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Abstract 

Low-temperature plasma treatment represents an important technology to influence surface 

properties of polymers. Less financially demanding and environmentally friendly way leads to a 

significant enhancement of adhesion to another type of surfaces. The article describes the influence 

of plasma treatment time of polyethylene (PE) powder leading to the increase of interfacial strength 

to glass substrate. This strength was quantified by the tensile test and compared with the industrially 

used chemical products, maleic anhydride or silane. The maximum value of the interfacial strength 

was achieved by plasma treatment with an exposure time of 60 s and is at least by 150 % higher than 

in the case of the interphase created by silane. The results of the research, also proven by ESCA 

measurement, represent the potential of using plasma treatment of powder semi-products for the 

preparation of fibre-reinforced composites with a thermoplastic matrix processed only at atmospheric 

pressures. 
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Introduction 

Thermoplastic composites from polyolefins are 

frequently applied to various branches of the 

industry. Very often reinforcement by glass 

fibres is used for the improvement of 

mechanical properties, which strongly depends 

on the interfacial adhesion and is predominately 

determined by the transfer of mechanical load 

from the matrix to the fibres [1]. Various 

methods have been proposed for enhancement 

of the interfacial strength between glass fibres 

and a polymer matrix. Surface treatment of 

fibres by organosilanes has been established as 

a standard process. The reactive group of 

silanes forms a covalent bond with functional 
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groups of the particular matrix. Non-polar 

thermoplastics have to be modified by non-

saturated organosililanes grafted directly on the 

polymer chain, i. e. maleic anhydride (MAH) or 

silanes coupling agents containing vinyl groups 

used for polyolefin grafting [2-4].  

 

Polyethylene (PE) is frequently used polyolefin 

in various branches of industry. Because of PE 

hydrophobicity, the adhesion to glass is very 

low. The addition of small amount of MAH is a 

standard modification resulting in 

incorporation of polar OH groups [2,4]. An 

environmentally friendly and less costly way of 

surfaces modification is the plasma grafting of 

functional groups [5-7]. Recently this treatment 

has become a commonly used for surface 

cleaning and activation before adhesive 

bonding technology [6,8,9]. Plasma technology 

works at a low temperature and low pressure, so 

there is no influence on bulk properties of 

materials [10]. By modifying the plasma 

discharge newly functional groups, e. g. 

hydroxide (-OH), carbonyl (C=O), carboxyl 

(COOH) or amino groups (NH2), are created on 

the molecular chain of the PE [11,12]. 

Incorporation of these groups significantly 

improve surface polarity [13,14], which is the 

premise of outstanding adhesion to other 

substrates. Additionally, the treated PE can be 

in powder form in a minimum particle size for 

maximizing the treated surface. 

 

According to our knowledge, there is not 

enough published research focused on the 

enhancement of adhesion by a plasma treatment 

of PE powders to glass substrates. The recent 

worldwide research in enhancing the interfacial 

strength is focused on the treatment of fillers or 

on the combination of a plasma with chemical 

agents but not to plasma treatment of the basic 

matrix [15-22]. The aim of this work is 

investigation of adhesive properties of the 

plasma-treated PE powder onto glass sheet 

surfaces in comparison with generally used 

coupling agents (MAH, silane).  

 

 

 

Materials and Methods 

 
Materials 

Plasma treated and untreated linear low-density 

polyethylene (PE; 0.935 g.cm-3, Tm 124 °C) 

powder with an average particle size of 280 µm 

was used. Standard soda-lime glass 

(60×20×4mm) with 75% of silicon dioxide with 

calcium oxide and nitric oxide was used. Two 

types of coupling agents were used: maleic 

anhydride (MAH; Merck, spol. s.r.o., Czech 

Republic) 5 wt.% was mixed with the untreated 

PE and industrially applied silane coating on 

the glass sheets (Johns Manville Slovakia, a.s., 

Slovakia).  

Sample preparation 

Plasma treatment of PE was performed in a 

laboratory device (Surface Treat, a.s.; LA400; 

Czech Republic). Neat PE powder was treated 

by oxygen plasma discharge (pulse microwave 

reactor 1kW, pulse duration 70 s, off time 130 

s) with various treatment duration (10, 20, 30, 

40, 50, 60, 120, 300 and 600s) under a pressure 

of 100Pa. Each batch for the plasma treatment 

contained 0.25kg of PE powder. Before the 

preparation, the PE powders and glass were 

dried in an oven at 90 °C for 120 min and 

consequently embedded in a dismountable 

mold (Figure 1) and put into the preheated oven 

(200 °C, 25min). A fluoroplastic foil and liquid 

chemical separator (Frekote 700 NC) were used 

as separators. The samples were cooled to the 

room temperature on air. 

 

 

Figure 1: Assembly of the PE/glass sheet/PE 

samples for tensile tests; width a = 20 mm and 

length b = 20 mm of the contact area. The whole 

length of each sample was 165 mm and the 

thickness 4 mm. 

https://doi.org/10.36811/ijme.2020.110003
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Methods 

A tensile tester (Instron 5582; MA, USA) was 

used to determine the adhesion effects at a 

strain rate of 10 mm.min-1 and room 

temperature. 10 samples (Figure 1) from each 

system were tested. The interfacial strength or 

ultimate strength of bulk sample was calculated 

(R = Fmax/ab [MPa]) including the standard 

deviation. Electron spectroscopy for chemical 

analysis (ESCA) was used for the measurement 

of the surface chemical composition (10-9 mbar 

of residual gas in the analysis spectrometer 

chamber). Al Kα radiation was used for the 

excitation of photoelectrons. Firstly, the 

spectrum was measured in the field of binding 

energy 0-1000 eV, and then lines C 1s and O 1s 

were measured with a deviation ± 0.2eV in 

high-resolution mode. The surface 

stoichiometry was derived from the integral 

photoemitting lines after deducting the non-

linear Shierley background. The transmission 

function of the hemispherical electron analyzer 

was corrected to the theoretical values of the 

partial photoionized cross-sections. The 

overlapping components of the spectra 

corresponding to the nonequivalent chemical 

states of carbon were fitted with Gauss-Lorentz 

functions (using software XPSPEAK 1.4) 

[23,24]. The melting and crystallization 

temperatures of PE powders were measured by 

DSC (STA 409PG LUXX; Netzsch, Germany; 

300 °C, N atmosphere, rate 10 °C.min-1, 

holding time 5min, cooling rate 5 °C.min-1). 

The evaluation of resulting temperatures was 

carried out from three independent 

measurements. The fracture surfaces were 

observed by an optical light microscope 

(Neophot 32; Zeiss, Germany) and a scanning 

electron microscope using SE mode (Lyra, 

Tescan, Czech Republic). 

 

Results and Discussion 

 
Interfacial strength evaluation 

The dependence of the interfacial strength 

between PE and glass sheets on the treatment 

time is shown in figure 2. Plasma treatment 

resulted in rapid increase of tensile strength 

(Rm). This corresponds to the behaviour of the 

powder hydrophility determined by the 

Washburn method [25]. The maximal value of 

Rm (15.27 ± 1.50) MPa was achieved in samples 

prepared from PE powder plasma-treated for 60 

s. Samples prepared from powders treated for 

120 s and longer, the strength had a decreasing 

character with increasing standard deviation. 

Lower ability of powder to melt together with 

roughening of the top layer of molten PE 

particles and subsequently the gradual colour 

changes of the solidified samples were 

observed. Similarly, as in Ref [5], this effect 

indicates polymer chain scission followed by 

higher crosslinking and subsequent decrease of 

the adhesion. 

 

 

Figure 2: Dependence of adhesion on plasma 

treatment time of PE. 

 

The quantified maximum interfacial strength of 

plasma-treated PE/glass sheet samples were 

compared with coupling agents (MAH, silane; 

Figure 3). Extremely low adhesion was 

observed between the untreated PE and the 

glass sheet (0.24 ± 0.03 MPa). After addition of 

the MAH the interfacial strength increased to 

(3.72 ± 3.69 MPa). In the case of the samples 

with silane, the increase was even higher (5.92 

± 4.21 MPa). The interphase prepared by 

combining plasma treatment and silane applied 

to glass showed another increase (13.04 ± 3.57 

MPa).  

https://doi.org/10.36811/ijme.2020.110003
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Figure 3: Comparison of the adhesion of PE 

onto glass sheets with different interphase. 

From the left a) untreated PE/without any 

modification; b) MAH/modified powder; c) 

silane/modified glass; d) combination of 

plasma/ treated powder and silane/modified 

glass; e) plasma/ treated PE powder at 60s. 

 

Moreover a few days later after the tensile test, 

cohesive glass failure occurred in some 

PE/glass samples on the interphase in the 

middle of the glass sheet area, as shown in the 

figure 4 (half of the tested sample). The reason 

is the equilibrium shrinking as a result of 

crystallization processes. In the case of samples 

with MAH, the cohesive glass failure did not 

appear. In the samples, both with the silane 

modification and combination of 

silane/plasma-treated PE, the cohesive glass 

failure appeared only in rare cases. But the 

cohesive failure occurred in the glass sheets in 

all the samples prepared by plasma-treated PE. 

This effect is further proof of the excellent 

adhesion of all prepared interphases.  

 

 

Figure 4: Cohesive glass failure in the 

interphase PE/glass due to shrinkage as a result 

of equilibrium crystallization processes in the 

semi-crystalline thermoplastic PE. The picture 

depicts only halves of the broken samples. 

 

Very low adhesion of untreated PE is due to the 

nonpolar character of the PE chains [8]. The 

adhesion caused by grafted MAH groups on the 

PE chains is due to mostly hydrogen bonding 

with hydroxide groups bonded to glass [2], 

which are absorbed water from the air and form 

silanol groups [27,28]. However, the resulting 

strength of PE samples with MAH as coupling 

agent seems to be reduced. This could probably 

be connected with the limited ability of the 

MAH groups to react with the hydroxyls of the 

glass sheet without providing mechanical 

anchoring between surfaces during the sample 

processing. 

 

The increase in the strength, in the case of 

silane, can be attributed to the improved 

interfacial adhesion between glass and PE due 

to the coupling and is comparable with results 

elsewhere [26]. The silane chemical is bonded 

to glass by covalent and hydrogen bonding due 

to the presence of silanol groups on the glass 

[4,27]. Surprisingly, the adhesion of plasma-

treated PE to the clear glass was higher than to 

the glass treated by the silane-based coupling 

agent. This is the proof that grafting of reactive 

radical functional groups by plasma treatment 

extremely increases the polarity of the nonpolar 

thermoplastic. Primarily hydroxide groups 

created on the PE surface by plasma treatment 

[5] give the premise of a major chemical bond 

with the glass directly to form silanols and 

hydrogen bonds [27]. The reason for higher 

adhesion and especially more frequent cohesive 

violations of the glass sheets could be attributed 

to the newly formed polymer-glass interphase 

after plasma [30]. Another reason could be the 

higher concentration and uniform distribution 

of the functional reactive groups in comparison 

to silane modification of the glass surface, 

where some uncovered areas may appear 

[3,26]. According to our knowledge, most of 

the papers about composites deals with plasma 

treatment of fibres rather than matrices 

[17,22,29]. Plasma-treated PE with glass filler 

appears to be a unique composite system. 

https://doi.org/10.36811/ijme.2020.110003
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Therefore, the resulting properties cannot be 

compared but it can be concluded that the 

resulting strength is equivalent or higher 

[22,29]. 

 

Electron spectroscopy for chemical analysis 

(ESCA) and DSC 

The ESCA analyses were performed on 

selected samples. Oxygen content was 

measured both on the glass substrate and PE 

sheet. The oxygen concentration (Figure 5) on 

the non-treated PE powder was 1.02 % and 

increased up to 7.17 % after plasma treatment 

whereas the oxygen content on the clear glass 

sheet was 55.4 % in accordance to the chemical 

composition of the glass sheet. After the tensile 

strength test, the oxygen concentration 

measured on the surface of the PE plate after its 

avulsion from the glass plate decreases to 2.60 

%. This may be caused by removing bonds that 

remained on the opposite glass sheet - 

substantial decrease of the oxygen 

concentration on the corresponding surface of 

the glass to 13.44 %. This explanation is also 

supported by the concentration of carbon 

atoms, which was 71.90 % and 97.09 % in the 

opposite PE plate. 

 

 
Figure 5: ESCA results of polar functional 

group rich in oxygen content. From the left a) 

untreated PE powder; b) plasma treated PE 

powder; c) plasma treated PE part after 

removing the glass sheet; d) glass sheet after 

removing the plasma treated PE part; e) glass 

sheet in the basic state. 

 

The values correspond to the results of papers 

[5] and [11]. The measured inequality of groups 

rich in oxygen from both sides of the glass and 

the significant decrease of the groups on the PE 

part is the proof of the presence of the bonds 

from the PE adhered to the glass of the sample. 

This is due to the high adhesion between 

plasma-treated PE and the glass. This fact is 

confirmed in the macroscale plastic 

deformation of PE residues which adhered to 

the surface of the glass sheet after tensile test. 

Moreover, the dramatic increase of carbon 

concentration was observed on the glass sheet 

under the PE part when compared with the basic 

state the glass sheet. The resulting spectra of the 

opposite surfaces are depicted in figure 6. 

 

 
 

Figure 6: ESCA spectra measured in the field 

of binding energy 0-1000 eV: a) surface of PE 

sheet after tensile test, a) surface of glass sheet 

after tensile test. 

 
The advantage of the plasma treatment is that 

only upper thin surface layer of the material is 

modified whereas the bulk of material reminds 

unchanged thus the plasma treatment does not 

affect the mechanical properties of the original 

material. To check whether the plasma 

treatment influenced the powder thermal 

properties the DSC analyses was performed. 

The resulting thermograms (Figure 7) did not 

show any significant differences between used 

powders. Both types of PE show the same 

crystallization temperature 113 ± 1 °C and 

approximately the same Tm; 128 ± 1 °C 

untreated PE, 127 ± 1 °C plasma-treated PE. A 

more significant deviation at plasma treated PE 

https://doi.org/10.36811/ijme.2020.110003
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after 250 °C found as a certain slight 

crosslinking occurs in the polymer [5]. 

 

 
 

The character of the DSC curves shows no 

changes in the bulk material after plasma 

treatment. This confirms results of mechanical 

properties from tensile tests of pure matrices 

untreated PE (Rm = 21.1 ± 0.4 MPa) and 

plasma-treated PE (Rm = 20.8 ± 0.9 MPa), 

respectively. The perimeter of the treatment is 

only a surface issue, where the new functional 

reactive groups are grafted, furthermore 

examined in [11]. 

 

The results of the research represent the 

excellent potential for the preparation of glass 

reinforced thermoplastic materials. The 

required functional groups on the surface of the 

matrix can be prepared due to the possibility of 

varying composition by selecting different 

plasma gases and process parameters [5,31]. 

The figure 8. depicts preliminary results of 

plasma treated PE with excellent adhesion to 

the glass fibre in the PE composite. 

 

 

Conclusions 

In this work, the effects of plasma treatment of 

PE powder to increase the interfacial strength to 

the glass substrate using the tensile tests were 

evaluated. Furthermore, the interfacial strength 

of samples prepared with commonly used 

industrial chemicals such as MAH, silane, even 

silane in combination with plasma was 

quantified and compared: 

• The highest interfacial strength 

between PE and glass was achieved in 

samples with plasma treated PE 

powder. 

• The maximal increase of adhesion, in 

comparison with untreated PE, 

between polymer and glass was 

observed in samples with PE powder 

which was plasma treated for 60 s. 

• The interfacial strength of the plasma-

treated PE was at least 150% higher in 

comparison to the case of the 

interphase created by silane chemical 

preparation. 

• Results from ESCA measurements of 

polar functional groups confirmed the 

achieved excellent adhesive properties 

of plasma treated polymer to the glass. 

• Moreover, DSC measurements did not 

show any changes of properties in bulk 

PE after its plasma treatment. 
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