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Abstract. In this study, the adhesion strength of melamine–formaldehyde (MF) resin-based adhesives is improved
manifolds by incorporating a little amount of starch in it for adhering Denim cloth. The effect of varying starch content in
the adhesive has also been studied. The reaction conditions of the adhesive preparation with respect to time, temperature
and pH have been optimized. To understand the right storage condition, the denim fabric after application of adhesives is
stored at different conditions of humidity and temperature. Thermogravimetric analysis (TGA) and Fourier transform
infrared (FTIR) have been performed to study the effect of starch on the thermal stability and to study the interactions
between the chemical species of the adhesive, respectively. Scanning electron microscopy (SEM) was done to study the
morphology of the adhesive. At elevated temperature, the adhesion strength was found to improve and there was no effect
of high humidity (90% RH) on the adhesion strength. The effect of temperature on viscosity changes of the adhesives was
also recorded. Further, the chemical resistance of the adhesive in various solvents having different pH and polarity are also
studied.
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Introduction

Melamine–formaldehyde (MF) is a well-known thermosetting resin used as adhesive for materials like wood and
paper. This is a very strong, water-resistant and tough
adhesive and is similar to urea-formaldehyde (UF) resin in
many applications. UF, MF and their combination is known
as Melamine–Urea–Formaldehyde (MUF) resin, which are
widely used in the wood industry for preparing wood panel
and also as wood adhesives [1–3].
Researchers all over the world are working on various
combinations of MF resin-based adhesives with other materials. Melamine is used as modifier by grafting it on UF resin by
Zanetti and Pizzi [4], where it has been shown that the grafted
resin performs better compared to conventional MUF resin.
Melamine is also used as a modifier for UF resin for wood
application by many researchers [2,5,6]. Literature search
shows that liquefied wood and wood pulp fibres are also used
with MF to improve its adhesive properties [3,7–10]. Due to the
wide variety of applications, optimization of the preparation,
properties and its curing behaviour become very important and
are studied by many researchers [1,11–14]. Apart from UF
resins and liquid wood, melamine is also mixed with polyvinyl
acetate [7], rice husk [15], wood lignin [16], wood pulp [10],
etc. to check the effect on the adhesive properties. Zhang et al
[17] have synthesized aerogel using starch and melamine and
have cured it with formaldehyde.

In this article, the adhesive strength of the MF resin is
enhanced with the incorporation of starch, which is a widely
available natural biopolymer. On the other hand, melamine
and formaldehyde are being replaced by a biopolymer to a
certain amount, while the incorporation of starch increases
the strength and performance of the adhesive as a whole. The
effect of the amount of incorporated starch on the properties
and structure have been studied to understand the structure–
property correlation of the MF–starch based adhesive.

2.
2.1

Materials and methods
Materials

Commercially available melamine was purchased from
Loba Chemie having grade number AR-4544 and molecular
weight 126.12 g mol–1. Starch (potato extract) was supplied
by Central Drug House Pvt. Ltd, having batch number
360715, mesh size 60 and having 2% solubility in boiling
water. Formalin solution is purchased from Loba Chemie
with 37–41% w/v HCHO, having density 1.08–1.09 g ml–1
and molecular weight 30.03 g mol–1. Dimethyl formamide
(DMF) was purchased from Nice Chemicals with 99%
assay and having density 0.947–0.950 g ml–1 at 20°C.
Toluene was purchased from Finar Ltd, having 99% assay,
density 0.860–0.867 g ml–1 and molecular weight
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92.14 g mol–1. Xylene was purchased from Central Drug
House Ltd with 99.98% purity, density 0.862–0.864 g ml–1
and molecular weight 106.17 g ml–1. Sodium carbonate
(Na2CO3) was purchased from Central Drug House Ltd,
assay 99.5%, molecular weight 105.99 g ml–1.

2.2

Methods

2.2a Preparation of adhesive: To achieve maximum conversion of melamine to methylol–melamine derivatives, the
amount of formaldehyde is kept in excess, i.e., melamine
and formaldehyde ratio (w/w) 1:3. For the preparation of
adhesive, the melamine and formaldehyde are mixed in a
round bottom flask fitted with a condenser. The reaction
occurs in two stages. At stage 1, the mixture is heated at
55–65°C range with constant stirring using a magnetic bead
for uniform reaction medium and uniform heat dissipation.
The white solution of melamine and formaldehyde turns
into a clear and transparent solution. An aqueous solution of
10% sodium carbonate with a pH value of 10 is prepared
separately in a beaker. A quantity of 5 ml of this solution is
then added to the reaction mixture and the reaction temperature is increased to 90°C. At stage 2, the resin mixture
starts becoming slightly viscous. After exactly 7 min of
stirring at 90°C, the resin is immediately kept in ice-cold
water to avoid further cross-linking and freezing the reaction. During cooling, the resin is applied to the surface of
the denim cloth. These substrates are kept in a heating oven
at 90°C for 20 min for complete curing. The reaction
scheme is shown in figure 1.
2.2b Preparation of starch-filled adhesive: Starch is incorporated at 5, 10 and 15% w/w ratio with respect to the mass
of melamine (table 1). Since the concentration of
formaldehyde in formalin can vary with temperature, the
amount of starch is taken with respect to melamine. The
measured amount of starch is dispersed manually into the
formalin solution. The mixture is then poured into the round
bottom flask and melamine is added for the resin preparation. This mixture is stirred by a magnetic bead at room
temperature for 2 min at 1500 rpm to homogenize the
system. After uniform mixing of the solution, the same
procedure as mentioned in section 2.2a is followed for the
resin application on substrate surfaces and curing of the
adhesives.
2.2c Peel test: Peel test is done using UTM (Universal
testing machine) made by STAR Testing, Mumbai, India,
following ASTMD1876 standard, which is also called
T-peel test to check the adhesive bond strength of the denim
cloth adhesive. The loading rate is 254 mm min–1. Two
denim cloth samples of dimensions 6 9 1 inch are adhered
together by applying the resin inside the fabric, leaving 1
9 1 inch space for gripping purpose, as shown in figure 2.
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The T-peel strength (figure 1) was calculated using
formula:
T-peel strength ¼ 2F=W;

ð1Þ

(F: average force in N, W: width of the specimen in m).
2.2d Storage test: To check the storage ability of resin, the
denim samples after application of adhesives have been
stored in two different conditions. The 1st batch is stored at
40°C and 90%-RH for 168 h (7 days). The other batch is
stored at ambient interior conditions for the same period and
tested for T-peel strength as per the standards mentioned in
section 2.2c.
2.2e Chemical resistance analysis: To understand the
resistance of the adhesive to various chemicals, the cured
samples of MFS 15 is dipped into a solution of a non-polar
medium: toluene ? xylene (1:1); weakly polar medium:
DMF (dimethyl formamide); basic medium 9 pH Na2CO3
solution and acidic medium 5 pH HCl solution for 1 week.
After 1 week of dip in above-mentioned medium, the
samples were dried in a heating oven at 80°C and T-peel
tests have been performed for all the samples.
2.2f Shore A hardness: The hardness of the post-cured
adhesive-denim cloth samples has been measured using the
Shore A manual hardness tester, model No. 7670, manufactured by Dawan Engineering Equipment with the standard of ASTM D2240.
2.2g Viscosity: The viscosity tests of adhesive samples are
done using LRLAMY rheology instrument with model
name Bone touch. Different sizes of spindles are used based
on the judgement of the viscosity of the adhesive. The
viscosity of each adhesive sample is measured at a particular temperature and then is heated again to increase the
temperature to 10°C more and again measuring viscosity at
that temperature. The temperature ranges from 40 to 80°C.
Spindles are rotated at 100 rpm for 5 min.
2.2h Thermogravimetric analysis: The thermogravimetric
analysis (TGA) characterization is done with the Perkin
Elmer Model number-N5370210, in the range of room
temperature to 600°C at the heating rate of 10°C min–1
under N2 atmosphere.
2.2i FTIR studies: Fourier transform infrared (FTIR) studies
were performed in ATR mode machine with model number
00707, manufactured by Shimadzu Corp.
2.2j Scanning electron microscopy: Scanning electron
microscopy (SEM) characterization is done in the SEM
machine, ZEISS and model name EVO50, with carboncoated samples. The resin obtained after stage 2 is transferred into a warm mould with bar-like cavities in an oven
preheated at 70°C and then covered with a heavyweight and
temperature is raised to 90°C. After 20 min of curing, the
resin gets converted into a white solid bar. The fractured
surface of the bar is characterized by SEM.
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Figure 1. Reactions involved in the formation of MF resin; stage 1: formation of different methylol
derivatives; stage 2: different kind of chemical bonds possible in the reaction to produce a cross-linked
structure.

162

Page 4 of 10

Table 1.
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Compositions of different types of adhesives prepared.

Sample name
MFS0

Composition
10 g Melamine ? 30 g
formaldehyde ? 0 g starch
10 g Melamine ? 30 g
formaldehyde ? 5 g starch
10 g Melamine ? 30 g
formaldehyde ? 10 g starch
10 g Melamine ? 30 g
formaldehyde ? 15 g starch

MFS5
MFS10
MFS15

Figure 3.
MFS0.

Figure 2.

3.
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Denim cloth sample with adhesive for Peel Test.

Results and discussion

3.1 Parameters affecting cross-linking and gelling time
of the reaction mixture
The controlling of the cross-linking reaction of the resin is
difficult to handle. As the gel formation starts, the resin
solidifies very rapidly. Conditions like pH, amount of starch
and temperature are found to affect the rate of gelling and
cross-linking. The effect of individual parameters are discussed below.
3.1a pH effect: The effect of pH was conducted to understand the dynamics of the cross-linking reaction with
respect to pH in MFS0 sample (0% starch). Figure 3 shows
the effect of pH on the gelation time. At pH lower than 10,
the gelling time decreases from 7 min (at pH 10) to 1 or 2
min. There was no time to transfer the adhesive into the icecold water and arrest the cross-linking reaction, which
resulted in rapid solidification of the adhesive. The application of adhesive to the substrate needs a safety time
during which the cross-linking reaction should stop and
have optimal viscosity like gum. Due to the rapid gelling, it
is very difficult to handle the reaction either at manual or at
commercial level. The 20 min of the curing time with
substrate was also reduced to 5 min. On the other hand, at
the pH value greater than 10 the gelling time increases as
much as 20 min, which is also not appreciable economically. The curing time with substrate also goes up to several
hours. The reason behind this behaviour could be attributed
to the nature of the reaction medium. As the pH value of
the reaction medium goes above 10, the gelling and

Gelation time vs. pH of the reaction medium for

cross-linking time both shoot up and below the pH value of
10, the rate of the reaction increases on heating due to
shortage of basic medium.
3.2b Temperature of synthesis: The temperature has a very
vital role in the rate of reaction. At higher temperature,
controlling the cross-linking reaction becomes difficult. On
heating, the resin undergoes sudden gelation and converts
into a bluish-white gel-like solid, which in a few moments
converts into a white solid and hard thermoset. This fast
reaction leads to difficulties in handling and moulding
operations. In this study, the combination reaction time and
temperature were optimized for conveniently using it as an
adhesive (provided in the sample preparation section 2.2a).
3.3c Amount of starch: It has been observed that the amount
of starch also affects the rate of reaction (table 2). Figure 4
shows that the presence of starch decreases the rate of
reaction and increases the reaction time after stage 1. This
decrease in the rate of reaction is important to get a tradeoff time between the gelling time and the application time
to substrate.
3.3d Ratio of melamine to formaldehyde: The w/w ratio of
melamine to formaldehyde is kept at 1:3 to achieve optimum cross-linking and molecular weight. If the mass ratio
of formaldehyde is kept lower, it results into the precipitation of very low-molecular-weight methylol content of
white colour, which has a lower amount of methylol sites
and therefore appears as precipitates in the solution. On the
other hand, at a higher amount of formaldehyde, the amount
of methylol and its derivative contents become very high;
this leads to rapid gelation and uncontrolled cross-linking.
3.3e Adhesion strength: The peel strength of the four
compositions of the starch and MF-based resin has been
studied according to ASTM D 1876. The maximum force of
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Effect of starch loading on reaction time.

Composition
MFS0
MFS5
MFS10
MFS15

(2021) 44:162

Reaction time after stage 1 (min)
5
7
9
11

Figure 5.

T-Peel strength of all the tested samples.

adhesive compositions. The percentage increase in T-peel
strength of MFS0, MFS5, MFS10 and MFS15 stored at
elevated temperature and humidity are 11.91, 38.65, 33.66
and 14.2%, respectively, as compared to the corresponding
samples stored at the normal temperature/lower humidity.
These results prove that the adhesive is not only moisture
resistant, but the post curing heat increases the adhesive
strength between the substrates.
Figure 4.

Reaction time as a function of starch content.

the samples MFS0, MFS5, MFS10 and MFS15 are measured in UTM, and the peel strength of the adhesive is
calculated as per equation 1. As mentioned in section 2.2d,
the adhesive applied on denim substrates are kept in two
different conditions of temperature and relative humidity.
Both the sets of samples having different storage conditions
show similar trends when compared among each set.
Figure 5 shows that with the increasing amount of starch in
the MF resin, the strength of the adhesive increases. Among
all the adhesive samples, MFS15 shows maximum strength
both at room temperature/normal humidity and at the elevated temperature/higher humidity. T-Peel test results insist
that the presence of starch improves the strength until 15%
loading of starch. MF resin having polar hydroxyl group
may react easily with the starch hydroxyl groups and results
in a stronger H bonding interaction. Moreover, the free
hydroxyl groups of the adhesive can bind with the denim
surface very strongly. The improved strength of the MF–
starch adhesive till 15% loading of starch is a combined
effect of both the MF–starch interaction as well as the
adhesive–substrate interaction. The peel test results are
tabulated in table 3.
Moreover, when the effect of the storage condition on
adhesive strength is studied, it can be seen from figure 3 that
storage of the samples at elevated temperature and humidity
has improved the peel strength of the adhesive for all the

3.3f FTIR studies: The FTIR studies were performed to
investigate the chemical reactions and interactions occurring in the system. Figure 6 shows the compiled FTIR
spectrum of MF, starch and starch-filled melamine–
formaldehyde (MFS15). The peak at 2960 cm–1 in all three
spectra corresponds to the –CH stretching. The peaks at
1543 and 1553 cm–1 in MF and MFS15, respectively, correspond to –C=N ring vibrations along with 1336 cm–1
–C–N stretching vibrations. The shift in –C=N ring vibrations in MFS15 can be attributed to the presence of pinteractions between starch and MF molecules. In addition,
1157 and 1054 cm–1 in MFS15 correspond to stretching and
frame vibration of C–O–C bonds (figure 6b). This bond
might arise due to condensation reaction between starch
molecules and hydroxyl intermediate of MF [18–20].
Moreover, an increase in intensity and significant shift at
3215 cm–1 (–OH stretching) can be seen in the MFS15
spectrum as compared to starch and MF (denoted by a
dotted line). The shift in the –OH stretching peak attributes
to the change in electronic interaction of –OH groups of
starch and MF. Therefore, starch might have a chemical as
well as physical interaction with the MF network.
For comparison and effect of MFS adhesive on denim
cloth, the FTIR of MFS15, denim cloth without MFS15 and
denim cloth with MFS15 resin are characterized by FTIR
(figure 7). The FTIR spectra show that the –OH stretching
peak at 3342 and 3032 cm–1 in denim and the MFS15,
respectively, has a prominent reduction in [MFS15 ?
Denim]. This supports the theory that the hydroxyl groups
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Peel strength and hardness results of different adhesive compositions applied on denim cloth.
Storage at room temperature (1 week)

Composition
MFS0
MFS5
MFS10
MFS15

Figure 6.

Storage at 313 K/90% RH (1 week)

Peak load
(kg)

Peak load
(KN)

T-peel strength
(KN m–1)

Peak load
(kg)

Peak load
(KN)

T-peel strength
(KN m–1)

Shore A
hardness

1.35
2.3
1.3
3.2

13.23
22.54
13.04
31.36

1041.73
1072.76
1774.43
2469.28

1.53
3.46
2.26
3.73

15.02
33.97
22.21
36.58

1182.62
1748.81
2674.79
2880.30

71
81
85.4
93.3

(a) FTIR spectrum of MF, starch and MFS15; (b) MFS15 zoomed from 1000 to 1600 cm–1.

present in the adhesive and the cloth consume in the
chemical reaction. This leads to the enhanced strength of
the adhesive after curing and storage, and supports the
mechanical testing data. The hardness value after curing is
found to increase with increase in starch loading. The
bending vibrations of triazine ring at 810 cm–1 have
decreased in [MFS ? Denim] as compared to MFS. This
can be attributed to the further cross-linking reaction in the
system [19].
3.3g Viscosity: Viscosity studies have been done at ambient
temperature and elevated temperature to understand the
working temperature range of each of the composition.
Each spindle (rotating rod in the solution) used in this
experiment has a specified working range of viscosity.
Hence, the spindle with lower diameter is used with
increasing viscosity of the adhesive. Figure 8 shows that
with increase in temperature, the viscosity of the adhesives
also increases due to the higher density of cross-linking. In
addition, MFS0, MFS5 and MFS10 start gelation at 60°C,

Figure 7. FTIR of MFS15, denim cloth (without adhesive) and
MFS15 ? denim.
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Although at this point its viscosity is very high, it could be
measured by the spindle having a minimum diameter. The
gelation point is identified as a point when the cross-link
density of the adhesive reaches a certain level, beyond
which the adhesive cannot be used or applied to a substrate.
The gelation point is depicted as circled data points in
figure 7. Therefore, based on the above discussion, it can be
concluded that MFS0, MFS5 and MFS10 can be used till
60°C, while MFS15 can be used till 70°C without any
problem. Thus, among all the adhesive compositions,
MFS15 has the lowest viscosity, thus better spreading
ability. Even if the temperature of the medium shoots up
due to exothermic reactions, this gap of 10°C will help in
delaying the gelation process. The results of the viscosity of
all adhesive samples with their corresponding temperatures
have been tabulated in table 4.
Figure 8.

Viscosity vs. starch content of the individual sample.

while MFS15 starts gelation at 70°C. The 10°C higher
gelation temperature in MFS15 gives extra time and temperature space to facilitate the ease in application of the
adhesive to the substrate. This establishes better usability of
the MFS15 resin compared to other composition. On the
other hand, viscosity decreases on increase in the amount of
starch at any particular temperature. This attributes to the
interference of starch in the cross-linking reaction of MF.
The MFS5 sample does not show significant difference in
viscosity with respect to MFS0 attributing to insufficient
amount of starch to affect the cross-linking reaction. A
similar trend is observed for the time of cross-linking
(section 3.3c) where the reaction is delayed on increasing
amount of starch in the adhesive. From 40 to 50°C, the
viscosity almost increased to double and for the next 10°C
(from 50 to 60°C) viscosity goes up almost by 20 times due
to the formation of methylol derivatives and onset of their
cross-linking. For the next 10°C (70°C), the viscosity
becomes almost double. Further increase in 10°C (80°C)
makes the adhesive samples convert into a highly viscous
gel and the viscosity could not be measured beyond that.
Only MFS15 sample retains lower viscosity liquid form till
70°C and its viscosity could be measured till 80°C.

Table 4.

3.3h Chemical resistance: To understand the stability
in different solvents, the samples of MFS15 are dipped
in different solvents with varying polarity and pH for 1
week. Solvents used for checking chemical resistance
are 1:1 toluene and xylene mixture, DMF, Na2CO3
aqueous solution having pH 10 and HCl solution having pH 5. After dipping samples for 1 week, the
samples are dried in a hot air oven and the peel
strength for each sample is measured using the same
procedure as discussed in section 2.2c. The results of
the peel strength are shown in figure 9. When the peel
strength of solvent-dipped MFS15 samples are compared with the peel strength of the MFS15 samples
stored at room temperature (table 3), the results indicate a decrease in 2% in peel strength in toluene:xylene
(1:1) solution, whereas a decrease of 54.57, 11.2 and
17.10% in DMF, 10 pH solution and 5 pH solution,
respectively. Based on the results, it can be attributed
that the non-polar (mixture of toluene and xylene)
solution, the acidic solution and the basic solution are
not adversely affecting the adhesive bonding strength.
Rather the weakly polar (DMF) solution has maximum
adverse effect on the adhesive strength of MFS15. The
toluene ? xylene mixture has the least effect on the
adhesive bonds displaying its chemical resistance
properties towards non-polar organic solvents. The

Viscosity of different adhesive composition with varying temperatures.
Spindle r-2

Spindle r-3

Spindle composition

313 K (40°C)

323 K (50°C)

333 K (60°C)

343 K (70°C)

Spindle r-4, 353 K (80°C)

MFS0
MFS5
MFS10
MFS15

40.34
39.58
39.27
37.35

85.32
76.19
40.95
39.45

1889# cPoise
1619# cPoise
1401# cPoise
1300 cPoise

3436 cPoise
2838 cPoise
1935 cPoise
1100# cPoise

—
—
—
3986 cPoise

#

cPoise
cPoise
cPoise
cPoise

Shows the viscosity at gelation point.

cPoise
cPoise
cPoise
cPoise
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Figure 9. The effect of various chemicals on the T-Peel strength
of MFS15 sample.

acidic or basic solutions are able to etch the cured
adhesive and thus resulting in decreased strength. The
effect of DMF is very pronounced and indicates its
chemical interference to the adhesive, substrate and the
interface, which also have polar organic characteristics.
DMF having amide functionality may react with the
substrate as well as adhesive’s active functional groups
(in highest probability with the active OH groups of the
adhesives). This leads to the severe decrease in peel
strength of the samples dipped in DMF. The T-peel
strength data of MFS15 sample dipped in various solvents are shown in table 5.
3.3i Thermogravimetric analysis: The TG analysis provided
the data of the thermal stability of MF and starch MF such
as sublimation, adsorption, decomposition and oxidation.
TGA is also used for the characterization of samples and
composition of material, i.e., content of different ingredients in the material. The TGA curves of the samples are
shown in figure 10a and the data are tabulated in table 6.
The temperature of the degradation steps overlaps with each

Table 5.

(2021) 44:162

other. Therefore, the simultaneous degradation of starch and
MF is expected. In MFS0, the first step between 100 and
190°C shows 14% weight loss, which involves the elimination of water produced during condensation reaction of
reacting species (methylol derivatives and melamine). The
weight loss between 190 and 408°C is approximately 52%,
which can be attributed to the elimination of formaldehyde
from the existing chemical bonds and breaking of methylene bonds with no stable intermediates. After 408°C, the
degradation of triazine ring occurs and the weight loss is
abrupt [20]. The onset of degradation is similar for MFS0,
MFS5 and MFS10. However, the maximum highest onset
temperature is shown by MFS15 at 176.45°C. This shows
that the addition of 15% starch to MF resin increases the
stability by 26°C compared to the adhesive without starch.
The thermal stability of the MF adhesive increased with
the addition of starch. It can be clearly seen that the weight
loss of all starch-filled MF adhesives is lower at any particular temperature as compared to unfilled MF adhesive
(figure 10b). In contrary, the starch shows higher weight
loss up to 180°C and the thermal stability of starch-filled
samples can be attributed to the chemical bond formation
between MF adhesive and starch. As discussed in earlier
sections, the MF resin gets chemically linked with the
starch, which makes the structure of the MF–starch adhesive extremely strong. This also explains the increased
thermal stability, higher onset temperature, lower % weight
loss values and increase in residue with increase in starch
content in the MF–starch adhesives.
3.3j Scanning electron microscope: Figure 11 shows the
scanning electron microscope (SEM) images of the fractured surface of cured solid adhesive samples. Each image
shows the distribution of starch on the MF matrix. All of the
starch does not get mixed with the MF matrix and it can be
seen as a continuous network of white colour particles on
the surface of the sample. It can be seen that as the starch
content increases in the adhesive samples, more white
particles of the starch are visible at the surface. In MFS0,
there is no starch, therefore the picture is darker in colour.
The dispersion of starch on the MF surface justifies the
interaction of all the adhesive compositions. In addition,

T-peel strength of the MFS15 dipped in chemicals for 7 days.
Toluene ? xylene (1:1)

Solutions
MFS15
% Reduction w.r.t.
MFS15 in table 3

Average
load
(KN)

T-peel
strength
(KN m–1)

30.73
2%

2458.4

9 pH Na2CO3

DMF
Average
load
(KN)
14.20
54.57%

5 pH HCl

T-peel
strength
(KN m–1)

Average
load
(KN)

T-peel
strength
(KN m–1)

Average
load
(KN)

T-peel
strength
(KN m–1)

1136

27.84
11.2%

2227.2

26.01
17.10%

2080.80
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(a) TGA curve of MFS0, MFS5, MFS10, MFS15 and starch; (b) zoomed between 40 and 200°C.

TGA analysis results of starch and MF–starch blends.

Composition
MFS0
MFS5
MFS10
MFS15
Starch

Figure 11.

162

Tonset (°C)

Residue left (%)

151
151
160
176.5
133.3

12.2
15.6
17.8
18.7
8.0

with an increasing amount of starch, the surface roughness
of the samples seems to be increasing, which shows the
ductile failure of the samples as compared to MFS0. The
possible reason behind this behaviour is the covalent bonds
between starch and MF molecules, which promote the
ductile fracture behaviour.

SEM pictures of (a) MFS0, (b) MFS5, (c) MFS10 and (d) MFS15.
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Conclusion

This research study focuses on optimizing the preparation
methods of the MF and starch-based thermoset adhesive and
to study its adhesive properties over denim cloth substrate.
The effect of various parameters of synthesis is studied and
reported here. The extent of cross-linking and the usability
of adhesive are dependent on time, temperature and pH of
the system during synthesis. The adhesive composition
having 15% starch has shown the best peel strength among
all samples under all storage conditions and chemical
environments. The adhesive is found to be resistant towards
organic non-polar solvents where only 2% reduction in peel
strength is observed. However, the adhesive showed lower
chemical resistance towards polar organic solvents, acidic
and basic media. TGA studies show that the starch has
improved the thermal stability of the adhesive significantly.
FTIR studies project the chemical as well as physical
interaction of the starch with MF. The viscosity of the
adhesive is also studied as a function of temperature to
study the gelation temperature. The amount of starch lowers
the viscosity of the adhesive at a particular temperature,
which makes it useful and more applicable as compared to
unfilled MF adhesive. Shore A hardness test of the cured
adhesive–substrate combination shows higher hardness
number when the amount of starch is increased in MF. The
MFS–Denim cloth system can be useful in multilayer
composite structures with high adhesion strength between
layers, higher thermal stability, selective chemical resistance and higher hardness values.
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