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ABSTRACT: A solid-state chemical reaction occurs when a solvent cast film of a blend
of masticated natural rubber and chlorinated natural rubber is heated in the presence
of air at 1507C. The thermal behavior of solvent cast films of chlorinated natural rubber,
masticated natural rubber, and a 1 : 1 w/w blend (2% w/v in xylene) of these two
polymers has been studied using differential scanning calorimetry, infrared spectros-
copy, scanning electron microscopy, and nuclear magnetic spectroscopy. The results
suggest that carbonyl groups are incorporated into the blend on heating and that the
vinyl functionality of the isoprene units is modified during this apparent oxidation.
Heating for 2 h at 1507C results in a material that no longer contains the rubber-like
cis-1,4-polyisoprene units. q 1997 John Wiley & Sons, Inc. J Appl Polym Sci 65: 1379–1384,
1997
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INTRODUCTION treatment2 and destructive adhesion tests.3 How-
ever, those studies do not directly address the actual

The bonding of rubber to steel is widely used to nature of the interactions occurring during the ac-
produce vibration management systems such as tual bonding process.
bridge bearings and automobile suspension units.1 A typical rubber-to-metal-bonded component
Rubber-to-metal bonding is usually achieved by in- usually consists of a treated steel substrate, a
jection molding rubber onto precoated steel at 150– primer, an adhesive, and rubber. One aspect of
1707C. The manufacture of rubber-to-metal-bonded the overall bonding process is the interaction be-
components is technologically well understood. tween a compounded rubber and the adhesive, in
However, the scientific basis of rubber-to-metal ad- this case, Chemlok 220, during injection molding.
hesion is not clear. This is mainly because the adhe- The compounded rubber and adhesive are com-
sive systems work so effectively, which inhibits ac- plex formulations; however, our own analysis has
cess to the interfaces which are formed during rub- confirmed literature reports2 that a significant
ber-to-metal bonding. In addition, another obstacle component of the adhesive is chlorinated rubber
to gaining an understanding of the bonding pro- and the compounded rubber, cis-1,4-polyisoprene.
cesses is the use of proprietary primers and bonding Because of the complexity of these proprietary
agents. There are reports of the analysis of failure systems, we have undertaken a study of relatively
surfaces produced by electrochemical (cathodic) simple model systems in order to try to under-

stand the nature of the interactions that occur
during rubber-to-metal bonding. We have there-Correspondence to: D. E. Packham.

q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/071379-06 fore studied the interaction between masticated
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of thermal cycles (see text) . Solid-state 13C nu-
clear magnetic resonance (NMR) spectra were re-
corded at 75 MHz (cross-polarization) at the Uni-
versity of Durham. All chemical shifts are relative
to tetramethylsilane.

RESULTS AND DISCUSSION

The polymer samples, both before and after heat-
ing, were studied using scanning electron micros-
copy (SEM) with electron probe microanalysis, in-
frared spectroscopy, DSC, and NMR spectroscopy.

Figure 1 SEM micrograph of a 1 : 1 w/w blend of
MNR and CNR. Solvent cast from xylene (2% w/v).

SEMMagnification 1500.

The materials were studied using SEM together
with elemental mapping. The surfaces of the ho-

natural rubber (MNR) and chlorinated natural mopolymer films were homogeneous, in appear-
rubber (CNR), which serves as a model to comple- ance and elemental distribution, both before andment our more direct work on rubber-to-metal ad- after heating (1507C/2 h). However, films of the
hesion. blend of the two homopolymers exhibited a two-

We have reported our preliminary results for phase morphology. The micrographs are shown inthe behavior of these polymers at 1707C.4 We now Figures 1 and 2. Elemental mapping of the sur-
report results of a more detailed study of the inter- face indicated that the spherelike structures con-
actions of CNR and MNR at 1507C. tained a chlorine-rich material. Heating at 1507C

for 2 h caused the material to become homoge-
neous in both morphology and Cl distribution.

EXPERIMENTAL This behavior is similar to that reported for simi-
lar mixtures heated at 1707C.4

Thin films of the polymers were prepared by cast-
ing solutions of MNR (standard Malaysian rub-

Infrared Spectroscopyber, grade SMRL), CNR (Pergut S20, Bayer; 59%
w/w Cl; Mn 3.9 1 104 g mol01 ; polydispersity, Solvent cast thin films of the samples were heated
1.8), and a 1 : 1 w/w mixture (2% w/v in xylene) on glass at 1507C for 2 h in air. The resulting
onto glass, allowing the solvent to evaporate, and
drying in vacuo. In order to simulate the vulcani-
zation process, some of the films were heated at
1507C for up to 2 h.

Electron microscopy, supported by electron
probe microanalysis, was performed using a Jeol
6310 equipped with an X-ray analyzer. Transmis-
sion infrared spectra were recorded in KBr matri-
ces using a Perkin Elmer 1710 infrared spectrom-
eter. Differential scanning calorimetry (DSC) was
studied using a TA Instruments 2910 DSC. Solu-
tions of the samples were placed in DSC alumin-
ium pans, and the solvent was allowed to evapo-
rate. The samples were finally dried in vacuo prior
to analysis. Isothermal behavior was investigated
in open pans at 1507C in air and nitrogen (flow Figure 2 SEM micrograph of a 1 : 1 w/w blend of
rate, 25 cm3 min01) , and glass transition temper- MNR and CNR. Solvent cast from xylene (2% w/v).

After heating at 1507C for 2 h. Magnification 1500.atures were measured in sealed pans at a variety

4331/ 8E99$$4331 06-18-97 09:21:23 polaas W: Poly Applied



NATURAL RUBBER–CHLORINATED RUBBER BLENDS 1381

no evidence of the absorption band due to C|CH
deformation at 837 cm01 . There are absorption
bands present at 1,443 and 1,090 cm01 , which are
presumably associated with carbon/oxygen func-
tionalities, possibly esters.

The infrared spectroscopic study of films of
CNR, MNR, and a 1 : 1 w/w blend of these two
polymers suggests that the homopolymers are rel-
atively stable to oxidation at 1507C, whereas the
blend undergoes some form of oxidation. The ab-
sence of an absorption band at 837 cm01 in the
heated blend suggests that the vinyl functionality
is undergoing chemical modification.

NMR Spectroscopy

NMR spectroscopy was used to try to identify the
multiplicity of the carbon groups and chemicalFigure 3 Transmission infrared spectra in KBr ma-

tricies of solvent cast polymer films (2% w/v xylene). species present in the oxidized blend. Solution-
After heating at 1507C for 2 h on glass. (a) CNR, (b) state (in CDCl3) was initially used; however, not
MNR, and (c) a 1 : 1 w/w blend of MNR and CNR. all of the products from the oxidation studies were

soluble in this solvent. Consequently, solid-state
13C-NMR spectroscopy was used to ensure that all

materials were dispersed in KBr matrices, and of the bulk samples were analyzed.
the transmission infrared spectra were recorded.
After heating, the blend was distinctly orange in Solid-State 13C-NMR
appearance, which suggests the presence of chro- The solid-state 13C-NMR spectra of MNR and
mophores arising from conjugation or charge CNR suggested that these two materials on their
transfer. The infrared spectra of the samples own were relatively inert to oxidation after heat-
heated for 2 h at 1507C are shown in Figure 3. ing at 1507C for 2 h. The spectra of the unheated
After heating for 2 h at 1507C, the transmission and heated blends are shown in Figure 4. In Fig-
spectra of the component homopolymers were es-
sentially unchanged and contained no significant
absorption bands due to C|O. The infrared spec-
trum of heated MNR exhibited absorption bands
at 837 cm01 (assigned to C|CH deformation),
1,480 cm01 (CH3 and CH2 deformations), and
1,376 cm01 (CH3 deformation).5 The infrared
spectrum of heated CNR exhibited absorption
bands at approximately 650–800 cm01 , the maxi-
mum absorbance values being at 736 cm01 (as-
signed to C{Cl stretch), 1,385 cm01 (CH3 defor-
mation), and 1,275 cm01 (assigned to an activated
skeletal vibration).5 The spectrum of the un-
heated blend was essentially a sum of the spectra
of the two component homopolymers. This sug-
gests that oxidation of these polymers to form
C|O groups does not occur to any great extent
under these conditions. However, the spectrum of
the 1 : 1 w/w blend, which had been heated for 2
h at 1507C in air, exhibited an absorption band at
1,720 cm01 , which is assigned to C|O functional- Figure 4 Solid-state 13C-NMR spectra of solvent cast
ities. The absorption band at 737 cm01 , due to films (2% w/v xylene) of a 1 : 1 w/w blend of MNR and

CNR. Before and after heating at 1507C for 2 h.C{Cl stretch, is still present, whereas there is
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ities. The resonance at 171 ppm in particular can
be assigned to C|O.

The 13C-NMR spectra suggest that when MNR
and CNR are heated together in the presence of
air, a material is produced which is rigid and no
longer two phase, that is, the material does not
contain a rubberlike component. Solid-state 13C-
NMR spectroscopy suggests that C|O function-
alities are present in the heated blend.

DSC

Samples of the blend and the component homo-
polymers were studied using DSC isothermally at
1507C in air and nitrogen in order to elucidate
the thermal behavior of the two polymers at the
molding temperature. The miscibility of the blend
was investigated by studying the positions of the
glass transition temperatures of the system.

Figure 5 Solid-state 13C-NMR spectra of solvent cast
films (2% w/v xylene) of a 1 : 1 w/w blend of MNR and

Thermal Oxidation of Blends of MNR and CNRCNR and CNR. Before and after heating at 1507C
for 2 h. The thermal behavior of the blend and the compo-

nent homopolymers was investigated in air and
nitrogen at an isothermal temperature of 1507C.
In general, no significant thermal events were de-ure 5, the spectra of heated CNR and the heated

blend are compared. It can be seen from Figure 4 tected when the samples were heated for up to 60
min at 1507C in flowing nitrogen. The situationthat in the solid-state spectrum of the unheated

blend, two distinct types of resonances are ob- for heating in flowing air is very different. The
isothermal behavior of the blend and the compo-served, that is, sharp and broad. This suggests

the presence of a two-component system, a rubber nent homopolymers is shown in Figure 6. It can
be seen from Figure 6 that solvent cast films ofphase and a rigid phase. The sharp peaks are due

to polyisoprene at 135.1 [C(Me)], 125.6 (CH), CNR and MNR are relatively inert at this temper-
ature, whereas the blend exhibits an exothermic32.7 (CH2), 27.0 (CH2), and 23.9 ppm (CH3).

These values are very similar to those obtained thermal event. These results suggests that a solid-
state exothermic reaction occurs when solventfrom our solution-state 13C-NMR data. The

broader resonances arise from the CNR. The reso-
nances were assigned, with references to our own
solution and solid-state 13C-NMR data, to 76
(CR3{Cl and CR2Cl2) , 62 (CHCl), 44 and 39
(CH2), and 21 ppm (CH3). The most striking fea-
ture of the spectrum of the heated blend is that
heating has caused the disappearance of the
sharp resonances due to the polyisoprene compo-
nent and the spectrum now more closely resem-
bles that of the heated CNR (see Fig. 5). This
suggests that a one-phase, that is, rigid, material
is now present. However, there are broad reso-
nances which can be assigned to polyisoprene at
134.8 and 125.7 ppm (the vinyl functionality) and
in the aliphatic region between 20 and 35 ppm. Figure 6 DSC traces of solvent cast polymer films
Additionally, there are resonances above 140 ppm (2% w/v xylene). Isothermal heating in air at 1507C.

Open pans. Gas flow, 25 cm3 min01.which are probably due to various C/O functional-
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The thermal behavior of MNR/CNR blends was
compared with that of the single-component ho-
mopolymers in air. The DSC thermograms are
shown in Figure 7. On initial heating of the blends
from 01007C, the thermal event ascribed to the
Tg of the MNR is observed (this transition shifted
to slightly higher temperatures as the proportion
of CNR in the blend was increased). No thermal
event was detected in the 607C region, in contrast
to the behavior of the CNR, but a broad exother-
mic thermal event was detected from 150 to
2207C.

This behavior was compared with that of films
of MNR/CNR blends which had already been sub-
jected to heating in air at 1507C for 2 h. The DSC
thermograms are shown in Figure 8. The heated
material exhibited no thermal event due to the Tg

Figure 7 DSC traces of solvent cast polymer films of the MNR and an exothermic thermal event at
(2% w/v xylene). Heating from 01007C at 207C min01 150–2207C.
in nitrogen. Sealed pans. Gas flow, 25 cm3 min01. The DSC study suggests that blends of MNR

and CNR are initially immiscible but that heating
in air causes chemical modification to occur. Thecast blends of MNR and CNR are heated in the
disappearance of the polyisoprene Tg suggestspresence of air.
that the material no longer contains rubberlike
polyisoprene units.

The Miscibility of Rubber and Chlorinated Rubber

The miscibility of polymer systems can be studied
CONCLUSIONSusing DSC. In general, a two-component polymer

blend system will exhibit two Tg values if they are
Results from electron microscopy, thermal analy-immiscible, one Tg value if they are completely
sis, and infrared spectroscopy and NMR spectros-miscible, and three Tg values if they are partially

miscible. In a miscible system, the position of the
Tg will be dependent on the composition of the
blend.

Samples of solvent cast masticated rubber were
dried and sealed in aluminium pans, cooled
(quenched) to 01007C, held at this temperature
for 5 min, and heated at a variety of rates to 1507C
in flowing nitrogen. Typically, heating rates of
207C min01 gave a Tg of the MNR of approxi-
mately 0607C. As expected, the transition oc-
curred at somewhat higher temperatures when
the heating rate was increased. The behavior of
the solvent cast CNR was then investigated. No
reproducible thermal events which could be as-
signed to a Tg were found. The thermal behavior
of CNR was found to be irreproducible. However,
an endothermic thermal event could be detected
(on heating) at approximately 607C (Fig. 7). This Figure 8 DSC traces of a solvent cast polymer film
thermal event was not observed when the sample of a 1 : 1 w/w blend of MNR and CNR (2% w/v xylene).
was exposed to a second identical thermal study. Before and after heating at 1507C for 2 h in air. Heating
This probably reflects the complex irregular struc- from 01007C at 207C min01 in nitrogen. Sealed pans.

Gas flow, 25 cm3 min01 .ture of CNR.
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Chlorinated rubber, Pergut S20, was kindly providedcopy are consistent in supporting the following
by Bayer.conclusions. A 1 : 1 w/w mixture of MNR and

CNR cast from xylene is essentially immiscible.
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