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A B S T R A C T   

The objective of this study is the production of liquid silicone rubber (LSR) polypropylene (PP) composites. To 
create adhesion between LSR and thermoplastics, self-adhesive LSR types are available on the market. However, 
these materials are not effective for commodity thermoplastics, such as PP and no adhesion can be achieved 
between these two components. Therefore, the PP surface was activated by means of silicatization (flame 
treatment). Subsequently, the LSR was applied on the activated PP by an overmolding injection molding process. 
After sample production a further focus was on post-treatment processes on the adhesive bond. Therefore, the 
entire composites were temperature stored. Peel tests according to the VDI guideline 2019 were carried out to 
examine the influence of the temperature storage on the peel resistance. Furthermore, the single components 
were examined separately by means of thermal, mechanical, and morphological tests to detect influences on the 
adhesion properties after storage.   

1. Introduction 

Due to their positive properties (low weight, low manufacturing 
costs, good formability, chemical stability), plastics have become an 
essential part of daily use. Many materials have been combined or 
modified since that time. Applications for the use of plastics can be 
found, for example, in the electrical industry, automotive industry or in 
medical technology [1,2]. In addition to conventional components, 
which consist of only one polymer, multi-component parts also have a 
significant presence on the market. Here, the positive properties of both 
composite partners can be combined and used in a specific way [3]. One 
class of multi-component composites are hard-soft composites. Their 
application ranges from ventilation flaps in the automotive industry to 
shower heads in the household sector and components in medical 
technology [4]. A thermoplastic material is usually used as the hard 
component to provide the necessary stiffness. For the soft component an 
elastic component is suitable, which has functions such as sealing or 
resilience. Materials such as thermoplastic elastomers (TPE) or rubbers 
such as liquid silicone rubber (LSR) are therefore used for the soft 
component [2]. 

The production of LSR thermoplastic composites has so far only been 
possible for plastics such as Polyamide (PA), Polybutylene terephthalate 

(PBT) and Polycarbonate (PC), because modified, adhesive LSR types are 
available on the market especially for these materials [5]. For com-
modity thermoplastics such as PP and PE, it has not yet been possible to 
create an adhesion between the two components with these available 
LSR types. This leads to the research of possible polymer combinations 
as well as the conception of new adhesion techniques [6]. Some pre-
liminary tests have shown great potential for producing very good 
adhesion between LSR and thermoplastics with the use of various sur-
face treatment processes [7–9]. 

The goal of this work is the production of LSR polypropylene com-
posites. To produce an adhesion, the thermoplastics are activated by 
means of the silicatization process (Pyrosil© process) and subsequently 
overmolded with LSR. A further focus is the influence of following 
temperature storage on the entire adhesive bond. According to the VDI 
guideline 2019, the peeling resistance is to be determined and influences 
on the temperature storage are to be shown. Afterwards, the single 
components (LSR and polypropylene) are tested separately by means of 
mechanical (tensile tests), thermal (dynamic differential calorimetry) 
and morphological (microscopy) investigations to determine the main 
influence of temperature storage on the adhesion properties. 
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2. Experimental 

2.1. Materials 

Three polypropylene types with different Heat Deflection Tempera-
tures (HDT) were selected (Table 1) as the hard component for the 
following examinations to investigate a wide range of different appli-
cation areas (e.g., medical applications, food sector, furniture industry). 
A self-adhesive LSR (Elastosil LSR 3071/40, Wacker Chemie AG) was 
used as the soft component. Also, selected properties and characteristics 
are shown in Table 1. 

2.2. Production of LSR polypropylene composites 

For this work, VDI 2019 peel test specimens were injection molded in 
two separate steps which were separated by flame treatment. As shown 
in Fig. 1, the test specimen consisted of a 150 mm × 50 mm x 2 mm PP 
plate and 210 mm × 20 mm x 2 mm component. Both parts of the test 
specimen were injection molded using a full electric, multicomponent 
injection molding machine with a 600-kN clamp force (Arburg GmbH & 
Co KG, model: All-rounder 370A 600-70/70, Loßburg, Germany). The 
polypropylene components were molded first and removed by hand. 
These PP parts were silicatized subsequently. Then, the activated PP 
samples were over-molded directly with the self-adhesive LSR. Table 2 
shows the parameter selection to produce the LSR polypropylene 
composites. 

2.3. Surface activation 

The silicatization of the PP components was carried out using a flame 
treatment device (GVE2/HB, SURA Instruments GmbH, Jena, Germany). 
By means of preliminary tests, the parameters (flame distance: 15 mm; 
activation speed: 0.4 m/s) for the silicatization were determined in such 
a way that the best possible adhesion could be achieved without visible 
degradation on the PP component. The Pyrosil gas cartridges contained 
a propane-butane mix with activating components (amino groups) [10, 
11]. Fig. 2 shows the chemical reaction that generated a silicon oxide 
layer on the substrate surface. The SiOx groups can be used as connec-
tions for further chemical modifications. This reaction allowed an 
adaptation for the subsequent LSR layer. After production, the PP-LSR 

specimens were stored in a climatic chamber for 0–28 days at 100 ◦C 
and 120 ◦C. They were removed and tested at different intervals. 

2.4. Characterization 

2.4.1. Peel resistance according to the guideline VDI 2019 
In accordance with the guideline VDI 2019 [12], the peeling resis-

tance of all materials was tested on a tensile testing machine (Hegewald 
& Peschke 5 kN, testing speed: 100 mm/min). For the peeling resistance, 
the average peeling force (force per displacement) is determined. The 
shown peel resistances are represented by the mean values of force 
divided by the width (20 mm) over the length (150 mm) for delami-
nation of the hard and soft component. Five test specimens were tested 
per batch. 

2.4.2. Differential Scanning Calorimetry (DSC) 
To investigate the influence of the temperature storage, DSC mea-

surements according to DIN EN ISO 11357 were carried out on the PP 
component. To investigate the influence of crystallinity of the PP types 
in the edge layer on adhesion to the LSR and the resulting change in the 
melting enthalpy, the PP components are measured by means of dy-
namic differential calorimetry (according to DIN EN ISO 11357; DSC 
module Q 1000) after temperature storage. For the examinations, only 
the 1st heating run (cycle 1) is considered. The measurements were 
carried out at a constant heating rate (10K/min; sample weight: approx. 
10 mg; closed crucible) under an inert gas atmosphere (nitrogen) at a 
temperature program of 0 ◦C–200 ◦C. The preparation for the mea-
surement was carried out on the outer edge of the thermoplastic spec-
imen in each case. 

2.4.3. Transmission light microscopy 
To examine the influence of the temperature storage at 100 ◦C and 

120 ◦C, thin sections of the thermoplastic component were prepared for 
transmitted light microscopy (Keyence VHX-600, VH-Z20) to investigate 
changes in crystallinity. 

2.4.4. Surface roughness 
To investigate the surface roughness after silicatization, roughness 

tests were carried out using a confocal scanning laser microscope (LEXT, 
OLS3100/OLS3000, Olympus). For the following examinations, the PP 
specimens were directly microscoped at three locations (left, right, and 
the center of the specimen) without prior preparation. The magnifica-
tion for all images was 500x. 

2.4.5. Examination of the single components by means of tensile tests 
To determine a correlation between the composite storage of the 

applied temperature, further investigations were carried out on the 
single components (polypropylene and LSR). For this purpose, standard 
tensile test specimens (dimensions: 160 mm × 20 mm x 4 mm) for the 
thermoplastic component were first produced on an Arburg Allrounder 
injection molding machine (320C Golden Edition) and then stored at 
100 ◦C and 120 ◦C for a period of up to 28 days analogous to the LSR-PP 
composites for the adhesion tests. The test samples for the LSR compo-
nent (S2 test samples with the dimensions: 75 mm × 4 mm x 2 mm) were 
produced on a Babyplast micro injection molding machine (6/10P, 
piston injection). In addition to storage at 100 ◦C and 120 ◦C, specimens 
were stored at 200 ◦C up to 28 days, since literature describes that a 
damage to the siloxane network can only take place at higher temper-
atures above 200 ◦C or over a longer exposure time [13,14]. 

The single components were tested on a tensile test machine. A 
testing speed of 200 mm/min was selected for the LSR component. For 
the PP component a testing speed of 50 mm/min was used. 

Table 1 
used materials with properties and characteristics.  

Materials Grade Applications Properties 

Polypropylene 
(homopolymer) 

Sabic, PP 575P Suitable for contact 
with food, toys, and 
houseware articles 

Tensile 
Modulus: 
1100 MPa 
HDT/B: 95 ◦C 
MFR: 11g/10 
min 

Polypropylene 
(homopolymer) 

LyondellBasell, 
Purell HP571P 

Application range in 
medical devices 

Tensile 
Modulus: 
1900 MPa 
HDT/B: 
105 ◦C 
MFR: 18g/10 
min 

Polypropylene 
(PP + GF 20) 

Altech PP-HA 
2020/100 GF20 

Glass fiber reinforced 
PP, applications in 
furniture industry 

Tensile 
Modulus: 
4100 MPa 
HDT/B: 
132 ◦C 
MFR: 3.5 g/ 
min 

LSR ELASTOSIL® LR 
3071/40 A/B 

Self-adhesive LSR, 
suitable for contact 
with food 

Elongation at 
Break: 660% 
Shore 
Hardness A: 
40  
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3. Results and discussion 

3.1. Peel resistance according to the guideline VDI 2019 

The results of the peel test (based on VDI 2019, testing speed: 100 
mm/min) of the PP types at 100 ◦C temperature storage from Fig. 3 
shows a continuous slight increase in the peel resistance up to a storage 
period of 7 days. Various overlaying effects are responsible for this. On 
the one hand, the contact time of both components and, on the other 
hand, the stress relaxation in the material has an influence on the 
adhesion properties. Other research groups have also noted that contact 
time has a significant influence on adhesion, which increases with 
relaxation time [15,16]. Furthermore, the initial increase in the adhe-
sion is due to the post-crosslinking of the LSR component, because the 

silicone manufacturer also recommends post curing at 100 ◦C for 1 h for 
adhesive bonds to completely build up the adhesion. After seven days of 
storage, a decrease in adhesion is noticed for all material combinations. 
Nevertheless, looking at the results, the materials almost without 
exception show cohesive failure. This shows that a very strong adhesion 
between LSR and PP could be produced using the silicatization process, 
whereas without silicatization no adhesion between both components is 
possible. In addition, the glass fiber reinforced adhesive composites (PP 
+ GF 20) show a higher decrease in the peel resistances with increasing 
storage time compared to the unreinforced materials. Compared with 
the unreinforced PP specimens, a higher scatter within the batches can 
be identified in addition to a stronger decrease in adhesion. This could 
result from the high content of glass fibers, which, in addition to an 
inhomogeneous polymer surface (cf. Fig. 8, surface roughness in-
vestigations), led to a reduction in adhesion. 

Looking at the adhesion tests at temperature storage of 120 ◦C, an 
increase of the peel resistance is also shown after 1 day. From the 3rd 
day, the adhesion decreases further. However, the samples still show 
strong adhesion with cohesive failure for up to 7 days. After 28 days of 
storage time, there is only adhesive peeling visible. A further point is 
that in semi-crystalline thermoplastics a continuous exposure to tem-
perature is associated with post-crystallization. This can lead to a sig-
nificant decrease in adhesion. A clear trend can be seen especially in the 
results with temperature storage of 120 ◦C (Fig. 4). Due to the higher 
temperature exposure, a composite degradation takes place much 

Fig. 1. Test specimen according to VDI 2019.  

Table 2 
Parameter selection to produce the LSR polypropylene composites.  

Polypropylene  

PP + GF 20 PP 
melt temperature [◦C] 260 190 
mold temperature [◦C] 60 60 
LSR 
temperature [◦C] 20 
mold temperature [◦C] 140  

Fig. 2. Functional principle of pyrolytic deposition of the reactive SiOx layers as well as further chemical modifications by priming (amino groups) in accordance 
with [11]. 
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earlier. 
By considering the PP types among themselves, slight differences can 

be seen. These differences are due to the additives contained in the 
respective polypropylene. This shows that the adhesion can vary 
significantly by using different types of thermoplastics and that the in-
fluence on the mechanical properties of these materials can be different 
[17–19]. Another aspect is that the formulations of the commercial sil-
icone rubbers used in this research project are not known exactly. 

3.2. Differential Scanning Calorimetry (DSC) 

For the DSC analyses the same temperatures (100 ◦C and 120 ◦C) 
were selected as for the peel tests (Figs. 3 and 4). Fig. 5 shows the DSC 
heat flow-temperature curves for the lower modulus polypropylene 
(PP–575P) as molded and after storage at 100 ◦C and 120 ◦C for 28 days. 
The other PP types showed similar behavior. First, the tested materials 
show a constant melting temperature of about 166 ◦C. Looking at the 
melting enthalpy, it increases with a 28-day temperature storage and 
rising temperature (from 88.26 J/g to 102 J/g). The value of the sample 
stored for 28 days at 120 ◦C shows a further increase in the melting 
enthalpy of about 13.56%, compared with the reference (PP measured 
freshly molded). This is due to post-crystallization [20]. In contrast to 
the unaged reference material, the degree of crystallization is signifi-
cantly higher and increases with rising storage temperature. 

The results for the glass fiber reinforced materials (PP + GF 20) also 
show a constant melting temperature for the reference sample and for 
the materials stored at 100 ◦C and 120 ◦C for 28 days (Fig. 6). Compared 
to the unreinforced materials (cf. Fig. 5), the melting enthalpy initially 
appears to be lower. In addition, due to the presence of glass fibers, less 
matrix material is available for the melting process. In the glass-fiber- 
reinforced polypropylene specimens, increased nucleation takes place, 
which can lead to higher crystallinity [21,22]. The DSC analysis carried 
out on the glass-fiber-reinforced PP (freshly molded) in Fig. 6 shows an 
increase in the melting enthalpy in direct comparison with the pure PP 
(freshly molded) in Fig. 5. Considering the melting enthalpy of the pure 
PP (88.26 J/g) as 100% crystallinity for the comparison of both samples 
and calculating the crystallinity ignoring the heat capacity of the glass 
fibers for the sample of the glass fiber reinforced material (73.77 J/g) in 
the same way, the following results: The crystallinity of the 
glass-fiber-reinforced material is higher than that of the unreinforced PP 
right from the start. Mathematically (see above), the melting enthalpy of 
the reference sample without glass fibers (70% matrix material, because 
30% glass fiber content) would be 61.78 J/g and is thus lower in direct 
comparison with the glass-fiber-reinforced sample (73.77 J/g). 

3.3. Surface roughness 

The following results in Fig. 7 (PP-575 P) show a significant reduc-
tion in the surface roughness of the polypropylene surfaces directly after 
silicatization. The reason for the smoother surface is the fine, nano-
porous SiO2 layer deposited into the initially rough structure of the 
polypropylene surface. In direct comparison, the glass fiber reinforced 
polypropylene specimens (Fig. 8) also show a significant reduction in 
surface roughness after silicatization. Compared to the unreinforced PP 
types (cf. Fig. 7), the roughness is significantly higher. In addition, there 
is a high scatter within the measurements. Both could be due to the glass 
fibers, which show on the sample surface, and could have led to an 
inhomogeneous polymer surface. At higher glass fiber contents, it is 
possible that the fibers form a clear contrast to the polymer matrix. This 
can lead to a reduction in adhesion (cf. Fig. 3 + 4) [23–25]. 

3.4. Transmission light microscopy 

To examine the influence of the temperature storage at 100 ◦C and 
120 ◦C even more, thin sections of the PP components were prepared 
from the edge area of each sample. In this context, changes in crystal-
linity are to be further demonstrated. Fig. 9a shows an example of a thin 
cut using Polypropylene (PP– 575P, freshly molded) including the 
marking of the edge layer. Using the material PP-575P, the changes in 
the material properties due to the temperature effect are to be shown. 
The microscopic images show clear differences between the samples 
measured freshly molded and those stored in the oven regarding crys-
tallinity. In the edge area of the freshly molded sample (Fig. 9a), a 
clearly defined structure with an amorphous edge structure can be seen, 
whereas in the core of the sample a spherulitic structure can be detected. 
The size of the spherulites increases towards the center, where they 
reach a diameter, as described in the literature, of between 30 μm and 
50 μm (cf. Fig. 10) [26]. After only one day of storage of 100 ◦C, the 
amorphous surface layer shows a significant decrease (Fig. 9b). After a 
storage period of 7 days at 100 ◦C no amorphous surface layer is visible 
(Fig. 9c). 

3.5. Examination of the single components by means of tensile tests 

To determine a correlation between the composite storage of the 
exposed temperature in Figs. 3 and 4, further investigations were carried 
out on the single components (polypropylene and LSR). Since all PP 
types are showing similar trends, only the results of PP-575 P are pre-
sented here. 

The results of the tensile tests at 100 ◦C and 120 ◦C after storage time 

Fig. 3. Effect of storage time on the peel resistance of PP-LSR parts stored 
at 100 ◦C. 

Fig. 4. Effect of storage time on the peel resistance of PP-LSR parts stored 
at 120 ◦C. 
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are shown in Fig. 11. Regarding the tensile strength (Fig. 11a), the 
characteristic values increase slightly at both temperatures after the 
storage time. Looking at elongation (Fig. 11b), there is a clear decrease 
in the properties at both temperatures with increasing storage time, but 
the effect is more significant at 120 ◦C. One explanation for the decrease 
in elongation is that the molecular mass of the polypropylene changes 
due to the thermal exposure caused by chain splitting in the material 

(thermal oxidation). This can lead to a chain fracture in the present of 
oxygen, in which radicals can be formed. The radicals that are formed 
can react further with the oxygen. This leads to the formation of hy-
droperoxides (ROOH), which can lead to negative changes in the ma-
terial. The effects of thermo-oxidative aging are embrittlement in the 
material but also reductions in tensile strength, impact strength and 
flexural strength [27–29]. In addition to chemical changes, physical 

Fig. 5. DSC analysis (cycle 1) of PP-575P to investigate the melting enthalpy at different storage temperatures and times.  

Fig. 6. DSC analysis (cycle 1) of PP + GF 20 to investigate the melting enthalpy at different storage temperatures and times.  

Fig. 7. Laser microscopy images to examine the surface roughness of PP-575P before and after surface activation.  
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aging effects due to increased temperatures also play a significant role. 
This can lead to post-crystallization (increase in the degree of crystal-
lization), which was shown in the results of DSC (Fig. 5 + 6) and 

microscopy (Fig. 9). Considering the results of the single component 
storage compared with those of the composite storage at temperature 
from Figs. 3 and 4, it is also evident that the adhesion, especially at 
120 ◦C, decreases significantly with increasing storage time. As ex-
pected, the thermal degradation process of the thermoplastic component 
occurs more rapidly with increasing temperature, which is why the 
values decrease significantly over time during storage, especially at 
120 ◦C (cf. Fig. 11b: results for 100 ◦C and 120 ◦C storage). One reason 
for this is the embrittlement with associated crack formation in the 
material. This leads to a reduction in adhesion. On the other site, 
post-crystallization also plays a major role, which can lead to further 
embrittlement in the material, which has a negative effect on the 
adhesion between thermoplastic and LSR [30]. 

Analogous to the results for polypropylene, tensile tests were also 
carried out for the LSR component ELASTOSIL® LR 3071/40 to deter-
mine a correlation between the composite storage of the exposure 
temperatures at 100 ◦C and 120 ◦C. Further examinations were also 
carried out at 200 ◦C, since the literature describes that damage to the 
siloxane network can only occur at higher temperatures above 200 ◦C or 
over a longer exposure time [14,15]. As previously expected, the results 
showed almost no differences over the entire storage period regarding 
the elongation at break at 100 ◦C and 120 ◦C over the entire storage 

Fig. 8. Laser microscopy images to examine the surface roughness of PP + GF 20 before and after surface activation.  

Fig. 9. Microscopic images: Thin cuts of low modulus PP-575P: (a) freshly molded, (b) stored one day at 100 ◦C, and c) stored seven days at 100 ◦C.  

Fig. 10. Optical microscopy image of spherulites in the center of a freshly 
molded lower modulus PP part. 
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time, as the application range of LSR can be as much as 200 ◦C [31–34]. 
The values were approximately 550% for the entire storage time at both 
temperatures tested at 100 ◦C and 120 ◦C. At a storage temperature of 
200 ◦C, the values decreased significantly. After 28 days of storage, the 
elongation at break was only approx. 250%. The results agree with those 
from the literature. There, too, the comparison shows that the degra-
dation of the silicone network takes place only at higher temperatures 
(>200 ◦C) and longer exposure times of the materials. This confirms that 
the main reason for the decrease in adhesion is due to the PP component. 
In contrast to the LSR, the tensile tests of the polypropylenes (Fig. 11) 
showed a significant decrease in elongation at 100 ◦C and 120 ◦C after 
the storage time. 

4. Summary and conclusion 

By using silicatization, it is possible to produce adhesive composites 
of PP and LSR in the over molding injection molding process, whereas 
adhesion was not possible without previous surface activation. The 
adhesion is good, due to a pretreatment process with silicatization the 
results also demonstrate a range of properties in which LSR-PP com-
posites can be successfully applied. The composites have shown a 
temperature-dependent behavior regarding the adhesion, in which the 
PP component has the main influence. First, the composites stored at 
100 ◦C show a very stable adhesive bond with cohesive peeling behavior 
over the entire storage time. The samples stored at 120 ◦C also initially 
show an increase in the adhesion until a decrease takes place after about 
one week. Since after the peel test in many cases the LSR strap broke 
directly or at least LSR residues were left on the polypropylene 
component, it can be assumed that a chemical absorption could have 
taken place during temperature storage. The morphological tests of the 
polypropylene component over the storage time show a change of the 
amorphous surface layer to a crystalline structure. Compared with the 
results of the DSC in Fig. 4 + 5, an increase in the melting enthalpy is 

also shown there with rising temperature, which indicates an increase in 
crystallinity. With rising crystallinity, an increasing decrease in adhe-
sion can be detected (cf. Figs. 3 and 4). In particular, the glass fiber 
reinforced specimens show a slightly higher crystallinity than the un-
reinforced specimens, which is also reflected in the adhesion results. 

The surface roughness measurements show a significant reduction in 
roughness of the unreinforced polypropylene (PP-575 P) surfaces 
directly after silicatization. The deposition of the functional groups has 
led to a smoother substrate surface, resulting in an increase in adhesion. 
The glass-fiber-reinforced specimens show a slightly higher surface 
roughness compared with the PP-575 P. This could be due to the glass 
fibers, which show on the sample surface and could have led to an 
inhomogeneous polymer surface. At higher glass fiber contents, it is 
possible that the fibers form a clear contrast to the polymer matrix. This 
can lead to a reduction in adhesion. 

In comparison of the results of the adhesion tests (cf. Figs. 3 and 4), 
regarding the influence of the single components on the adhesion, the 
thermoplastic component has the main influence, since no significant 
differences could be detected in the mechanical properties after tem-
perature and storage time at 100 ◦C and 120 ◦C for the silicone 
component. A decrease in the mechanical properties only becomes 
evident from a temperature of 200 ◦C over a longer storage period. 

Overall, the results show a high potential. With the silicatization 
process, it is possible to create a strong adhesion between LSR and PP. 
Without silicatization, it is not possible to generate an adhesion between 
both components. The use of LSR-PP composites could create new areas 
of application or further optimize existing products (substitution of 
connections of two materials). One should only pay attention to the 
permanent application at temperatures above 100 ◦C. The use of a new 
material combination with specially adjusted properties could replace 
existing material groups and open new markets. The possibilities show 
excellent potential to produce this material combination. This could lead 
to an expansion of the range of applications for conventional material 
compounds. 
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[30] C. Baumgart, D. Weiß, V. Altstädt, Influence on Different Tempering Conditions on 
the Adhesion Properties of Thermoplastic/Liquid Silicone Rubber Combinations, 
Polymer Engineering and Science, Society of Plastic Engineers, 2016. 

[31] A.G. Wacker Chemie, Fest- und Flüssigsiliconkautschuk-ein Leitfaden für die 
Praxis, Firmenschrift, München, 2013. 

[32] A. Tomanek, Silicone & Technik, Ein Kompendium für Praxis, Lehre und 
Selbststudium, Carl Hanser Verlag, München, Wien, 1990. 
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