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Cure reaction of an epoxy system consisting of diglycidyl ether of bisphenol A
(DGEBA) and urea formaldehyde (UF) resin as curing agent was studied in 
different ratios by using FTIR and non-isothermal DSC techniques. The rate of

epoxide conversion was determined by measuring the reduction of epoxide group
absorption peak at 916 cm-1 during curing. The rate of epoxide conversion depends on
the weight ratio of DGEBA/UF and also on the temperature of cure reaction. Activation
energy (Ea) of cure reaction for DGEBA/UF (50/50, wt%) system was obtained by using
the data from non-isothermal DSC technique and Kissinger and Ozawa equations. The
Ea values obtained from both methods were close and in the range of 130-132 kJ/mol.
The Ea values measured by isoconversional method showed dependence on the
degree of conversion (α) and reached a maximum value of 170 kJ/mol at α = 0.4.
DGEBA/UF systems were used for paper impregnation and lamination of the 
impregnated papers on the particle board. Degree of curing, porosity degree and 
resistance to gases of the laminated products were investigated according to industri-
al procedure. The best conditions of DGEBA/UF ratio, impregnation process and 
lamination process are also reported.

INTRODUCTION

Resin impregnated paper is often
used as a decorative and protective
laminate for composite wood 
panels (particle board, medium
density fibre board). The manufac-
ture of such laminates commonly
involves impregnation of décor
paper with a thermosetting resin
like melamine formaldehyde (MF)
and urea formaldehyde (UF). In
this process, paper passes through a
bath of resin which is self-bonding
[1]. Final curing is done during hot
press lamination when the resins in
the paper flow on the surface of the
board during lamination. The

resins form a hard cross-linked
thermoset material and create a
permanent bond. The procedure for
the synthesis of UF resins offers a
wide range of conditions which
make the synthesis of the uncured
resin possible for having important
properties such as gel time, tack
and spreadability. Also, formalde-
hyde emission and the durability of
the cured resin can be controlled
and specifically tailored for the
final end use of the resin [2-5].
Epoxy resins are of great commer-
cial importance for a wide range of
applications because of having
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superior mechanical and chemical properties [6]. The
segregation of minor component such as flow agent,
in an industrial coil coating based on epoxy resins
cross-linked with UF resin and applied to a hot-
dipped galvanized steel substrate, has been investi-
gated [7]. The superior mechanical and chemical
properties possessed by epoxy polymers are results of
the curing process which are initiated by using a wide
range of curing agents such as amines, anhydrides
and amino-formaldehyde resins during which a low
molecular weight resin is transformed into an infi-
nitely large molecular weight polymer with a three-
dimensional network structure. 

In the literature survey, we have not found any
report on curing kinetics of DGEBA/UF system and
neither its use in making lamination products with
cellulose paper. Therefore, in this work, the cure 
reaction of DGEBA and UF as curing agent was
investigated by using non-isothermal DSC technique.
In order to calculate the kinetic parameters, DSC data
under dynamic conditions were introduced to the
Kissinger, Ozawa and isoconversional methods.
Finally, the quality of the laminated products which
were prepared by impregnation of alpha cellulose
paper in different weight ratios of DGEBA/UF resins
(wt%: 70/30, 50/50, 30/70) was investigated.

EXPERIMENTAL

Apparatus
A DuPont differential scanning calorimeter, DSC
910s was used to monitor the exothermic thermo-
grams of cross-linking reaction. The FTIR spectra of
the cure reaction were recorded on a Bruker Vector
22. We have also used laboratory impregnation roller
and lamination press from Transfer Broni Company
of Germany.

Materials
The epoxy compound used in this study was digly-
cidyl ether of bisphenol A based epoxy (DGEBA),
Epidian 5, was provided from Iran Petrochemical
Industry (epoxy value: 0.535 mol/100 g, purity: 99.4
wt%, EEW = 187 g/mol, organic chlorine: 0.09 wt%).
The alpha-cellulose paper was provided from Impress
Company of Germany (37015016 Grunau Buche).

The UF resin was provided from Samed Resin
Manufacturing in Iran with a viscosity of 20 mPas at
20°C (free formaldehyde: 0.25%, solid content: 60%,
density: 1.26 g/m3, pH 9.20). For impregnation
process, polyalcohol and ester of long chained 
monocarboxylic acid (purchased from Funder
Factory of Austria) were used as modifier and wetting
agent, respectively. 

Preparation of Laminate 
DGEBA and UF as curing agent with different weight
ratios of (DGEBA/UF, wt%) 70/30, 50/50 and 
30/70, were carefully mixed in the impregnation bath
where wetting agent and modifier were also added.
The laminates were prepared in two steps: the decor
alpha-cellulose paper was passed through a bath 
containing resins and the excess resins were removed
by going through the additional rollers. The papers
were then dried in an oven where the temperature 
varied from 145°C to 160°C for a period of 2.5 to 
4 min, as the primary stage of curing process. In the
next step, the medium density fibreboard (MDF) with
the thickness in the range of 8-25 mm was covered
with the resin impregnated papers on both sides and
then cured under a compression moulding press 
(24 kg/cm2) in the temperature range of 180-240°C
for 23 to 34 s.  

Evaluation of Laminate's Surface Quality
The assessment of surface quality of the laminates
was carried out by using different tests such as: 
resistance to steam, curing grade and porosity grade.
These tests were carried out according to the
European standards [8]. 

Determination of the Porosity Grade (PVN 4001)
The warm surface of the pressed laminate was firmly
covered with graphite. Then the surface was wiped
off using a cloth soaked with acetone. In the test
report, number 5 is given to the laminate which has
open surface (uncured resin) and number 1 is given to
the laminate with closed surface (over-cured resin).
Therefore, the numbers 2 and 3 are given to the 
laminates with the best conditions. 

Determination of the Curing Grade (PVN 4002)
The curing is the stability of the pressed decorative
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surface against acids. Approximately 500 mL
distilled water was poured into a 1000 mL measuring
glass. Then 167.2 mL i.e., 197.3 g of hydrochloride
acid (37%) was added and the measuring glass was
filled with distilled water and mixed well. One gram 
powder of Rhodamine B was dissolved in 167.2 mL
of hydrochloride acid (37%). After the Rhodamine B
was dissolved, the Rhodamine/hydrochloride solution
was added to approximately 500 mL distilled water in
a measuring flask, and then it was made to 1000 mL
with distilled water and mixed well. The surface of
the laminates was covered with this solution. After 
1 h, the surface of the laminate was wiped off with
water soaked cloth and allowed for approximately 
30 min drying time; the sample was tested visually
according to the following rating scales: 
Rating 1: No visible corrosion.
Rating 2: Slight changes in the gloss grade when
observed from certain angles. 
Rating 3: Changes in the gloss grade when viewed
directly. 
Rating 4: Sever changes (corrosion) in the surface
(swelling). 
Rating 5: Corrosion spread down to the paper. 

Determination of the Resistance to Steam (EN438-2) 
A specimen from the laminate was held in plate over
the neck of a flask containing boiling water, so that
the decorative surface of the specimen was exposed to
the steam. After 1 h, the specimen was removed and
allowed to recover for 24 h in normal ambient 
conditions before examination for any change in its
appearance. The effect on the surface of the specimen
is expressed in accordance with the following rating
scales: 
Rating 1: No visible change. 
Rating 2: Slight change of gloss or colour only visible
at certain viewing angles. 
Rating 3: Moderate change of gloss or colour. 
Rating 4: Marked change of gloss or colour. 
Rating 5: Blistering and delaminating. 

RESULTS AND DISCUSSION

FTIR Analysis
DGEBA resin and UF resin as curing agent in a 

certain proportion were carefully mixed and stirred to
provide a homogeneous mixture. Samples for IR
measurements were prepared by casting a thin film of
the mixture between two potassium chloride discs.
The sandwich-like salt disk was placed in an oven
with an exact temperature controller which was fixed
at 180, 200, 220 and 240°C. The IR spectra were
recorded in the range of 700 to 1700 cm-1 for 
different periods of time. It is obvious that the 
phenylene group does not take part in the chemical
reaction during curing, therefore the absorption peak
at 765 cm-1 of monosubstituted benzene ring was
taken as a reference peak for the normalization of the
epoxy absorption peak. The epoxy ring appeared at 916
cm-1, and as the cure reaction progressed the 
characteristic band of the epoxy ring decreased and
vanished completely at the end of the cure reaction of
DGEBA with UF. The conversion degree according to
the cure time can be calculated with the following
equation:

(1)

where [A]t and [B]t are the areas under the peaks for
916 cm-1 and 765 cm-1, respectively, and [E] denotes
the concentration of epoxide group at time t and the
subscript 0 denotes time t = 0. The rate constant has
been calculated according to the following relation-
ship [9]:                       

(2)

where [I]0 is the initial curing agent concentration, α
is the epoxide conversion degree, r is the initial 
stoichiometric ratio of epoxide to curing agent and 
ka′ is the rate constant. The epoxide group conversion
against cure time which has been calculated according
to the eqn (1) from FTIR spectra is shown in Figure 1.
The initial slope of the curve is steeper but next to
that, the slope becomes smaller after a certain period
of time, which can be due to diffusion-controlled
reaction. It may be observed in Figure 1 that as the
isothermal temperature of curing increased from
180°C to 240°C the time required to the minimum
level of conversion is decreased from 100 min to 
14 min. The rate constant can be determined from the
slope of the linear plot of the left-hand side of eqn (2) 
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Figure 1. Conversion versus time of curing for DGEBA/UF
(50/50 wt%) at different temperatures.

as a function of the reaction time. The rate constant
values are obtained for two different ratios of
DGEBA/UF and are listed in Table 1. The rate 
constant is increased when UF concentration and the
isothermal curing temperature are increased as well.
The epoxide group conversion versus curing time for
different weight ratios of DGEBA/UF system is 
compared in Figure 2. 

DSC Analysis 
The kinetics of cure reaction of epoxy resin has been
widely studied with isothermal and non-isothermal
DSC and FTIR techniques [10-14]. All kinetic 
models start with the following basic equation: 

(3)

Table 1. Rate constants for DGEBA/UF systems cured at
different weight ratios.

Figure 2. Conversion versus curing time for different weight
ratios of DGEBA/UF system at 220°C.  

where dα/dt is the instant cure rate, α is the 
fractional conversion at time t, k is the rate constant,
f(α) is a functional term of α that depends on the reac-
tion mechanism and is usually assumed to be the
Arrhenius equation as follows: 

(4)

Kissinger derived the following equation for when
the temperature varies with time at constant heating
rate [15], q = dT/dt:  

(5)

where q is the heating rate, Tp is the temperature at
which dα/dt is maximum, Ea is the activation energy,
R is the gas constant and A is the pre-exponential 
factor. This method gives a relatively accurate Ea
and A values by calculating the relationship between 
-Ln(q/T2p) and 1/Tp. Ozawa-Flynn-Wall method
based on Doyle's approximation [16,17] is an 
alternative method for the calculation of Ea and it is
expressed as follows:

(6)

A plot of Ln (qi) versus 1/Tp should give a straight
line with a slope of 1.052 Ea/R. 
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Temperature (°C)

K×1000 (s-1)

DGEBA/UF ratio
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200
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9
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94
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6
10
93
98

 



Figure 3. Dynamic DSC thermograms for different weight
ratios of DGEBA/UF system at heating rate of 10°C/min.

The above equations give only one Ea from the
data of Tp. A more complete determination of Ea at
any selected conversion can be calculated by the 
isoconversional equation [18]: 

(7)

where Ea, q and R are the same terms as in Kissinger
equation and T is the temperature for a selected 
conversion at each heating rate. Ea values can be
obtained from the slope.

An amount of 15 mg of the homogeneous mixture
of DGEBA/UF was put into a DSC sample pan and
covered with an aluminium lid and closed tightly
under pressure. It was heated according to the 
programme of a constant heating rate from room 
temperature to 300°C. The heating rates were 5, 10,

Figure 4. Dynamic DSC thermograms for DGEBA/UF
(50/50 wt%) at different heating rates.

15 and 20°C/min. Figure 3 shows DSC thermograms
for different weight ratios of DGEBA/UF system. The
exothermic peak in almost 240°C was attributed to the
generation of heat during the cure reaction of DGEBA
with UF. Figure 4 shows DSC curves for DGEBA/UF
(50/50 wt%) system at four different heating rates. All
curves display only one sharp exothermic peak,
regardless of the heating rate. The exothermic peak
has shifted towards higher temperatures as the heating
rate is increased. Table 2 shows the data obtained
from DSC curves for a 50/50 wt% ratio of
DGEBA/UF at different heating rates. The data in
Table 2, the temperature at which the instant 
conversion rate is maximum (Tp) and the heating rate
(q) are used for the calculation of Ea values by using
Kissinger (5), isoconversional (7), and Ozawa (6)
equations. The slope of the plots of -Ln (q/T2p) versus
1/Tp and Ln(qi) versus 1/Tp according to eqns (5) and
(6) are used to calculate the Ea values of 130 kJ/mol 
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Weight ratio
(wt%)

q (°C/min) TP (K) 1000/T (K-1) lnq -ln(q/Tp2) Exothermic heat
(J/g)

50/50

5
10
15
20

506.55
516.83
523.64
528.89

1.97
1.93
1.91
1.89

1.61
2.30
2.71
3.00

10.85
10.19

9.81
9.55

74.30
81.54

127.99
134.13

Table 2. DSC data for curing DGEBA/UF (50/50 wt%) system at different heating rates.

  



Figure 5. Isoconversional plots of lnq versus 1/T at various
conversions for DGEBA/UF (50/50 wt%) system.

and 131.8 kJ/mol, respectively. From the high value
of activation energy for DGEBA/UF system it may be
concluded that the cure reaction is most probably
involved between epoxide groups and the secondary
amines of UF. The maximum exothermic 
temperatures (Tp) of the cure reaction as shown in
Table 2 are higher than the Tp of the cure reaction
between epoxide group and aromatic or aliphatic 
primary amine [18-21]. By using isoconversional 

Figure 6. Plot of Ea versus conversion according to the 
isoconversional method.

method, Ea values for each conversion from 0.1 to 0.8
are obtained from the slope of the lines plotted in
Figure 5. The Ea values versus conversion are shown
in Figure 6. The results show that Ea values increase
slightly up to α = 0.4 due to cross-links formation,
and then start to decrease which can be probably due
to the reduction of viscosity as a result of thermal 
degradation of the polymer. 
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DGEBA/UF
ratios
(wt%)

Impregnating condition Laminating condition Laminate quality

Temperature
(°C)

Time
(min)

Temperature
(°C)

Time
(min)

Pressure
(kg/cm2)

Porosity
grade

Curing
grade

Resistance
to steam

30/70

160
150
145
160
145

3.0
3.0
2.5
3.0
2.5

200
200
200
180
180

23
23
23
34
34

24
24
24
24
24

- White spots in the laminate surface
- Little white spots in the laminate surface
- Little white spots in the laminate surface

1                  1                  1
3                  2                  2

50/50

145
145
145
145

2.5
2.5
2.5
2.5

180
200
220
240

34
30
23
20

24
24
24
24

5
4
2
2

3
2
2
1

5
4
3
3

70/30 145-160 2.5-4 This system could not be cured during impregnation process and the product
was tacky.

Table 3. The impregnation and lamination processing conditions and the quality rating of the laminates.



Impregnation Process
The impregnation and lamination processing conditions
for different ratios of DGEBA/UF resins and the
results of investigation of the surface quality of the
laminated products are shown in Table 3. Different
ratios of DGEBA and UF resins (30/70, 50/50 and
70/30 wt%) were used in impregnation process. After
immersing the papers in the impregnation bath, the
excess of the resin was removed and then dried in an
oven at 145-160°C for 2.5-4 min. The particle board
was laminated on both surfaces using the 
impreg-nated papers in a hot press (200°C) under 
24 kg/cm2 pressure for 23-34 s. The best results are
obtained for DGEBA/UF system with the ratio of
50/50 which was used as impregnating agent at
145°C for 2.5 min and when the particle board was
laminated by impregnated papers at 220°C for 23 s
under 24 kg/cm2 pressure. White spots have been
observed on the surface of the laminate when the
amount of UF in the mixture is in excess (>50%).
This is due to over curing phenomenon and the extent
of the white spots on the surface of the laminates
depends on the processing temperature. When the
amount of DGEBA is in excess (>50%), the cure
reaction of DGEBA is not complete and the uncured
resin remains on the surface of the paper after drying
and the product becomes tacky.

CONCLUSION

The mechanism and kinetic parameters of the cure
reaction of DGEBA/UF system were investigated by
using FTIR and DSC techniques. FTIR measure-
ments showed decrease in the intensity of the 
absorption band of epoxide group at 916 cm-1. The
rate of epoxide conversion depends on the ratio of
DGEBA/UF and also on the temperature of cure 
reaction. In general, the rate of epoxide conversion is
found to be higher when the ratio of DGEBA/UF is
50/50 wt%. This ratio of the resins was used for DSC
tests and the Ea values of the cure reaction are
obtained from DSC data by applying Kissinger 
(130 kJ/mol) and Ozawa (131 kJ/mol) equations.
Isoconversional method was also used to calculate the
Ea values in the conversion range of 0.1 to 0.8. It is
clear from the results that we should select the 

optimum ratio of 50/50 for DGEBA/UF resins in
impregnation and subsequent lamination processes.
However, laminates made from all three ratios of
30/70, 50/50 and 70/30 wt% were tested for 
determination of curing grade, porosity grade and
resistance to steam. The laminate prepared from
30/70 wt% ratio of DGEBA/UF resins produced the
best results when impregnated at 145°C for 2.5 min
and laminated at 180°C for 34 s under pressure of 
24 kg/cm2. The laminate prepared from 50/50 wt%
ratio of DGEBA/UF resins produced the best 
results when impregnated at 140°C for 2.5 min and
laminated at 220°C for 23 s under pressure of 
24 kg/cm2.
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