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If wetting is ubiquitous in nature, reactive wetting is up to now mostly described for metallic and ceramic
systems. Characterizing wetting between two reactive organic polymers is more challenging due to their similar
molecular structure and yet it is crucial to unravel adhesion mechanisms. This is for example the case when
combining ethylene-propylene-diene terpolymer (EPDM) with polyolefins like polyethylene (PE). Therefore, in
this study, a high temperature contact angle measurement methodology is presented to evidence the occurrence

of chemical bonds at the interface. Spreading of PE was found to be restricted on vulcanizing peroxide-based
EPDM, while on an already completely vulcanized EPDM, low static advancing contact angles were obtained.
This restriction in wetting is ascribed to a co-vulcanization reaction between EPDM and PE. Furthermore, the
chemical bonding mechanism is even more pronounced with higher peroxide concentrations in EPDM which also
leads to a higher adhesion strength at the interface.

1. Introduction

Adhesion between two polymer surfaces is a complex phenomenon
related to intermolecular interactions. Depending on the specific mate-
rial composition, dispersive interactions, acid-base interactions, inter-
diffusion (leading to intermingling or/and entanglement), and/or
chemical bonding can be created [1,2]. Regardless of the adhesion
mechanisms, intimate contacts between the two polymer surfaces is a
prerequisite, i.e. wetting must be ensured [3]. When a liquid wets a solid
substrate, spreading usually occurs through a physical process leading to
an increase of the liquid coverage area in time after droplet deposition
[4]. This process is referred to as non-reactive wetting as no reaction
between the liquid and substrates occurs. Contact angle analysis during
wetting has been extensively studied and reviewed in literature with
regards to static and dynamic spreading, solid surface tension and sur-
face heterogeneities [4-9]. Specifically for wetting of molten polymers,
studies have been done on glass substrates, bulk metallic glasses, tool
steel surfaces, coatings and vulcanized rubbers by direct contact angle
measurements to understand wetting behavior close-to-processing con-
ditions [10-14]. When topographic heterogeneity applies, it is impor-
tant that the molten polymer is able to fully wet the rough surface as this
increases contact area promoting further physical or chemical adhesion
mechanisms [4,13,15]. During contact angle measurements, chemical
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reactions between the liquid and solid substrate can also alter the solid/
liquid interface and consequently the wetting process [4,16]. Reactive
wetting is well reported in metal-metal joining processes like brazing
and soldering, or in metal-ceramic processes [17-19]. In contrast,
reactive wetting triggered by a polymer melt is limited in literature. In
studies by Grundke et al. [1,20], the wetting kinetics of unmodified and
chemically modified polypropylene melts on untreated and
aminosilane-treated glass fibers were characterized, evidencing the role
of physical or chemical interactions at the interface [20]. Furthermore,
an interfacial chemical reaction was created between a maleic anhy-
dride copolymer melt and poly(aminosiloxane) surface during wetting
which acted as an additional driving force for the spreading process [1].
Similarly, Fuentes et al. [13] observed a reduction in static contact an-
gles with increasing maleic anhydride (MA) content in molten maleic
anhydride-grafted polypropylene (MAPP)/polypropylene (PP) blends
which was explained by covalent bonding between the MA groups and
the glass substrate. For the combination of a thermoset rubber solid and
thermoplastic melt, literature on reactive wetting is currently, to the
best of our knowledge, lacking despite its importance for two-
component (2K) injection molding of thermoset rubber with thermo-
plastics [21-23].

During the injection of a 2K rubber/thermoplastic composite, a
thermoplastic molten zone is created near the rubber/thermoplastic
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interface, while vulcanization occurs in the rubber part [21,23].
Consequently, adhesion mechanisms like chemical bonding and/or
interdiffusion may be initiated. The occurrence of these mechanisms
depends on the specific curing system, i.e. sulfur or peroxide curing,
applied in the rubber. Laing et al. [24,25] already studied this phe-
nomenon in previous studies focusing on the influences of the curing
agent and co-agents in a peroxide curing system. In contrast to sulfur
curing, peroxide curing may cause co-vulcanization between ethylene-
propylene-diene terpolymer (EPDM) and polyethylene (PE) at the
interface as no unsaturations are required for crosslinking. However, a
clear characterization of the adhesion mechanism at the interface is
currently lacking. Typical techniques to evaluate chemical bonding are
X-Ray Photoelectron Spectroscopy (XPS), Time-of-Flight Secondary Ion
Mass Spectroscopy (ToF-SIMS), Attenuated Total Reflectance Fourier
Transform Infrared Spectroscopy (ATR-FTIR) and confocal Raman
spectroscopy as they can identify chemical groups at a substrate surface
[13,26,27]. Specifically at the interface between EPDM and PE, a co-
vulcanization reaction might lead to allyl/alkyl, alkyl/alkyl and
alkene/alkyl crosslinks which are all composed of carbon-carbon (C—C)
bonds [25]. As indicated by Orza et al. [28] these crosslinks are also
present in EPDM, so that these techniques cannot distinguish the C-C/C-
H in PE from these of EPDM and the interfacial crosslinks as both
polymers contain aliphatic carbons. Therefore, an attempt was made to
use contact angle measurements to characterize chemical bonding be-
tween a polymer melt and an EPDM substrate due to reactive wetting
[1,4]. Specifically, reactive wetting, i.e. simultaneous spreading and
formation of covalent bonds, of a thermoplastic melt on initially
unvulcanized peroxide-based EPDM is studied both from wetting and
practical adhesion aspects. Wetting on peroxide-based EPDM is also
compared to wetting on sulfur-based EPDM, and the influence of
peroxide curing agent concentration is analyzed as this can cause reac-
tivity differences near the interface.

2. Experimental

All EPDM compounds were mixed and supplied by Hercorub NV. A
peroxide-based EPDM compound was selected with dicumylperoxide
(DCP) as curing agent. As a higher DCP concentration may cause more
interfacial crosslinks [25], a comparison was made between 2 phr and 8
phr (parts per hundred parts of rubber) DCP with respective sample
names DCP2 and DCP8. Additionally, a third compound was selected,
S1, which is sulfur-based EPDM to analyze differences in spreading with
peroxide-based EPDM. A detailed description of the formulations of
EPDM compounds DCP2, DCP8 and S1 is given in Appendix A supple-
mentary data (Table S1). As thermoplastic material, a high-density
polyethylene (PE) grade M80064 (Sabic) (melting temperature =
135 °C, yield stress = 32 MPa) was selected to evaluate the adhesion
with EPDM.

To measure the adhesion strength between the two polymers, 2K
injection molded samples were produced in a versatile mold with a
thermoplastic and a rubber cavity on an Engel ES330H/80 V/80HL-F
equipped with a vertical rubber unit and a horizontal thermoplastic
injection unit according the process developed by Bex et al. [21,23].
First, the thermoplastic parts were injection molded separately (40 x
150 x 2 mm) in the thermoplastic cavity, while a metal insert was placed
in the rubber cavity. Afterwards, this metal insert was removed, the
thermoplastic part was placed in the 2K mold and overmolded with
EPDM, resulting in 2K specimens with dimensions 80 x 150 x 2 mm
(Fig. S1). The specific injection molding parameters for the individual
components are listed in Table S2. During the overmolding step with
EPDM, the rubber cavity was set at a high temperature (180 °C) to cure
the rubber, while the thermoplastic cavity was set at a low temperature
(80 °C). Consequently, an intermediate temperature is reached at the
interface around the melting point of the thermoplastic, creating a
narrow melted thermoplastic zone at the interface and enabling adhe-
sion with EPDM. Adhesion strength was evaluated by tensile testing. A
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detailed description of the 2K samples preparation and adhesion
strength evaluation can be found in previous work by the authors [25].
Unvulcanized EPDM samples were produced as well for the contact
angle measurements. These were injected in the rubber cavity with the
EPDM injection molding parameters (Table S2). However, the mold
cavities were set at 80 °C to prevent vulcanization. Consequently, both
vulcanized and unvulcanized EPDM substrates had similar sample di-
mensions. The average roughness values (Ra) of the vulcanized rubber
substrates, based on a three measurements with a Diavite Compact VHF
(measuring length = 4.8 mm; cutoff = 0.8 mm), were 0.47 + 0.09 pm for
DCP2, 0.49 + 0.10 pm for DCP8 and 0.46 + 0.21 pm for S1; for the
unvulcanized rubber substrates the Ra values were 0.66 + 0.22 pm for
DCP2, 0.83 + 0.31 pm for DCP8 and 2.05 + 0.39 pm for S1. The
roughness measurements were executed before starting the wetting
experiments.

For the wetting experiments, a high temperature contact angle
measurement device from Dataphysics OCA 15 plus was used. In Fig. S2,
the experimental setup of this device is schematically represented. The
electrical heating within the chamber is controlled by a Dataphysics TEC
350 temperature control unit which enables a chamber temperature
between 40 °C and 350 °C. The temperature within chamber, right
above the PE granule, was measured and controlled with a thermo-
couple. During measurement, the temperature (Ty) above the granule
had a maximum deviation of Ty & 2 °C. Measurements were carried out
under an inert atmosphere (Nitrogen gas >99.999%, ALPHAGAZ™ 1,
Air Liquide) to prevent oxidative degradation of the polymers. A CCD
camera was used with a resolution of 768 x 576 pixels and a frame rate
of 30 frames per seconds. Furthermore, contact angles between the PE
melt and EPDM substrate were calculated with Dataphysics SCA 202
analysis software. Before starting the measurements, the heated cham-
ber was stabilized under nitrogen flow for 5 min. The surface of the
EPDM substrate was cleaned carefully with isopropanol (99.5%, Sigma-
Aldrich) using a tissue. This cleaning step did not change substrates’
surface roughness.

First, the vulcanization process of the unvulcanized EPDM substrates
(DCP2, DCP8 and S1) was evaluated directly in the heated chamber.
Indeed, without applying pressure, bubbles may form at the surface due
to released gasses, resulting from the curing decomposition products
[29], and modify the topography of the surface. It is however important
to select a suitable temperature which preserves a smooth substrate
surface. Unvulcanized EPDM substrates (10 x 10 x 2 mm) were then
exposed to 140 °C, 150 °C, 160 °C and 170 °C. At each temperature,
samples were evaluated after 5, 10, 15, 20, 25 and 30 min to analyze the
substrate surface (Keyence VHX-500F digital microscope). Furthermore,
vulcanization needed to be ensured at the selected temperature.
Therefore, vulcanization degree after 30 min was assessed by Shore A
hardness measurements (CV Shore A hardness durometer) [24] and an
additional verification of the vulcanization behavior was executed with
a moving die rheometer (MDR2000E, Monsanto).

Then, the wetting behaviors of PE on vulcanized and unvulcanized
DCP2, DCP8 and S1 were compared. The vulcanized EPDM substrates
were taken from EPDM bulk vulcanized at 180 °C, ensuring complete
vulcanization. The EPDM substrate (10 x 10 x 2 mm) was placed in the
heated chamber and immediately afterwards, the PE granule was placed
on top of it with the spherical side facing down (average PE weight at T
= 25 °C: 11.6 + 0.7 mg), see Fig. S2. Consequently, the interaction
between the melting/molten PE on vulcanizing EPDM from the initial
start of curing could be evaluated. Contact angles were registered every
minute during 30 min. The evolution from solid to molten stage lasted 3
min. From then on, contact angles could be calculated through an ellipse
fitting. Fig. S3 shows a fitting of a PE droplet on vulcanized and
unvulcanized DCP8 after 5 min and after 30 min. Three measurements
were performed for each combination of PE with EPDM and average
values with their 95% confidence intervals are reported.
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Fig. 1. Microscopic images of DCP2 substrate surface after 30 min at (a) 150 °C, (b) 160 °C and of DCP 8 at (c) 160 °C. In (c) the image represents a side view of the
complete DCP8 substrate (10 x 10 x 2 mm) to illustrate the surface topography. (d) 3D image of a gas bubble from the DCP8 substrate.

a) 0 min 1 min 5 min 10 min 20 min 30 min

Fig. 2. Spreading of PE granule on (a) DCP2 and (b) DCP8 at 150 °C. At 0 min the PE granule is in solid state. ‘UNV’ refers to unvulcanized and ‘VULC’ refers
to vulcanized.

3. Results and discussion initially unvulcanized EPDM, and melting of PE. At 140 °C, no bubbles
occurred at the substrates’ surfaces after 30 min. At 150 °C, formation of
First, it was necessary to identify the best trade-off temperature that bubbles still remained insignificant during 30 min (Fig. 1a). However, at
ensures a stable substrate surface (no gas bubbles), vulcanization of 160 °C and 170 °C gas bubbles started to appear even after 5 min
0 min 1 min 5 min 10 min 20 min 30 min
UNV
S1 .
VULC —
B A‘ -

Fig. 3. Spreading of PE granule on S1 at 150 °C. At 0 min the PE granule is in solid state. ‘UNV’ refers to unvulcanized and ‘VULC’ refers to vulcanized.
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Fig. 4. Contact angle measurements of PE melt (150 °C) on DCP2, DCP8 and S1. Error bars represent 95% confidence interval.

inducing a change of the surface topography as illustrated by Fig. 1b and
c. Fig. 1d represents a 3D view of one of the largest detected bubbles
(height of 190 pm). On DCP2 small bubbles appeared on the complete
sample surface while S1 and DCP8 had less but larger bubbles at 160 °C.
This change in topography will influence the dynamic process of
spreading of the thermoplastic melt during contact angle measurements.
Therefore, a measuring temperature of 150 °C was selected.

In parallel, the vulcanization degree was analyzed after 30 min at
150 °C using the moving die rheometer and vulcanization degrees of
68%, 77%, and 97% for respectively DCP2, DCP8, and S1 were obtained
(Fig. S4). For the substrates vulcanized in the heated chamber during 30
min, based on hardness measurements, slightly lower vulcanization
degrees of 58% for DCP2, 73% for DCP8 and 83% for S1 were reached.
Thus, in spite of the absence of pressure in the heated chamber, vulca-
nization will occur simultaneously with spreading of the thermoplastic
melt during contact angle measurements. Then, contact angle mea-
surements were executed at 150 °C with PE melts on vulcanized and
unvulcanized substrates of DCP2, DCP8 and S1.

Fig. 2 shows melting and spreading of a PE granule on vulcanized
and unvulcanized DCP2 (a) and DCP8 (b). In Fig. 3, melting and
spreading of PE on vulcanized and unvulcanized S1 is represented. The
corresponding contact angles are represented in Fig. 4. After 3 min, a PE
droplet was created and contact angles could be calculated. The initially
unvulcanized substrates DCP2, DCP8 and S1 tended to increase in
thickness (respectively with 23%, 7% and 11%) during vulcanization.
This increase in thickness did not restrict the spreading process on the
peroxide-based substrates DCP2 and DCP8 or on the sulfur-based sub-
strate S1 as can be seen in Fig. 2 and Fig. 3 when comparing the droplet
at 1 min with the droplet at 5 min which corresponds to a decrease in
contact angles as shown in Fig. 4. When comparing images in Fig. 2 and
the spreading dynamics in Fig. 4, a clear difference can be seen between
vulcanized and unvulcanized peroxide-based EPDM substrates. While a
significant contact angle relaxation process occurs on vulcanized DCP2
and DCPS8, spreading on the unvulcanized substrates is restricted. Here,
spreading is not dominated anymore by a physical process but by
chemical bonding, in particular the formation of C—C bonds between
EPDM and PE. Such bonds tend to retain the shape of the PE droplet as
they originate from a co-vulcanization reaction caused by combination
of allyl or alkyl EPDM radicals with alkyl PE radicals, or from addition of
EPDM with alkyl PE radicals [25]. Contact angles on unvulcanized DCP2

do not significantly change anymore after 11 min (111.6° £ 4.3 att= 30
min) because enough C—C bonds were formed preventing further
spreading. In contrast, on vulcanized DCP2 contact angles continuously
decrease in time (71.9° £+ 1.7 at t = 30 min). Furthermore, on unvul-
canized DCP8, PE is retained even more (129.7° & 6.1 at t = 30 min)
with a stabilization after 6 min, while spreading on vulcanized DCP8 is
similar to DCP2, evidencing that adding 2 or 8 phr DCP does not change
compatibility with PE [25]. The limitation in spreading on unvulcanized
DCP substrates cannot be attributed to a polarity increase at the surface
as no increase in chemical functional groups at the surface were found
when comparing ATR-FTIR spectra of unvulcanized with vulcanized
DCP (Fig. S5).

The reactive wetting results with a retained PE melt contradict
findings by Grundke et al. [1], where an interfacial chemical reaction
between the amino groups of poly(aminosiloxane) and the copolymer’s
maleic anhydride groups improved wetting at 130 °C. It is surmised that
the spreading of the PE melt in the current study is restricted due to the
uniqueness of the material combination as the PE chains at the interface
become part of the three-dimensional rubber network during vulcani-
zation [29]. The findings from this reactive wetting study were
confirmed by the adhesion strength between EPDM and PE. Between
DCP2 and PE an adhesion strength of 2.01 + 0.08 MPa was reached.
DCP8 with PE even lead to 4.28 + 0.20 MPa [25]. Comparing these
adhesion strengths to the total strength of each rubber (4.47 + 0.12 MPa
for DCP2; 7.49 + 0.14 MPa for DCP8) shows an adhesion percentage of
45% for DCP 2 and 57% for DCP8 [25]. Thus, it can be concluded that a
higher contact angle during reactive wetting corresponds to more
chemical bonding which leads to a higher adhesion percentage as well.

To confirm that the differences between vulcanized and unvulcan-
ized peroxide-based EPDM can be attributed to chemical bonding,
measurements were also executed on sulfur-based EPDM substrates (S1).
Interestingly, Figs. 3 and 4 show that good wetting occurs on both
unvulcanized and vulcanized S1, with contact angles after 30 min that
do not differ significantly (respectively 61.1° &+ 4.9 and 56.2° + 5.8 at t
= 30 min). As expected, co-vulcanization between sulfur-curing EPDM
and PE is impossible due to the absence of unsaturations in PE, and thus
spreading of PE is related to a physical process. The difference in
roughness Ra between vulcanized and initially unvulcanized S1 also
does not seem to affect spreading as contact angles are not significantly
different. Furthermore, Chen et al. [30] proposed a deformation of a soft
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substrate due to formation of a wetting ridge at the contact line, limiting
spreading. However, Shore A hardness of unvulcanized S1 was lowest
(DCP2: 17.5 Sh A; DCP8: 21.7 Sh A; S1: 14.9 Sh A) making it the softest
substrates, and here no limitation in spreading was observed. Thus,
wetting measurements were not affected by ridge formation. The higher
cure rate of S1 (Fig. S4) can also not be responsible for the different
wetting behavior as the spreading of DCP8 was already restricted after 6
min which corresponds to a vulcanization degree of 25% according to
Fig. S4. During the initial phase of curing, i.e. 0 to 30%, S1 does not show
a faster cure rate than DCP2 and DCP8.

4. Conclusion

In summary, a high temperature contact angle measurement meth-
odology is proposed to investigate chemical bonding between an EPDM
rubber and PE. The testing temperature was selected to avoid formation
of gas bubbles at the vulcanizing EPDM surfaces. This methodology was
successful for identifying the adhesion mechanism of EPDM with PE. On
vulcanizing EPDM, spreading of the PE melt was clearly restricted and
high contact angles were obtained due to a co-vulcanization reaction at
the interface. Furthermore, higher peroxide concentration caused a
higher contact angle on vulcanizing EPDM, as more C—C bonds can be
formed, which can be related to a higher adhesion strength as well [25].
In future studies, a further validation of the proposed methodology will
be performed to verify the relation between practical work of adhesion,
caused by chemical bonding, and the contact angle on unvulcanized
peroxide-based EPDM. Furthermore, additional structural and
morphological analysis will be executed to validate the adhesion
mechanism at the EPDM-PE interface, e.g. SEM-EDS under low vacuum
or VE-AFM.
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