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Abstract Macroscopic crack initiation and propaga-
tion, as a result of internal stress, poses a threat to the
performance of protective coatings. In demanding
environments, such as corner geometries and saltwater
exposure, the cracks may accelerate substrate corro-
sion and potentially lead to collapse of infrastructure.
The present work is focused on the underlying mech-
anisms of curing-induced internal stress and investi-
gates the dynamics of the parallel processes of
crosslinking reactions and evolution of mechanical
properties for a solvent and pigment-free epoxy resin
cured with a diamine hardener. Experimental tech-
niques, applied at room temperature and constant
relative humidity, include attenuated total reflection-
Fourier transform infrared (ATR-FTIR) spectroscopy,
advanced rheometry, dynamic mechanical thermal
analysis (DMTA), and a beam deflection device. When
taking post-vitrification mobility control into account,
the reaction kinetics behind the crosslinking and
network development could be simulated with a
modified Kamal–Sourour model. In addition, engineer-
ing models for simulation of coating modulus, volu-
metric shrinkage, and internal stress as a function of
conversion were proposed and found to be in good
agreement with experimental data. This allowed, by

comparing the magnitudes of the modulus and the
internal stress, for evaluation of whether premature
cracks are expected to initiate. Furthermore, we show
that the curing-induced internal stress development is
strongly influenced by the current coating elastic
modulus and film thickness, highlighting the effect of
coating property transients. The experimental tech-
niques and engineering modeling tools collected can be
used to evaluate, without demanding computational
complexities, the simultaneous development of coating
modulus and curing-induced internal stress.

Keywords Internal stress, Two-component thermoset
epoxy coating, Chemical shrinkage, Modulus
evolution, Conversion

Abbreviations

ATR-FTIR Attenuated total reflection Fourier

transform infrared spectroscopy

DMTA Dynamic mechanical thermal analysis

CHILE Cure hardening instantaneously linear

elastic

PVE Pseudo-viscoelastic

BMI Bismaleimide

Tg Glass transition temperature, �C
FEM Finite element method

BFDGE Diglycidyl ether of bisphenol F

MXDA M-xylylenediamine

WFT Wet film thickness, lm

List of symbols
XE Conversion of epoxide groups in epoxy

A915,t Absorbance area of epoxide groups at

different measurement times
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A1250,t Absorbance area of reference peak at

different measurement times

A915,0 Absorbance area of epoxide groups at initial

time

A1250,0 Absorbance peak area of reference peak at

initial time

LVR Linear viscoelastic response

h Coating thickness at different measurement

times, lm
h0 Initial coating thickness at the beginning of

the measurement, lm
Es Substrate Young’s modulus, MPa

ts Substrate thickness, mm

d Deflection at different measurement times,

mm

tc Coating thickness, mm

L Coating length, mm

Ec Coating Young’s modulus, MPa

[E] Epoxide group concentration

k1 Reaction rate constant of autocatalytic

primary amine reaction resulting from OH

groups generated during reaction, h�1

[Al] Primary amine concentrations

[EOH] Variable concentration of hydroxyl groups

formed during curing that can catalyze the

reactions

k1c Reaction rate constant of impurity-catalyzed

primary amine reaction resulting from OH

groups in initial formulation, h�1

[ROH] Constant concentration of impurities exists

in coatings that can catalyze the reactions

k2 Reaction rate constant of autocatalytic

secondary amine reaction resulting from OH

groups generated during reaction, h�1

[A2] Secondary amine concentrations

k2c Reaction rate constant of impurity-catalyzed

secondary amine reaction resulting from OH

groups in initial formulation, h�1

t Curing time, h

k1,nc Reaction rate constant of noncatalytic

reaction between epoxy and amine in initial

formulation, h�1

k2,ac Reaction rate constant of autocatalytic

reaction resulting from OH groups in initial

formulation and OH groups generated

during reaction, h�1

XE,vit Degree of conversion at vitrification

Dc Parameter to relate agel and the vitrification

effect

X(t) Conversion as a function of time

G¢(t) Storage shear modulus as a function of time,

Pa

G¢0 Initial modulus before curing, Pa

G¢¥ Final modulus after curing, Pa

X¥ Final conversion after 120 h isothermal

curing

G¢ Storage shear modulus, Pa

K Bulk modulus, Pa

K(X) Bulk modulus as a function of conversion,

MPa

G¢(X) Storage shear modulus as a function of

conversion, MPa

I Identity tensor

E Young’s modulus, MPa

G Storage shear modulus, MPa

Greek

eV Volumetric shrinkage

mc Coating Poisson’s ratio

ms Substrate Poisson’s ratio

ecure(t) Curing-induced volumetric shrinkage as a

function of time

m Poisson’s ratio

r Internal stress, MPa

r(t) Internal stress as a function of time, MPa

Introduction

Due to their chemical resistance and mechanical and
thermal stabilities, two-component epoxy coatings are
widely used industrially to protect steel constructions,
such as ships and wind turbine towers, against corro-
sion.1–4 However, defects in anticorrosive coatings,
such as microcracks and voids, originating from the
application, curing, or inappropriate formulation, are a
potential threat to the performance. In or around the
defects, barrier properties can be compromised, lead-
ing to excessive ingress of saltwater. This, in turn,
initiates localized corrosion of the underlying structure,
in the form of pitting or crevice corrosion, which can, if
not handled, induce catastrophic disasters, such as
pipeline explosions or bridge collapses.3,5,6

The origin of cracks and other defects in anticorro-
sive coatings can often be attributed to the develop-
ment of internal stress, which either forms during the
curing process and/or develops when external factors,
such as temperature, humidity, water absorption, or
mechanical stress, vary.7 Generally, differences in the
thermal or hygroscopic expansion coefficients of the
substrate and coating layers induce compressive or
tensile stresses, which drive the crack initiation and
propagation with changes in exposure conditions.

When a thermoset epoxy coating cures, the liquid
film gradually solidifies a process driven by crosslinking
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reaction(s) and/or solvent evaporation. The coating
builds molecular weight, glass transition temperature,
and mechanical properties, while the volume shrinks.
Prior to the gelation point, the viscosity increases, but
the viscous stress remains insignificant. At the so-called
vitrification point (which may be coating depth-depen-
dent8), the glass transition temperature of the coating
network (including any solvent present) becomes equal
to the curing temperature, and, due to a strong
adhesion at the coating–substrate interface, the volu-
metric shrinkage gets constrained, which leads to a
tensile in-plane stress development.9 In some cases, as
illustrated in Fig. 1a, the internal stress exceeds the
strength of the coating and can initiate cracks.9

Subsequently, when the driving energy for cracking,
which is influenced by the local stress and the film
thickness, exceeds the critical fracture energy (defined
as the amount of energy that must be concentrated on
the crack tip before a crack propagates), brittle crack
propagation will occur and the energy required to
make the crack propagate per unit area is regarded as
the fracture toughness.10–13 An example of the mor-
phology of a crack is provided in Fig. 1b, where cracks,
resulting from curing-induced internal stress within a
novolac epoxy/cycloaliphatic amine coating, were
observed with optical microscopy.

Curing-induced internal stress can also concentrate
around pigments and fillers. The particulates represent
discontinuities in the matrix, and the states of stresses
are different around these, resulting in more localized

defects.9 Generally, coatings exhibit a critical cracking
thickness, which depends on the formulation and
exposure conditions and can range from about
50 nm–500 lm.14

To control and reduce stress-related defects and
cracks in coatings, it is essential to investigate the
curing-induced internal stress development. For quan-
tification in polymeric coatings, the following nonde-
structive techniques, reviewed in references (9, 15–17),
have been employed: photoelasticity,18 time-resolved
fluorescence,19 Raman spectroscopy,20 X-ray and neu-
tron diffraction with crystalline particle embedding,21

and beam deflection.9,22–25 The latter technique is
rather easy to implement, and the sample deflection
development can be recorded with various techniques,
such as microscopy, capacitance gauges, and laser-
based distance/position sensors.9

Earlier works investigated the effects on internal
stress of the binder/hardener formulation, tempera-
ture, humidity, fillers, pigmentation, and solvent con-
tent.9,26–30 However, in these studies, the coatings
elastic moduli and thicknesses were assumed constant
during curing, which leads to inaccurate assessment of
the curing-induced internal stress. In addition, when
evaluating the internal stress using the deflection
method, a constant coatings thickness assumption will,
according to Francis et al.9, result in underestimation
of the internal stress values.

Although many articles have focused on epoxy
coating mechanical properties, most of the earlier
works measured the elastic modulus on fully cured
samples with DMTA, 3-point bending test, or the
tensile testing method.31–34 Such an approach does not
capture the influence of curing reactions on the coating
property evolution. Alternatively, advanced rheome-
ters and other instruments have been used to monitor
the elastic modulus evolution. However, parallel plate
rheometry with an oscillatory shear measurement
works well for coatings at low degrees of curing (i.e.,
prior to gelation). Post-gelation, other rheometry
techniques, such as 3-point bending or tensile testing,
should be used to estimate the coating modulus.31

To investigate the curing-dependent mechanical
properties and/or shrinkage evolution in epoxy coat-
ings, mathematical modeling has been used. Zobeiry
et al.35 investigated the so-called Cure Hardening
Instantaneously Linear Elastic (CHILE) model, a
pseudo-viscoelastic (PVE) and a complex viscoelastic
(VE) model in their ability to estimate the dynamics of
the mechanical properties evolution. They specifically
investigated two commercial epoxy resins over a
temperature ramp, hold-on, and cooling-down curing
ramp. It was found that the complex VE model can be
simplified to the PVE model by introducing time-
dependent elastic modulus with good agreement in the
simulated internal stress. Using a constant elastic
modulus, the complex VE model can be further
simplified to the CHILE model. However, this simpli-
fication can bring imprecision because the time-depen-
dent mechanical property evolution of the cured
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Fig. 1: (a) Schematic illustration of the coating strength
and the internal stress development during curing. (b)
Optical micrograph (top view) of a crack in a pigment-free
novolac epoxy/cycloaliphatic amine coating with a dry film
thickness of 105 lm after 24 h of curing at 23�C. The scale
is shown in the micrograph
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sample was ignored. Radue et al.36 tried to expand the
molecular simulations to epoxy–amine curing with
multiple reactions. They studied the thermomechanical
property evolution in a Matrimid-5292 bismaleimide
(BMI) resin, with five curing reactions. Their results
show that as conversions increase, both glass transition
temperature and Young’s modulus increase and the
simulated Young’s modulus agreed well with the
experimental results. Simon et al.,37 for isothermal
curing and post-gelation, built a model to estimate
viscoelastic properties of a commercial epoxy. They
found that the storage modulus begins to build at the
gelation point and increase with higher values of
conversion. At the vitrification point, the storage
modulus exhibited a sharp increase. Rabearison
et al.38 proposed a finite element method (FEM)
coupling model to predict the localized conversion,
elastic modulus, shrinkage, and internal stress within
an epoxy matrix, with an approach to predict localized
stress magnitudes. Their model needs calibration
against experimental data.

Using diffusion-controlled reaction kinetics, coupled
with a temperature- and conversion-dependent vis-
coelastic relaxation model, Alig et al. simulated the
curing-induced internal stress in epoxy coatings with a
generalized Hookean model. They compared simula-
tions to coating properties, measured by temperature-
modulated calorimetry, DMTA, ultrasonic spec-
troscopy, light scattering, and laser scanning dilatome-
ter.39–41 The advantage of this approach was the
possibility to simulate nonisothermal curing and real-
istic curing programs. For test of material equations
and parameter sets, the evolution of stress, by an
iterative numerical approach for a radial symmetric
model geometry (and later extended to coating layers),
was conducted. In a second step, the models were
implemented into a FEM code (ABAQUS). For the
evolution of conversion, shrinkage, shear storage
modulus, Poisson’s ratio, glass transition temperature,
and internal stress in coatings, the experimental results
were found to be in good agreement with simulations.
The model was partially adapted for simulation in the
electronics industry (i.e., encapsulations) and further
modified and adapted to UV-curing of coatings.42

More recently, it was also used for simulation of
humidity and temperature-induced stress in coatings
during weathering. However, although this model
provides high-precision calculations for curing-induced
internal stress and advanced corporations may go to
this level, the evaluation of time-dependent parameters
and computational complexities involved render it
perhaps less useful for routine industrial applications.

With the aim of providing industrial guidelines for
reduction of internal stress-related crack formation in
thermoset epoxy coatings, the present work quantifies
the dynamics between crosslinking reactions, mechan-
ical properties, and internal stress. This, in turn, can
support the development of anticorrosive coatings with
superior barrier properties and long durability. The
strategy of the investigation is to quantify, in parallel,

the curing-induced internal stress, the curing kinetics,
the volumetric shrinkage, and the mechanical property
evolution. For the analyses, IR spectroscopy, 3D
profilometry, advanced rheology, and dynamic
mechanical analysis (DMTA) are used. In addition,
to evaluate the development of internal stress as a
function of conversion, volumetric shrinkage, and the
coatings storage shear modulus, an overall engineering
model, based on easy-to-handle equations from previ-
ous investigations, is collected. Finally, simulations and
experimental data for the internal stress are compared
and discussed.

Experimental

Materials and coating preparation

An anticorrosive EPON 862/MXDA coating with an
amine/epoxy functional group stoichiometric ratio of
1.0 was formulated. The binder was a solvent-free
diglycidyl ether of bisphenol F (BFDGE) epoxy resin
manufactured by Hexion B.V. with an epoxy equiva-
lent weight of 169 g/mol, and used as received. A
solvent-free m-xylylenediamine (MXDA) supplied by
Sigma-Aldrich was used to prepare MXDA-BFDGE
adduction, and the 7.5% adducted MXDA-BFDGE
was used as a hardener. Molecular structures of EPON
862 and MXDA are shown in Fig. 2.

Application of the pigment and filler-free EPON
862/MXDA coatings were initiated by mixing the
binder and hardener. For the degree of conversion
measurements, the wet film thickness (WFT) was
controlled using an Elcometer 3580 casting knife film
applicator, which could adjust film thickness from 0 to
6 mm with increments of 10 lm to 300 ± 10 lm. This
is a typical heavy-duty epoxy-based coating thickness.

O

O

O
O

0.1

O
O

EPON 862

MXDA

H2N NH2

Fig. 2: Molecular structures of epoxy EPON 862 and MXDA
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The coatings were applied on a 0.1-mm-thick plastic
substrate (supplied by Erhvervsskolernes Forlag, Den-
mark), and the samples stored in an Aralab climate
chamber for 120 h with the temperature and relative
humidity set to 23 ± 0.5�C and 35 ± 1%, respectively.

FTIR spectroscopy

The reactant (epoxy) conversion as a function of curing
time was monitored with a Thermo Scientific Nicolet
is50 ATR-FTIR spectrometer and calculated from
equation (1)

XE ¼ 1� A915;t=A1250;t

A915;0=A1250;0
ð1Þ

where XE is the conversion of epoxy (epoxide) groups.
The absorbance peak at 915 cm�1 was assigned to
epoxide, and the one at 1250 cm�1 to the phenylene
group (used as a reference peak, see Fig. 3). For the
evaluation of the repeatability, three samples were
used for each measurement.

Dynamic mechanical thermal analysis (DMTA)
measurements

An advanced rheometer DHR-2 (TA Instruments) was
used to monitor the shear storage modulus evolution
through curing. For strain-controlled oscillation mode,
an excessive liquid coating sample was placed between
two 25-mm-diameter parallel plates to make sure that
the gap between the parallel plates is filled up. For the
removal of the overflow, tissue was used. The mea-
surement was taken with a fixed gap of 200 lm, a
frequency of 1 Hz, and a shear strain of 6.25%. The
gelation point was taken as the point in time where the
storage modulus became equal to the loss modulus,
and vitrification time was chosen as the time of

maximum storage modulus. ATR-FTIR was used to
measure the conversion at the gelation and the
vitrification points. For DMTA tension test, free films
(20 9 10 9 0.3 mm3) at different curing times were
prepared by pouring the liquid epoxy/amine mixture
into silicone molds and letting the samples cure in a
climate chamber. The oscillation-temperature ramp
procedure was from 30 to 150�C with a heating rate of
1�C/min and a frequency of 1 Hz.

Tensile test

Tensile test samples were prepared with the same
method as the DMTA free-film samples, and testing
was performed using an advanced rheometer DHR-2
(TA Instruments). To track the strength of the curing
coating at different values of time, the tensile proce-
dure was conducted at 23�C with a linear tension rate
of 5 lm/s.

Curing shrinkage measurement

The curing shrinkage measurements were taken using
an optical 3D profilometer (KEYENCE VR-3000).
Silicone molds, as shown in Fig. 4a, were used to
prepare samples with a controlled thickness of 300 lm.
The sample thickness was monitored with a profilome-
ter at different curing times (Fig. 4b), and the area for
analysis, using silicone molds and profilometer soft-
ware, was kept constant and controlled throughout the
curing. To obtain the sample thickness information, the
left edge of the sample (light blue line in Fig. 4c) was
used as reference and the thickness profile results of
the yellow line (shown in Fig. 4d), red line, and the
blue line were used to achieve the average thickness
profile. Any deformation of the silicon molds and
sticking of the epoxy resin to the walls of the molds,
due to epoxy vitrification, were considered insignificant

4000 3500 3000 2500 2000 1500 1000 500

ecnabrosb
A

Wavenumber (cm–1)

0 h
168 h

(a)

1300 1200 1100 1000 900 800 700

ecnabrosb
A

Wavenumber (cm–1)

0 h
168 h

(b)
Epoxide ring 

Phenylene group 

Fig. 3: (a) The full FTIR spectrum of epoxy EPON 862/MXDA system before (0 h) and after curing (168 h). (b) Close-up of the
relevant wavelengths with indication of the epoxide ring and phenylene group peaks used in the calculation of the reactant
conversion
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and, consequently, ignored.43 To determine the current
coating thickness, five points were selected along each
of the three lines.

The current film thickness was used to calculate the
reaction-induced volumetric shrinkage using the fol-
lowing equation

eV ¼ 1þ 1

3

h� h0
h0

� �� �3

�1 ð2Þ

where eV is the volumetric shrinkage, h the current and
h0 the initial coating thickness.44 Note that upon
shrinkage, eV attains negative values.

Internal stress measurements

To monitor the curing-induced internal stress, the
coatings were applied on 0.1-mm-thick 316L stainless
steel shims with a length of 200 mm and a width of
15 mm (Fig. 5a). Prior to application, the substrates
were cleaned with ethanol. Using an Elcometer 3580
applicator, the wet coating thickness was controlled to
300 ± 10 lm. The coated samples were placed hori-
zontally in a climate chamber under a relative humidity
of 35 ± 1% and a temperature of 23 ± 0.5�C for 4 h.
To omit the influence of gravity and make use of
position detective sensors (Fig. 5b), samples were fixed
vertically with a clamp, allowing deflection at the free
end.

Using the deflection data recorded, the internal
stress for a coating is calculated from the following
equation9

r ¼ Est
3
sd

3tcL2ð1� msÞðtc þ tsÞ
þ Ecdðts þ tcÞ

L2ð1� mcÞ
ð3Þ

285,795

200,000

2000,000 4000,000 6000,000 8000,00010000,000 14000,000 18000,000 22372,622

μm

μm

100,000

–100,000

–200,000

–300,000

–392,895

0,000

0,000

(a) (b)

(c) (d)

Fig. 4: Schematic diagram of coating thickness monitoring with a 3D profilometer. (a) Samples prepared in silicone molds
to monitor coating thickness, (b) coating thickness measurement (in the silicone mold) using a 3D profilometer, (c)
locations used to analyze the thickness profile, and (d) thickness profile of the yellow line in (c) (Color figure online)

Support

200 mm

(a)

(b)

15 mm

160 mm 5 mm

Clamp

Metal
substrate

Coating

Position detector
sensor (PDS)

Fig. 5: The beam deflection device for monitoring of
curing-induced internal stress. (a) Schematic illustration
of a coated metal deflection sample (top view). (b) Setup for
beam deflection method to monitor the curing-induced
internal stress, mounted vertically at the top end
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Here r is the internal stress, ES the substrate
Young’s modulus, ts the substrate thickness, d the
measured deflection, tc the coating thickness, L the
coating length, ms the substrate Poisson’s ratio, Ec the
coating Young’s modulus, and mc the Poisson’s ratio of
the coating. The assumptions underlying equation (3)
are9:

• Curing-induced internal stress is biaxial within the
coating.

• Adhesion between the coating and the substrate is
strong.

• The mechanical properties of the substrate and the
coating are isotropic.

Mathematical modeling

A dynamic engineering model to describe curing-
induced internal stress in solvent-free coatings at room
temperature is now described. The model takes into
account the conversion of epoxy groups, the develop-
ment in coating modulus and shrinkage, and the
development of curing-induced internal stress. The
assumptions underlying the model are:

• The coating is isothermal (ambient temperature)
with no compositional or mechanical property
gradients.

• Prior to gelation, curing shrinkage can be neglected.
• The Poisson’s ratio of the coatings is at all times 0.3.

This value has been widely used in epoxy coating
mechanical property modeling.45

• No crack formation in the coated samples during
curing.

• The etherification reaction is insignificant and can
be ignored at ambient curing conditions.

• The reaction rates of primary and secondary amine
are the same.

• Both the noncatalytic reaction between epoxy and
amine and the reactions catalyzed by impurities and
hydroxyl groups formed during curing are consid-
ered.

Curing kinetics

For the curing kinetics of epoxies, equation (4), which
was derived based on the reactions listed in reference
(46, 47), is used:

� d½E�
dt

¼ k1 E½ � A1½ � EOH½ � þ k1c E½ � A1½ � ROH½ �
þ k2 E½ � A2½ � EOH½ � þ k2c E½ � A2½ � ROH½ � ð4Þ

where [E] is the concentration of epoxide groups. k1
and k2 denote the reaction rate constants of the
autocatalysis reaction, k1c and k2c represent the reac-
tion rate constants of the impurity-catalyzed reactions,
and [Al] and [A2] are the concentrations of primary
and secondary amines, respectively. The constant
impurity concentration in the coatings, [ROH], can
catalyze the reaction between epoxy groups and amine
groups, and [EOH] is the concentration of hydroxyl
groups that can catalyze the reaction formed in the
epoxy and amine reactions.

The conversion of epoxy groups (XE) is equal to one
minus the current epoxy group concentration divided
by the initial epoxy group concentration, and equation
(4) can be rewritten into:

dXE

dt
¼ k1;nc 1�XEð Þ2 XE þ k2;ac

k1;nc

� �
ð5Þ

where k1,nc is the reaction rate constant of the
noncatalytic reaction between epoxy and amine in
the initial formulation and k2,ac denotes the reaction
rate constant of the autocatalytic reactions catalyzed
by the OH groups from the initial formulation and the
OH groups generated during curing.

Equation (5) is not able to account for coating
vitrification effects, and the model assumes complete
conversion at any temperature despite the fact that the
degree of conversion depends on curing temperature.
This may result in an inaccuracy, especially for epoxies
cured at room temperature. In order to account for the
vitrification effect, the model can be extended to
equation (6)42,46,48–52:

dXE

dt
¼ k1;nc 1�XEð Þ2 XE þ k2;ac

� � 1

1þ exp Dc XE �XE;vit

� �� �
 !

ð6Þ

Here, XE,vit is the degree of conversion at vitrification,
and Dc is a constant.

Chemical strain model

Li et al.53 proposed a model to fit the chemical
shrinkage of a commercial epoxy as a function of the
degree of conversion with two linear equations before
and after the gelation point. However, in the current
work, because it is widely accepted that curing-induced
internal stress can only be developed after gelation/
vitrification point and the shrinkage before gelation
has little influence on the internal stress,9,54 the
chemical shrinkage prior to the gelation point was
neglected. Thus, the linear equations [equations (11)
and (12) shown in Fig. 7c] were used in the current
work to model the chemical shrinkage as a function of
conversion.
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Elastic behavior of coating

To quantify the influence of conversion on the storage
shear modulus, the following equation is used55:

X tð Þ ¼
log G0 tð Þð Þ � log G0

0

� �
log G0

1
� �

� log G0
0

� � X1 ð7Þ

Here, X(t) is the conversion as a function of time, G¢
the storage shear modulus, G¢0 the initial modulus, G¢¥
the final modulus, and X¥ the final conversion after
120-h isothermal curing. Note that in this simplified
equation, the influence of temperature, induced by the
exothermic crosslinking reactions, and the effects of
cure-dependent stress relaxation were ignored (for
more elaborate calculations, see reference (37, 40, 42,
56).

Using a DFT of 300 lm and a substrate thickness of
0.1 mm, heating effects (an increase of 0.3�C was
measured) could safely be ignored in our experiments.
In addition, Figure S1 in supplementary information
shows that the curing coating was dominated by
viscosity prior to gelation (and vitrification, which
was coincident). However, after around 5 h of curing,
the system was elastically dominated. Consequently,
the relaxation effect, which requires complex viscoelas-
tic modeling, was ignored in this work.

Equation (8) can be used to calculate the internal
stress with the shear modulus G¢ from equation (7),
and bulk modulus, K, from equations (9) and (10)57

r tð Þ ¼ K Xð Þ � 2

3
G0 Xð Þ

� �
trðecure tð ÞÞ � I þ 2G0 Xð Þ

� ecure tð Þ ð8Þ

Here, r(t) is the internal stress as a function of time
and ecure(t) is the curing-induced volumetric shrinkage.
I is the identity tensor, and K(X) and G¢(X) are bulk
modulus and shear modulus as a function of conver-
sion, respectively.

For isotropic materials, the Young’s modulus, E,
and the bulk modulus, K, can be calculated using
equations (9) and (10), where G is the shear storage
modulus and m is the Poisson’s ratio, assumed constant
(value of 0.3) throughout the curing process.

E ¼ 2Gð1þ mÞ ð9Þ

K ¼ E

3ð1� 2mÞ ð10Þ

Results and discussion

The experimental results for conversion, modulus
evolution, shrinkage, and curing-induced internal stress
of epoxy coatings will now be described, followed by a
comparison of model simulations with experimental
data.

Evolution of coating properties during curing

The full experimental transients of coating properties
during curing are shown in Fig. 6, including conversion,
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Modulus(MPa) DMTA-Oscillation
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Internal stress (MPa)

Deflection (mm)

0.8
0.6
0.4
0.2
0.0

6
3
0

6
3
0

3.0

0.0
0 20 40 60

Time (h)
100 120 140

1.5

1000
2000

0
340
330
320
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Fig. 6: Experimental data of coating properties evolution
during curing at 23±0.5�C for the solvent- and pigment-free
EPON 862/MXDA binder system. The coating properties
monitored were (from top to bottom): epoxy groups
conversion, coatings storage shear modulus measured
with DMA oscillation, coatings elastic modulus measured
with DMA tension, coating thickness, relative volumetric
shrinkage, deflection, and internal stress measured with
the deflection method. Standard deviations are provided
with error bars for all measurements
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elastic modulus, film thickness, volumetric shrinkage,
deflection in beam deflection, and internal stress
estimated from the beam deflection measurements.

During the first four hours, the conversion (mea-
sured with ATR-FTIR) increases fast. After this point,
as a result of vitrification, where all reactions become
mobility-controlled,58 the rate of consumption of
epoxy groups rapidly decreases and the conversion
exhibits a very slow increase. After 24 h, the conver-
sion comes close to a plateau value around 0.72.

For the storage modulus (monitored with DMTA
oscillation-time test), an initial slow build in the first
3.2 h is seen, after which the storage modulus, due to
gelation, exhibits a steep increase. Unlike the degree of
conversion, which reached a plateau after 24 h, the
storage modulus, due to gelation/vitrification, reaches a
plateau already after four hours because the gap
adjustments are no longer possible and the sample
cannot fully fill the gap, resulting in a significantly
smaller storage shear modulus.31

To analyze the influence of conversion on the bulk
storage modulus, DMTA tension experiments were
conducted and the measured elastic modulus increases
with curing time after 6 h and reaches a constant value
after around 72 h, indicating that the DMTA tension
measurement is better at representing the influence of
conversion on modulus evolution than the oscillation-
time recordings.

From 0 to 4.5 h (prior to vitrification), the coating
thickness decreases fast (18 lm in absolute values), as
a result of relatively fast crosslinking reactions. Subse-
quently, the thickness exhibits a very slow decrease,
8 lm in absolute value, after 120 h.

The coating shrinkage, due to crosslinking, increases
fast after the gelation point (3.5 h); the chemical
shrinkage is � 0.0237 (relative value) at 4.5 h. Later,
the shrinkage shows a downward tendency with a
fluctuation within a narrow range and settles on
� 0.050 (relative value) after 120 h of curing.

The deflection monitored with laser sensors shows
an increase from 4 to 10 h and then slowly reaches the
maximum deflection at about 20 h. Later, the deflec-
tion exhibits fluctuation and a downward tendency as a
result of the coating modulus increase and the film
thickness decrease.

A measurable internal stress begins to build after
four hours and then increases with curing time to
around 20 h, where it reaches a plateau around
2.2 MPa. Later, the internal stress exhibits a slow
increase after 40 h and reaches the maximum around
3.0 MPa at 60 h. Afterward, fluctuations, as a result of
the simultaneous internal stress development and
stress relaxation, are seen.

It should be noted that compared to deflection, a
delayed internal stress build-up, as a result of the
coating modulus increase and the film thickness
decrease, is evident. More importantly, although the
deflection exhibits a decrease after 20 h, the internal
stress, due to the coating modulus evolution and film
thickness change being included in the calculation,

continues to increase. This shows that nonconstant
coating modulus and thickness uses are preferable
when estimating the internal stress with the deflection
method.

Comparison of model simulations
with experimental data

The experimental and simulated coating properties
evolution during curing is summarized in Fig. 7.

A comparison of experimental conversion–time data
with simulations of the modified Kamal–Sourour
model (equation 6) is shown, and a good agreement
is evident (Fig. 7a). The following parameter values
were adjusted: k1,nc, k2,ac, and Dc, while the parameter
XE,gel was estimated experimentally with the DMA
oscillation test.

Figure 7b shows a comparison between the simu-
lated modulus as a function of conversion and mea-
sured modulus from DMTA experiments correlated
with ATR-FTIR results at different curing times.
Simulations using equation (7) agree well with the
experimental data. The parameter a¥ was measured
with ATR-FTIR, and G¢0 and G¢¥ are experimentally
determined with oscillation–time DMTA measure-
ments and tension DMTA measurement, respectively.

Figure 7c shows a comparison between the simu-
lated chemical shrinkage as a function of conversion
and the measured shrinkage correlated with conver-
sion. Using equations (11) and (12) with accept-
able agreement, the two-step shrinkage evolution
before and after the vitrification point can be simu-
lated.59

Figure 7d shows a comparison between the simu-
lated internal stress as a function of conversion with
equation (8) and the measured internal stress with the
deflection method. It can be seen that the experimental
data agree well with the modeling result, while after
the coating reached high conversion (around 0.7), the
modeling results exhibit higher internal stress than the
experimental data. This is due to the inherent hetero-
geneities in deflection samples and internal stress
relaxation, which can lead to microscale defects and
crack initiations. Such phenomena often seen around
heterogeneities result in a slight decrease in the
measured deflection and the measured internal stress.

A comparison of the transient coating strength and
the curing-induced internal stress in epoxy/MXDA
coatings is shown in Fig. 8. It can be seen that the
coatings strength is much larger than the internal stress
if we assume that there is no stress concentration
effects (i.e., a stress concentration factor of 1.0 in the
left-hand figure in Fig. 8), indicating that no defects
and cracks will be formed. In reality, heterogeneities
are inevitable in epoxy coatings60 and stress can
concentrate around these. If we assume a relatively
low stress concentration factor of 5.0 (right-hand
figure in Fig. 8), meaning that the stress is amplified
five times after stress concentration around hetero-
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geneities, a crossover of the curing-induced internal
stress and coatings strength (marked with a rectangle
in the right-hand figure in Fig. 8) may occur, meaning

that defects and cracks can initiate and propagate from
this curing time and onwards.
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In addition, the assumption of a constant coating
modulus in the quantification of the internal stress
from the deflection method will result in a larger stress
during earlier curing times and smaller stress in the
final cured coatings, confirming again that constant
modulus should not be used with the deflection
method.

Conclusions

Using the beam deflection method in combination with
an ATR-FTIR spectroscopy, a 3D profilometer, and
DMTA experiments, transient properties of coatings
during curing, including conversion, modulus, volu-
metric shrinkage, and internal stress, could be ob-
tained.

Results show that when evaluating the curing-
induced internal stress in epoxy/amine coatings with
the beam deflection method, the elastic modulus
development and thickness change resulting from
shrinkage all have a great influence. When using the
fully cured coating modulus and the initial coating
thickness, while ignoring the coating modulus and
thickness change, this provides imprecise estimations
of the curing-induced internal stress. Prior to the
coating reaching the maximum modulus, the assump-
tion causes overestimation of the internal stress, while
later, the assumption can lead to incorrect conclusions
regarding the internal stress decrease.

Curing-induced internal stress can be estimated
reliably with a rather simple equation based on
conversion, coating shear modulus, bulk modulus,
and volumetric shrinkage. Furthermore, when a rapid
increase in the internal stress is seen, premature
coating cracks were prone to initiate after vitrification
and prior to the coating reaching the maximum
modulus. In order to reduce premature cracks in
coatings, formulations or curing conditions that can
postpone the point of vitrification and introduce less
volumetric shrinkage are preferred.
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