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This study investigates the functional modification of ternary ethylene-propylene rubber (EPDM) with
benzamine phenol formaldehyde (BPFO) to enhance its properties and compatibility with butadiene-nitrile rubber
(NBR). Samples with varying compositions were prepared, and their rheological properties were analyzed to
identify optimal blends. This study's novelty stems from its simultaneous improvement of EPDM's compatibility
with NBR, mechanical strength, thermal resistance, tear strength, and metal adhesion, along with the determination
of optimal blend ratios for industrial applications.

The addition of 4-6 parts by weight (p.w.) of BPFO to SKEPT-60 led to a 12% increase in fracture strength
and up to a 30% improvement in metal adhesion. This range was found to be optimal. The introduction of functional
groups (—OH, -NH,, —CH,—) enables cross-linking, increases stiffness and mechanical strength, and enhances
thermal stability. Furthermore, BPFO improves the compatibility between NBR and EPDM, reducing swelling in
aggressive environments due to its aromatic structure.

The resulting modified rubber compositions have numerous industrial applications, including automotive
components, fuel and oil pipelines, compressor seals, and machinery parts in petrochemical, aviation, construction,
and household industries. They are especially suitable for high-performance sealing and insulating applications in

harsh conditions, offering improved chemical resistance, durability, and long-term reliability.
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Introduction

Polymer composite materials are widely used in
modern industries because they offer a unique
combination of mechanical strength, thermal stability, and
chemical resistance [1]. Among elastomeric materials,
nitrile butadiene rubber (NBR) and ethylene—propylene—
diene monomer (EPDM) are of particular interest due to
their complementary properties. NBR has excellent oil
and fuel resistance due to its high acrylonitrile content,
while EPDM is known for its outstanding ozone and
thermal resistance due to its saturated backbone structure

[2]. However, both eclastomers also have certain
limitations: NBR has relatively poor weathering
resistance, whereas EPDM has low adhesion and
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insufficient compatibility with other unsaturated rubbers
[3].

To overcome these limitations, researchers have
explored various approaches, including chemical
modification, compatibilization, and the incorporation of
co-agents or reinforcing fillers [4]. Recent studies have
shown that adding organic acids, functionalized polymers,
and nanofillers can significantly improve -crosslink
density, mechanical properties, and long-term durability
of elastomer blends [5]. For example, maleic anhydride-
grafted polymers and phenol-formaldehyde resins have
been used to enhance adhesion and filler—rubber
interactions, while nanocarbon additives like graphene or
CNTs have demonstrated reinforcement efficiency at low
loadings [6].

Despite these advances, developing NBR/EPDM
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composites with balanced performance remains a relevant
research challenge. In particular, the influence of adipic
acid and benzamine phenol-formaldehyde oligomers
(BPFO) on the vulcanization behavior, adhesion, and
dielectric properties of such blends has not been
systematically investigated [7]. These compounds are
expected to act as co-agents and compatibilizers,
improving the interaction between the polymer phases and
strengthening the three-dimensional network [8-9].

This research focuses on preparing and characterizing
composite materials composed of NBR and EPDM
elastomers, modified with BPFO under various
formulations. The main goal is to determine how this
modifier affects rheological behavior, crosslink density,
and physicomechanical properties. The originality of this
work stems from applying BPFO to NBR/EPDM systems,
offering new insights into optimizing blend formulations
to enhance wear resistance, adhesion, and dielectric
stability.

I. Experimental part

Modification of Ternary Ethylene-Propylene Rubber
(SKEPT-60) with BPFO

The objective of this study is to enhance the industrial
applicability of ternary ethylene-propylene rubber
(SKEPT-60) by chemically modifying it with functional
compounds. Benzoamine-modified phenol-formaldehyde
oligomer (BPFO) was chosen to modify SKEPT-60,
enabling its use in butadiene-nitrile rubber (NBR) blends.

Binary mixtures of SKEPT-60 and BPFO were
prepared in a laboratory furnace at 50-60 °C for
4-5 minutes, with varying rubber-to-BPFO ratios (Table
1). The BPFO proportions are given in parts by weight
relative to the polymer matrix. The rheological properties
of these mixtures were then studied using an IIRT-5
capillary viscometer (Fig. 1). Measurements were
performed three times to ensure reproducibility.

Table 1
Composition of the SKEPT-60/ BPFO binary mixture
No | Components Samples
1 2 131416 6
1 | SKEPT-60 100 [ 9896|9492 | 88
2 | BPFO - 2 14168 12

The binary mixtures are then characterized by
studying their rheological properties in an IIRT-5 capillary
viscometer.

Chemical modification is widely used to improve
specific properties of polymers, such as resistance to oil
and fuel, adhesion to surfaces, co-vulcanization, and
compatibility with other polymers. For comparison,
previous studies have reported the modification of
isobutylene-isoprene and ethylene-propylene rubbers with
acrylamide (AA) and methacrylate amine (MAT) in
solution using initiators. These modifications, performed
at 100 °C and 1.5 wt.% concentration, improved the
physicomechanical  properties of the resulting
compositions [10].
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Fig.1. I[IRT-5 capillary viscometer.

Graft copolymerization of ethylene-propylene
copolymers with methacrylates using complex radical
initiators has also been demonstrated. Photochemical
modifications utilize functional groups within polymer
macromolecules that can absorb light, producing high-
purity polymers for industrial and biomedical
applications. Ionic modification mechanisms allow for
controlled chain growth and side-chain length, preserving
macromolecular activity over extended periods [11-12].

During mechanical-chemical processing, polymer
macromolecules undergo deformation, thermal expansion,
radical formation, and polymerization. Factors such as
electron flow from macromolecular displacement,
friction-induced heating, and applied mechanical forces
affect these transformations [13-14].

In this study, SKEPT-60 was modified with BPFO in
various proportions (p.w.) in a laboratory flask at 50—
60 °C for 4-5 minutes to prepare binary mixtures. The
mixtures were then vulcanized at 153 +2°C for
25 minutes under a pressure of 110 atm. After
vulcanization, the binary mixtures were extracted with
acetone, and FTIR spectra were recorded to investigate
structural transformations.

The melt index of the binary mixtures was determined
under G2 load (20.85 kg). The flow index is the mass of
the polymer (g) that flows through the capillary in
10 minutes under a specified load and temperature. Shear
rate () and shear stress (t) were calculated from capillary
flow data, and the flow behavior exponent (n) was
obtained as the tangent of the slope a in the log—log plot.

n = tana = lo—gr_
logy
where:
¥ — shear rate (s™!)
T — shear stress (Pa)
o — slope angle of the log y—log t plot
The flow index is studied in relation to the pressure
created by the load (in kg). The indicators from this study
are presented in Table 2.
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Table 2.
Melting Index of Alloys under G2 Load
Melt index g/ 10 minutes
Temperature
samples
1 2 3 4 5 6
100°C 0.0068 0.0090 0.0143 0.0289 0.0553 0.1004
120°C 0.0482 0.0589 0.1038 0.1319 0.4607 0.9337
150°C 0.1094 0.1515 0.1639 0.1628 0.5769 0.1428
170°C 0.2026 0.2490 0.2486 0.2902 0.3622 0.3006

In the article, we examine the rheological properties
of SKEPT-60/BPFO binary mixtures. We calculated the
volume flow rate of the alloy by measuring the time it took
for the binary mixture to flow a certain distance
(S=10.02 cm) along the capillary length due to pressure
created by different temperatures (100, 120, 150, and
170°C) and loads (G1, G2, G3, and G4). Our study found
that at 100°C, the volume flow rate increased under the
influence of all stresses. This suggests that BPFO acts as
a softener in the binary mixture. At 120°C, the volume
flow rate of the binary mixture alloys increased due to the
stress created by the G1 and G2 loads, indicating that
BPFO acts as a plasticizer. Under the tension created by!
the G3 and G4 loads, the flow in samples 1 and 2
increased, while in samples 3 and 4, the flow volume
stabilized, and in samples 5 and 6, the volume flow
increased again. This shows that BPFO interacts with
SKEPT-60 under the pressure created by the G3 and G4
loads, resulting in a constant volume flow regardless of the
amount of BPFO. Specifically, in the SKEPT-60/BPFO-
96-94/4-6 ratios, the volume flow is constant when the
amount of BPFO in the binary mixture is 2, 8, 10, and
12 p.w., and it increases when the amount of BPFO is 4-
6 p.w., indicating that it acts as a plasticizer [15-17].

At 150°C, the volume flow of the alloy in the SKEPT-
60/BPFO-96-94/4-6 ratio remained constant under the
pressure created by all loads (G1, G2, G3, and G4). In
contrast, the volume flow of alloys with other ratios
increased. This suggests that when the amount of BPFO in
the binary mixture is 4-6 p.w., it allows for complete
mixing and bonding with SKEPT [18-20].

At 170°C, the volume flow of SKEPT-60/BPFO
binary mixtures increased rapidly under the pressure
created by the G1 load, but as the stresses created by the
G2, G3, and G4 loads increased, the volume flow rate
decreased rapidly. This can be explained by the fact that
as the pressure increases, both destruction and
construction (combination) occur [21-25].

After finding the tangent of the angle formed by the
velocity line (tgo=n=(logy’)/(logt)) from the
dependence curves between the average displacement
velocity and deformation stresses of the SKEPT-60/BPFO
binary alloy alloys at temperatures of 100, 120, 150, and
170°C, we constructed the log y*-logt graphical curves
after taking the known alloy profiles. We constructed and
analyzed the log y-logt graphical curves of the binary
alloy alloys at a temperature of 100°C. As the value of the
shear stress increases, the shear rate of binary alloy alloys
increases. The exception is that the shear rate is not
observed in binary alloy alloys due to the effect of the
tl-stress. As shown in the graph (Fig. 2), after finding
(tgo =n = (log v )/(logt)), we constructed the log y ~logt
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graphical curves after the known ratios of the alloy were
taken. We constructed and analyzed the log vy*-logt
graphical curves of the alloys of binary alloys at a
temperature of 100°C. As shown in the graph (Fig. 2), the
shear rate of binary alloy alloys increases as the value of
the shear stress increases. The exception is that the shear
rate is not observed in binary alloy alloys due to the effect
of the t1-stress.

DISPLACEMENT RATE _ ™

DEFORMATION STRESSES , Pa

Fig. 2. Dependence curves between the average
displacement rate (y',S™') and deformation stresses (1, Pa)
of SKEPT-60/BPFO binary alloy components at 100°C.

At a temperature of 120 °C, the log y—log t curves of
the SKEPT-60/BPFO binary mixture alloys were
constructed and analyzed (Fig. 3). As shown in Fig. 3, the
curves for samples 3 and 4 nearly coincide due to the
influence of the stresses t3 and 7t4,. The mixture
composition in this case corresponds to SKEPT-
60/BPFO-96-94/4—6. When the BPFO concentration in
the mixture is between 4—6 p.w., a homogeneous binary
system with SKEPT forms. However, when the BPFO
content increases to 8—12 p.w., the alloy's displacement
rate exhibits a sharp increase. This observation indicates
that above 6 p.w. BPFO, the additive plays a distinct
softening role in the alloy matrix.

At a temperature of 150 °C, the log y—log t curves of
SKEPT-60/BPFO binary mixtures were analyzed under
different deformation stresses (Fig. 4). As illustrated,
when the BPFO amount in the binary mixture is 2 p.w.
(sample 1), it primarily acts as a plasticizer, and the alloy's
displacement rate increases at a slower pace compared to
pure SKEPT. At intermediate compositions, specifically
4-6 p.w. BPFO (samples 3 and 4), the velocity curves of
the alloys nearly overlap despite the difference in
concentration. This behavior suggests that at this range,
BPFO fully interacts with SKEPT-60, forming a uniform,
cooperative system. When BPFO increases to 8§—12 p.w.,
the alloy's displacement rate increases significantly,
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Fig. 3. Dependence curves between the average

displacement rate and deformation stresses of SKEPT-
60/BPFO binary alloy components at 120°C.

P o st et R ]

DISPLACEMENT RATE, §°!

DEFORMATION STRESSES | Pa
Fig. 4. Dependence curves between the average
displacement rate and deformation stresses of SKEPT-
60/BPFO binary alloy components at 150°C.
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Fig. 5. Dependence curves between the average
displacement rate and deformation stresses of SKEPT-
60/BPFO binary alloy components at 170°C.

4-6 p.w.

indicating that the excess BPFO beyond 6 p.w. no longer
contributes to structural integration but rather functions as
an external plasticizer. Consequently, it can be inferred
that the optimal BPFO content for the binary mixture lies
within the range of 4-6 p.w., ensuring both homogeneity
and stability of the alloy.

At a temperature of 170°C, the log y—log T curves of
the alloys of the SKEPT-60/BPFO binary mixtures were
also examined (Fig. 5). As evident from the figure, the
shear rates of all binary mixture samples converge and
become comparable to the melting rate of pure SKEPT-
60. This behavior can be explained by the fact that after
approximately 4-6 p.w. BPFO has interacted and
combined with SKEPT, the surplus BPFO
macromolecules tend to self-associate. Such molecular
aggregation enhances the overall viscosity of the system,
which, in turn, reduces the alloy's displacement rate. These
findings highlight the dual role of BPFO: initially as a
structural co-component enhancing homogeneity, and
subsequently as a plasticizer beyond the threshold
concentration, influencing both viscoelastic and flow
characteristics of the binary mixture [26—29].

SEM (fig 6.) was used to examine the microstructural
features of NBR/EPDM blends with different amounts of
BPFO nplasticizer [30]. The goal was to see how the
concentration of BPFO affects the phase morphology,
homogeneity, and structural integrity of the
blends.Analysis and Interpretation:

2 p.w. — Low BPFO (Initial plasticization stage):

The micrograph shows a porous and fiber-like
morphology.

At this stage, BPFO mainly acts as a plasticizer,
reducing friction between molecules and increasing chain
mobility. The presence of voids and irregularities
indicates that the polymer blend is not fully homogenized.

2. 4-6 p.w.— Moderate BPFO (Homogenization

stage):
The surface morphology appears smooth and
homogeneous.

This concentration provides the right amount of
plasticization, promoting better adhesion between phases
and phase compatibility. The homogeneous morphology
is linked to improved mechanical strength and stability of
the material.

812 p.w.— High BPFO (Over-plasticization stage):

The microstructure becomes porous and irregular
again.Too much plasticizer leads to phase separation and
structural defects within the polymer matrix. This over-
plasticization weakens the blend, reducing its mechanical
performance and long-term stability.

The SEM analysis shows that the morphological

Fig. 6. Scanning Electron Microscopy (SEM) Analysis.

552



Properties of NBR/modified EPDM rubber compositions

stability of NBR/EPDM blends highly depends on the
concentration of BPFO.

At low content (2 p.w.), the system is inhomogeneous
with voids and irregularities.At optimal content (4—
6 p.w.), the blends achieve a uniform and homogeneous
morphology, which correlates with superior mechanical
properties. At high content (8-12 p.w.), over-
plasticization causes phase separation and porosity,
resulting in a decline in performance.Thus, the optimal
concentration range of BPFO is 4—6 p.w., ensuring both
morphological homogeneity and mechanical durability.

II. Result

This study reveals that modifying SKEPT-60 with
BPFO significantly enhances its physical and mechanical
properties, particularly in blends with NBR. Consistent
results from rheological measurements, melt index
analysis, and morphological (SEM) characterization
indicate that the optimal BPFO concentration falls within
the 4-6 parts by weight range .

At this concentration, BPFO introduces functional
groups (-OH, -NH,, -CH,-) into the polymer matrix,
which facilitates crosslinking, increases network density,
and improves compatibility between EPDM and NBR
phases. Consequently, the modified rubber exhibits a 12%
increase in fracture strength, up to a 30% improvement in
metal adhesion, and notable enhancements in thermal
stability and wear resistance. SEM analysis corroborates
these findings, revealing smooth and homogeneous
morphologies at 4-6 p.w., in contrast to the porous and
irregular microstructures observed at lower (2 p.w.) or
higher (8-12 p.w.) loadings.

The optimized SKN-40/SKEPT-60/BPFO (90/9.6-
9.4/0.4-0.6) composition offers a promising route for
producing oil and fuel-resistant, durable rubber products,
including automotive components, compressor seals,
petrochemical gaskets, pipelines, high-performance
insulating materials, and machinery parts designed for
operation in  aggressive and  high-temperature
environments.

BPFO acts as both a compatibilizer and a
reinforcement agent in NBR/EPDM systems, with

4-6 p.w. identified as the optimal concentration range.

Mechanical, thermal, and morphological analyses
collectively confirm that BPFO improves interfacial
adhesion, network stability, and phase homogeneity.

SEM characterization provides clear evidence of
morphological stabilization at optimal BPFO levels,
linking microstructural uniformity with improved
performance.

BPFO's dual role is clarified: at moderate levels
(4-6 p.w.), it strengthens interfacial interactions; at
excessive levels (8-12 p.w.), it acts as an over-plasticizer,
reducing performance.

Future research directions include:

Investigating the long-term aging, oxidative stability,
and fatigue resistance of these composites under real
service conditions.

Exploring scalability and processing behavior in
industrial settings.

Assessing the role of hybrid modifiers in combination
with BPFO to further enhance performance.

Extending the methodology to other elastomeric
systems for cross-sector applications, including aerospace
and energy storage.

Limitations of this study include the laboratory-scale
conditions and the need for further examination of
industrial-scale processing parameters.

Complementary techniques such as AFM, TEM, or
DMA could provide a deeper understanding of nanoscale
reinforcement and viscoelastic properties.The
environmental stability, recyclability, and life-cycle
assessment of BPFO-modified composites remain to be
addressed, which will be critical for evaluating the
sustainability of such materials in future industrial
applications. Comparative investigations with alternative
or hybrid modifiers are necessary to establish broader
design guidelines for NBR/EPDM blends.
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BaacTtuBocTi KOMIIO3UILiii HA OCHOBI HITPWI-0YTAXi€EHOBOIO TA
MOAM(PiKOBAHOTO0 eTHICH-TIPONUIeHOBOTO KayuyKy (NBR/EPDM)

! Asepbatioscancokuti depacasnuii yuieepcumem nagpmu ma npomuciosocmi, baxy, Azepbatioscan;
2[ncmumym npobaem padiayii, baky, Asepbaiioscan;
3 Azepbaiiosicancoxuii ynieepcumem apximexnypu ma 6yoisnuymea, Baxy, Asepbaiican;
*Haykoso-0ocnionuii incmumym 2eomexnono2ivnux npobiem nagmu, 2azy ma xivii, baxy, Azepbatioxcan,
ayvnur.memmedova@asoiu.edu.az

VY npoMy mOCHiIKEHHI BHUBUYEHO (YHKI[IOHANbHE MOAM(IKYBaHHS TPETHHHOTO ETHJIEH-TIPOIIICHOBOTO
kayayky (EPDM) OGen3amin-denondopmansaeriqaum oxiromepoM (BPFO) 3 merolo mnokpameHHS Horo
BJIACTUBOCTEH Ta CyMICHOCTI 3 HITpHiI-OyTamieHoBHM KaydykoMm (NBR). Byno miarorosieHo 3pasku 3 pisHUM
CKJIAJIOM, a iX plOJIOTiYHI BIACTHBOCTI IPOAHAI30BaHO JJIsl BU3HAUCHHS ONTHMAaJbHIX cyMiniell. HoBn3Ha po6otn
MOJISITa€ y OJHOYACHOMY MokpaierHi cymicHocti EPDM 3 NBR, MexaHi4HO{ MIIIHOCTI, TEPMOCTIHKOCTi, OTIOpY
PO3pHUBY Ta aaresii 0 MeTaly, a TaKOX y BH3HAUCHHI ONTHMAIBHHUX MPOIOPLIA CyMIilIi AJS MPOMHUCIOBOTO
3aCTOCYBaHHSI.

JHonaBanusa 4—6 gactus 3a Baroto (p.w.) BPFO no SKEPT-60 npusBeno 10 301bIIeHHS MIITHOCTI HA PO3PHUB
Ha 12% Ta mokpamieHHs anresii jgo Metany g0 30%. Lleil miama3oH BH3HAHO ONTHMAIBLHUM. BBeneHHS
¢yskuionansHux rpyn (-OH, -NH,, —CH,—) cripusie yTBOpeHHIO CiT4acTOi CTPYKTYpH, MiABUIIYE >KOPCTKICTS i
MeXaHIYHy MII[HICTh, a TAKOX HOKpalye TepMidHy ctabiurpHicTh. Kpim Toro, BPFO nokpairye cymicHicTh Mix
NBR ta EPDM, 3MeHuIytoun HaOyXaHHs Y arpeCUBHUX CEPEeIOBHUILAX 3aBASKU CBOiM apOMaTHYHIH CTPYKTYpi.

Otpumani MonudikoBaHi I'yMOBI KOMIIO3MIII MalOTh YHCICHHI HMPOMUCIOBI 3aCTOCYBaHHSI, BKIIIOYAOUYH
KOMIIOHEHTH aBTOMOOIIIB, NaJMBHI Ta OJIMBONPOBOAM, YIIUIBHEHHS KOMIIPECOPiB Ta JAeTali MallMH Yy
HaTOXIMIUHIH, aBiamiifHi{, OyxiBenbHIH Ta mNOOYTOBilf mpomucioBocTi. BoHM 0coOMMBO TpHAATHI IS
BHCOKOTIPOAYKTUBHHX YIIIJIbHEHb Ta 130JAIIMHUX EJIEMEHTIB Yy CYBOPHMX yMOBax, 3a0€3MEeUyI0UH MOKPALICHY
XIMiYHY CTiHKiCTb, JOBTOBIYHICTh Ta HAAIHHICTH YIPOJIOBK TPUBAIOTO HaCy.

KirouoBi cioBa: HiTpun-OyTafieHOBHHA KaydyK, TPETHHHHH €THJICH-IPOILJICH, TeMIIepaTypa, KOMIIO3UTH,
(yHKIIOHAIBHA TpyTIa.
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