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Abstract In this paper, the effects of low pressure

plasma treatment on surface energy of polyethylene

samples and on shear properties of adhesive bonded

joints based on these substrates have been investi-

gated. In particular, the optimization of two plasma

process parameters, exposure time and power input,

was studied performing contact angle evaluation and

lap-shear tests. The plasma treatment was also com-

pared with a conventional primer treatment, for which

it is a clean and effective alternative. As a measure of

the durability of both treatments, the bond shear

strength immediately after bonding was compared

with that after a storage period in the laboratory

environment. The experimental results show that the

optimized plasma process may remarkably increase

wettability properties of polyethylene surfaces and

shear strength of bonded joints, even higher than those

treated with primer and that these good properties

remain quite unchanged even after some days of

storage in a laboratory.

Keywords Cold plasma treatment � Adhesive

bonding � Polyethylene � Contact angle

1 Introduction

The application of polymeric materials is rapidly increas-

ing in many industrial fields, such as medicine, automo-

tive, aerospace and electronics, since they have excellent

physical and chemical properties, are usually not very

expensive and easy to process and recycle. Their extensive

use in technical applications requires the possibility of

being effectively joined to other components, in particular

through adhesive bonding technique. Several studies on

bonding techniques compared to welding and riveting

have been conducted for a great number of materials and

applications [1–3]. Indeed, adhesive bonding often pro-

vides structures that are mechanically equivalent to or

stronger than conventional assemblies, at lower cost and

weight. Not only do adhesives transmit stresses from one

member of the joint to another much more uniformly than

mechanical fasteners, but they also ensure acoustic

insulation, vibration attenuation, reduction of corrosion

problems and improvement of fatigue life [4–6].

For an effective application of polymers it is essential

to have good adhesion behaviour to ensure good mechani-

cal properties and durable components. Unfortunately, in
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general terms, polymers are characterized by high

chemical inertia, which leads to very low surface energy

values and, consequently, poor adhesive properties and

this is particularly true for polyolefins [4, 5].

As a consequence, the surface preparation of

polymeric adherends is extremely important in the

adhesive bonding process [5].

Many approaches to surface treatments based both on

chemical or physical modifications have been developed

in recent years in order to improve the surface activity of

polymers [7, 8]. Physical methods based on mechanical

abrasion are supposed to extend bonding area as they

increase the roughness, but cause extensive degradation

to the specimens treated. On the other hand, chemical

treatments are typically used with the aim of modifying

both morphology and chemical structure of polymers,

but they present serious environmental problems of

waste disposal, which has moved investigations to an

industrial alternative to these processes [4, 5, 8].

Therefore, the use of plasma sources has been

consolidated as surface treatments since they are useful

to modify the surface layers without affecting the bulk

material properties and offer fast and environmentally

friendly technology [9–25]. If we consider the different

plasma treatments (corona, low-pressure glow dis-

charge, atmospheric, etc.), the low-pressure glow dis-

charge plasma, also called cold plasma, allows complete

control of the processing parameters, and this leads to

good homogeneity and reproducibility [26–28]. Fur-

thermore, it promotes a remarkable increase in adhesive

properties of polymer films in terms of wettability of the

surface [12, 29]. It also offers a more long-lasting

surface energy increase than any other treatment [30].

In the context of this study, cold plasma treatment

was employed to modify polyethylene surfaces. The

wettability of the specimens was estimated both for

untreated and plasma treated specimens. The improve-

ment in adhesion properties of these materials after

plasma treatment was correlated with lap shear

strength of adhesive bonded joints. The results were

also compared with a conventional primer treatment.

2 Materials and methods

2.1 Materials

The material used for surface investigation and as

substrate for adhesive bonded joint realization was

high density polyethylene (HDPE). Every treatment

came after a preliminary cleaning process with

acetone, in order to eliminate grease or pollutant

particles from the surfaces.

The adhesive selected was Loctite� 401TM, a

cyanoacrylate adhesive designed for the assembly of

low surface energy materials. Supplier specifications

suggest a cure time of at least 24 h, before full

chemical and mechanical resistance development

[31].

2.2 Surface pre-treatment

In this paper two types of preliminary surface treat-

ment were compared: primer pre-treatment and

plasma pre-treatment. Some untreated specimens were

used as a basis for comparison.

The primer adopted was Loctite� 770 TM, which is

specific to make polyolefin and other low energy

surfaces suitable for bonding with Loctite cyanoacry-

late adhesives [32].

For the evaluation of the effect of cold plasma

treatment on polyethylene substrates, a large number

of samples were exposed to radio frequency (RF) low

pressure plasma, using air as working gas. A glow

discharge RF generator operating at 13.56 MHz

(Gambetti Kenologia, Italy) was used. The effect of

two working parameters was investigated: power

input and exposure time. The evaluation method

information is reported in the paragraphs below. More

details about the working parameters and the tests

performed are presented in Table 1. Two parameters

were kept fixed by the equipment: the flow rate of

25 cm3 min-1 for the air input and the working

pressure at 0.5 mbar.

Table 1 Working parameters for plasma pre-treatment and

tests performed

Plasma working parameters Test performed

Power

input

(W)

Exposure

time (s)

Ageing Contact

angle

Lap-

shear

test

50 5, 30, 60, 180, 300,

600

X (only

180 s)

X X

100 5 X X X

150 5 X

200 5 X
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2.3 Evaluation of contact angle

A significant parameter regarding the suitability of a

surface to be bonded effectively is wettability [3]: if

the adhesive wets the surface in an optimal way, the

contact area increases and consequently the joint will

withstand greater stress. Since polyethylene wettabil-

ity is very poor [19, 24, 25], tests were carried out to

verify the effects of both primer and cold plasma

treatment on this parameter.

In particular the wettability of the substrate was

evaluated by contact angle measurement. Deminera-

lised water was dropped onto the surface of the sample

using a calibrated pipette. All the measures were

performed using a Leica Digital Microscope and

X-Pro Software. At least three drops were measured

and averaged on the samples treated.

2.4 Lap-shear test

Rectangular adherends, having dimensions 101.5 9

25.4 9 2 mm3 were prepared with different types of

treatment and parameters and bonded for single tensile

lap shear tests. An overlapping of 12.5 mm was realized.

Except for the sample thicknesses, the dimensions of the

specimens refer to ASTM D 3163 [33] standard, as well

as the lap-shear tests conditions; five samples for each

parameter setup were tested and averaged. Every shear

strength value was calculated referring to the real

bonding area of each sample. In order to understand the

repeatability of plasma treatment, standard deviation

was also calculated in percentage.

In order to determine how long the improvement of

adhesion properties can be offset depending on the storage

time between primer and plasma pre-treatment and the

bonding of specimens, the pre-treated specimens were

exposed to the laboratory environment for the storage

times of 4, 7 and 15 days. As a measure of the durability of

the primer and plasma treatments, the bond shear strength

immediately after bonding was compared with that after

three different storage times in a laboratory.

3 Results and discussion

3.1 Effects of pre-treatment on contact angle

Table 2showsthevaluesofcontactanglesforuntreated,

primer treated and plasma treated polyethylene using a

powerinputof50 Wanddifferent treatmenttimes.Each

value was measured as soon as the samples were

withdrawn from the reactor.

The primer surface pre-treatment does not affect the

surface wettability of polyethylene in any way.

Indeed, the contact angle remains almost unchanged

compared to the untreated one, both being close to 80�,

indicating poor wettability.

On the contrary, the application of a plasma

discharge, even at a low power input, produces a

strong increase in surface wettability, reducing by

more than half of the contact angle compared with the

untreated surface. Concerning the 50 W treatments,

the best result in terms of surface wettability was

obtained for both the 60 and 180 s treatments: indeed,

considering the uncertainty, the two intervals are

overlapping and present the lowest contact angle

values.

Figure 1 shows the variation of the demineralised

water contact angle values of the low pressure plasma

treated polyethylene as a function of treatment time

(from 5 to 600 s). Contact angle of untreated and

primer treated samples are also reported as a

comparison.

As it is easy to observe, the use of short exposure

times (less than 60 s) is enough to obtain a significant

decrease in contact angle values, which means high

wettability of the surface, while longer exposure times

do not significantly improve wettability.

This is due to the fact that the main act of the air

plasma is surface activation by insertion of polar

Table 2 Contact angle on polyethylene surfaces

Surface treatment Contact angle (�)

No treatment 80 ± 3

Primer treatment 83 ± 2

Plasma treatment

Power input (W) Time (s)

50 5 40 ± 5

50 30 40 ± 5

50 60 31 ± 2

50 180 33 ± 2

50 300 35 ± 1

50 600 35 ± 2

100 60 31 ± 3

150 60 \15

200 60 \15
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species. This process occurs during the first seconds of

the plasma treatment when the free radicals produced

by the action of the plasma gas present high instability

and reactivity [29].

It was therefore also decided to investigate the

effect of higher power inputs on surface energy.

Figure 2 shows the results of the test. Likewise in this

case, the angle values were obtained as the average of

three different measurements.

It is useful to observe that treatment for power

inputs equal to or greater than 150 W, the surface

energy of the substrates raised an almost perfect

wettability, indeed the drop is completely ‘‘spread’’ on

the specimen surface: the contact angle in these cases

was lower than 15� and the drop deposited formed a

liquid film. Figure 3 shows two images of the drop

deposited on polyethylene only degreased (Fig. 3a)

and treated at 100 W for 60 s (Fig. 3b).

The effect of plasma power on metallic substrates

was discussed by Lee et al. [21], Sorrentino and

Carrino [22] and Tang et al. [23], with results very

similar to those reported in this study for polyeth-

ylene. The plasma power is linked with the potential

to produce the functionalized layer on the surface.

Because of the hydrophilicity of the functional

group constituting the layer, the drops of water are

easily absorbed into substrate surface and contact

angle decreases. On the other hand, if the plasma

treatment power is too high, the surface will be

over-etched, its uniformity will decline and might

also be damaged by heat generated during the

plasma treatment.

Fig. 1 Variation of contact angle measured on polyethylene surface in terms of treatment time and kind of treatment

Fig. 2 Variation of contact angle measured on polyethylene surface in terms of plasma power input
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From the results, the surface wettability improved

even using short plasma treatment time and using a

high power level it is possible to minimize contact

angle values.

3.2 Effects of plasma pre-treatments on lap-shear

strength

Adhesive joints between two polyethylene substrates

were realized, comparing primer and plasma treated

surfaces with untreated ones. Single lap shear tests were

conducted as mechanical characterization. Figure 4

reports shear strength of the joints in terms of plasma

treatment time, the power input being fixed. Each point

of the curve represents the average strength of five

joints with the corresponding time-power setup. For

each of those points, the standard deviation is shown.

The graph also includes two horizontal lines

representing the average value of shear strength of

primer treated and untreated joints.

The result shows that without surface preparation

the joints presented very low shear strength, but it

increased three times using an appropriate primer.

Polyolefins, such as polyethylene, could be primed for

adhesion to cyanoacrylates by certain chemical com-

pounds, like the aliphatic amine contained in Loctite�

770 TM, normally considered to be activators for

cyanoacrylate polymerization. Another essential

effect of the primer for adhesion properties improve-

ment is that its solvents wet-out and swell the

polyolefin. This facilitates interpenetration of the

low viscosity cyanoacrylate resin in the top-most

layer of the substrate [4].

Fig. 3 Polyethylene only degreased (a) and treated for 60 s at a

power input of 100 W (b)

Fig. 4 Comparison between shear strength of plasma treated, primer treated and untreated samples
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A real improvement in mechanical properties is

given by the plasma treatment: the results of lap shear

tests are evidently satisfactory and in total agreement

with those obtained for surface energy evaluation. It

can be noticed that strength increases with treatment

time and a short exposure under a 50 W plasma

discharge, is enough to exceed the shear strength

obtained with primer treated specimens. It should also

be pointed out that, the asymptotic value correspond-

ing to a plasma treatment of 180 s or more (3 MPa), is

not determined by joint failure, but by the substrates’

strength, which deformed permanently and experi-

enced considerable elongation.

Concerning the effect of plasma power input, it is

easy to observe that increasing this parameter a very

short time is sufficient, equal to 5 s, to reach the load

that produces the macroscopic deformation of the

substrates. This set up is represented on the diagram in

Fig. 4 by the point in the upper left.

From these results it is clear that plasma power

input and treatment time significantly affected the

mechanical properties of adhesive bonding joints.

Finding the optimal combination of these parameters it

is possible to increase the strength of untreated joints

ten times and the primer treated ones twice.

3.3 Ageing of surface treatments

Figure 5 compares the time-dependence of bond strength

on exposure time of pre-treated specimens to laboratory

air for primer and for plasma pre-treated polyethylene

samples. Two sets of plasma treatment parameters were

chosen: 180 s at 50 W and 5 s at 100 W, which represent

the best results in terms of shear strength. Each point of

the curve represents the ratio between the average

strength of the joints bonded on the N-th day of plasma

treatment ageing and the average strength of the joints

bonded without any intermediate time.

It can be observed that the joint realized with the

substrates treated with the plasma setup 50 W—180 s

keep the strength unchanged, despite the exposition to

laboratory environment. Also the 100 W—5 s setup

gave quite satisfactory results, especially for an high

number of days of ageing, even though not remaining at

100 % of its performance. Other authors, such Mühlan

et al. [30], described the excellent behaviour to ageing

time of the plasma treatment using a polyurethanic

adhesive on polypropylene surfaces, even for longer

exposure period, and the tests reported in this paper

confirm the good suitability of this treatment for

different polymeric substrates and adhesives.

Also the primer treatment gave good outcomes

under laboratory ageing. However, unlike the plasma

treatment at 50 W, the results do not show a defined

trend. Indeed, a short ageing time seems to give the

worst results in terms of lap shear strength.

4 Conclusions

This study focused on the effect of cold plasma

treatment on polyethylene surfaces. The improvement

Fig. 5 Time-dependence of bond strength on exposure time for plasma and primer treated samples
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in adhesion properties of plasma treated polymers has

been described in terms of wettability, evaluated by

contact angle measurement, and lap shear strength of

the adhesive bonded joints realized using treated

surfaces. The results were also compared with untreated

substrates and a conventional primer treatment.

The results have primarily emphasized how critical the

surface preparation is to obtain good joints. This is

particularly true for plastic substrates, especially poly-

olefins, due to their low surface energy and adhesion

properties, for which they require a surface treatment that

goes beyond simple degreasing with a solvent. This could

be stated observing the results of the wettability tests:

polyethylene has a very poor wettability, indicated by

contact angle values near to ninety degrees. The plasma

treatment has proven to be extremely effective, the

surface wettability of polyethylene has increased signif-

icantly even at low power inputs and for short times.

Concerning the lap shear strength of the joints

realized treating the substrates at different parameter

set-up, the plasma treatment resulted I a successful

solution: the combinations 180 s—50 W and 5 s—

100 W led to a permanent deformation and consider-

able elongation of substrate material and not to a

failure of the bonding area, giving also better results

compared to primer treated surfaces.

From the economic point of view it could be

concluded that shorter exposure time at higher power

represents the most effective solution. On the other

hand, rom the investigation on ageing of the surface

treatment, it could be stated that longer exposure

times at low power input give a more long-lasting

treatment.

The activation by plasma represents a fast and eco-

friendly technology and also develops an effect on

polyethylene remaining almost constant and repeat-

able for long periods, which allows not only the

storage but also transportation of the materials.
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