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ABSTRACT: Resole phenolic resins containing various p -cresol (PC) to phenol (P) mol
ratios were prepared and characterized. These phenolic resins were blended with nitrile
rubber (NBR) and the measurements of adhesive joint strength, stress–strain proper-
ties, DSC, TGA, DMA, TEM, and SEM were performed using a 50 : 50 NBR/phenolic
resin blend. It was observed that the adhesive joint strength and the mechanical proper-
ties of the blend enhanced significantly on incorporation of p -cresol into the phenolic
resin, and the optimum p -cresol/phenol mol ratio was in the vicinity of 2 : 1. Observa-
tion of a more continuous phase and the increase in Tg of the rubber region in the
blend indicated increased reactivity and compatibilization of NBR with phenolic resin
as p -cresol was incorporated. The effect of silica filler on the properties of the nitrile
rubber/phenolic resin blend was also studied without and with p -cresol modification
and the results suggest that silica filler take not only the role of a reinforcing filler in
the nitrile–phenolic–silica composite, but also a role as surface compatibilizer of the
blend components. q 1998 John Wiley & Sons, Inc. J Appl Polym Sci 69: 1187–2101, 1998

Key words: nitrile rubber/phenolic resin blend; p -cresol; phenol; reactive compatibil-
ization; nitrile–phenolic adhesive

INTRODUCTION Nitrile rubber/phenolic resin blends also find ap-
plications in the preparation of high abrasion re-
sistant tough moldings, O-rings, gaskets, cables,Blending of polymers offers a means of producing
etc.5 Nitrile rubber and phenolic resin possessnew materials with tailored properties and has
unique properties individually and by their suit-been extensively used in plastics, rubbers, com-
able combinations, characteristic properties ofposites, films, fibers, coatings, and adhesives.1 Ni-
both can be utilized to obtain a wide variety oftrile–phenolics developed in the early of 19502 by
properties to meet specific requirements.6–8

blending nitrile rubber (NBR) with thermosetting
Phenolic resins are stalwarts of the plastic in-phenolic resins are used in the aerospace industry

dustry and have shown considerable growth infor structural bonding of metals and are still mak- aerospace industries due to their versatile proper-ing a name for the excellent bond durability under ties.9 The thermosetting resole type phenolics pos-
severe environments.3,4 Nitrile–phenolics also sess exceptional adhesive properties on metal sur-
form adhesives for a variety of adherends such as faces and can form a relatively strong chemical
rubbers, plastics, wood, paper products, glass, etc. bond by virtue of the complex formation of O-
In the automobile industry, they have been used methyl hydroxyl phenol with the hydrated metal
to bond brake shoes and clutch disc assemblies. oxide surface.10,11 Phenolics have high rigidity, di-

mensional stability, and exceptional heat and fire
resistance due to the highly crosslinked aromaticCorrespondence to: P. S. Achary.
structure and resonance-intensifying hydroxylJournal of Applied Polymer Science, Vol. 69, 1187–2101 (1998)

q 1998 John Wiley & Sons, Inc. CCC 0021-8995/98/061187-15 groups.
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The high brittleness and the cure shrinkage filler takes not only the usual role of a reinforcing
material in the blend, but also improves the com-are the major drawbacks that hinder the wide-

spread applications of phenolic resins. For most patibility of the blend.
applications, they are modified by the inclusion of
fibers, particulate fillers, or elastomeric materials
to improve the resistance of the finished product EXPERIMENTAL
to stress. The most established and commercially
exploited method to improve toughness of the Materials
cured phenolics is blending with nitrile rubber.

NBR used in this study was Perbunan NS 3307The nitrile rubber component in the system im-
(Bayer, Germany), which contains 33% acryloni-parts elasticity and resilience, which helps to im-
trile unit. Phenolic resins based on 0/1, 0.25/0.75,prove mechanical performance by absorbing en-
0.5/0.5, 0.66/0.33, 0.75/0.25, and 1/0 mole ratiosergy through stress distribution and relief. Be-
of PC/P (p -cresol/phenol) , 1.5 mol of formalede-cause the role of rubber in the blend is to modify
hyde and 0.02 mol of NaOH catalyst were synthe-the deformational behavior, the interactions be-
sized and used. Precipitated silica filler Tensiltween the nitrile rubber and phenolic resin at the
33A (average particle sizeõ 20 m) , obtained frominterfacial zone have a dominant effect on the me-
Xerophils Baroda, India, was used as received.chanical properties of the blend.
The other reagents used, were of commercialWu12 outlined that the main factors that deter-
analytical grade.mine the mechanical properties of the polymer

blend are the mechanical strength of the bulk
phases, the degree of phase separation, and adhe- Preparation of Phenolic Resins
sion between the two phases. In a previous article,

PF resin, PCF resin, and four p-cresol phenol form-we reported13 that NBR and resole phenol formal-
aldehyde (PCPF) resins, based on PC/P mol ratiodehyde (PF) resin, when mixed and cured, sepa-
0.25/0.75 (PCPF-a), 0.5/0.5 (PCPF-b), 0.66/0.33rate into two phases and form undesirably large
(PCPF-c), and 0.75/0.25 (PCPF-d) were synthe-domains with low adhesion between the phases
sized by the following general procedure.that causes poor adhesive and mechanical proper-

Phenol (99%) and/or p -cresol (99%), formalde-ties. Our previous studies13,14 have revealed that
hyde solution (37%), and NaOH were added andincorporation of p -cresol formaldehyde (PCF) into
heated at 607C in a three-neck round-bottomthe PF/NBR blend results in a finer and a dis-
flask, equipped with a water bath, reflux con-persed phase that when optimized provides useful
denser, thermometer, and a stirrer. After stirringimprovements in adhesive and mechanical prop-
for 30 min at 607C, the temperature was slowlyerties. PCF resin has intermediate polarity com-
raised to 80–857C and maintained for 7 h. Thepared to NBR and PF resin, and can react faster
phenolic resin formed was isolated by removingwith NBR than PF resin. Therefore, PCF mole-
water at 607C under reduced pressure (õ10 mm/cules are likely to be concentrated at the PF/NBR
mg) using a rotary evaporator, until the waterinterface and act as an external compatibilizing
content was less than 2% (measured by volatileagent15 and improve the compatibility and chemi-
matter at 1057C). The composition of the phenoliccal bonding between NBR and PF resin. This arti-
resin was determined by 1H-NMR and were fur-cle presents the results of a systematic study
ther characterized by gel time, DSC, and TGA.made on the mechanical, adhesive, thermal, and

morphological properties of the cured phenolic
resin/NBR blend (50 : 50) containing various p - Blending and Curing Procedure
cresol/phenol mol ratios in the phenolic resin.
This article also deals with the effect of a silica The nitrile–phenolics for this investigation were

prepared by mixing 50 : 50 weight ratio of NBR/filler on the properties of the NBR/phenolic resin
blend composite without and with p -cresol modi- phenolic resin, vulcanizing agents (sulphur 1.5

phr, 2-mercapto benzothiazole 1.5 phr, ZnO 5 phr)fication. The results indicate that p -cresol that
remains homogeneously distributed in the pheno- and varied concentrations of silica filler on a two-

roll open mill. The cure temperature of the blendlic resin matrix is allowed to control the morphol-
ogy of the blend and provides improved interfacial was determined by DSC measurement, and the

curing was carried out at 170 { 27C for 90 min atbonding between phenolic resin and NBR. The
results reported herein further show that a silica 5 MPa pressure in a hydraulic press.
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NITRILE RUBBER–PHENOLIC RESIN BLEND 1189

Testing Methods mm thick) from 0100 to /1007C. The output data
from the apparatus was recorded and calculated

Gel time was determined for each phenolic resin with a computer.
by placing approximately 10 g of the resin in a The extent of crosslinking of rubber in the
test tube and heating in an oil bath at 1707C under blend was measured by a swelling test in methyl-
continuous agitation. The time taken for the resin ene chloride at 257C. In the calculation an interac-
to become a soft elastic rubbery solid was mea- tion parameter value of 0.314 was used17 for NBR
sured using a stop watch. at 257C. The samples were immersed in methyl-

1H-NMR spectrum of the phenolic resin solu- ene chloride to absorb the solvent for 1 week. After
tion in CD3{CO{CD3 was recorded using a this, the samples were quickly taken up from the
JEOL-FX90 Q instrument. solvent, wiped, and weighed. The methylene chlo-

Differential scanning calorimetry (DSC) ther- ride was then allowed to evaporate from the sam-
mograms were obtained using a DuPont Thermal ple at room temperature for 2 days, after which
Analyzer with a 902 DSC cell at a heating rate of the samples were again weighed. From these
107C/min. A sample amount of 8–10 mg was used. gravimetric results and density data for methyl-
The Tg was determined at the midpoint of the ene chloride and nitrile rubber, and based on the
transition in heat capacity. assumption that swelling is negligible for the

Thermogravimetric analysis (TGA) of the cured cured phenolic resin, the crosslink density of the
samples was carried out on a Dupont 951 thermal rubber network was calculated using the Flory-
gravimetric analyzer in an N2 atmosphere. The Rhener equation18

heating rate was 107C/min. The weight of the sam-
ple was about 8–10 mg.

ne Å 01
Vs

ln(1 0 Vr ) / Vr / kVr2

Vr1/3 0 Vr /2Lap shear, T-peel, and rubber (NBR)-to-metal
peel test specimens were made according to ASTM-
D-1002, ASTM-D-1876, and ASTM-D429B, respec- where ne is mol of network chain per unit volume,
tively, according to the procedures described ear- Vs is the volume of 1 mol of solvent, k is the rub-
lier13,14 using a B51 SWP aluminum alloy. The ber–solvent interaction parameter, and Vr is the
metal surface was abraded with emery paper, volume fraction of the rubber in the swollen sam-
cleaned with trichloroethylene, etched with Na2- ple determined using the relation19

Cr2O7/H2SO4 solution16 at 657C for 15 min, washed
with water, and dried at 707C for 2 h. The mixed
nitrile–phenolic recipe was dissolved in MEK sol-
vent to a 20% total solids solution and coated on Vr Å

D 0 FT
rr

D 0 FT
rr

/ As

rs

the dried metal surface to give a thin film. The
adhesive coated aluminium panels were air dried
for 30 min, heated at 707C for 30 min for complete
evaporation of the solvent, assembled, and cured. where D is the deswollen weight of the specimen,
Lap shear and T-peel strength measurements were T is the initial weight, F is the weight fractions
performed at a crosshead speed of 10 mm/min and of phenolic resin and filler, As is the weight of the
rubber (NBR)-to-metal peel strength at a cross- solvent absorbed by the rubber, rr is the density
head speed of 50 mm/min using an Instron model of rubber, and rs is the density of the solvent.
4202. Morphological studies were performed by means

Stress–strain properties were measured using of transmission electron microscopy (TEM) and
dumbbell specimens cut from cured films of ap- scanning electron microscopy (SEM). The speci-
proximately 1 mm thick, obtained by compression mens used for TEM were first fixed in OsO4 solution
molding of the blend at 170 { 27C and 5 MPa and then cut into thin films with a microtone. TEM
pressure for 90 min. An Instron 4202, operating micrograph was obtained using an HITACHI A-
with a crosshead speed of 10 mm/min at room 8000 TEM operating at 75KV. SEM micrographs of
temperature, was employed for the tensile proper- the fractured surface of the tensile test specimens
ties measurements. were obtained using a stereoscan 250 MK-3 Cam-

Dynamic mechanical properties of the cured ni- bridge instrument. The specimen was cut and
trile–phenolic blend were measured using Rheo- mounted on an aluminium stub using conductive
vibron. A vibration frequency of 35 Hz was applied silver paint and was sputter coated with a thin layer

of gold before taking SEM.to the test piece (20 mm length, 10 mm wide, 1
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Figure 1 Mechanism of resole phenolic resin formation in a base-catalyzed reaction
of phenol and formaldehyde.

RESULTS AND DISCUSSION To investigate the cure behavior of phenolic
resins, DSC thermograms were recorded. As seen
in Figure 3, the exothermic peak correspondingPhenol and p -cresol under alkaline conditions re-
to the crosslinking reactions of the methylol groupact with formaldehyde to produce methylol groups
was observed in the DSC curve. The energy re-on the free ortho and para positions. Methylol
lease detected by DSC does not yield the heat ofgroups further condense to form dinuclear and
reaction because of other thermal events like va-polynuclear phenols in which the phenolic nuclei
porization of the by products (H2O and CH2O)are bridged by methylene or ether linkages,20 as
released during the cure reaction. Consequently,shown in Figure 1. With formaldehyde to a phenol
the heat evolution curve does not return to themol ratio more than 1, methylol-terminated phe-
baseline and the baseline for each trace was ob-nolic resins (resoles) are obtained. Under the as-
tained by drawing the best smooth curve connect-sumption that p -cresol is more reactive towards
ing the beginning and end. The exothermal heatformaldehyde than phenol and form dimethylol
of cure (DH ) , the temperature at which the firstderivatives, we determined the p -cresol content
energy release is detected (T1) , the exothermalin the phenolic resins based on 1H-NMR integra-
peak temperature (T2) , and the temperature indi-tion of CH3 and phenyl protons, and these are
cating the end of exotherm (T3) for various pheno-tabulated in Table I. The 1H-NMR spectrum of a
lic resins are given in Table I. Slow down of curep -cresol phenol formaldehyde resin (PCPF-b) is
reaction with the increase of p -cresol content isshown in Figure 2, and the chemical shifts can be
demonstrated by the DSC data and gel time (Ta-assigned as follows: 2 ppm ({CH3), 3.7 ppm
ble I). The hardening reactions21 of resole pheno-({CH2{ bridge), 4–5 ppm ({CH2{O{CH2{

or {CH2{OH), 6–7 ppm (phenyl) protons. lic resins by heat is known to occur by the steps
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NITRILE RUBBER–PHENOLIC RESIN BLEND 1191

Table I Composition, Geltime, DSC, TGA Data of Phenolic Resins

DSC Data TGA Data of Cured Phenolic Resins
p-Cresol/Phenol (Cure) in N2 Atmosphere

Mol Ratio Geltime at
Sample Determined by 1707C T1 T2 T3 DH Ti Tmax Tf Residue at 9007C

Designation 1H-NMR (s) (7C) (7C) (7C) J/g (7C) (7C) (7C) (%)

PF 0/1 148 110 156 178 100.2 390 520 640 62.2
PCPF-a 0.245/0.755 152 122 162 185 81.2 370 530 630 59.0
PCPF-b 0.490/0.510 159 127 167 184 52.2 360 510 590 56.5
PCPF-c 0.659/0.340 220 131 174 197 42.2 360 511 580 56.0
PCPF-d 0.733/0.267 269 150 175 202 37.9 350 410 560 54.1
PCF 1/0 370 162 185 200 26.1 330 360 500 45.2

shown in Figure 6(A). The retarding effect of cure condensation steps. On the basis of the DSC data,
it was decided to cure various compositions forby p -cresol is probably because p -alkyl substitu-

tion yield quinone methide with ease, and its in- this study at 1707C.
Thermal stability of various phenolic resinscreasing proportion will result in slow down of the

Figure 2 1H-NMR spectrum of p -cresol phenol formaldehyde (PCPF-b) resole resin.
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methylene quinone methide reacts with the rub-
ber double bond to form a chroman structure via
Diel’s Alder type 1,4 cyclo addition [Fig. 6(B)].
Van der Meer26 proposed an ‘‘ene’’ mechanism
that involves the abstraction of an alkyl hydrogen
from the unsaturated rubber by the quinone
methide intermediate. R. P. Lattimer et al.27 pro-
vided evidence for a chroman structure and
against the allyl hydrogen ‘‘ene’’ mechanism.

The chemistry of sulphur vulcanization of rub-
ber is complex, and it is believed that the reactionFigure 3 DSC trace for curing of p -cresol phenol
proceeds through allylic hydrogen, as shown informaldehyde (PCPF-b).
Figure 6(C).

cured at 1707C for 90 min was evaluated by ther-
Stress–Strain Propertiesmogravimetric analysis. Figure 4 shows the TG-

DTG thermograms of a p -cresol phenol formalde- The stress–strain curves of the cured phenolic
hyde resin (PCPF-b). The relative thermal stabil- resin/NBR (50 : 50) blends containing various p-
ities of the cured phenolics were assessed by com- cresol/phenol mol ratios in the phenolic resin are
parison with initial decomposition temperature shown in Figure 7. It can be observed that in-
(Ti ) , the temperature of maximum rate of weight corporation of p-cresol into the phenolic resin has
loss (Tmax) , the final decomposition temperature provided improvement in modulus and tensile
(Tf ) , and residue at 9007C. The results obtained strength. Moreover, as the p-cresol is used to re-
are summarized in Table I, which show that as place phenol, the elongation at break decreases, in
p -cresol content in the phenolic resin increased, spite of the low functionality of the p-cresol com-
the thermal stability of the cured resin decreased, pared with phenol. p-Cresol increases the energy-
because of the presence of difunctional p -cresol in absorbing efficiency, and the best balance of proper-
the place of trifunctional phenol. ties are obtained in the vicinity of a p-cresol/phenol

mol ratio of 2 : 1 (PCPF-c), as shown in Table II.
Because the mechanical properties of the blendReactions That Can Occur During the Cure of the

depend on the interfacial adhesion between theNitrile–Phenolic Blend
blend components and the microdomain charac-

DSC trace for a freshly mixed nitrile–phenolic
blend is shown in Figure 5(a), which indicated
an exothermic peak corresponding to the cure re-
actions. The same mix that was kept at 1707C for
90 min at 5 MPa pressure showed no residual cure
exotherm (RCE) in the DSC thermogram [Fig.
5(b)] , which clearly indicated a complete cure. It
is believed that three types of chemical reactions
are possible during the cure (a) self-hardening of
phenolic resin, (b) interlinking of phenolic resin
with rubber, and (c) vulcanization of rubber.

Zinke22 showed that the hardening mechanism
of resole phenolic resin by heat involves a
{CH2{O{CH2 bridge formation up to 1607C,
and above this temperature the ether bridges be-
gin to convert to methylene bridges. There is spec-
troscopic evidence for a quinone methide struc-
ture23 during the heating of the phenolic resin
above 1607C. It is likely that the quinone methide
intermediate undergoes various chemical reac- Figure 4 TG-DTG thermograms of cured p -cresol
tions to produce stable forms, as shown in Figure phenol formaldehyde (PCPF-b) in N2 atmosphere

(heating rate 107C/min).6(A). Greeth24 and Huttzsch25 believed that O-
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Figure 5 DSC trace of the nitrile–phenolic blend NBR/PCPF-b (50 : 50).

teristics, the observed mechanical behavior can the PF/NBR and PCPF-c/NBR blends with 10,
20, 30, 40, and 50 wt % of added silica powder,be explained from this view point. PF and NBR,

when mixed and heat cured, tend to separate into which is used as filler for many applications of
nitrile rubber and phenolic resin. Clearly, silicathe component phases and form undesirably large

domains.13 It is likely that the interaction of PF filler addition increases the modulus and de-
creases the ultimate strain (Fig. 8). In compari-resin with NBR is weak, and the low mechanical

strength of the PF/NBR blend is presumably due son to the PCPF-c/NBR blend, the elongation at
break for the PF/NBR blend decreases dramati-to the inadequate adhesion between the phases.

Strong adhesion between the phases can be cally as the silica filler content increases. The
strength maximum for both the blends occurs atachieved either by the addition of interfacial

agents or by in situ reactive compatibilization.28 30 wt % silica filler concentration.
The important parameters that control the me-From the results reported in Table II, it can be

realized that the relative crosslink density Ve of chanical behavior of polymer composites are the
physicochemical properties of the constituents,the rubber network in the blend increases as p -

cresol content in the phenolic resin increases. It polymer–filler interactions, the type of disper-
sion, the shape, size, and the content of filler.31has been reported that nitrile rubbers can be vul-

canized by O ,O *dimethylol p -cresol through the Among these, the filler content is of cardinal im-
portance and the optimum filler concentration isreaction of quinone methide.29,30 The chemical

bonding across the rubber/phenolic resin inter- regarded as the limit of saturation of adsorption
centers on the surface of the filler by the polymerface improves the mechanical strength of the

blend significantly by making the two phases to molecules. For filler concentration greater than
the optimum value, the filler particles are not per-act as a unit rather than allowing them to respond

separately to stress. The optimum value is the fectly wetted by the polymer molecules, which up-
set the continuity of the network structure andresult of competition between the rubber–pheno-

lic resin interface reaction, which tends to in- leads to strength deterioration. If the forces of
attraction between the polymer molecule and fil-crease toughness and the increase in the number

of crosslinks in the rubber, which presumably in- ler are weaker than the intermolecular forces be-
tween the polymer molecules, the filler additioncreases the solubility of rubber in the phenolic

resin that eventually decrease the extensibility lowers the mechanical strength of the composite.
So one must admit that there is strong interactionand the energy required for break.

Figure 8 shows the stress–strain properties of between the silica filler and the nitrile–phenolic
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blend, and the interaction can occur in the rub-
bery phase as well as in the phenolic phase.

The SiO2 surface is easily wetted with the ni-
trile–phenolic blend as the surface energy of
silica is greater than that of the polymer. It can
be realized that a considerable part of the chains
of the special rubber network is adsorbed on the
surface of the silica filler and the interaction leads
to the increase in rubber crosslink density (Table
II) and decrease in elongation of the composite
(Fig. 3). Phenolic resin may chemisorb on the sil-
ica surface by the reaction of surface silanol
(Si{OH) group with the methylol group of the
phenolic resin. This leads us to believe that physi-
cally and chemically adsorbed layers of polymers
around the silica filler surface create an in-
terphase between the filler and the matrix phases.
In composite systems, Hashin et al.32 introduced
the concept of a third phase (mesophase) that ex-
tend beyond a molecular layer interconnecting the
two main phases (filler and matrix). This inter-

Figure 7 Stress–strain curves obtained with a 50 : 50
NBR/phenolic resin blend containing various p -cresol/
phenol mol ratios in the phenolic resin: (1) NBR/PF;
(2) NBR/PCPF-a; (3) NBR/PCPF-b; (4) NBR/PCPF-c; (5)
NBR/PCPF-d; (6) NBR/PCF.

mediate boundary layer also plays a role in the
reinforcement of the composite and influence the
mechanical strength. We believe that besides re-
inforcement the compatibilization of nitrile rub-
ber, and phenolic resin is also achieved at the
silica filler surface (discussed later).

Adhesive Properties

Nitrile–phenolic blends form structural adhe-
sives, which have a remarkable record of bond

Table II Energy Required for Break (Eb) (Area
Under Stress–Strain Curve), Hardness and
Relative Network Density (Ve) of Rubber in the
Nitrile–Phenolic Blends

Eb Hardness Ve 1 105

Sample Designation (J/mm2) (Shore D) mol/mL

PF/NBR 0.202 27 75
(0.253) (52) (83)

PCPF-a/NBR 0.251 32 78
PCPF-b/NBR 0.347 45 88
PCPF-c/NBR 0.360 49 126

Figure 6 The chemical reactions that can occur dur- (0.463) (69) (196)
ing the cure of the nitrile–phenolic blend. (A) Self- PCPF-d/NBR 0.282 59 216
hardening reaction of the phenolic resin. (B) Inter- PCF/NBR 0.140 62 236
linking of the phenolic resin with NBR. (C) Vulcaniza-

The figures in the parenthesis are with 30 wt % silica filler.tion of NBR.
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NITRILE RUBBER–PHENOLIC RESIN BLEND 1195

Figure 8 Dependence of stress–strain properties of nitrile–phenolic–silica compos-
ites on the silica content: (a, b, c, d, e) 10, 20, 30, 40, and 50 wt % silica, respectively;
(*) NBR/PF; (**) NBR/PCPF-c.

durability to aluminium substrate.3,4 The high ad- 2 : 1 (PCPF-c). One may notice that adhesive
strength of the blend is related to the stress–hesion of the nitrile–phenolic is believed to be due

to the excellent wetting and chelate struc- strain properties. Good lap shear strength seems
to require an optimum combination of tensileture10,33,34 formation of the phenolic component

by the reaction of O-methyl hydroxyl phenol with strength, modulus, elongation, and high tough-
ness (area under the stress–strain curve). Foraluminium oxide surface (Fig. 9). The joint

strength of the nitrile–phenolic blend is also in- good T-peel strength, it would appear to require
high toughness, low modulus, and high elonga-fluenced with the rubber component that distrib-

utes the stress concentrations in the joint. tion. We believe that good adhesive properties of
the NBR/PCPF-c blend is due to the higher tough-It is now agreed by most investigators that if

satisfactory interfacial state of adhesion is ness resulting from the increased interaction be-
tween the phenolic resin and the dispersed rubberachieved, the joint strength is closely related to

the cohesive strength of the adhesive and the test
parameters.35–37 Table III gives the adhesive
properties of nitrile–phenolic blends containing
various PC/P mol ratios in the phenolic resin. It
is evident from Table III that adhesive properties
of the nitrile–phenolic blend increases (T-peel
strength moderately decreases) with the increase
of p -cresol (PC) concentration in the phenolic Figure 9 Possible reactions of phenolic resin with the

aluminum oxide surface-forming chelate structure.resin, and reaches a maximum at PC/P ratio
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Table III Adhesive Properties of the Nitrile exhibited by NBR/PCPF-c can be explained by
Rubber/Phenolic Resin (50 : 50) Blends the formation of a crossbridge between the elasto-

mer and the adhesive due to the diffusion and
Lap Shear T-Peel 1807 Peel interfacial reactivity. The mechanism of adhesive
Strength Strength Strength bonding of rubber-to-metal by nitrile–phenolics

Sample Al-to-Al Al-to-Al Al-to-NBR will be described in a subsequent article.38 PoorDesignation (MPa) (kN/m) (kN/m)
peel strength exhibited by the PCF/NBR blend
with metal/adhesive interface failure can be at-PF/NBR 6.8 2.0 2.2
tributed to the over penetration of the adhesive(9.0) (1.3) (2.5)
into the elastomer, leading to a starved glue line.PCPF-a/NBR 11.8 1.8 4.5

PCPF-b/NBR 13.1 1.9 5.4
PCPF-c/NBR 16.4 1.7 7.6

Thermal Behavior(17.2) (0.9) (7.1)
PCPF-d/NBR 15.3 1.1 5.5 Thermal behavior of the nitrile–phenolic blends
PCF/NBR 4.9 0.8 0.6 were studied by DSC and TGA from the view point

of glass transition temperature (Tg ) and thermalThe figures in parenthesis are with 30 wt % silica filler.
decomposition characteristics, and the results are
listed in Table IV. The DSC thermogram of the
blends indicates an endothermic shift in the base-particles (mechanism previously explained).

There is a decrease in the lap shear strength of line corresponding to the glass transition temper-
ature of the nitrile rubber (typical DSC thermo-the blend when the PC/P mol ratio in the phenolic

resin is increased beyond 2 : 1, even though there gram is shown in Fig. 5). No sign of glass transi-
tion corresponding to the phenolic part is obtainedis an increase in modulus and ultimate tensile

strength. This is due to the higher stress at the in the DSC thermogram, and this might be due
to its highly crosslinked rigid structure. The pureedges of the lap joint and the inability of the adhe-

sive to distribute stress evenly in the joint due to NBR exhibits a Tg at 0217C, and in the PF/NBR
blend no shift is observed for the Tg of the NBRthe brittleness. Some improvements in lap shear

strength is observed by introducing silica filler component, indicating phase separation and in-
compatibility between the components. As phenolinto the nitrile–phenolic blends, and a plausible

explanation is the decrease in internal stresses is replaced by p -cresol in the phenolic resin, the
Tg of the NBR component in the blend shows aand increase in the cohesive strength.

It is evident from Table III that incorporation shift towards a higher temperature (Table IV).
This effect is thought to be due to the greaterof p -cresol into the phenolic resin increases metal-

to-rubber (NBR) peel strength, and the most im- phase mixing and chemical crosslinking between
the NBR and phenolic resin. It is believed thatprovement is observed for the NBR/PCPF-c

blend. The superior metal-to-NBR peel strength phenolic resin with a high p -cresol content reacts

Table IV Rubber Glass Transition (TgR
) and Thermal Decomposition

Characteristics of Nitrile Rubber/Phenolic Resin (50 : 50) Blends

Residue at
TgRSample Ti Tmax Tf 9007(C)

Designation 7(C) 7(C) 7(C) 7(c) (%)

PF/NBR 021.5 420 480 520 22
(015.8) (440) (505) (520) (23)a

PCPF-a/NBR 016.0 435 490 513 23
PCPF-b/NBR 03.2 420 495 530 18
PCPF-c/NBR 14.8 430 470 510 19

(38) (435) (469) (520) (21)a

PCPF-d/NBR 42.0 430 472 520 18
PCF/NBR 62.0 440 480 515 16

The figures in parenthesis are with 30 wt % silica filler.
a Residue calculated on a silica free basis.
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Figure 10 TG plots of cured samples. ( ) PF resin, Figure 12 Dynamic mechnical spectra of the NBR/
(----) PCPF-c resin; (— s —) NBR/PF (50 : 50), PCPF-c blend: ( ) without silica filler; (----) with 30
(--- s - - - )NBR/PCPF-c (50 : 50); (— l —) NBR/PF/ wt % silica filler.
silica composite (30 wt % silica); (--- l - - - ) NBR/
PCPF-c silica composite (30 wt % silica).

the Tg of NBR component in the blend with the
addition of silica filler can be surface compati-
bilization through the interaction of both thefaster with NBR and act as a compatibilizing
blend components with the filler surface.40,41 Withagent, anchoring the interface between the rubber
the assumption that both phenolic resin and ni-particles and the phenolic matrix. This effect can
trile rubber interact with the silica surface inde-lead to more homogenization and better adhesion
pendently, the interphase compatibilization isbetween the two phases, resulting in improved
achieved near the filler surface.mechanical properties.39

The thermal stability of the cured nitrile–phe-DSC results indicate that the presence of silica
nolic blend was studied by thermogravimetry infiller shifts the Tg of the NBR component in the
N2 and the onset or initial decomposition tempera-blend to a higher temperature. The Tg of NBR
ture (Ti ) , the maximum decomposition tempera-component in the PF/NBR blend and the PCPF-
ture (Tmax) , and the residue at 9007C are pre-c/NBR blend without and with silica filler (30 wt
sented in Table IV. Figure 10 shows the compara-%) is shown in Table IV. The effect that shifts
tive TG plots of cured samples of PF/NBR and
PCPF–c/NBR blends without and with silica fil-
ler (30 wt %) and for the respective phenolic res-
ins. The results in Table IV and Figure 10 indicate
that the incorporation of p -cresol into the pheno-
lics increases the thermal stability of the blend
compared with the respective pure phenolics
(Table I) . This increase in the thermal stability
of the blends may be due to the increase in cross-
link density of the rubber, which is due to the
increase in compatibility and bonding between
the phenolic resin and NBR. It can be observed
that the silica-filled nitrile–phenolic blend com-
posite showed marginally higher thermal stability
than the unfilled blend.

Figures 11 and 12 show the temperature de-
pendence of storage modulus E * and damping tan
d over the temperature range 0100 to /1007C forFigure 11 Dynamic mechanical spectra of the NBR/
NBR/PF and NBR/PCPF-c blends without andPF blend: ( ) without silica filler; (-----) with 30 wt

% silica filler. with silica filler. Dynamic mechanical spectra of
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Figure 13 TEM micrographs of microtomed section of OsO4-stained blends (NBR/
phenolic resin 50 : 50). (A) NBR/PF, (B) NBR/PCPF-a, (C) NBR/PCPF-b, (D) NBR/
PCPF-c, (E) NBR/PCPF-d, and (F) NBR/PCF.

the blends exhibit a drop in storage modulus E * bility and crosslinking of the rubber network is
and a maximum in tan d corresponding to the greater42 in the NBR/PCPF-c blend compared
glass transition temperature of the rubber net- with the NBR/PF blend. This agrees with the ar-
work (TgR ) . The E * of the rubbery region in the gument that PF resin has lower affinity for NBR,

and p -cresol phenol formaldehyde establishes aNBR/PCPF-c blend is higher than the NBR/PF
strong interfacial adhesion with NBR throughblend. The tan d peak of the rubbery region in the
chemical reactions. Dynamic mechanical spectraNBR/PCPF-c blend is shifted to a higher tempera-
of unfilled and SiO2-filled nitrile–phenolic blendsture and is broader than that in the NBR/PF

blend. This indicates that the degree of compati- show that, with the SiO2 filler the storage modu-
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Figure 14 SEM micrographs of tensile-fractured surfaces of nitrile–phenolic blends.
(A) NBR/PF, (B) NBR/PCPF-c, (C) NBR/PF with 30 wt % silica, and (D) NBR/PCPF-c
with 30 wt % silica filler.

lus E * raises and tan d height decreases, broad- clear phase boundaries reveal that PF/NBR is an
incompatible blend [Figs. 13(A) and 14(A)].ens, and shifts to a higher temperature. This be-

havior suggests that reinforcement and surface p -Cresol modification remarkably improves com-
patibility between the NBR and phenolic resin,compatibilization occur because of the interaction

of the blend component with the silica filler sur- resulting in the formation of a smaller and more
homogeneously distributed rubber domains hav-face.
ing no clear phase boundaries. In the TEM photo-
graphs, finer dispersions of dark rubber domains

Morphology as Observed by TEM and SEM appear within the lighter phenolic resin in the
p -cresol–modified blends. This provides evidenceThe morphology of the blends was characterized

by TEM and SEM studies (Figs. 13 and 14), for a greater level of miscibility and phase conti-
nuity, which can be ascribed to the increased in-which show phase separation. The dark regions

in the TEM micrographs correspond to the rubber terfacial interactions due to rubber/phenolic
chemical reactions during cure. The extent of re-zone stained with OsO4. Rubber particles are ob-

served to contain spots, and may be due to the action between rubber and phenolic resin is ex-
pected to increase with increasing p -cresol con-zinc oxide that plays the role of activator in the

vulcanization of rubber. Larger size and irregu- tent in the phenolic resin. TEM photos of the
blends shown as a function of p -cresol contentlarities in the shape of the rubber particles with

8e45 5330/ 8E45$$5330 06-05-98 13:31:04 polaa W: Poly Applied



1200 ACHARY AND RAMASWAMY

in the phenolic resin (Fig. 13) reveal that at the ulus, ultimate tensile strength, and thermal
performance of the nitrile–phenolic blend.highest p -cresol content instead of having a dis-

tinct separate phase, a continuous microphase re- Silica filler behaves both as a reinforcement
and as a surface compatibilizer due to its in-sults.

The rubber–phenolic resin reaction establishes teractions with the blend components at the
surface.crosslinking in the rubber, and the high strength

of the p -cresol modified blends in comparison to
the PF/NBR blend may be attributed to the inter- The authors gratefully thank Dr. K. N. Ninan, Group
locking of phases into three-dimensional net- Director, PSCG and Dr. V. N. Krishnamurthy, Deputy

Director, PCM for the encouragement given during thisworks. Comparison of Figure 14(A) and (B) leads
work, and the Director, VSSC for the permission toto the conclusion that comparatively less inter-
publish this article. The authors are also thankful tolocking of rubber particles is observed in the PF/
their colleagues of ASD and PED for recording the ther-NBR blend. Figure 14 shows the scanning elec-
mograms and for carrying out the tests in Instron.tron micrographs of the fractured surface of un-

filled and 30 wt % silica filled PF/NBR and PCPF-
c/NBR blends. As seen in Figure 14, the rubber
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