
1. Introduction
Rubber primers have been widely used for the pro-
tection of steel against corrosion. Rubber primer sys-
tems typically require both a good adhesion to the
steel surface and an appropriate curing system to im-
prove the mechanical properties of the rubber. It has
long been known that the adhesion of rubber primer
to polar surfaces of steel can take place via a combi-
nation of physical and chemical processes [1]. There-
fore, an ideal primer is generally based on polar rub-
bers (e.g., halogenated rubbers and acrylonitrile-
butadiene rubber) [2, 3]. The inherent polarity of these
rubbers makes them easier to wet the steel surface

than non-polar rubbers. Although halogenated rub-
ber-based primers generally possess excellent resist-
ance to water and moderate solvent resistance, they
tend to decompose at high temperatures, releasing
toxic compounds (e.g., hydrogen chloride) [4].
The curing of rubber primer can generally be achieved
by adding curing agents. The choice of curing agents
for the rubber primer also plays a role in determining
its properties. Generally, when a rubber primer is
cured, its cohesive strength increases due to forming
a continuous network of rubber chains in the primer.
An additional benefit of crosslinking a rubber primer
can usually be seen in improving its weathering
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resistance. Moreover, if a curing agent for a rubber
primer can react chemically with metal oxides on the
steel surface during the curing process, chemical
bridges between the primer and the steel surface are
formed [5]. The formation of this type of reaction
(i.e., chemisorption) can promote adhesion between
the primer and the substrate.
Isocyanate has been widely used as one of the key
components in adhesives and primers for bonding
rubber to steel. It has been proposed that isocyanate
groups (NCO) can undergo condensation reactions
with hydroxides of steel, leading to good adhesion
of these compounds to steel [6–8]. These reactions
typically lead to urethane-like linkage between the
isocyanate moiety and the steel surface [9, 10]. Stud-
ies of interfacial interactions between isocyanate and
steel are normally be conducted using X-ray photo-
electron spectroscopy (XPS) [9, 10].
The primary focus of this work is to investigate the
feasibility of developing anti-corrosive primers for
steel based on natural rubber (NR). However, the
proper wetting and coverage of the NR over the steel
surface are unlikely to occur as it is a non-polar rub-
ber. Therefore, the application of NR in primer sys-
tems has begun from the use of chemically modified
NRs. Chlorinated NR has been widely used as anti-
corrosion coatings for steel for a long time. It can be
prepared by treating a rubber solution with gaseous
chlorine or sulfury chloride (SO2Cl2) under suitable
conditions [11]. Preparation of chlorinated NR (CNR)
in the latex stage has also been reported by Zhong et
al. [12]. Since the CNR can contain up to approxi-
mately 50% by weight of chlorine after the treat-
ment, its polarity and resistance to acids and alkalis
increase significantly. However, CNR film is brittle
and requires a plasticizer to improve its flexibility
for use as a coating [13]. Chlorinated paraffin with
a chlorination degree in the range of 30 to 70 wt%
is one of the most common plasticizers for CNR.
The work of Sakhri et al. [14] demonstrated that cor-
rosion started occurring on the steel surface coated
with the plasticized CNR primer after immersion in
3.5% NaCl solution for 3 days. Significant improve-
ment in the protective properties of the CNR primer
could be achieved by incorporating active pigments
(e.g., zinc phosphate and polyaniline pigments).
Epoxidized natural rubber (ENR) is another type of
modified NR consisting of oxirane rings along its
backbone. The presence of epoxide groups in the
ENR molecule makes it chemically reactive. As

reported by Mousaa and Radi [15], corrosion in-
hibitors for steel were synthesized by reacting ENR
with aliphatic amines. A reduction in the corrosion
rate for coating systems based on epoxy and ure-
thane acrylate was observed when incorporating
these inhibitors at optimum concentrations.
The grafting of polar monomers onto the backbone of
the NR can reduce the dissimilarity in polarity be-
tween NR and steel, which improves its degree of
wetting. Poly(acetoacetoxyethyl methacrylate),
PAAEM, was intentionally grafted to the NR back-
bone to improve its wettability on steel surfaces [16].
This can be because the grafted PAAEM chain con-
tains the acetoacetoxy (AcAc) groups capable of hy-
drogen bonding with metal hydroxides on the steel
surface. In the present study, methacrylic acid was
selected for this purpose, and graft copolymers of
NR and poly(methacrylic acid), NR-g-PMAA, was
synthesized via solution polymerization. Poly
(methacrylic acid), PMAA, is not only a highly polar
polymer, but different cross linkers can also crosslink
the reactive carboxyl groups in its structure.
The synthesis of the NR-g-PMAA have been previ-
ously reported in the literature [17]. The feasibility
of developing a fire-retardant coating for wood based
on the NR-g-PMAA was demonstrated. The NR-g-
PMAA was chosen as the base polymer in the cor-
responding coating as it contained carboxyl groups,
which can serve as hydrogen bonding sites. The abil-
ity to form hydrogen bonds with hydroxyl groups on
the wood surface facilitates the wetting and penetra-
tion of the coating into the wood’s pores. The paper
also provided evidence that NR-g-PMAA could be
cured by reaction with isocyanurated hexamethylene
diisocyanate (poly-HDI) under ambient conditions.
However, no significant evidence supported that
poly-HDI could react with the hydroxyl groups on
the wood surface.
In this work, Poly-HDI was also used as a curing
agent for the NR-g-PMAA primer. It is expected that
the presence of grafted PMAA in the NR molecule
enables it to form chemical bonds to the steel surface
when using poly-HDI as a crosslinker. Moreover, the
carboxyl moiety in the grafted PMAA can also in-
crease the polarity of the NR-based primers, which
promotes its adhesion to standard metal paints. The
thermal stability of the NR-g-PMAA films in the
presence and absence of poly-HDI was first investi-
gated using the thermogravimetric analysis (TGA)
method. The chemical interactions at the primer/steel
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interface were investigated using XPS analysis. The
adhesion of the NR-g-PMAA primer on the steel sur-
face was examined using the cross-cut test. The
weathering resistance and corrosion test of the
primer were studied using a salt spray test and the
QUV accelerated weathering tester, respectively.

2. Experimental
2.1. Materials 
The high ammonia concentrated natural rubber
(HANR) used in this work was manufactured by
Yala Latex Co., Ltd. (Yala, Thailand). The dry rubber
content of the HANR latex was 61.4%. The
methacrylic acid (MAA) and benzoyl peroxide (BPO)
were manufactured by Sigma-Aldrich Chemicals
(Steinheim, Germany). An aliphatic poly-HDI with
an isocyanate (NCO) content of 25% (w/w), namely
Basonat® HW 1000, was used as a crosslinking
agent in a primer formulation. The poly-HDI was
manufactured by BASF SE (Ludwigshafen, Ger-
many). All chemicals were used as received.

2.2. A general procedure for the preparation
NR-g-PMAA

The synthesis of graft copolymer of NR and PMAA
was carried out using the solution polymerization
technique. The polymerization was performed at
80 °C under a flowing nitrogen atmosphere. NR
(13.5 g) was first masticated on a two-roll mill for
10 min before being dissolved in 85 ml of toluene.
The resulting solution was then transferred to a
flanged vessel containing MAA monomer (5.8 g)
and BPO (0.35 g). The reaction was allowed to pro-
ceed for 8 h under stirring.

2.3. Characterizations
2.3.1.1H-NMR characterization
A two-step Soxhlet extraction was performed to pu-
rify the crude NR-g-PMAA before structural char-
acterizations. Petroleum ether and acetone were em-
ployed as extraction solvents for the ungrafted NR
and PMAA homopolymer, respectively.
Each extraction step was conducted for 24 h. The
1H-NMR spectra of purified NR-g-PMAA were ac-
quired using a Bruker Avance III 400 spectrometer
(Bruker BioSpin mbH, Rheinstetten, Germany) in
deuterated chloroform (CDCl3).
The mol% of the grafted PMAA in the NR-g-PMAA
was calculated from the integrated intensity ratio of

the NMR signals at 1.25 ppm and 5.13 ppm, accord-
ing to the Equation (1):

(1)

where I1.25 is the integrated peak area of the methyl
protons of PMAA in NR-g-PMAA; and I5.13 is the
integrated peak area of the olefinic protons of NR.
Additionally, the grafting efficiency (GE) of MAA
onto the NR molecules can also be estimated from
mol% of PMAA in the graft copolymers before and
after the extraction, as given in Equation (2) [18]:

(2)

2.3.2. ATIR-FTIR characterization
ATR-FTIR analysis was carried out to provide infor-
mation on functional groups present in the cast films
of NR-g-PMAA. The ATR-FTIR spectra of NR-g-
PMAA films were collected on a Fourier transform
infrared (FTIR) spectrometer (Tensor 27 FTIR spec-
trometer, Bruker Optics, Ettlingen, Germany) fitted
with an ATR accessory. The analysis was recorded be-
tween 3500 and 350 cm–1 at a resolution of 4 cm–1.

2.3.3. Contact angle
The sessile drop method was used to optically meas-
ure contact angles of test liquids (i.e., water and eth-
ylene glycol) on two surfaces of NR and NR-g-
PMAA. The measurements were performed using a
contact angle meter (DM300, Kyoma Interface Sci-
ence Co., Saitama, Japan) at ambient temperature.
The surface free energies (SFEs) of the rubbers were
then estimated from their corresponding contact an-
gles using Wu method, as expressed by the Equa-
tion (3) and (4) [19, 20]:

(3)

(4)

where γL1, γL1
d and γL1

p represent the surface tension,
dispersive component and polar component for liq-
uid 1, respectively. θ1 is the contact angle of liquid 1.
γL2, γL2

d and γL2
p represent the surface tension, disper-

sive component and polar component for liquid 2,
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respectively. θ2 is the contact angle of liquid 2. It is
important to note that the value of dispersive com-
ponent for water and ethylene glycol are 26.0 and
29.0 mN/m, respectively and the value of polar com-
ponent for water and ethylene glycol are 46.8 and
19.0 mN/m, respectively.

2.3.4. XPS analysis
XPS measurements were conducted using a Kratos
AXIS Ultra DLD (Kratos Analytical, Manchester,
UK). The measurements were run in the hybrid mode
using monochromatic Al-Kα radiation (1486.6 eV).
The survey spectra were acquired using pass energy
of 80 eV at steps sizes of 1000 meV, while high-res-
olution spectra were collected using pass energy of
160 eV at step sizes of 100 meV. Peak fitting was
carried out using Kratos Vision 2 software.

2.3.5. Thermogravimetric analysis
The thermal stability of the NR-g-PMAA films
formed in the presence of different levels of poly-
HDI was investigated by using the thermogravimet-
ric analysis (TGA) method. TGA was performed
using a thermogravimetric analyzer (TGA8000,
Perkin-Elmer Inc., Waltham, USA). The analysis was
carried out under a nitrogen atmosphere from ambi-
ent temperature to 800 °C at the heating rate of
10°C/min. About 5 mg of the sample was used for
each test.

2.3.6. Cross-cut test
The cross-cut test was conducted to determine the
adhesion of the NR-g-PMAA primer to the steel sur-
face, according to ASTM D3359-09. Levels of ad-
hesion were classified based on the percentage of
primer removed from the steel surface in the cross-
cut test. Adhesion was ranked on a scale of 0B-5B.
The scale 5B represented relatively perfect adhesion
in which no detachment of primer in the cross-cut
area was observed after the testing. When more than
65% of the cross-cut area was detached, the scale 0B
was given.

2.3.7. Salt spray test
Anti-corrosion resistance of the primer was tested
using a salt-spray test (Q-FOG cyclic corrosion
tester, Q-Lab Corporation, Westlake, OH, USA) fol-
lowing ASTM B117. The intersection of two scribe
lines with a 1 mm width was made in the steel coated
with the primer until the underlying steel substrate

was revealed. This testing involved continuous ex-
posure of the coated sample to salt spray (fog) at
35 °C using a 5% sodium chloride solution with a
pH ~7.2. The test duration was set to 500 h, and the
assessment of the primer damage was done visually.

2.3.8. QUV Weathering test
The weathering test of the primer was conducted on
a QUV unit (model QUV/spray, Q Q-Lab Corpora-
tion, Westlake, OH, USA). It was programmed to
produce cycles of wetness alternating with UV ac-
cording to ASTM G-53: (a) UVA bulb (340 nm) UV
irradiance at 0.68 W/m2, 60°C for 4 h, and (b) con-
densation at 50 °C for 4 h. The primer was exposed
to weathering cycles for 250 and 500 h before its
weathering performance was determined.

2.3.9. Scanning electron microscopy
The surface morphologies of the oxide layers formed
on the weathering steel were investigated using scan-
ning electron microscope (Quanta 400, Thermo
Fisher Scientific, Erlangen, Germany) equipped with
an energy dispersive X-ray (EDX) detector (X-Ray
Spectrometer EDX, Oxford Instruments, Bucking-
hamshire, UK). EDX analysis was performed to de-
termine the chemical compositions of the corrosion
products.

2.3.10. X-ray diffraction analysis
The crystal structures of corrosion products formed
on weathering steels were examined by the X-ray
diffraction (XRD) analysis. The XRD analysis was
performed using an X-ray diffractometer (Empyrean,
PANalytical, Almelo, Netherlands) with a Cu-Kα
tube (λ = 0.154 nm) operated at 40 kV and a current
of 30 mA. The diffraction patterns were scanned in
the 2θ range of 5–90° with a step size of 0.026° and
time/step of 70.125 sec.

2.3.11. Estimation of the average molecular
weight between crosslinks, Mc

The equilibrium swelling method was used to esti-
mate the Mc of the NR-g-PMAA films formed in the
presence of different levels of poly-HDI crosslinker.
The films were allowed to cure under ambient con-
ditions for 7 days before being analyzed. The cross -
linked films were first cut into a circular shape,
weighed, and then immersed in toluene until equi-
librium was attained. After that, the amount of toluene
absorbed by the crosslinked film was determined.
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This allowed the determination of the volume frac-
tion of rubber in the swollen network (Vr) using the
method of Ellis and Welding (Equation (5)) [21]:

(5)

where D is the deswollen weight of crosslinked film,
F is the volume fraction of the insoluble components
(i.e., other than the rubber) in the film, T is the initial
weight of the film. As is the weight of toluene ab-
sorbed in the swollen film. ρr and ρs are the densities
of rubber and toluene (0.865 g/cm3), respectively.
The estimation of Mc from the value of Vr can be
achieved using the well-known Flory-Rehner equa-
tion (Equation (6)) [22–24]:

(6)

where Vs is the molar volume of solvent (toluene =
106.28 cm3/mol) and χ is the interaction parameter
for a specific polymer-solvent pair. It is essential to
mention that the value of χ for NR-toluene system
(0.38) was used in this calculation. f represents the
number of branches originating from a crosslinking
site, which is assumed to be tetra-functional net-
works (i.e., f = 4) in this estimation.
The Mc can also be expressed as crosslink density
(ν) where ν = 1/2·Mc in moles of crosslinks per gram
of rubber. However, the estimated values for both Mc
and ν should be termed apparent Mc (Mc app) and ap-
parent ν (νapp), respectively, due to uncertainty in the
interaction parameter values (χ) for the NR-g-
PMAA-toluene system.

2.4. Preparation of NR-g-PMAA primer
The primer was first prepared by mechanical mixing
the solution of NR-g-PMAA in toluene (100 g) with
red pigment (50 g, 70 phr) for 30 min. After that,
poly-HDI crosslinker was mixed into the formulated
NR-g-PMAA primer by stirring for 5 min before ap-
plying on the steel surface. It is important to note that
the pot life of the NR-g-PMAA primer mixed with
poly-HDI is about 3 h in an airtight container at
room temperature.
The amount of poly-HDI used in each primer for-
mulation was calculated based on the initial moles
of MAA present in the grafting reactions, as shown

in Table 1. It is important to note that the equivalent
weight of isocyanates (NCO) of the poly-HDI is
about 247 g. This NCO equivalent weight indicates
the amount of poly-HDI as supplied that contains
1 mole of active NCO.

2.5. Preparation of the NR-g-PMAA
primer-coated steel

The surface of the steel plate was first subjected to
sandblasting to remove surface contaminants (e.g.,
rust, existing coating, and dirt). After that, it was
cleaned with toluene and dried prior to the primer
application. In the present study, the primer thickness
was controlled by the weight of the primer per unit
surface area. About 2 g of NR-g-PMAA-based primer
was then brush-coated on a 7.6×15.2 cm2 surface of
the steel plate. The primer-coated steel was allowed
to dry at room temperature for 7 days before it was
subjected to testing. After drying, the primer thick-
ness was in the range of 180–200 μm, as measured
based on SEM images when the primer was coated
with a coating weight of ~172 g/m–2.

3. Results and discussion
3.1. 1H-NMR characterization and contact

angle
The synthesized graft copolymers are composed of
three major components: ungrafted NR, homopoly-
mer of poly(methacrylic acid), and NR-g-PMAA.
Thus, the first two components need to be removed
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Table 1. Formulations of NR-g-PMAA primers and the esti-
mated values of rubber volume fraction (Vr), appar-
ent crosslink density (νapp) and apparent average
molecular weight between crosslinks (Mc app) for the
cured primers.

Ingredients
Molar ratio of poly-HDI:MAA

0:1 1:1 2:1
NR-g-PMAA compound
(34.6% TSC) [g] 20.96 20.78 20.83

Poly-HDI [g] – 3.91 7.55
Parameters

Amount of MAA in primer
[mmol] 15.98 15.84 15.87

Amount of added poly-HDI 
[mmol] – 15.96 30.56

Calculated molar ratio of
poly-HDI:MAA [–] – 1.01:1 1.92:1

Vr – 0.122 0.132
νapp [mol/cm3] – 4.86·10–5 5.61·10–5

Mc app [g/mol] – 10292 8920



from the crude NR-g-PMAA before the mole per-
centage [mol%] of grafted PMAA in the NR-g-
PMAA can be estimated from its 1H-NMR spectra.
Figure 1 shows 1H-NMR spectra for the crude and
purified NR-g-PMAA, prepared using a NR/MAA
weight ratio of 70/30.Three characteristic peaks for
NR appeared at 1.66, 2.10 and 5.13 ppm, which cor-
responded to methyl, methylene and olefinic protons
in the cis-1,4-polyisoprene unit, respectively [25].
The grafting of poly(methacrylic acid), PMAA, onto
the NR molecule was confirmed by the appearance
of signals at about 1.25 and 1.58 ppm [17]. These sig-
nals were assigned to the methyl and methylene pro-
tons in the grafted PMAA chains, respectively. It was
found that the amount of grafted PMAA in the NR-
g-PMAA30 was 18.59 mol%, calculated according
to Equation (1). The GE was 66.18% when 30 wt%
of MAA was employed in the grafting reaction.
In addition, it was also observed that the grafting
of PMAA chains onto the NR backbone also affect-
ed its polarity. The measurement of water contact
angle (WCA) formed on the NR surface allows the
characterization of its surface polarity. An increase
in surface polarity would improve the wettability
of water on a surface, resulting in a reduction in
WCA. The WCA on a solid surface depends mainly
on the competition between cohesive forces within
water molecules and adhesive forces that result

from the interactions between water and substrate
molecules [26].
The results reveal that the WCA values for the NR
and NR-g-PMAA were 96.1 and 80.3°, respectively.
A high value of WCA for NR suggests that water
molecules interact to a greater extent with themselves
than NR molecules. It leads to poor wetting since
water forms a spherical cap on the NR surface with
a contact angle greater than 90°.
The WCA tends typically to decrease when the in-
teractions between the water and substrate molecules
increase. The adhesive forces between water and the
substrate induce the spreading of water on the solid
surface [27]. As the WCA value for NR-g-PMAA
(80.3°) was less than 90°, it suggests that water has
a stronger affinity for the NR-g-PMAA than the NR.
This can be because the NR-g-PMAA bears carboxyl
groups capable of hydrogen bonding with water.
This observation is consistent with the finding that
the WCA increased slightly after the NR-g-PMAA
(82.3°) was crosslinked using a 1:1 molar ratio of
poly-HDI:MAA. The crosslinking in this system is
believed to occur through chemical reactions be-
tween the carboxyl groups of NR-g-PMAA and poly-
HDI crosslinker. Thus, the quantity of the carboxyl
groups exposed on the NR-g-PMAA surface is ex-
pected to decrease after the crosslinking reaction, in-
creasing the water contact angle.
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Figure 1. (a) 1H-NMR spectra of the crude and purified NR-g-PMAA prepared using an initial 30 wt% of MAA along with
its structural assignments and (b) contact angle (CA) of water and ethylene glycol (EG) on NR, NR-g-PMAA, 
cured NR-g-PMAA, and steel.



When ethylene glycol (EG) was used as a test liquid,
the contact angles for NR and NR-g-PMAA30 were
62.8 and 66.1°, respectively. A contact angle of ~65.1°
was observed for the crosslinked NR-g-PMAA. EG
was less polar than water as its polar component of
surface free energy (21.3 mN/m) was much lower
than that of water (46.8 mN/m). Consequently, the
wettability of the NR surface by EG is better than
that observed for water.
Water and EG made contact angles of 82.4 and 70.3°
with a steel surface that had been sandblasted, re-
spectively (see Figure 1b). The primary reason for ap-
plying sandblasting treatment was to remove mill
scale and rust from the steel surface before applying
the NR-g-PMAA coating. Additionally, the sandblast-
ing process also gave surface roughness to the steel.
It is well accepted that the wettability of a liquid
droplet on a steel surface is affected by a change in
its surface roughness. The influence of roughness on
contact angles formed on solid surfaces can be de-
scribed using a roughness factor (r) as given by Wen-
zel’s equation, see Equation (7). Here, r can be de-
fined as the ratio of the actual surface area (Asmooth)
to the geometrical area of a surface (Arough), as shown
in Equation (8). The value of r is always greater than
unity [28, 29]:

(7)

(8)

where θsmooth is the contact angle for the perfectly
flat surface, and θrough represents the apparent con-
tact angles formed on the rough surfaces.
Wenzel’s equation suggests that if θsmooth is less than
90°, the roughness will decrease the apparent contact
angle. In this case, sandblasting of the steel surface
is expected to increase the tendency of a liquid to
spread on its surface (θrough < θsmooth). In contrast,
when a surface is hydrophobic (θsmooth > 90°), the
apparent contact angle can be increased by rough-
nening the surface (θrough > θsmooth). It is essential to
mention that Wenzel’s equation assumes that there
is no effect of roughening on the atomic arrangement
of a steel surface. Moreover, it is also assumed that
a drop of liquid can wet a rough steel surface without
entrapping air thoroughly.
In addition, there is another possible wetting state
where a liquid does not wet rough surfaces entirely.

As the surface becomes very rough, it becomes dif-
ficult for a liquid to seep between the irregularity of
a rough surface. Air can be trapped inside the rough
valleys, preventing a liquid droplet from wetting the
surface thoroughly. Consequently, a liquid droplet
tends to rest on the rough surfaces filled with air in-
stead of completely penetrating the valleys.
This wetting state can be described using the Cassie-
Baxter equation [29, 30]. It is proposed that θrough is
related to the area fraction of solid surface under the
droplet which is wetted by the liquid (f1) as Equa-
tion (9):

(9)

where r is the roughness factor and f2 is the unwetted
surface area. Equation (9) demonstrates that the
presence of void spaces (f2) increases the apparent
contact angle (θrough > θsmooth).
Therefore, the values of contact angles for the sand-
blasted steel should be termed the apparent contact
angle. As the SFE for steel was also estimated using
the measured contact angles, it should also be termed
the apparent SFE (SFEapp) due to the uncertainly of
absolute values of contact angles.
Changes in polarity of NR after grafting with
PMAA can also be evident in an increase in the
polar component for the surface free energy (SFE)
from 1.83 to 4.68 mN/m. The values of SFE for NR
and NR-g-PMAA were 39.15 and 42.01 mN/m, re-
spectively, which was lower than the SFEapp of steel
(49.78 mN/m).
In addition, the ratio of γs

p/γs for the corresponding
surfaces can be used as an indicator of their surface
polarities [19, 20]. It was observed that the steel sur-
face was much more polar than both types of the rub-
bers. This is because the apparent γs

p/γs ratios for the
steel (0.122) were higher than those of NR (0.046)
and NR-g-PMAA (0.111). These results also indicat-
ed that the NR-g-PMAA was more polar than the un-
modified NR as it had a higher value of the γs

p/γs ratio
(see Table 2).
The apparent work of adhesion is another helpful
predictor of adhesion between two contacting solids.
It is related to the amount of work required to sepa-
rate an interface between two solid surfaces. The ap-
parent work of adhesion between the two types of
rubber and the steel (Wrubber-steel) can also be estimat-
ed from their values of surface energy [19, 20], using
the Equation (10):

cos cosrf f1 2rough smoothi i= -

r A

A

rough

smooth=

cos cosrrough smoothi i=
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(10)

The NR-g-PMAA/steel interface gave a higher value
of 91.45 mN/m for the work of adhesion, compared
to that observed for the NR/steel interface
(87.44 mN/m). A higher apparent value of Wrubber–steel
suggests stronger interfacial adhesion. Therefore, it
is expected that the NR-g-PMAA is more likely to
create a better degree of interface contact with steel
than NR.

3.2. ATR-FTIR analysis
The NR-g-PMAA primer was crosslinked by mixing
the appropriate amount of poly-HDI to the formulat-
ed NR-g-PMAA solution before casting. The amount
of poly-HDI used in this experiment was the stoi-
chiometric 1:1 molar ratio of poly-HDI:MAA.  The
ATR-FTIR spectra of the NR-g-PMAA casting, in
the absence and presence of poly-HDI, were given
in Figure 2a. It can be seen that, in both cases, the

cast films exhibited the characteristic peak of the
cis-1,4-polyisoprene at 835 cm–1, corresponding to
the =C–H out of plane bending. The carboxyl
groups, (C=O)–OH, in the poly(methacrylic acid),
PMAA, gave an absorption peak at 1710 cm–1 [17].
The corresponding peak was also observed in the
FITR spectra of NR-g-PMAA, which confirmed the
grafting of PMAA on the NR molecules.
The crosslinking in the primer is thought to mainly
occur between the carboxyl groups of the NR-g-
PMAA and the isocyanate (NCO) groups of poly-
HDI (see Figure 2b). It has been reported that the re-
actions of isocyanate with aliphatic carboxylic acid
can form urea, amide, or the anhydride of the corre-
sponding acid [31]. The reaction pathway depends
mainly on the degree of substitution on the α-carbon
of the aliphatic carboxylic acid. The amides tend to
be the predominant products when unhindered aliphat-
ic carboxylic acids are employed. The mixed urea-
carboxylic anhydride becomes a predominant prod-
uct for carboxylic acids with α-carbon substituents.
When poly-HDI was mixed into the NR-g-PMAA
primer before casting, new absorption peaks were
observed at about 1564 and 1100 cm–1. The peak at
1564 cm–1 was mainly derived from the N–H bend-
ing vibration of amide [32]. The peak at 1100 cm–1

could arise from the stretching vibration of –C–O
and/or –CO–O–CO– bonds [33].

3.3. XPS analysis
XPS survey spectra of the NR-g-PMAA primer, with
the addition of poly-HDI are shown in Figure 3a.

W 2rubber steel rubber
d

steel
d

rubber
p

steel
pc c c c= +- R W
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Figure 2. (a) An overlay of FTIR spectra for PMAA, NR, and NR-g-PMAA cast films in the presence and absence of poly-
HDI and (b) proposed crosslinking reactions between methacrylic functionality in the NR-g-PMAA with poly-HDI.

Table 2. Dispersive and polar components of surface free en-
ergies and the work of adhesion between different
types of rubbers and the steel.

aApparent values

Materials
Surface free energy Polarity

γs
p/γs

Work of
adhesion
[mN/m]γs γs

d γs
p

NR 39.15 37.32 1.83 0.046 87.44a

NR-g-PMAA 42.01 37.33 4.68 0.111 91.45a

Steel after sand-
blasting 49.78a 43.70a 6.08a 0.122a –



The spectra provided information about the elemen-
tal composition of the NR-g-PMAA primer. Carbon
(69.13%) and oxygen (28.97%) were the main ele-
ments that made up the constituents of the NR-g-
PMAA primer. Peaks centred at 284.3 and 531.3 eV
were assigned to the C 1s orbital and the O 1s or-
bital, respectively. It can also be seen that nitrogen
(1.90%) was also present on the NR-g-PMAA primer.
The N 1s exhibited a weak peak at 400 eV, which
originated mainly from the poly-HDI crosslinker in
the NR-g-PMAA primer.
It can be seen from Figure 3b that the C 1s spectra
can be deconvoluted into four peaks. The peak at
284.9 eV could be attributed to the C–C and C=C
bonds [9]. The C–N and C–O moieties gave peaks
at 285.8 and 286.7 eV, respectively [10]. The peak
for the carbon-oxygen double bond (O–C=O) ap-
peared at 288.3 eV [34].

Figure 3c reveals that three types of oxygen were
present in the NR-g-PMAA primer as the O 1s spec-
tra could be deconvoluted into three components.
The peak at 531.7 eV was associated with the carbon
double bonded to oxygen (C=O), while the peak at
532.8 eV supposed the presence of the C–O–C and
C–OH bond. The peak at 533.8 eV corresponded to
oxygen bonded to a carbonyl group (O–C=O), sup-
porting the existence of anhydride groups [9].
Deconvolution of the N 1s region shows the pres-
ence of two main types of N atoms (see Figure 3d).
The peaks at 400.4 eV corresponded to the C–N [35,
36], which originated mainly from the structure of
poly-HDI. The N–C=O peak located at 401.7 eV in-
dicated the presence of the amide functionality [35,
36]. Hence, it can be stated that the XPS finding was
corroborated with the FTIR observation. These re-
sults provide evidence that the crosslinking reaction
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Figure 3. (a) The survey XPS spectra and high-resolution spectra of (b) C 1s, (c) O 1s, and (d) N 1s for the NR-g-PMAA
primer crosslinked with poly-HDI.



of NR-g-PMAA with poly-HDI resulted in the for-
mation of both amide and anhydride linkages.
It is also essential to study the interactions occurring
at the interfaces to understand better the NR-g-PMAA
primer’s adhesion on the steel surface. XPS was also
employed to study the interfacial interactions of the
steel with poly-HDI. A thin layer of poly-HDI formed
on the steel surface was allowed to cure under am-
bient conditions for 7 days before being analyzed by
XPS. As shown in Figure 4a, the N 1s spectra of the
bulk poly-HDI exhibited a broad asymmetric peak,
which could be fitted with two components. The
peaks at 399.68 and 400.90 eV were assigned to the
N atoms in imide (CO–N–CO) and NCO groups, re-
spectively [37].
However, deconvolution of N 1s peak for poly-HDI
coated on the steel surface showed the presence of
three components (see Figure 4b). The new compo-
nent was observed on the higher bingding energy
side of the NCO peak, centred at 401.57 eV. The cor-
responding peak provides evidence of the chemical
reactions occurring at the interface between poly-
HDI and NR-g-PMAA primer, leading to the forma-
tion of urethane-like bonding, –HN–CO–OFe, (Fe =
steel surface) [9, 10].
The presence of chemical bonds at the poly-HDI/
primer interfaces is expected to improve primer ad-
hesion on the steel surface. This is because poly-HDI
can crosslink the NR-g-MAA primer and react with
the metal hydroxide on the steel surface. Thus, chem-
ical bridges between the primer and steel surface can
be formed by reaction with poly-HDI.

3.4. TGA analysis
The formation of a crosslinking network in the NR-
g-PMAA primer can also be reflected by its thermal
stability. The thermal degradation behaviors of NR-
g-PMAA primers in the presence or absence of poly-
HDI were determined using TGA under nitrogen at-
mosphere. TGA curves for the uncured primer and
the primer cured with two different levels of poly-
HDI: MAA molar ratios are shown in Figure 5.
It can be seen that there were two significant mass
loss steps in the decomposition process of the NR-g-
PMAA primer without the addition of poly-HDI. The
first decomposition step began at about 160 °C, cor-
responding to the peak of the derivative thermo-
gravimetric (DTG) curve at 240 °C (see Figure 5b).
The first-step mass loss for the uncured primer is
mainly due to the dehydration of carboxyl groups in
the NR-g-PMAA to give six-membered anhydride
rings [38, 39].
The second step for the uncured primer started at
about 286°C, responsible for its significant mass loss
(74.7%). This corresponded to the thermal degrada-
tion of NR, which was the origin of the DTG peak
at 392°C. However, the shoulder peak could be seen
around 427°C in the DTG curve during the second
decomposition step for the uncured primer. The cor-
responding shoulder peak could be related to the de-
composition of the uncured NR-g-PMAA phase,
which was partially overlapped with the DTG peak
for the NR decomposition.
In the case of the cured NR-g-PMAA primer, the de-
composition process also occurred in two major steps.
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Figure 4. High-resolution XPS spectra of N 1s for (a) bulk poly-HDI and (b) a thin film of poly-HDI coated on the steel sur-
face for 7 days under ambient conditions.



A similar decomposition pattern was observed for
the primers cured with 1:1 and 2:1 molar ratios of
poly-HDI: MAA. The initial mass loss in the tem-
perature ranges 100–200°C for the primer cured with
a 1:1 molar ratio of poly-HDI:MAA is probably due
to the evaporation of volatile contents. The first step
of the decomposition for the cured primers exhibited
the DTG peaks at 380 and 388 °C, when curing with
1:1 and 2:1 molar ratios of poly-HDI:MAA, respec-
tively. This decomposition step occurred in the tem-
perature range for the thermal degradation of NR
(i.e., 300–420°C) [40].
The second mass loss step for the cured primer was
observed between 413 and 530°C. The cured primer
exhibited a mass loss of 44.2 and 42.65% when cured
using 1:1 and 2:1 molar ratios of poly-HDI:MAA,
respectively. Hence, the mass loss during the second
step could be caused by the random-chain scission
of the crosslinked NR-g-PMAA chains. Additionally,
a shift in the maximum temperature of the DTG peak
towards a higher temperature was observed (i.e.,
from 469 to 478°C) when the concentration of poly-
HDI was increased from 1:1 to 2:1 molar ratio of
poly-HDI:MAA. This is attributed to an increase in
the level of crosslinking in the primer.
The apparent values of crosslink densities (νapp) of
the cured primer were estimated from equilibrium
swelling measurements described by the Flory-Rehner
equation. The results in Table 1 reveal that the primer
with the addition of two-fold molar excess of poly-
HDI (νapp = 5.61·10–5 mol/cm3) had higher crosslink
density than the primer cured using a stoichiometric
amount of poly-HDI (νapp = 4.86·10–5 mol/cm3). An
increase in the estimated crosslink density was also

accompanied by a reduction of the apparent molec-
ular weight between crosslinks (Mc app) in the cured
primer (see Table 1). 
Moreover, it can also be noticed that there was no
peak at about 240°C in the DTG curve for the primer
cured using a two-fold molar excess of poly-HDI.
The corresponding DTG peak was caused by the lib-
eration of water from the carboxyl groups in the NR-
g-PMAA [41, 42]. Thus, this observation corrobo-
rates that the carboxyl groups present in the primers
could undergo crosslinking reaction with poly-HDI.
As poly-HDI ties carboxyl groups from different
chains of NR-g-PMAA into a network, it requires
higher thermal energy to induce the thermal break-
down of the crosslinked chains. This increases the
thermal stability of the primers with the addition of
poly-HDI.

3.5. Adhesion test
A cross-cut test was employed to assess the adhesion
of the NR-g-PMAA primer to the steel substrate. The
steel specimen coated with the NR-g-PMAA primer
was allowed to cure at room temperature for 7 days
before it was subjected to the testing. Two levels of
poly-HDI were used to cure the NR-g-PMAA primer,
which corresponded to poly-HDI: MAA molar ratios
of 1:1, and 2:1 (see Table 1).
The adhesion of the primer, without the addition of
poly-HDI, on the steel surface was first examined, for
comparison purposes. It was found that small flakes
of the primer in the squares of the lattice were de-
tached, as shown in Figure 6a. However, the detached
area was not greater than 35% of the lattice so that
the adhesion of the primer without poly-HDI was
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Figure 5. (a) TGA thermograms and (b) DTG curves of the NR-g-PMAA primer with addition of different molar ratios of
poly-HDI:MAA.



classified as a rating of 3B. Note that the cross-cut
rating of 5B represented the highest level of adhesion.
When the primer was cured using a 1:1 molar ratio
of poly-HDI:MAA, the classification of the test re-
sults fell within the 3B scale (see Figure 6b). This is
because some primer on parts of the square was still
detached after the testing. The primer on the steel
surface could be classified into 4B level when a poly-
HDI:MAA molar ratio of 2:1 was employed. A little
detachment of the primer was observed at the inter-
sections of the cuts (see Figure 6c).
The increase in the poly-HDI concentration can im-
prove both the cohesion and adhesion of the primer.
The cohesive strength of the primer tends to increase
when the NR-g-PMAA chains are chemically linked
together by crosslinking. As a result, an increase in
the concentration of poly-HDI is expected to improve
the primer’s cohesive strength. Additionally, poly-
HDI can also react with the hydroxyl groups present
on the steel surface [9, 10]. Therefore, it can act as
a chemical bridge between the primer and the steel
surface, increasing adhesion strength. It is impor-
tant to note that a further increase in the poly-HDI

concentration (i.e., a three-fold molar excess of poly-
HDI) had no further effect on the primer’s adhesion.
From the data, it can be stated that a two-fold molar
excess of poly-HDI to MAA is the optimum amount
for crosslinking the NR-g-PMAA primer under am-
bient conditions.
A 7 day cure time was employed to ensure that the
primer was completely dried and cured at ambient
temperatures. Thus, it is interesting to examine the
adhesion rating of the primer with the addition of a
2:1 molar ratio of poly-HDI: MAA at different curing
times (ranging from 1 to 7 days). It was observed that
the adhesion rating of 3B in the cross-cut test was at-
tained after the primer was allowed to dry at ambient
temperatures for 1 day. The curing time required for
achieving the cross-cut rating of 4B was about 2 days
under ambient conditions, as shown in Figure 6f.

3.6. Salt spray test
The salt spray test (SST) has been widely used for
accelerated corrosion testing of primer.
In this work, the SST was performed to evaluate the
corrosion resistance of the NR-g-PMAA primer with
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Figure 6. Images of steels coated with the NR-g-PMAA primers with the addition of different molar ratios of poly-HDI:MAA
after cross-cut testing. a) Without poly-HDI, 7 days, b) 1:1 poly-HDI:MAA, 7 days, c) 2:1 poly-HDI:MAA, 7 days,
d) 2:1 poly-HDI:MAA, 12 h, e) 2:1 poly-HDI:MAA, 1 day, f) 2:1 poly-HDI:MAA, 2 days.



the addition of different molar ratios of poly-
HDI:MAA. Figure 7 reveals that the primer adding
a poly-HDI:MAA molar ratio of 2:1 showed no ap-
parent damage outside the scribe lines after the 500 h
salt spray testing. However, some rust spots were pro-
duced around the scribe lines for the cured primer. It
can also be noticed that the rust spots formed after the
SST did not collapse upon application of finger pres-
sure, which indicated that they were rust-filled spots.
On the other hand, rust deposits were clearly visible
on the primer’s surface without adding poly-HDI
after the salt spray exposure. Corrosion blisters were
also observed in areas adjacent to the scribe lines for
the uncured primer. These blisters reflected poor in-
terfacial adhesion between the primer and the steel
surface, which allowed salt fog to penetrate the un-
derlying steel. Hence, these results demonstrate that
incorporating poly-HDI into the primer significantly
improved its salt corrosion resistance, resulting from
good interfacial adhesion between the primer and
steel substrate. Consequently, a 2:1 molar ratio of
poly-HDI:MAA was chosen to cure the NR-g-PMAA
primer for further study.

3.7. QUV-accelerated weathering test
Weathering ageing test of the NR-g-PMAA primers
was conducted using a QUV Accelerated Weathering
Tester. The surfaces of the steel coated with the NR-
g-PMAA primers after 250 and 500 h ageing times
are shown in Figure 8a.
The result in Figure 8a shows that the large rust spots
appeared on the steel surface, which had been coated
with the uncured primer. It is thought that some
cracks would develop in the uncured primer due to
degradation when it was exposed to prolonged UV
light (i.e., 250 and 500 h). Thus, the steel surface in
some areas was left unprotected, allowing the pene-
tration of air and water into the underlying steel. This
would accelerate the rusting process during the QUV
condensation cycles. In contrast, no traces of rust
could be found on the surface of steel coated with
the primer with the addition of a 2:1 molar ratio of
poly-HDI: MAA. This observation indicated that in-
corporating poly-HDI into the NR-g-PMAA primer
improved its ageing properties.
EDX analysis for the steel surfaces coated with
the cured NR-g-PMAA primers is represented in
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Figure 7. Images of steels coated with the NR-g-PMAA primers with the addition of different molar ratios of poly-HDI:MAA
after 500 h of the salt spray test. a) Without poly-HDI, b) 1:1 poly-HDI:MAA, c) 2:1 poly-HDI:MAA.



Figure 8b. It was observed that the surface compo-
sition of the corresponding steels consisted mainly
of carbon, oxygen, and nitrogen. However, main
peaks of Fe element at 6.41 and 7.06 keV were ob-
served in the EDX spectrum of the steel surface coat-
ed with the uncured primer [43]. This observation
was consistent with the development of rust layers
(i.e., iron oxides) on its surface.
Atmospheric corrosion of iron (Fe) is an electro-
chemical process in which Fe reacts with water and

oxygen through a redox reaction, forming various
iron oxides. The primary iron oxides are iron hydrox-
ide (Fe(OH)2), iron trihydroxide (Fe(OH)3), goethite
(α-FeOOH), akageneite (β-FeOOH), lepidocrocite
(γ-FeOOH), feroxyhyte (δ-FeOOH), hematite
(α-Fe2O3), maghemite (γ-Fe2O3), and magnetite
(Fe3O4) [44]. These iron oxides have been reported
to be present when steel corrodes.
EDX analysis also revealed that oxygen was the pri-
mary element (40.4%) present in the steel coated
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Figure 8. (a) The appearance of steels coated with the NR-g-PMAA primer, with or without the addition of poly-HDI, before
and after QUV-accelerated weathering aging and (b) EDX surface analysis of the corresponding samples.



with the uncured primer after the QUV testing since
corrosion products are composed mainly of oxygen
and iron. The formation of hydrated iron oxides in
the presence of oxygen and water can be shown by
the simplified reaction [4] (Equation (11)):

4Fe + 3O2 + 2nH2O → 2Fe2O3·2nH2O (11)

Thus, it can be concluded from these observations
that the steel coated with the cured NR-g-PMAA
primer was more corrosion resistance than the steel
coated with the uncured primer.

3.8. Microscopic morphology of the rust layer
The morphologies of the corrosion products formed
on rusted weathering steels were also examined
using SEM. Figure 9a revealed that large cracks ap-
peared on the surface of the NR-g-PMAA primer
without the addition of poly-HDI after 500 h of the
QUV weathering test. As a result, corrosion occurred
as some areas of the steel surface were exposed to
UV light and moisture cycles at elevated tempera-
tures. It was also observed that the morphologies of
the oxide layers formed on the weathering steel
mainly favored the crystallineglobules (sandy crys-
tals) and needle-like shapes.
Although there was no trace of rust on the steel sur-
face coated with the cured NR-g-PMAA primer,
micro-crack formation in the primer could be clear
seen in Figure 9a. This is thought to result from the
shrinkage and degradation of the NR-g-PMAA
primer under accelerated weathering conditions.
The XRD measurement was then performed to study
the characteristic structures of crystalline corrosion
products. XRD pattern of the corresponding rust lay-
ers is shown in Figure 9b. It was found that the pri-
mary iron oxides formed in the rust layers were lep-
idocrocite (γ-FeOOH) and goethite (α-FeOOH).
Lepidocrocite appeared as sandy crystals, which was
one of its typical morphological structures [45]. The
XRD patterns showed the peaks corresponding to
lepidocrocite (L) at 2-theta (2θ) = 14.06, 26.98,
38.00, 46.81, 52.80, and 60.49°. However, lepi-
docrocite tended to transform into goethite as corro-
sion proceeded slowly. This is because that goethite
is one of the most stable forms of iron oxides [45,
46]. The needle-like morphology in Figure 9a can
then be regarded as the structures of goethite formed

on the steel surface after 500 h in a QUV chamber.
The characteristic peaks for goethite (G) in the XRD
pattern appeared at 21.05, 26.17, 33.08, and 36.50°.
Additionally, it was also observed the peaks corre-
sponding to iron (Fe) at 44.63 and 64.00°.

4. Conclusions
The objective of this study was to develop NR-g-
PMAA-based primer for steel. Crosslinking of the
NR-g-PMAA primer was achieved by reactions with
poly-HDI at room temperature. TGA analysis re-
vealed an increase in the thermal stability of the NR-
g-PMAA films by the addition of poly-HDI. Inter-
actions of NR-g-PMAA primer with poly-HDI were
investigated by XPS. The results suggest that the
crosslinking reaction resulted in the formation of
both amide and anhydride linkages. Additionally,
XPS analysis also revealed that the poly-HDI could
react with the metal hydroxide on the steel surface,
leading to a chemical bridge between the primer and
the steel substrate.
The salt spray test indicates that the primer provided
good adhesion and rust protection to the steel surface
when cured using a 2:1 molar ratio of poly-
HDI:MAA. This is because no corrosion blisters
were present around the edges of the scribe area
after the salt spray test. It was also observed that the
NR-g-PMAA primer on the steel surface exhibited
a 4B class of adhesion as determined by a cross-cut
tape test.
The ability of the corresponding primer to withstand
accelerated weathering ageing was also determined
using a QUV tester. The result reveals that applying
the cured primer on the steel surface could prevent
rusting after 500 h artificial QUV weathering. In
contrast, the steel coated with the uncured primer
was covered with iron oxide deposits (i.e., predom-
inantly lepidocrocite and goethite) after the testing,
indicating the degradation of the protective primer
layer. Therefore, it can be stated that the NR-g-
PMAA has a high potential to develop into an anti-
corrosion primer for steel when using poly-HDI as
a crosslinker.
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Figure 9. (a) SEM images of steels coated with the NR-g-PMAA primer, with or without the addition of poly-HDI after
500 h of exposure in a QUV chamber and (b) XRD analysis of rust layers formed on the steel surface.
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