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ABSTRACT

Interlayer adhesion between distinct rubber compositions in elastomeric laminates has been pursued by a variety of
approaches, including treating surfaces, introducing assistant chemicals, and interposing a “transition layer.” Each approach,
however, may be specific to the elastomer chemistries and may not be easily transferred to other rubber composition pairs in
laminates. These limitations were overcome by inserting a layer at the interface that is a blend of each of the elastomer
compositions of the adjacent layers and that increases the interfacial adhesion strength of the resultant laminates. This
approach was demonstrated using three elastomer systems: fluoroelastomer (FKM), acrylonitrile-butadiene rubber (NBR),
and isobutylene—isoprene rubber (IIR). The adhesion in the three-layer laminate (FKM/NBR/IIR) was improved with the
addition of an FKM-NBR blend layer between the FKM and NBR layers and the addition of an NBR-IIR blend layer between
the NBR and IIR layers. The five-layer laminate (FKM/[FKM-NBR blend]/NBR/[NBR-IIR blend]/IIR) was also fabricated.
Interfacial adhesion was evaluated using the T-peel test according to ASTM D1876, which showed that the blends provided
improved adhesion. Scanning electron microscope images were used to study the interface region. The proposed idea offers a
general approach to improve interfacial strength that is widely applicable to other multilayer elastomer laminates.
[doi:10.5254/rct.22.78968]

INTRODUCTION

Military personnel, industrial workers, and emergency responders commonly face toxic threats
such as chemical, radiologic, physical, electrical, mechanical, or other workplace hazards."* The
Human Rights Council estimates that, globally, one worker dies every 15 s from toxic exposure at
work, and more than 2,780,000 employees die worldwide from risky work conditions every year.?
Chemical protective clothing (CPC) plays a critical role in protecting personnel by shielding or
isolating workers from exposure to solid, liquid, and gaseous hazards by blocking the penetration
and permeation of the hazardous substance.

CPC clothing is fabricated from a range of polymeric materials, including both thermoplastics
(e.g., polyethylene, chlorinated polyethylene, polyvinyl alcohol, polyvinyl chloride, polytetraflu-
oroethylene) and crosslinked elastomers (e.g., butyl rubber, chlorinated butyl rubber, nitrile rubber,
polyurethane rubber, fluoroelastomer).* These barrier materials, which may be combined with
absorbents such as activated ASZM-TEDA carbon (a grade of carbon), absorb the chemicals to
slow or prevent permeation.’

The main drawback of both single-layer thermoplastic and crosslinked elastomer CPC is that
their chemical protection is limited to a subset of toxic industrial chemicals (TICs) and other
chemical agents. To improve the chemical resistance and physical properties of products preferred
for demanding working conditions, manufacturers often create multilayer structure laminates for
CPC materials that combine the advantages of each individual layer’s properties.*°

Combinations of one thermoplastic with a layer of textile or coating that could obtain
satisfactory chemical resistance materials have been disclosed. For example, Effenberger et al.”
coated fluoropolymer or polyphenylene sulfide on textiles such as woven fiberglass; Smith® co-
extruded a three-layer structure, polyethylene—ethylene vinyl alcohol-polyethylene, as a barrier
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layer and then laid them on a web of PYROLON (about 60% wood fiber and about 40% polyester)
to fabricate garments; one layer of elastomeric blends composing of 50% vinylidene fluoride and
50% hexafluoropropene was coated on polytetrafluoroethylene fabric, resulting in a flexible
garment.” For multilayer elastomers, fluoroelastomer and nitrile elastomer are often combined to
improve the fuel resistance for hose applications.'*"!

Elastomeric barrier materials are attractive for CPC garments because of their excellent
chemical resistance and intrinsic flexibility/elasticity. Fluoroelastomers (e.g.. FKM) have excellent
resistance to a wide range of chemicals, such as fuels, petroleum oils, and most mineral acids.
However, FKM is expensive'>'? and is thus often combined with other elastomers in the form
blends or laminates'*~'° to reduce the cost. Other elastomers such as acrylonitrile—butadiene rubber
(NBR) and isobutylene—isoprene rubber (IIR) can resist chemicals such as ethers, esters, ketones,
alkalis, and amines, against which FKM has relatively poor resistance.!” Moreover, IIR also has
excellent gas impermeability, which can result in an airtight CPC garment that meets the most
protective level (level A) according to the Occupational Safety and Health Administration and
resists some gaseous chemicals.'®2°

Accordingly, a multilayer laminate comprising FKM, NBR, and IIR is expected to satisty the
chemical barrier material requirements in terms of chemical resistance, flexibility, elasticity, gas
impermeability, and enhanced mechanical strength for exposure to a broad range of chemical
agents.

In a multilayer laminate, the interlayer adhesion strength is essential to the effectiveness of
multilayer CPC clothing, because chemical contact can weaken the adhesion, resulting in
delamination.>'*>> The adhesion between elastomer layers, however, is a challenge because of the
different chemical and physical properties of the rubber materials. Increasing the adhesion of rubber
to different substrates has been explored through approaches such as surface treatment and
adhesion promoters, which are detailed in two comprehensive reviews given by Bhowmick and
Rezaeian.>**

One common approach is to apply a surface modification to one of the surfaces, aiming to
increase the surface energy, enhance wetting, and improve the adhesion. Examples include the
surface halogenation of natural rubber thermoplastic elastomers, which improved their adhesion to
acrylic tapes®; the surface modification of ethylene propylene diene monomer (EPDM) rubber
with gamma irradiation, which resulted in an increase in the adhesion strength between EPDM and
natural rubber (NR)*®; the corona discharge treatment of chlorobutyl rubber—NR blend, which
promoted its adhesion to an elastomeric polyurethane coating®’; and the oxygen plasma treatment
of an NBR-cured sheet, which resulted in higher adhesion to a coated nylon layer.28

The incorporation of adhesion promoters and compatibilizers through compounding is another
way to improve the adhesion. Adding proper tackifiers, such as coumarone indene resin, into
elastomer-based pressure-sensitive adhesives achieved better wettability and tack between the
adherends.?*' NR filled with hydrophilic silicon dioxide powder strongly adhered to a heat-
assisted plasma-treated polytetrafluoroethylene surface.?? Ethylene-co-vinyl acetate was used as a
compatibilizer to improve NR-NBR blend properties attributed to the increased interfacial
adhesion in the blends, as did NR used as a compatibilizer in a styrene—butadiene rubber (SBR)—
NBR blend.**** Improving the bonding between FKM and NBR was studied by compounding
amine-terminated acrylonitrile butadiene (ATBN), epoxy resins, or phosphonium salt into the
formulations.'>'®#-*® NBR and IIR adhesion was investigated by adding succinic—anhydride—
terminated polyisobutylene into the IIR formulation and adding ATBN into the NBR
formulation.®”

A third way to improve the adhesion between two layers with distinct compositions is to
interpose a “transition layer,” which acts like a coupling agent, between the two adjacent layers.
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This transition layer can be realized by applying primers,*® layers containing graft polymers,***° tie
layers,*! or directly applying adhesive.*

The adhesion approaches discussed above successfully improve the interfacial bonding
strength between different materials. The challenge resides with the lack of general transferability to
a broad range of material systems. Although there are numerous accounts of using graft and block
copolymers to act as interfacial bridges to reduce the interfacial tension, improve interfacial
adhesion, and therefore modify the morphology of the blends,**~*® there has been little reported on
the use of rubber blends to improve the bonding of two different rubber laminates. For example, a
blend of rubber A and rubber B could be considered as an interlayer between a layer of pure rubber
A and pure rubber B. In this case, improved adhesion is expected because the middle layer contains
the same components as the individual layers do. If proven, this general approach is more feasible
and transferrable because it leverages self-adhesion, an intrinsic property of elastomers, which can
exceed the adhesion strength of elastomers to a different substrate.*” > Moreover, no extra
polymers or chemicals are introduced into the elastomer matrices, thereby avoiding any potential
detrimental effects on vulcanization or properties.

The present work investigates the use of rubber blends to adhere chemically distinct rubber
layers to form a multilayer laminate. A three-layer elastomer laminate consisting of FKM, NBR,
and IIR layers was selected to demonstrate this conceptual approach. The resulting multilayer
laminate consisted of three primary layers (FKM, NBR, and IIR) and two rubber blend interlayers,
that is, FKM—-NBR blend and NBR-IIR blend. The morphology at the interface was characterized
by microscopy. The adhesion of the adjacent layers in a two-layer cured laminates was quantified by
the T-peel test.

EXPERIMENTAL
MATERIALS

The FKM used for this study was Viton™ grade A401C (Chemours Company,
Wilmington, DE, USA) and selected as the outer layer for the laminate. Its specific gravity is
1.82 with a Mooney viscosity ML (1+10) at 121 °C of 42. The NBR used was Nipol” 1051 with a
41% acrylonitrile content (ZEON Chemicals L.P., Louisville, KY, USA) used as the middle
layer for the laminate. Its specific gravity is 1.00 with a Mooney viscosity MS (144) at 100 °C
ranging from 63 to 78. The IIR used as the other outer layer was Exxon™ Butyl 268S with a
specific gravity of 0.92 and a Mooney viscosity (ML 148) at 125 °C of 51. The cure systems for
the compounded formulations included zinc oxide (ZnO; grade ZOCO 102 USP, Zochem LLC,
Dickson, TN, USA) with a surface area of 8-9 mz/g, stearic acid (SA; purified grade, Sigma
Aldrich, St. Louis, MO, USA); 1,3-diphenylguanidine (DPG; 97% purity, Sigma-Aldrich);
calcium hydroxide (Ca(OH),; >96%, Sigma-Aldrich); high-activity magnesium oxide (MgO;
STAR MAG U, HB Chemical, Twinsburg, OH, USA); and sulfur (S; S 104, Harwick Standard
Distribution, Pico Rivera, CA, USA).

SAMPLE PREPARATION AND CHARACTERIZATION

Mastication. — A lab-use two-roll mill (C.W. Brabender Instruments, Inc., Hackensack, NJ,
USA) was used to masticate the elastomers. For mastication, a gap of 0.001-0.002 inch, a speed of 6
rpm, and a set temperature of 40 °C were used. FKM and IIR were masticated for 2 to 3 min and then
used for subsequent operations. NBR was masticated for 10 min and cut into smaller pieces. During
the mastication, the material temperatures reached up to 45 °C.
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Mixing. — Mixing of the rubber formulation was performed using an internal mixer (Plasti-
Corder, C.W. Brabender Instruments, Inc.) with a set temperature of 80 °C. FKM 100 parts per
hundred rubber (phr) was compounded by being fed into the mixing bowl for 2 min with a rotor
speed of 20 rpm. After 2 min, the speed was increased to 60 rpm, and 3 phr MgO and 6 phr Ca(OH),
were added. Another 5 min were given to fully mix all ingredients. Similarly, 100 phr of NBR was
fed into the mixing bowl for 2 min with a rotor speed of 20 rpm. The speed was then elevated to 60
rpm, and 3 phr ZnO and 1 phr SA were added and mixed with the rubber for 1.5 min. Next, 3 phr
DPG was added and mixed for another 1.5 min. Finally, 1 phr sulfur was added, and the full
compound was mixed for a final 5 min. The compounding of IIR (formulation: 100 phr IIR, 3 phr
ZnO, 1 phr SA, 3 phr DPG, 1 phr S) was performed in exactly the same manner as for the NBR.

Rubber blends were created from the above compounds. The specific gravity of FKM is almost
twice that of NBR, whereas NBR and IIR have almost the same specific gravity. To ensure a
commensurate volumetric portion in the blends, the weight ratio of FKM to NBR was 2:1, and the
weight ratio of NBR to IIR was 1:1. The mixing process involved feeding the proper amounts of
each rubber into the two-roll mill to make a blend, with a speed of 6 rpm at 40 °C for 10—15 min (gap:
0.001-0.002 inch). The resultant rubber sheet was fed into the internal mixer to eliminate potential
trapped air (temperature: 80 °C, rotor speed: 20 rpm, time: 2—3 min). The resulting blends will be
referred to as FKM-NBR blend and NBR-IIR blend.

Rubber Curing Test. — A rubber process analyzer (RPA2000, Alpha Technologies, Hudson,
OH, USA) was used to study the cure behavior of the rubber compound or blend according to
ASTM D2084-17. The preheating time was 30 s at 160 °C, and the specimen was tested at the same
temperature using a frequency of 100 CPM (number of cycles per minute, or 1.67 Hz) and
oscillation degree of 1°. The scorch time (#, 1), optimum cure time (z'90), and cure rate index (CRI)
were calculated based on the raw data.

Laminate Fabrication. — The compounds and blends were preshaped individually in a mold
using a hydraulic compression molding machine (Wabash) at 100 °C for 5 min under a force of 1.97
X 10° N to make circular specimens having an approximate thickness of 3.5 mm and a diameter of 7
cm. Then, a pair of preshaped specimens were assembled together with a piece of thin polyester film
(130 mm X 130 mm X 0.03 mm) inserted between the two layers on one edge, which was intended to
generate two free “tabs” for the T-peel test. Next, these two layers were placed between two
preheated aluminum plates, where at least two smaller metal shims were inserted to control the
thickness of the final laminates. Before applying a force of 1.97 X 10° N to the plates, the two layers
were preheated for 30—40 s, and then the two plates were closed gradually. The cure was conducted
at 160 °C for 25 min, and the result was a two-layer laminate with an overall thickness of
approximately 1.7 mm. The edge of the laminates contained interlaminar air voids; to avoid the
effects of such voids, the edge sections were trimmed before further testing. The remaining parts
were cut into strips with a width of 2.5 cm.

Interface Layer Study. — A five-layer laminate, FKM/(FKM-NBR blend)/NBR/(NBR-IIR
blend)/IIR, was made in same manner, with a final thickness of about 5.3 mm. The four interfaces in
the five-layer laminates were characterized by scanning electron microscopy (SEM; JSM 7401F,
JEOL) at 2.0 kV. The cross-section of the five-layer laminate was viewed using a Zeiss Stereo V20
microscope.

T-Peel Test. — The adhesion strength of the laminates was evaluated using the T-peel test
according to ASTM D1876. A universal testing machine (Instron model 4444, Instron Corporation,
Norwood, MA, USA) was used to load the 2.5 cm width strips at a speed of 254 mm/min. A
minimum of three strips of each laminate type were tested, and the average T-peel force was
reported.
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FIG. 1. — Schematic of the rubber blends method for improving the interfacial adhesion in a multilayer laminate. A and B

refer to any polymer materials (either thermoplastics or thermosets). (Left) Possible single- and dual-phase morphologies of

the blend layers. (Right) Cross section of the multilayer laminate, in which the middle blends layer adheres to both sides of the
interface.

RESULTS AND DISCUSSION

RATIONALE

Self-adhesion is an intrinsic property of both elastomers and thermoplastics. The improved
adhesion caused by the rubber blends is mainly attributed to the self-adhesion of the component
present in the neat layer and the blends layer. Because the rubber blends method harnesses this self-
adhesion behavior, it can be generally applied to a broad array of other materials sets, without
resorting to polymer synthesis.

A schematic of how the rubber blends improve the adhesion between layers within a laminate is
shown in Figure 1. In the case of excellent compatibility between materials, the polymer chains may
adequately interdiffuse, leading to entanglement of the chains and strong adhesion; in these cases, a
blend layer is probably not necessary. In the case of weak adhesion or poor compatibility, such as in
the case of FKM/NBR and NBR/IIR, an alternative strategy is required; a blend layer can be
interposed between the layers to improve adhesion, regardless of the compatibility of polymer A
and B. In the case of a miscible blend, there will be a single phase, but for most high-molecular-
weight polymers, the morphology depends on the relative compatibility between the two
polymers.”**

Regions in Figure 1 where the same color is present on both sides of the interface show self-
adhesion between polymer chains of polymer A or B with itself. By contrast, regions with different
colors at the interface indicate the adhesion between polymer A and B. In these regions, the
adhesion is driven by both chemical interactions (e.g., Van der Waals), chemical bonds (e.g.,
crosslinking), and physical entanglements among polymer chains or phases. In the case of
incompatible materials, the adhesion between them will be weak but can be enhanced by a co-
continuous morphology of the two materials or crosslinking reactions between the two polymers
during curing. Interposing a blend layer can increase the adhesion force by means of creating this
morphology to improve the adhesion between two materials that do not bond well. Because two
polymers are considered immiscible when the solubility parameter difference (Ad) is greater than
0.5,5 3 the cases of FKM, NBR, and IIR discussed in this article would benefit from this approach
(solubility parameter &: FKM 13.5-17.8 [MPa]"% NBR 18.3-20.3 [MPa]'?; IR 15.8-16.5
[MPa]'/2).5¢
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FIG. 2. — Torque vs time for RPA testing of FKM, FKM-NBR blend, NBR, NBR-IIR blend, and IIR at 100 °C for 10 min.

RUBBER CURING TEST

Bhowmick and Gent*’ studied the effect of partial crosslinking time (s1, the time before
assembling two layers together) on the self-adhesion of SBR and neoprene rubber when the total
cure time was (¢1 4-72; where 72 is the second cure time) and found that a longer 71 would decrease
the self-adhesion strength. It is therefore important to ensure the rubber layers are crosslinked as
little as possible before making intimate contact. Accordingly, it is necessary to examine whether
crosslinking occurs in the preshaping step (occurring at 100 °C). Figure 2 shows the RPA tests of the
three primary elastomer compounds and the two blends at 100 °C for 10 min.

For rubber curing, the viscosity and corresponding torque exerted on the rotors will decrease as
the compounding is heated. The torque will decrease and then increase as the rubber begins the
curing. As the curing proceeds, the torque rises and then levels off with full cure. The curve may also
reach a plateau, continue to rise (marching), or become lower (reversion) with time, which depends
on the specific rubber formulation.”’” The FKM and NBR-IIR blend had almost no change in torque
(<0.5 dN-m) after the minimum torque occurred. The FKM-NBR blend and NBR had a slight
increase in torque (~0.5 dN-m) and thus negligible curing. The IIR showed a slight increase in
torque due to the flow of IIR to fully fill the diaphragm die of the RPA, but there was no significant
increase in torque due to curing. Overall, Figure 2 indicates no significant crosslinking would have
occurred in any of the rubber compounds and blends at 100 °C in the preshaping step at 100 °C (5
min), assuring good adhesion in the lamination step.

The cure dynamics of the elastomers at 160 °C are shown in Figure 3. From this graph, the cure
parameters, including #y;_ (the time at which the torque is minimum, M} ), fyry (the time at which the
torque is maximum, Mp), £;1 (the time to 1 dN-m rise above My, 1° oscillation amplitude), cure time
(#'50 and #'90, the time to 50% and 90% of the torque increase, respectively), and cure rate index
(CRI=100/t'90 — t,1) were calculated. These parameters are summarized in Table I.

Aty , these rubber compounds and blends had different My ; thus, different viscosities or/and
hardness might ultimately affect the thickness of the individual layers in the compression molded
laminates. FKM had the highest My, followed by NBR, and IIR had with the lowest My;. The torque
of the FKM-NBR blend was not between that of FKM and NBR but rather much lower than both.
This lower value is caused by the bisphenol AF crosslinking agent for FKM, which acts to inhibit
the radical vulcanization of the diene rubber (NBR); in addition, the radical vulcanization could
further cause the decomposition of bisphenol AF, which would adversely affect the cure of
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FIG. 3. — Torque vs time cure behavior of FKM, NBR, IIR, FKM-NBR blend, and NBR-IIR blend at 160 °C.

FKM.®>? The torque of the NBR-IIR blend was intermediate to that of NBR and IIR but
substantially lower than that of NBR. From Table I, we can note that although the 7,1, '90, and CRI
of these rubber compounds and their blends are different, they all undergo their curing reactions
within approximately the range from 3 to 10 min and achieve complete cure by about 10 min (Figure
3). This overlap in cure times ensured the potential for good adhesion and potential crosslinking
between different rubbers to be generated in the laminate, as the adhesion of an uncured rubber to a
fully cured rubber might be poor.

T-PEEL TEST

In the T-peel tests, cohesive failure corresponds to failure that occurs in the layers, rather than in
the interfacial region; this type of failure typically suggests the adhesion strength is greater than the
tensile strength of either layer. By contrast, apparent interfacial failure means the failure occurred at
the interface between the two layers, indicating that the tensile strength of either layer in the
laminate is greater than the adhesion strength. Figure 4 shows representative load-extension curves
from the T-peel tests for the six pairs of laminates. For all laminates that show adhesion, the loading

TABLE I
CURE PARAMETERS OF ELASTOMER COMPOUNDS

Minimum Maximum Scorch Cure Cure rate
Term torque torque time time index
Symbol ML L MH vl tsl t'50 190 CRI
Unit dN-m min dN-m min min min min min !
IIR 1.79 0.7 4.4 29.6 3.8 49 26.3 4.4
NBR 2.2 0.4 12.16 28.8 1.4 4.8 18.5 59
FKM 2.1 1.1 24.1 22.9 4.7 6.8 9.5 20.8
FKM-NBR blend 1.9 0.6 5.6 29.9 1.9 4.0 20.2 5.5
NBR-IIR blend 1.6 0.6 6.0 29.1 1.7 34 8.1 15.6
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FIG. 4. — Representative load-extension results of the T-peel test for the six pairs of laminates: (a) load-extension curves for
combinations of FKM and NBR, laminates 1, 2, and 3; (b) load-extension curves for combinations of NBR and IIR, laminates
4,5, and 6.

force experiences a maximal peak as the extension increases, followed by fluctuations at arelatively
lower level.°” For the laminates containing FKM and NBR, the breaking point can be clearly
observed in the corresponding load-extension curve (black and blue curves in Figure 4a). For the
NBR- and IIR-containing laminates, the test ends at the maximum extension of the laminates in the
T-peel geometry without observing a fracture point in either layer, as shown in Figure 4b.

The T-peel test results are summarized in Table II. The first laminate tested was a combination
of the FKM and NBR primary elastomers. Without any bridging layers or surface treatments
between FKM and NBR, the layers delaminated when opening the molds during the laminate
fabrication and no adhesive force was measured (indicated by the red dashed line in Figure 4a). By
contrast, laminate FKM/(FKM-NBR blend) and laminate (FKM-NBR blend)/NBR demonstrated
robust adhesion; rather than apparent interfacial failure, FKM cohesive failure and FKM-NBR
blend cohesive failure were observed, respectively, in which case the exact interfacial adhesion was
unknown but should be higher than the tested cohesive strength (i.e., the breaking point >10 N/cm
and >26 N/cm in Figure 4a). From these results, it can be inferred that FKM and NBR can be tightly
bonded using an FKM—NBR blend layer at their interface.

Similarly, the adhesion between the NBR and IIR layers was poor, with an average adhesive
strength of only 1.6 N/cm. The adhesion strength in laminate NBR/(NBR-IIR blend) was 9.2 N/cm
and in laminate (NBR-IIR blend)/IIR was 5.6 N/cm, representing a fivefold and threefold increase,
respectively, in the adhesion strength relative to an NBR/IIR laminate without any treatments.

TABLE II
ADHESION FORCE FROM T-PEEL TESTING FOR TWO-LAYER LAMINATE COMBINATIONS

Laminate No. Two-Layer Laminate Adhesion, N/cm Failure type

1 FKM/NBR 0 No adhesion

2 FKM/(FKM-NBR blend) >10 FKM cohesive

3 (FKM-NBR blend)/NBR >26 FKM-NBR blend cohesive
4 NBR/IIR 1.6 Apparent interfacial

5 NBR/(NBR-IIR blend) 9.2 Apparent interfacial

6 (NBR-IIR blend)/TIIR 5.6 Apparent interfacial
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FIG. 5. — Optical images of laminate (FKM-NBR blend)/NBR and laminate (NBR-IIR blend)/IIR after T-peel test: (a)
FKM-NBR blend layer, (b) NBR layer, (c) NBR-IIR blend layer, and (d) IIR layer.

Thus, NBR and IIR are able to be bonded with improved adhesion by placing a blend layer between
the individual elastomer layers. The more modest improvement in adhesion compared with that
seen for the FKM-NBR system might be due to the large difference in polarity and the poor
compatibility between NBR and IIR.®' The adhesion strength might be further improved through
optimizing the blend performance by precuring IIR®' or by introducing compatibilizers such as
bromobutyl rubber™ or chlorinated polyethylene.®>

Two example laminates—the (FKM-NBR blend)/NBR and the (NBR-IIR blend)/IIR
laminates—are shown in Figure 5 to help explain the function of the blend layer with respect to
improving the adhesion. The (FKM-NBR blend)/NBR laminate is shown in Figure 5a,b. In Figure
5a, the surface of the FKM—NBR blend layer after the T-peel test shows a coarse microscale texture.
This texturing may be indicative of better adhesion to the NBR layer from an increased contact
surface area and potential migration of the polymer chains across the interface. This texturing is
more clearly seen in the residues of the FKM-NBR blend (yellow) in Figure 5b, which are still
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NBR-IIR

FIG. 6. — Optical cross-section view of the five-layer laminate. From left to right, the layers are FKM, FKM-NBR blend,
NBR, NBR-IIR blend, and IIR. Scale bar is 500 pm. The total laminate thickness is 5.3 mm.

adhered to the NBR layer after the blend layer fractured in the test. For the laminate (NBR-IIR
blend)/IIR after the T-peel test, there is less coarse texturing on the NBR—IIR blend layer (Figure 5c)
but still some blend residue (brown spots) remaining on the IIR layer (white). This reduced
interaction is reflected in the T-peel test results (the NBR-IIR blend layer has lower improvement in
adhesion between the NBR and IIR as compared with the FKM-NBR blend layer promoting
adhesion increase between FKM and NBR).

INTERFACE LAYER STUDY

The blend layer approach was used to create a five-layer laminate. A cross-section view of the
five-layer laminate is shown in Figure 6. The five layers appear visibly well bonded. The variation in
layer thicknesses is attributed to the different hardness and flowability of these rubber compounds
and blends during the laminate compression at 160 °C. The torque values (shown in Figure 3) range
from approximately 5 to 25 dN-m, demonstrating the broad range of the physical properties.

More detailed images of the interfaces were characterized by SEM (Figures 7 and 8). The
interface between the FKM—NBR blend and either FKM or NBR is visible in Figure 7a,c. Under
greater magnification (Figure 7b,d), the blend appears to be uniformly compounded, enabling
strong adhesion in the laminate FKM/(FKM-NBR blend) and laminate (FKM—NBR blend)/NBR.
The NBR in the FKM—NBR blend is able to adhere strongly to the neat NBR layer (NBR self-
adhesion), and the FKM in the blend can likewise adhere to the neat FKM layer (FKM self-
adhesion).

As compared with the more homogeneous structure observed in the FKM—NBR blends, the
NBR and IIR blends show greater heterogeneity. In Figure 8, the individual phases of NBR and IIR
are visible in their blends, with the lighter color phase being IIR and the darker phase being NBR.
The neat NBR layer bonds with the NBR phase in the NBR-IIR blend (NBR self-adhesion), and the
neat IIR layer is also bonded with the IIR phase in the NBR-IIR blend (IIR self-adhesion), which
improved the adhesion between NBR and IIR by the same mechanism as described for the NBR and
FKM bonding. The greater heterogeneity of the blend structure indicates that the NBR and IIR have
lower chemical compatibility with each other compared with the NBR and FKM. This lower
compatibility corresponds to the lower interfacial adhesion strength observed for the NBR-IIR
blend system.
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FIG. 7. — SEM images of the FKM, NBR, and FKM-NBR blend interfaces. (a, b) Interface between FKM and FKM-NBR blend
layers. Scale bars 100 pm. (c, d) Interface between FKM-NBR blend and NBR layers. Scale bars 100 and 50 pm, respectively.

FIG. 8. — SEM images of the NBR, IIR, and NBR-IIR blend interfaces. (a, b) Interface between NBR and NBR-IIR blend
layers. Scale bars 100 and 50 pum, respectively. (c, d) Interface between NBR-IIR blend and IIR layers. Scale bars 100 and 50 pum,
respectively.
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CONCLUSIONS

This work studied the use of rubber blends to improve the adhesion between elastomer
materials with poor adhesion. The specific material systems studied were FKM-NBR and NBR—
IIR, whose neat compositions exhibit poor interfacial adhesion strength. The RPA results showed
that these three elastomer compounds and their blends (FKM-NBR blend, NBR-IIR blend) have
overlapping curing times, which enable rubber self-adhesion during curing between the pure
elastomer and the component in the blend. The overlapping cure times enabled the creation of co-
vulcanized blends to bond laminates with good adhesion strength. After introducing the blend
layers, the adhesion between FKM and NBR was improved from 0 N/cm to greater than 10 N/cm,
and the adhesion between NBR and IIR was improved from 1.6 N/cm to greater than 5.6 N/cm. A
five-layer laminate was manufactured, and SEM images indicated robust adhesion between the
layers. This method for improving adhesion in a multilayer laminate is easily transferable to other
material pairs in laminates and is a relatively low-cost approach requiring no additional additives.
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