engineers [1], improves the structural performance and aesthetics of
plastic parts, and even enables the customization of mass production
[2]. One of the most developed manufacturing processes that allow the
pairing of two materials in one part without the necessity to use tradi-
tional joining methods is two-component injection molding, which is
also known under the name “overmolding”. This technique is widely
used for the production of plastic parts, where the combination of rigid
and soft materials or color difference is necessary [3]. Recently, injec-
tion overmolding has been more and more used to produce parts that
exhibit high structural performance and aesthetic appearance at the
same time. This often requires a combination of polymers with entirely
different properties that are often considered incompatible. A promising
combination of materials is polyamide-6 (PA6) and acrylonitrile

butylene styrene (ABS). PA6 has good mechanical performance, high
melting temperature, wear, and abrasion resistance, while ABS dem-
onstrates excellent impact properties, high water resistance, and cost
competitiveness (Fig. 1) [4].

Despite the attractiveness of the combination of ABS and PA6, these
two polymers are incompatible by their nature [5]: PA6 is a
semi-crystalline polymer while ABS is amorphous, they have consider-
ably different chemical formulas and different values of Tg (55 °C [6]
and 105 °C [7], respectively) and Tp,. Czvikovszky et al. [8] discuss the
compatibility of a two-component system if the free energy change due
to mixing is negative, and the system is transferred to a more stable,
lower energy state. In the case of ABS and PA6, these conditions are not
fulfilled, and the two materials are incompatible. These facts make ABS
and PA6 impossible to pair via fusion-bonding techniques, such as
overmolding.

Generally, the adhesion between two polymers forms due to the
interatomic and intermolecular interaction at the interface [9]. It is a
complex phenomenon of an interdisciplinary character. According to
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Fig. 1. Comparison of the properties of PA6 and ABS (E — Young modulus, 61 —
tensile strength).

our current understanding, adhesion between two polymers occurs due
to the following mechanisms: mechanical interlocking, molecular
diffusion, electrostatic interaction, wetting, chemical bonding, and the
formation of a weak boundary layer [10]. These mechanisms act
simultaneously, but the degree of their impact on the resulting bonding
strength depends on the nature of the paired materials and the pro-
cessing parameters of joining.

As adhesion is a surface phenomenon, it is possible to improve it by
means of different surface modification methods. All surface modifica-
tion methods can be classified into three groups: physical, chemical, and
mechanical (Fig. 2). Mechanical surface modification methods are based
on the mechanical interlocking theory of adhesion, which states that
bonding occurs due to the penetration of the adhesive into pores, cav-
ities, and other irregularities in the substrate surface, forming mechan-
ical anchoring [11]. Consequently, surface roughness plays an important
role in bonding.

The “chemical” group of methods are based on mechanical inter-
locking, wetting, and chemical bonding theories. The purpose of
chemical surface treatment of polymers is usually to generate a certain
surface roughness or to apply highly oxidizing reagents to enhance
adhesion through the formation of polar groups [13]. Several studies
investigate the chemical grafting of reactive species on the polymer
surface, thus making it possible to join incompatible polymers [14,15].

The “physical” group of methods mainly modify the free energy of a
surface (by means of UV/ozone irradiation [16-18], laser [19-21],
ion-beam irradiation [22], plasma [23-26], and other methods). The
purpose of physical treatment is to remove surface contaminants, trigger
oxidation processes, and increase the polarity and wettability of the
surface of a polymer [27]. One of the most industrially adapted surface
modification methods for polymers is plasma treatment, which can
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influence the polymer in four ways: etching, crosslinking, the deposition
of active chemical species, and the functionalization of the surface. The
functionalization of the polymer surface with plasma is of particular
interest, as most non-expensive, mass-produced commodity plastics,
such as polyethylene (PE), polypropylene (PP) and polystyrene (PS)
belong to the polyolefin group, which are inert and do not contain any
functional groups, which could promote adhesion.

In industry, the plasma treatment of polymers is widely used to
facilitate the application of coatings, paints, sealants, and also to in-
crease the strength of adhesively bonded joints. Two kinds of plasma
treatment are currently used for polymers: low-pressure and atmo-
spheric plasma. Low-pressure plasma treatment mostly creates hydroxyl
(-OH) and carboxyl (-COOH) polar groups on the non-polar polymer
surface, thus increasing the surface energy and wettability, and conse-
quently the adhesion capability of polymers [28]. Atmospheric plasma
treatment does not require the creation of low pressure, and therefore it
is a highly versatile, easy-to-implement, and inexpensive method of
surface activation.

Kubota et al. [29] proved with XPS spectra that after the atmospheric
and low-pressure oxygen plasma treatment of polypropylene (PP) and
polystyrene (PS) films, carboxyl, carbonyl, and hydroxyl functional
groups appear in the surfaces of these polymers. These functional groups
facilitate the adhesion of PP and PS. Slavicek et al. [30] examined the
influence of atmospheric plasma treatment on the surface of ABS. They
found that the plasma treatment of ABS decreased the water contact
angle from 94.7° for the reference sample down to 40°. Frascio et al.
[31] also found a substantial decrease of a contact angle (from 90° down
to less than 10°) for the plasma-treated ABS. De Armentia et al. [32]
found that the adhesion strength between ABS and PU painting increases
10-fold after atmospheric plasma treatment. Pizzorni et al. [33]
compared the effectiveness of three surface treatment methods (solvent
degreasing, abrasion, and low-pressure plasma) for the bonding
improvement in adhesively-bonded composites with nylon-6 matrix.
The authors proved the oxidative effect of plasma with XPS analysis.
They found that low-pressure plasma treatment increases bonding
strength nearly three times higher than abrasion and degreasing. Man-
dolfino et al. [34] proved that cold plasma treatment led to less crack
propagation and better joint aging resistance in adhesively-bonded PA6
samples. Although atmospheric plasma treatment is widely used to
improve adhesion between polymers and different kinds of coatings or
paintings [30,35], the use of atmospheric plasma to improve the
bonding formed during overmolding is much less researched. Moritzer
et al. [36] developed inline plasma surface modification integrated into
injection molding. They created an experimental setup, which consisted
of an injection mold with a stationary mounted plasma jet. The authors
proved that this setup can effectively increase the surface energy of
various engineering plastics and their combinations, such as Poly-
butylene Terephthalate (PBT)/Acrylonitrile Styrene Acrylate (ASA) and
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Fig. 2. The Classification of the surface modification methods of polymers (based on [12]).
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Table 1
Properties of the materials for examination.
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Table 2
The sets of specimens produced for plasma treatment.

Material ABS Terluran PA6 Durethan
GP35 B30S
Drying temperature and time 80 °Cfor4h 80 °Cfor 2-6 h

Recommended melt temperature 220-280 °C 260-280 °C
range

Recommended mold temperature 30-60 °C 80-100 °C
range

3

Fig. 3. T-shape test specimen: 1 — base plate; 2 — overmolded rib; 3 - interface
(contact surface); 4 — sprue; 5 — injection point.

Polycarbonate (PC)/ABS. However, the PA/ABS combination was not
studied. Moreover, the authors mostly concentrated on developing the
equipment, while the mechanism of bonding was beyond the scope of
their research.

In our research, we investigated how the bond strength between the
base plate and the overmolded rib is influenced by the surface properties
of the base plate during overmolding (e.g., surface roughness and sur-
face activity). Our study examines surface roughness and the influence
of atmospheric plasma treatment on the bonding strength formation
during injection overmolding. We investigated several material pairs:
ABS/ABS, PA6/PA6, and ABS/PA6. The last pair of materials is
considered incompatible, and there is typically no adhesion between
them.

2. Experimental
2.1. Production of specimens

We used neat amorphous ABS Terluran GP35 (BASF, Germany,
Ludwigshafen) and neat and black semi-crystalline PA6 Durethan B30S
(Lanxess, Germany, Cologne) for injection molding and overmolding.
Both materials were dried according to the producer’s recommendations
(Table 1).

For the characterization of the bonding strength between a base plate
and an overmolded element, we designed a so-called “T-shape geome-
try” (Fig. 3). This test specimen consists of an 80 mm x 80 mm x 2 mm
base plate (or substrate), which we manufactured separately by con-
ventional injection molding, and a 70 mm x 63 mm x 2 mm rib, which
was overmolded onto the base plate. As a result, a contact surface or an
interface (Fig. 3 (3)) was formed between the base plate and the rib. The
nominal dimensions of the contact area between the base plate and the
rib were 60 mm x 2 mm excluding the shrinkage.

We produced eight sets of T-shaped specimens, which differ in the
material combinations and whether the base plate was plasma treated or
not. The properties of the specimens are listed in Table 2. For the
designation of the specimens, we used the format “base plate material/

The structural part of the specimen Overmolded rib

PA6 ABS
Base plate PA6 untreated PA6-u/PA6 PA6-u/ABS
PAG6 treated PA6-t/PA6 PAG6-t/ABS
ABS untreated ABS-u/PA6 ABS-u/ABS
ABS treated ABS-t/PA6 ABS-t/ABS
Table 3

The mold surface roughness for the sets of specimens for the surface roughness
investigation.

Mold insert Ra,pm SD, pm Rz, pm SD, pm
polished 0.03 0.01 0.27 0.11
fine sparked 2.86 0.64 15.24 2.77
rough sparked 11.53 1.48 50.00 3.91

Table 4
Injection molding processing parameters for the materials used.
Processing parameter ABS PA6
Tmola> °C 40 80
Tmelt, °C 220, 240, 260, 280 240, 250, 260, 270, 280, 290, 300

rib material”, and the small letter after the base plate material indicates
plasma treatment or the lack of it (“u” stands for “untreated” and “t”
stands for “treated”). We also produced “one-piece” T-shaped specimens
as references for each measurement series. We produced ten specimens
for each set.

We produced the specimens on an Arburg Allrounder 370 S 700 290
(ARBURG Holding GmbH, Lossburg, Germany) injection molding ma-
chine. The specimens were manufactured in two steps, and each step
needed a separate mold. Thus, for the first step (manufacturing of the
base plate), we used a conventional two-cavity cold runner injection
mold. For the second step (overmolding), we used a specially developed
mold equipped with a mechanically operated slider to accommodate the
base plate.

To investigate the effect of surface roughness, we used a special in-
jection mold to produce a base plate with different surface roughnesses
(with a polished, a fine sparked, and a rough sparked mold insert). For
this series of experiments, we chose the amorphous ABS as it has good
flowability and low shrinkage. To be able to compare the surface
roughness of the base plates, we measured the surface roughness (Ra,
Rz) of the mold inserts (EN ISO 4287 [37]) before injection molding
using a stationary surface roughness tester (Mitutoyo SJ-400, Mitutoyo,
Japan). The results of the measurement of surface roughness are pre-
sented in Table 3.

For all the sets of specimens (Table 2), the base plates and the
overmolded ribs were manufactured with the mold temperature and
melt temperature settings recommended by the material manufacturer.
We injection-molded ABS parts by conventional injection molding with
melt temperatures from 220 °C to 280 °C and a mold temperature of
40 °C (Table 4). In the case of PA6, we used a melt temperature from
200 °C to 260 °C and a mold temperature of 80 °C. For each set listed in
Table 2, we produced 12 specimens.

We used plasma treatment for some of the base plates immediately
(not more than 30 s) before the second step of the production of the T-
shape specimens — overmolding. The plasma treatment was performed
with an FG 5001 plasma generator (Plasmatreat GmbH, Steinhagen,
Germany) (Fig. 4 (8)). The plasma was generated from compressed air,
the pressure of which was reduced to the desired level by a pressure
regulator (Fig. 4 (6)). The compressed air with the reduced pressure was
introduced into a Plasmatreat RD1004 rotating plasma head (Fig. 4 (1)).
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Fig. 4. Plasma treatment setup: 1 — plasma head, 2 — plasma, 3 - support plate, 4 — base plate (h: distance from the plasma head to the treated base plate, v: the linear
speed of the support plate/e.g. plasma treatment speed), 5 — machine moving frame, 6 — pressure regulator, 7 — compressed air, 8 — plasma generator.

Fig. 5. Test setup of the base plate and rib for measuring bonding strength
between the base plate and an overmolded rib (1 - tensile machine, 2 — support
plate, 3 — vice-jaw, 4 — specimen, 5 - rib, 6 — base plate).

The parameters affecting the plasma properties (voltage, amperage)
were set on the control unit. The plasma head was mounted on a frame
(Fig. 4 (5)). The prefabricated base plates (Fig. 4 (4)) were fixed on the
support plate (Fig. 4 (3)). The movement of the support plate was
controlled by a computer.

Plasma treatment was carried out with compressed air at a pressure
of 3.5 bar, a voltage of 280 V, and a current of 17.5 A. The central 20 mm
wide band of the preform was treated by moving the support plate with a
speed of 1000, 3000, and 6000 mm/min under the plasma head (here-
after, we will call this speed “plasma treatment speed”). The vertical
distance between the plasma head and the moving table varied from 2 to
10 mm.

2.2. Mechanical testing

To define the bonding strength between the base plate and the
overmolded rib, we performed tensile tests with a Zwick Z020 universal
tensile testing machine (Zwick Roell AG, Ulm, Germany) with the load
cell limit of £20 kN. We developed a special grip (Fig. 5) to fix the T-
shape test specimen during the tensile test, where the rib is fixed with
the clamp, and the base plate is laid on a plate with a gap. The gap is 1
mm larger than the rib on each side. The connecting surface of the
preform and the rib is 120 mm?. All the tensile tests were performed at
room temperature and relative humidity of 50%. The testing speed was
5 mm/min, and we tested ten specimens for each combination of

Fig. 6. Complex XPS-SAM equipment used for XPS.

materials.

2.3. X-ray photoelectron spectroscopy (XPS)

To examine the surfaces of the overmolded samples, we performed X-
ray Photoelectronic Spectroscopy (XPS) with a twin anode X-ray source
(XR4, Thermo Fisher Scientific, Waltham, Massachusetts, USA) and a
hemispherical energy analyzer with a nine-channel Multi-Channel De-
tector Phoibos 150 MCD (SPECS, Berlin, Germany) (Fig. 6). The base
pressure of the analysis chamber was around 2 x 10~° mbar. We
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Fig. 7. Variation of ANOVA p-value as a function of melt temperature.

analyzed the samples with an Mg K, anode (1253.6 eV) without mon-
ochromatization. Low-resolution spectra were recorded in the range of
0-1100 eV, and high-resolution spectra were taken in the range of 300 to
280 eV in the case of the C-1s photoelectron peak and 410-394 eV in the
case of the N-1s photoelectron peak. The peaks were fitted with the
CasaXPS software. The binding energies correspond to the C-1s photo-
electron peak of C-C bonds and C-H bonds (hydrocarbon contamina-
tion) at 285.0 eV. The sensitivity of the measurement was 0.1 at%.

To evaluate the effect of plasma treatment on bonding, we examined
the polarizability of ABS and PA6 with and without plasma treatment.
We estimated molecular polarizability and the polar surface area with
the Polarizability Plugin® and Polar Surface Area 2D Plugin® (both
from ChemAxon, Budapest, Hungary). For polarizability calculations,
we used the atomic parameters reports by Miller and Savchik [38] in
addition to those reported by Jensen [39]. For the estimation of topo-
logical polar surface area (TPSA), we used the method described by Ertl
et al. [40].

2.4. Contact angle measurement

To examine the wettability of the samples, we used contact angle
measurements with the Drop Shape Analyser Kriiss DSA 30 (Kriiss,
Germany, Hamburg). We measured the contact angle of the water drop
immediately after the plasma treatment of polymer samples. We used
10 pl millipore water for the tests. We measured the contact angle on
three drops/specimens. The room temperature was 25 °C, and humidity
was 80% in the measuring cell.

3. Results and discussion
3.1. Influence of the surface roughness of the base plate on bonding

First, we investigated whether the surface roughness of the base plate
changes with mold surface roughness with different process parameters.
The investigated process parameters are melt temperature (220, 240,
260, 280 °C), mold temperature (40, 60, 80 °C), and holding pressure
(150, 300, 450 bar). Holding time was 4 s, and residual cooling time was
15 s. After injection molding, the base plates were stored at room tem-
perature at 50% relative humidity, and 4-6 h later, their surface
roughness (Ra, Rz) was measured. We found that neither melt or mold
temperature nor holding pressure significantly affected the surface
roughness of the base plates. Therefore, in the further steps of the
experimental series, the base plates were produced with a melt tem-
perature of 240 °C, a mold temperature of 60 °C, and a holding pressure
of 450 bar and with the three different mold inserts: polished, fine
sparked, and rough sparked.

We injection molded the ribs onto the base plate with different melt
temperatures (220, 240, 260, 280, and 300 °C). Specimens
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Fig. 8. Variation of the average strength of the bond in ABS-u/ABS, and ABS-t/
ABS specimens (treated at different plasma speed settings) as a function of the
melt temperature.

manufactured at the lowest melt temperature did not bond at all. For the
higher temperatures, the average tensile strength increased with melt
temperature with a saturation characteristic for all three surface
roughnesses. We performed ANOVA (analysis of variance) to evaluate
the influence of surface roughness on bonding strength for each melt
temperature group. At a 95% significance level, we proved that the
surface roughness affects bond strength at low melt temperatures, while
it does not affect bond strength at higher melt temperatures (Fig. 7). At
high melt temperatures, the melt arrives at the base plate, heats the base
plate above its melt temperature, and forms a proper weld. At low melt
temperatures, that cannot happen. Therefore the contact area, thus
surface roughness, plays a key role in the bond between the plate and the
rib.

3.2. Influence of plasma treatment on bonding

We investigated other surface treatment possibilities as surface
roughness cannot offer an overall solution to bonding problems.

3.2.1. Mechanical test results

3.2.1.1. The effect of plasma treatment on the joining of the ABS base plate
and an overmolded ABS rib. We examined the influence of two pro-
cessing parameters on the bonding strength of the ABS/ABS material
pair. The first parameter was the melt temperature of ABS during the
ovemolding stage, which varied from 220 to 280 °C with steps of 20 °C.
The second parameter was plasma treatment speed which was 1000,
3000, and 6000 mm/min. We used one-piece T-shape specimens pro-
duced with one-shot injection molding as reference. In the case of the
ABS-u/ABS specimens, average bonding strength increased with
increasing melt temperature, reaching its maximum of ~16 MPa when
the melt temperature of the overmolded ABS was 280 °C (Fig. 8). We
found that plasma treatment in the case of ABS/ABS does not cause any
improvement in bonding strength. Even at the plasma speed of 1000 and
3000 mm/min, bonding strength was lower than for the untreated
samples at each melt temperature. In the case of 6000 mm/min plasma
treatment speed, average bonding strength was the same as that of the
ABS-u/ABS samples for all the temperatures except the highest tem-
perature, where the ABS-t/ABS specimens demonstrated lower bonding
strength than the untreated specimens. We concluded that in the case of
the ABS/ABS combination, plasma treatment leads to the decrease of
bonding strength between a base plate and an overmolded rib. This is
because of the apolar nature of ABS. The more we treated ABS with
plasma, the more polar its surface became. This caused a polarity in-
compatibility of the treated and untreated ABS elements. We will further
discuss this issue in more detail in Section 3.3.
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Fig. 9. Variation of the average strength of the bond in PA6-u/PA6, and PA6-t/
PAG6 specimens as a function of melt temperature (Note that plasma treatment
speed was 6000 mm/min).

3.2.1.2. The effect of plasma treatment on the joining of a PA6 base plate
and an overmolded PAG6 rib. For the PA6/PA6 material pair, we treated
base plates with plasma at a speed of 6000 mm/min, and then we
overmolded the ribs at different melt temperatures (Fig. 9). We found
that in the case of PA6-u/PA6 specimens, the average tensile strength
reached its maximum of 36.32 £+ 0.56 MPa at a melt temperature of
300 °C.

Plasma treatment significantly improves the bonding for the PA6/

Polymer Testing 106 (2022) 107446

PA6 material pair (especially at temperatures lower than 280 °C). This
phenomenon can be explained by the polar nature of PA6, which is even
further increased by the plasma treatment. The highest bonding strength
for PA6-t/PA6 specimens reaches almost 75% of that of the one-piece
part.

3.2.1.3. Effect of plasma treatment on the joining of a PA6 base plate and
an overmolded ABS rib. We produced PA6 base plates and overmolded
ABS ribs on them. The melt temperature of ABS was 260 °C. We
observed no bonding between the PA6 base plate and the ABS over-
molded rib in both cases — with and without plasma treatment (Fig. 10).
We treated the PA6 base plates at different speeds (200, 1000, 2000,
4000, 6000 mm/min) and with the distance between the base plate and
plasma source equal to 8 mm. Even the slowest plasma treatment speed
(i.e., longest treatment time) did not increase the adhesion in PA6-t/ABS
specimens. Later we will explain this phenomenon with the XPS test
results.

3.2.1.4. Effect of plasma treatment on the joining of an ABS base plate and
an overmolded PA6 rib. In this section, we report the results of the in-
fluence of the plasma treatment and overmolding processing parameters
on the bonding between an ABS base plate and a PA6 rib. We examined
the influence of melt temperature during overmolding, as well as the
influence of the speed of plasma treatment and the distance between the
plasma source and the treated surface.

A PAG6 rib was overmolded onto a base plate made of ABS. Melt

Tow 200

R Yoo

V. mm/min

2000

4000 6000 untreated

h. mm

Fig. 10. PA6/ABS specimens, untreated and with plasma treatment (1 — PA6 base plate; 2 — ABS overmolded rib; 3 - injection mold).
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Table 5
Summary of the effect of plasma treatment on bonding strength for the different
combinations of ABS and PA6.

The structural part of the specimen Overmolded rib

PA6 ABS
Base plate PA6-u 36.32 + 0.56 MPa No bonding
PA6-t 37.26 + 0.81 MPa No bonding
ABS-u No bonding 16.31 + 2.87 MPa
ABS-t 12.76 + 0.95 MPa 11.34 £+ 2.19 MPa

temperature was varied from 240 to 300 °C with a step of 10 °C. We
observed no bonding in the case of ABS-u/PA6 specimens. After plasma
treatment at different speeds, bonding between ABS base plates and PA6
ribs appeared. The lower the plasma speed (i.e., the higher the treatment
time) was, the stronger bonding was.

We also found that bonding strength depended on the temperature of
the overmolded PA6 melt. Thus, the bonding strength in ABS-t/PA6
specimens reached its maximum as a result of plasma treatment at
2000 mm/min and when the melt temperature of PA6 was 270 °C.
Moreover, the maximum bonding strength at the same melt temperature
was observed at all tested plasma treatment speeds (4000 and 6000 mm/
min). This phenomenon indicates that bonding between ABS and PAS6,
which are considered incompatible polymers, can occur and achieves its
maximum if the ABS is treated with plasma prior to overmolding and the
overmolded PA6 melt has a temperature of 270 °C.

The maximum achieved bonding strength between ABS and PA6 was
12 MPa, which is roughly four times lower than the strength of a one-
piece PA6 part (~50 MPa). However, considering the fact that ABS-u/
PA6 specimens do not join at all, plasma treatment offers a huge
improvement in coupling these incompatible polymers. Moreover, the
decrease of plasma speed from 4000 to 2000 mm/min produces almost
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0 0
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Fig. 14. The variation of the advancing contact angle on the plasma-treated
ABS surface as a function of the velocity of plasma (at h = 8 mm).
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Fig. 15. The advancing contact angle on the plasma-treated ABS surface as a
function of the distance of the treated base plate from the plasma head with the
linear speed of the support plate of 2000 mm/min.

double the bonding strength between ABS and PA6 at the optimal
overmolding melt temperature (Fig. 11).

The influence of the distance between the plasma source and the
treated specimen on the bonding strength between ABS and PA6 is much
less evident than the influence of plasma speed. We observed that when
this distance was 4 mm, no bonding occurred between the materials
(Fig. 12). When we increased this distance to 6, 8, and 10 mm, we
observed bonding between ABS and PA6.

3.2.1.5. Summary of the mechanical test results. In Table 5, we show the
results of the tensile tests for the examined material pairs with treated
and untreated base plates. Plasma treatment had no effect in the case of

0

v=2000 mm/min
0 = 38,66°+5,1°

© (d)

Fig. 13. Advancing contact angle measurements on the ABS surface: (a) untreated, (b) after plasma treatment with the speed of 2000 mm/min, (c) 4000 mm/min;

(d) and 6000 mm/min.
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Fig. 16. XPS survey spectra of the (a) untreated and (b) plasma-treated ABS
base plate.

PA6-t/ABS specimens and had a negative effect on bonding in ABS-t/
ABS specimens. We found that plasma treatment significantly
improved bonding in ABS-t/PA6 specimens (there was no bonding
without plasma treatment and bonding strength was 12 MPa with
plasma treatment).

3.2.2. Contact angle measurement results

The first explanation of the positive influence of the plasma treat-
ment on the bonding between an ABS base plate and a PAG6 rib is the
increase of the wettability of the treated polymer surface. We examined
the wettability of the treated ABS base plate by measuring the advancing
contact angle of a water droplet on the polymer surface treated with
plasma at different speeds (Fig. 13). We found that for an untreated base
plate, the advancing contact angle was 86°, while plasma treatment at a
speed of 6000, 4000, and 2000 mm/min decreased the value of a contact
angle to 62, 37, and 27°, respectively (Fig. 14).

We measured the contact angle on the treated ABS surface with
different distances of the plasma head from the treated surface (Fig. 15).
We observed that with 4 mm, the advancing contact angle was 60°,
which is lower compared to the untreated base plate (86°) but still too
high to ensure bonding. This result correlates well with the results of the
mechanical tests, where no bonding was observed when the distance
between the plasma head and ABS surface was 4 mm (Fig. 12). The in-
crease of the distance to 6 mm leads to the decrease of the contact angle
(~40°). However, a further increase of the distance between the plasma
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Table 6
Surface elemental composition of untreated and plasma-treated samples.
Base plate elemental composition, at % 0/C ratio
C (0] N
untreated ABS 94.1 2 3.9 2%
plasma-treated ABS 79 15.5 5.5 20%
Table 7

The rate of chemical bonding states of N and C on the surface of the untreated
and plasma-treated ABS sample in percentages.

Distribution of bond N1s Cls

tates, %

states, 7o R-CN NH;f CH/  RCN/ R-0-C=0/
Cc-C C-O-H N-CZO

without treatment 100 0 84.8 15.2 0

plasma treatment 82.3 17.7 56.8 31.9 11.3

head and the ABS surface does not change the contact angle
significantly.

3.2.3. XPS examination results

We carried out the XPS examination of the ABS base plate surfaces in
order to determine their chemical composition before and after plasma
treatment. The low-resolution spectra of the untreated and plasma-
treated ABS specimens are presented in Fig. 16 contains the elemental
concentrations of the evaluated surface for both the untreated and
plasma-treated ABS. The concentration of O atoms and N atoms in-
creases due to plasma treatment at the expense of the concentration of C
atoms which is why we performed a deeper examination (Table 6). We
determined the chemical binding states of C and N atoms by fitting the
curve of high-resolution C-1s and N-1s photoelectron peaks. The un-
treated surface of the ABS sample consists of only one N-1s chemical
bonding state at 399.8 eV, corresponding to an R-CN bond. For the
plasma-treated sample, an additional peak appears at around 402 eV,
corresponding to an NH4 " bond.

In the case of the untreated ABS plate, the C-1s peak can be fitted by
two peaks at 285 eV and at 286.5 eV, corresponding to C~-H/C-C bonds
and C-OH/R-CN bonds, respectively. It must be noted that the R-CN
bond corresponds to 286.3 eV, but it is not possible to separate it from
C-OH by deconvolution. In the case of the plasma-treated ABS plates, we
identified a third bonding state at 289 eV at the C-1s photoelectron peak,
in addition to the chemical bonds corresponding to 285 eV and 286.5 eV.
This third peak corresponds to R-O-C—=0 and C-O-H chemical bonds
(Table 7).

From a chemical point of view, ABS has a quite apolar nature with
poor polarizability and a lack of hydrogen binding sites (molecular
polarizability ~ 30 A%, polar surface area ~24 A2, H-bond donors/ac-
ceptors = 0/1). Thus, mainly z-7 interactions between the aromatic
units and other weak secondary binding forces (e.g., dispersion forces,
van der Waals forces, n-dipole, and dipole-dipole interactions) predom-
inate between the stereoelectronically complementary molecular groups
in the case of ABS/ABS coupling.

By contrast, PA6 has a more polar nature than ABS. In the case of a
PA6/PA6 connection, typically, binding is provided by the dipole-dipole
interactions among the polymer chains. Moreover, H-bonds as the
strongest secondary binding forces are also present (H-bond donors/
acceptors = 1/2), allowing the formation of 2 different H-bonds among
the polymer chains). Consequently, these stronger PA6/PA6 interactions
at the molecular level resulted in increased average tensile strength. The
most important molecular interactions for untreated polymers can be
seen in Fig. 17.

The plasma treatment significantly affected these interactions by
chemically modifying the surfaces of the studied polymers. These
modifications are mainly oxidation reactions, especially hydroxylations.
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Thus, the polymer surfaces tend to become increasingly polar due to the
plasma. The obtained polarized surface of the plasma-treated ABS
induced a polar incompatibility with the untreated surface. It is also
supported by the reduced tensile strength of ABS-products if a plasma
treatment on one of the specimens was previously applied. In contrast,
for PA6/PA6 coupling, plasma showed a weaker but opposite influence
on binding properties. Since the untreated polymer was polar as well,
the modifications only altered this feature to a lesser extent. On the other
hand, the new hydroxyl and oxo groups increase the number of

possibilities for establishing additional hydrogen bonds, which can
further enhance binding strength. Higher temperatures can provide
mobility for polymer chains to be properly arranged, which may enable
an increased number of interactions.

ABS and PAG6 are totally incompatible due to their different physi-
cochemical nature. Strong interactions, like H-bonds, cannot occur,
while the formation of other weaker binding forces is also unlikely due
to the polar incompatibility. The XPS results show that the plasma is
most likely to oxidize the chain saturations and the nitrile groups of the
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ABS as they are the most reactive centers of the polymer. We suggested
the mechanism for chemical reactions induced by plasma treatment
based on the XPS results, as shown in Fig. 18 (the plasma treatment can
enable various reactions, even those of radical or mixed mechanisms.
Thus the reported synthetic pathway represents only one of the possible
schemes).

Although the formation of dipole-based interactions is still limited in
this case due to the presence of the apolar aromatic units (molecular
polarizability ~ 32 A% (reflects the altered abilities for dipole-based
secondary chemical interactions) and polar surface area ~63 A2 (re-
flects the altered polarity-based physical compatibility)), the conversion
of the nitrile groups to amide and carboxylic acid in addition to the
entering hydroxyl groups significantly increases the potential for the
formation of H-bridges (H-bond donors/acceptors = 3/3). These struc-
tural modifications make it possible to form up to nine different H-bonds
between ABS and PA®G, as illustrated schematically in Fig. 19.

Overall, the large number of new H-donor and H-acceptor sites upon
plasma treatment caused a strong binding between the surface-modified
ABS and the untreated PA6.

4. Conclusion

We successfully combined two incompatible polymers (ABS and
PA6) in one structure by injection overmolding. Bonding between the
examined materials was improved with the help of plasma treatment.
The main findings of the research are summarized below:

1. The surface roughness of the base plate affects bond strength at low
melt temperatures, while it does not affect bond strength at higher
melt temperatures.

2. Plasma treatment did not have an effect on the bonding of PA6-t/ABS
specimens, and had a negative effect on the bonding of ABS-t/ABS
specimens. In contrast, the ABS base plate and the PA6 rib did not
bond without plasma treatment, but had a bonding strength of 12
MPa after plasma treatment.

3. The bonding strength between an ABS base plate and a PA6 rib de-
pends on two processing parameters: the melt temperature of the
overmolded PA6 and plasma treatment speed. The optimum tem-
perature of the PA6 melt for overmolding was 270 °C. At this tem-
perature, the plasma-treated samples demonstrated maximum
bonding strength. We also found that the slower plasma treatment
speed was, the higher bonding strength was. The maximum bonding

10

strength between an ABS base plate and an overmolded PA6 rib was
12 MPa, and it was achieved after plasma treatment at 2000 mm/min
and when the melt temperature of PA6 was 270 °C.

4. The bonding strength between ABS and overmolded PA6 also de-
pends on the distance between the plasma head and the treated
surface. When this distance was 4 mm, no bonding occurred, but
when this distance was increased to 6 mm, bonding between ABS and
PA6 appeared. However, a further increase of the distance to 8 mm
and 10 mm did not have a significant effect on bonding. These results
were also proved with contact angle measurements. At a plasma
head-ABS surface distance of 4 mm, the contact angle on the plasma-
treated ABS surface was 60°, which was lower than on an untreated
surface (86°) but still quite high to ensure good bonding. Increasing
the distance to 6 mm led to the decrease of the contact angle to 40°.
However, a further increase of the distance between the plasma head
and the ABS surface did not change the contact angle significantly.

5. We explained the chemical mechanisms of the formation of bonds
between the plasma-treated ABS and overmolded PA6 with XPS re-
sults. The XPS results showed hydroxylation and the chemical con-
version of nitrile groups to amide and carboxyl acid after plasma
treatment. Therefore, the plasma-treated ABS surface enabled the
formation of various H-bonds and the strong coupling of ABS and
PAG6 via secondary chemical binding forces. Plasma treatment can
establish chemical interactions between ABS and PA6 and this way
provide strong bonding between them in overmolding.
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