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SUMMARY: Melamine fiber reinforced elastomer composites are potential candidates as
insulators for launch vehicles by virtue of their low density and excellent ablative properties. In
this paper atomic force microscopy (AFM) study of the interphase formation in short melamine
fiber reinforced rubber composites with ethylene propylene diene (EPDM), maleated EPDM and
acrylonitrile co-butadiene rubbers (NBR) as matrices is reported. A dry bonding system
comprising of resorcinol, hexamine and hydrated silica was used for enhancing wetting and
aiding microscopic matrix flow onto the fiber. Mechanical testing of the composites proved the
reinforcing capability of the melamine fiber; particularly containing the bonding agent. Further,
thermal aging of the fibers increased the tensile strength and modulus. A probe using AFM
revealed the presence of a thick, well-defined fiber-matrix interphase in the composites with the
bonding system. For the thermally aged fibers, AFM studies revealed an increase in the surface
roughness providing a greater interfacial surface area enabling the matrix to flow into the
crevices of the roughened fiber. The improved tensile strength and modulus of the aged
composites can thus be attributed to the excellent mechanical interlock, as was evident from the
AFM images. All the three matrices portrayed similar behavior. The studies reveal that melamine
fiber is a suitable reinforcing fiber for EPDM, mEPDM or NBR matrices, and that AFM is a
powerful novel technique to investigate the microscopic flow of the matrix onto the fibers and
obtain wetting and interface formation..

KEY WORDS: atomic force microscopy; interphase; melamine fiber; rubber matrix,
microscopic flow, wetting.

INTRODUCTION

Though short fiber-rubber composites (SFRCs) find application in hose, belt, tires, and
automotives [1], one of the most important recent applications of these composites is as thermal
insulators [2] where the material will protect the metallic casing by undergoing a process called
ablation i.e. sacrificial removal of material to protect structures subjected to high rates of heat
transfer [3]. FRP composites and SFRCs are potential ablative materials because of high specific
heat, low thermal conductivity and the ability of the fiber to retain the char formed during
ablation [4]. Originally, asbestos-filled phenolic resins and elastomers were used for this purpose
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[2]. Because of the health hazards, replacement of asbestos fibers in high temperature
applications is a must. Melamine fiber, a recent generation high performance fiber offering 1)
high operating temperature, i1) high limiting oxygen index, iii) combined fire protection & heat
stability properties along with iv) good chemical, hydrolysis and UV resistance and v) superior
thermal and ablative properties is an extremely good candidate for replacing asbestos [5]. Like
aramid fiber, melamine fiber has no specific melting point - an important prerequisite as an
ablative material.

Although the lifetime of rubber compound as insulator is short, its mechanical as well as aging
properties are important [6]. The density of the rubber should be as low as possible. The choice
of rubber matrix for insulator development is based on these criteria. Nitirle rubber based
compositions are widely used in solid rocket motor insulators because of the better rubber-metal
adhesion. Since EPDM rubber combines low density with high specific heat, good thermal
stability, good resistance to chemicals, low thermal conductivity compared to all other general-
purpose synthetic elastomers, it has potential application in the area of thermal insulators such as
solid rocket motor insulators [7]. Achieving proper fiber — matrix adhesion is one of the most
important challenges in the development of SFRCs for high performance applications. The use of
external bonding agent is important, especially in the case of a non-polar matrix like EPDM
rubber. A dry bonding system consisting of resorcinol (or a resorcinol derivative),
hexamethylene tetramine (hexamine) and hydrated silica [RHH], is useful in such cases [8]. The
objective of the present study is to analyze, using AFM and SEM, the effect of incorporation of
melamine fiber and dry bonding system on the microscopic flow of matrices of EPDM, maleated
EPDM and nitrile rubber based vulcanizates. Special attention has been made to analyze the role
of the dry bonding system in improving the wetting of the fiber surface by the matrix and
providing smooth extrudate, as are important in the development of high performance SFRCs.

EXPERIMENTAL

Matrices used: EPDM rubber (Royalene 535, supplied by M/s Uniroyal Chemical Co. USA),
maleated EPDM rubber (Royaltuf 490, supplied by M/s Uniroyal Chemical Co. USA) and nitrile
rubber (supplied by Japan Synthetic Rubber, Japan). The respective masterbatches were prepared
by mixing the rubber, melamine fiber (supplied by M/s BASF Corporation, Singapore) and other
compounding ingredients in a Brabender Plasticorder at 80°C at a rotor speed of 30 rpm. The
curatives were added in a two roll rubber mixing mill. The RHH system is used as the dry
bonding system. Typical formulation (in phr) contains rubber, 100; ZnO, 5; strearic acid, 1;
antioxidant TQ, 1; melamine fiber, 30; MBT, 1.5; TMTD, 1 and sulfur 1.5 apart from resorcinol,
hexamine and silica, whose concentration varied in the order 0/0/0, 5/3/15 and 10/6/15, to
optimize the level of the bonding system. Vulcanization of the compositions was carried out in a
hydraulic press. EPDM and nitrile rubber based compositions are cured by using sulfur-
accelerator system only. Since maleated EPDM rubber contains maleic anhydride groups as well
as double bonds, it can be cured by conventional covalent crosslinking system based on
sulfur/accelerator or ionic crosslinking system using metal oxides or mixed crosslinking system
consisting of both covalent anA@ linking system contained no
sulfur/accelerator but 10 phr ZnO and 20 phr zinc stearate. In order to study the suitability of the
composites as solid rocket motor insulators, the ablative properties were determined by



5

subjecting the cylindrically shaped composites to plasma arc jet facility to simulate the high
temperature environment of the insulators. The specimen was exposed to plasma arc jet of know
heat flux for 20 seconds. The length of the specimen before and after exposure is used to
calculate the thermal erosion rate.
Stress-strain properties of the cured samples were measured according to ASTM D 412-98a
specification. Aging studies were performed by determining the mechanical properties after
aging of the composite test specimens at 150°C for 48 hours in a circulating air oven. The
tensile fractured samples and the extrudate surfaces, obtained after extruding through the
Monsanto processibility tester were studied by using a JEOL scanning electron microscope
(model, JSM 5800). Extrudate surfaces were obtained by extruding the compounds through a
capillary rheometer at 120°C and at a shear rate of 64.1s". For AFM investigations, a relatively
flat surface structure is necessary to avoid damaging of the tip. AFM specimens were prepared
by cryomicrotoming in a Reichert-Jung Ultracut Ultramicrotome, using glass knives after
freezing the specimens to below the T, of the matrix using liquid nitrogen. Average sample
thickness was 20 microns. AFM study was carried out in air at ambient conditions (25°C) using
a Dimension 3000 Atomic Force Microscope made by Digital Instruments, Santa Barbara, CA,
USA. Topographic images were scanned and recorded in the tapping mode. Images were
subsequently analyzed using Nanoscope Illa  software. Details of AFM
technique/application/analysis for fiber composites [5, 8, 9-11], filler-composites [12, 13],
polymer recycling [14-16] and polymer blends [17, 18] by the authors and the co-researchers are
available in the literature.

RESULTS AND DISCUSSION

Mechanical Properties of the Composites: As is evident from Table 1, the interfacial adhesion
between melamine fiber and the rubber matrix is significantly improved in presence of the dry
bonding system. Without bonding system, the composite EB(SigF3 is weak; having tensile
strength only 1.6 MPa and the value is comparable to that of the gum compound EBSioFo.
Addition of resorcinol, hexamine and silica in the ratio 5:3:15 increases the tensile strength and
modulus more than 3 times (composite EB;Si;sF39). When the concentration of the constituents
of the dry bonding system is optimized (resorcinol, hexamine and silica concentration 10/6/15,
composite EB,Si;5F3), there is further improvement in the mechanical properties (17% increase
in tensile strength and 25% increase in tensile modulus). Similar results were obtained in the case
of composites based on both maleated EPDM rubber and nitrile rubber, as shown in Table 1.
Apparently, a multilayer adhesion, involving fiber, bonding system and the elastomeric matrix
takes place here [19]. The methylol group in the melamine fiber forms hydrogen bonding with
the hydroxyl groups in the dry bonding system. The binding force between the adhesive and the
elastomer comes from the vulcanization of the elastomer. The dry bonding system, upon heating,
produces resorcinol-formaldehyde resin through crosslinking between the unsaturated bonds in
the elastomer and the bonding system, assisted by the heat of vulcanization in the presence of
sulfur/accelerator. This hypothesis is confirmed by the improvement in properties of the aged
composites containing the dry bonding system.

Aging at 150°C for 48 hours causes a distinct change in the mechanical behavior of the
composites. Again Table 1 shows that the composites display an increase in tensile strength and
modulus after aging, particularly in the presence of the bonding system. At the same time in the
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absence of fiber, aging causes a drop in tensile strength (EB,Si;5Fp). Even in the absence of
bonding system, there is an increase in tensile strength and modulus of the composite EB(SigF3¢
due to aging, however, when bonding system is present, the strength and modulus are further
increased (composite EB,SijsF3p). This illustrates the contribution of dry bonding system in
improving the fiber-matrix adhesion.

Table 1. Mechanical properties of the composites based on EPDM rubber.
(Values in the brackets indicate properties obtained after aging the vulcanizates at 150°C for 48 hours)

CO]f]flpOSitiOIlSa EB()SIO EB()SIO EBlsi15 Estil5 Esti15 SB()SIO Ssti15 NB()SIO Nstl5
Fo F3o Fso Fo Fso F3o F3o Fio Fio
Rubber EPDM EPDM EPDM EPDM EPDM Maleated ~ Maleated Nitrile Nitrile
EPDM EPDM
Resorcinol/hexa/
silica (phr) 0/0/0 0/0/0 5/3/15 10/6/15 10/6/15 0/0/0 10/6/15 0/0/0 10/6/5
Fiber (phr) 0 30 30 0 30 30 30 10 10
Stress at 100% 1.2 1.5 4.8 1.7 6.0 2.5 6.8 1.2 3.6
elongation (MPa) (L.5) (-) (--) (2.8) (-) (-) (-) (1.4) 3.3)
Tensile strength 1.5 1.6 59 55 6.9 3.7 9.3 2.4 10.6
(MPa) (1.5) 2.2) 8.5) (5.2) 9.8) 4.3) (11.0) (2.5) (10.7)
Elongation at break 141 124 197 362 154 137 214 388 416
(%) (109) (60) (79) (183) (81) (66) (72) (222) (300)
Hardness 47 (50) 61 (68) 66 (74) 53 (61) 67 (73) 67 76 (79) 51(52) 62 (64)
(Shore A)

a, all compositions contain common ingredients, EPDM-100, ZnO-5, stearic acid-1, antioxidant-1, MBT-1.5,
TMTD-1, sulfur-1.5

In the case of maleated EPDM rubber based composites, though fiber in presence of the dry
bonding system improves the mechanical properties of those cured by using sulfur/accelerator
crosslinking system (Table 1), presence of fiber and/or dry bonding system significantly reduces
the tensile strength of the composites cured by using ionic crosslinking system (Table 2). This is
possibly due to the fact that the presence of fibers and other compounding ingredients partially
hinder the aggregation of ionic groups to form multifunctional crosslinking sites. The higher
clongation at break of the gum compound (IBoSioF¢) is due to the occurrence of the stress
induced ion exchange, lowering stress concentration resulting in high elongation. The lowering
of strength of the fiber filled composites even in the presence of the bonding system (composite
IB,Si;5F30) confirms that the RHH dry bonding system is more effective if sulfur and accelerator
are also present in the matrix.

Table 2. Mechanical properties of the maleated EPDM rubber-melamine fiber composites (ionic
crosslinking system)

COHIpOSitiOIlS IB()Si()F() IBosi0F30 IB2Si]5F0 Isti15F30
Resorcinol/hexamine/silica (phr) 0/0/0 0/0/0 10/6/15 10/6/15
Fiber (phr) 0 30 0 30
Stress at 100% strain (MPa) 1.2 1.3 2.1 34
Tensile strength (MPa) 12.3 7.1 7.5 6.4

Elongation at break (%) 1001 850 637 466
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Ablative Properties of the Composites: The thermal erosion rate of the unfilled and fiber filled
composites based on the EPDM rubber matrix are given in Table 3.

Table 3. Thermal erosion rate of the composites

Composite Thermal erosion rate (mm/sec)
EBySioFo 0.40 +£0.01
EB,SigF30 0.22+0.03
EB,Si;5Fp 0.38 £0.02
EB,Si;sF50 0.20 +£0.01

Incorporation of 30 phr melamine fiber even in the absence of the bonding system causes around
45% reduction in the erosion rate (EBSigF3;p). However, when the fiber-rubber adhesion is
improved through the dry bonding system, there is a significant reduction in thermal erosion rate
(composite EB,Si;sF3y vis-a-vis EB¢SigF30). The presence of silica alone does not help in
improving the ablative properties, as is evident from the high erosion rate of the compound
EB,SisFy. The fiber, when properly bonded to the matrix, adds strength to the char until they
reach their own decomposition temperature.

AFM and SEM Analysis of the Composites: The AFM images shown in Figs. 1(a) to 1(c) are
the section analyses of the EPDM-melamine fiber composites with resorcinol/hexamine
concentration of 0/0, 5/3 and 10/6 phr respectively. The improved wetting of the matrix on the
fiber due to the presence of the bonding system is evident here. It is seen that in the absence of
the dry bonding system, the width of the interphase is only 0.59 um (Fig. 1(a)). The fiber matrix
interphase is very smooth, indicating insignificant interaction [poor wetting]| between the fiber
and the matrix. When resorcinol and hexamine are added in the ratio 5:3, the width of the
interphase is increased to 1.79 um (Fig. 1(b)). When the concentration of resorcinol and
hexamine is increased to 10 and 6 phr respectively, the width of the interphase is further
increased to 5.39 um (Fig. 1(c)). So, as the ratio of the constituents of the dry bonding system is
raised, the interphase thickness is increased. The mechanical properties described earlier are in
line with the increase in interphase thickness. SEM photomicrographs of the tensile fracture
surfaces also show that in the absence of the bonding system, the fibers are loosely held to the
matrix and the fracture mode is fiber pullout (Fig 1(d)) However, better fiber-matrix adhesion is
observed in presence of the bonding system, as shown in Fig. 1(e).

Table 1 shows that aging improves the tensile strength and modulus of the composites. AFM
images in Fig. 1(b) also reveal that though an interphase is formed with the addition of the dry
bonding system, the bonding between the fiber and the matrix is not achieved to the maximum in
the case of the unaged composites. There is debonding between the fiber and the matrix before
aging. In some areas, the gap between the fiber and the matrix is in the range of 0.74 to 0.93 um.
This distance is proportional to the extent of debonding. The fiber surface is also smooth, which
shows inadequate mechanical interlocking.
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Fig.1. (a)-(c) AFM section analysis of the unaged EPDM-melamine fiber composites with resorcinol/hexa/silica
concentration 0/0/0, 5/3/15 and 10/6/15 respectively; (d) and (e), SEM photomicrographs of the tensile fracture
surfaces of the unaged EPDM-melamine fiber composite- (d) without and (e) with dry bonding system

The improved wetting of the matrix on the fiber surface, in the presence of the bonding system is
evident in the SEM and AFM images of the aged EPDM-melamine fiber composites, given in
Fig.2. In the SEM image of the tensile fracture surface of the aged composite (Fig. 2 (a)), the
failure mode is mainly fiber breakage because of the improved fiber-matrix adhesion. AFM
section analysis also shows that before aging the fiber surface is smooth (Figs. 1(b) and 1(c));
however, after aging, due to the greater mechanical interlocking between the fiber and the matrix,
the undulations are more (Fig. 2 (b)). Comparison of the surface profile generated by the AFM
tip over the fiber surface of the composite EB,Si;s5F3y before and after aging, given in Fig. 2 (c),
reveals the changes induced on the fiber surface by aging. The surface roughness of the fiber
itself is changed upon aging. The AFM phase images of a single melamine fiber filament before
and after aging are given in Fig. 3 along with corresponding AFM section analysis of the height
images. The changes in the surface morphology of the filament due to aging are visible here.
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analysis of the aged composite EB,Si;sF3, containing the dry

bonding system; (c) surface profile generated by the AFM tip over the fiber surface on the composite before
aging (____ ) and after aging (--------- )

AFM roughness analysis of the melamine fiber filaments show that the average filament surface
roughness is increased from 5.66 nm to 12.61 nm due to aging at 150°C for 48 hours. This
presents a greater interfacial surface area [typically 4 times] enabling the matrix to flow into the
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crevices of the roughened fiber, causing improved wetting. Dry bonding system assists the
matrix flow. The better tensile strength and modulus of the aged composites are considered as
the consequence of this excellent mechanical interlock, as evident from the AFM images. The
enhanced roughness of filament surface upon aging are probably due to surface oxidation as well
as removal of adsorbed water layer [5].
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Fig. 3. (a) and (b) AFM phase image of the unaged and aged single melamine fiber filament; (c) and (d), section
analysis of the AFM height image of the unaged and aged single melamine fiber filament.

The improved wetting due to aging is only observed in the presence of the dry bonding system,
by comparing SEM and AFM images of the aged composites containing no bonding agent (Fig.
4 (a) and (b) ) with those containing the bonding system (Figs. 2(a) and 2(b)). This observation is
further confirmed in the three dimensional AFM topographic image of the aged matrix of the
composite EB¢SigF3 (Fig. 4 (c)), which contains no bonding system. The figure shows a bed in
the matrix, which is actually the position where the fiber was laid on. In the absence of the
bonding system, the fiber is easily removed leaving the matrix unreinforced.

(b) (c)

Fig. 4. (a) SEM fractograph and (b) AFM surface plot image of the aged composite EB,SigF3y, containing no
bonding system; (c) AFM surface plot image of the matrix showing the bed where fiber was laid on, for the
composite EB(SigF3, aged at 150°C for 48 hours.

AFM images of composites based on maleated EPDM rubber and nitrile rubber also display
similar trend — shown in Figs. 5(a) and 5(b) for maleated EPDM rubber based composite without
and with bonding agent; similarly in Figs. 5(c) and 5(d) for nitrile rubber composites.
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Fig.5. AFM surface plot images of the composites: (a) and (b), maleated EPDM rubber —melamine fiber composites
without and with dry bonding system; (c) and (d), nitrile rubber-melamine fiber composites without and with dry
bonding system.

Dry bonding system helps to achieving a smooth extrudate surface, which is important in the
development of high performance composites. Figs. 6 (a) and 6 (b) present SEM micrographs of
the extrudate surfaces of EPDM-melamine fiber compounds without and with dry bonding
system. Melting of resorcinol at the extrusion temperature and the presence of silica helps in
obtaining a smooth extrudate. Also, the fiber prevents melt fracture and reduce die swell.

(C)) (b)

without dry bonding system and (b) with dry bonding system

CONCLUSIONS

The present study shows that high performance fiber-rubber composites can be prepared using
melamine fiber. It is found that reinforcement of EPDM, maleated EPDM and nitrile rubbers
using melamine fiber takes place through RHH dry bonding system. Tensile strength and stress
at 100% strain of the composites increase when both fiber and bonding system are
simultaneously present. Fiber-rubber composites in presence of the bonding system show higher
retention of strength and modulus even after prolonged aging at 150°C due to better matrix flow
and wetting. Without fiber, the mixes show lowering of properties due to aging, which explains
the role of melamine fiber in retaining the properties on aging. Using AFM and SEM, the role of
the bonding system in improving the fiber-matrix interaction and the reasons for the improved
strength and modulus of the composite after aging are quantitatively analyzed. As the ratio of
the bonding system is increased from 5:3:15 to 10:6:15, the width of the interphase is increased
from 1.79 um to 5.39 um. SEM fractographs of the aged composites show that after aging there
is no debonding of the fiber from the matrix and failure occurs mainly due to the breakage of
fibers, which are well bonded to the matrix due to better wetting. AFM studies also confirm,
quantitatively, change in surface morphology of the fiber as well as the composites due to
thermal aging. Comparison of mechanical properties and analysis of SEM and AFM images of
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unaged and aged composites suggest that presence of both fiber and bonding system are
necessary for improvement in strength and modulus of the composites by thermal aging. There is
a significant improvement in the ablative properties of the composites in the presence of
melamine fiber especially if there is proper adhesion between the fiber and the matrix through
the dry bonding system. Determination of the interphase modulus using an ultramicro/nano-
indentor [20] should be a useful future work.
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