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bridge construction in winter. Curing at low temperatures of 5–10 1C took place but the curing process

was significantly decelerated due to material vitrification and the associated diffusion-controlled

reaction. Existing dynamic and isothermal curing models developed for hot-curing adhesives proved to

be applicable to simulate the curing behavior. However, a heating rate-dependent pre-exponential

factor and diffusion control had to be taken into account. The relationship between the glass transition

temperature and the curing degree could also be described by models developed for hot-curing

adhesives. However, at low temperatures, the relationship was curing temperature-dependent, some-

thing which had to be taken into account in the modeling in order to provide accurate simulation.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Structural adhesive bonding is well-established in the aircraft
and automotive industries and mechanical engineering, where, in
most cases, joints can be fabricated indoors under controlled
conditions. In the civil engineering domain, however, load-bear-
ing structures are normally erected on-site in outdoor conditions,
i.e. joint fabrication is exposed to varying outdoor temperatures
and humidity [1–2]. Consequently, and due to the normal large
scale of the structural components, cold-curing adhesives can be
used, unlike in other fields where hot-curing adhesives are
applied indoors. Particularly in winter, long periods of very low
temperatures are frequent [3], during which on-site joining of
structural components must remain possible however.

Due to these harsh environmental conditions, structural adhe-
sive bonding is not yet widely used in civil engineering structures,
although it also offers many potential advantages in this field, the
most important being the ease of joining different materials (e.g.
steel to concrete) and components of complex forms and the
rapidity of connection, which is beneficial in bridge construction
to prevent extensive traffic interruptions [2]. Bridge construction
is also the field in which structural or semi-structural adhesive
joining has mainly been applied in the past. Connections between
segments of concrete bridges, between concrete bridge decks and
steel girders or joints of steel trusses (with additional prestressed
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bolts) have been adhesively bonded using cold-curing epoxy
adhesives [2,4–6]. More recent and frequent applications involve
the strengthening of existing concrete, steel or timber structures
by means of adhesively-bonded carbon fiber-reinforced (CFRP)
laminates [7,8].

For the wider application of adhesive joints in bridges, an
understanding of the curing behavior and associated development
of the mechanical properties of cold-curing adhesives, particu-
larly when exposed to low temperatures, must be acquired. The
curing rate produced at low-curing temperatures must be pre-
dicted in order to decide when a bridge can be opened for traffic
for example. Although adhesive curing theories do exist, they
were developed for hot-curing adhesives only and the proof of
their applicability to describe the physical behavior of cold-curing
adhesives, especially at low temperatures, is still lacking.

The main material characteristics involved and of interest are
the curing degree, a, (representing the cross-linking of the
adhesive molecules) and the glass transition temperature, Tg,
beyond which mechanical properties decrease. The relationship
between the curing temperature, Tcure, and Tg (which increases
during curing) not only defines the physical state of the material
(liquid, rubbery or glassy) but also the reaction rate during the
curing process [9,10]:

Tcure4Tg: the reaction proceeds rapidly at a rate driven by
chemical kinetics.
TcureETg: vitrification takes place, i.e. material solidifies.
TcureoTg: the reaction rate decelerates and becomes diffusion-
controlled.
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Based on the above analysis, the effect of low-temperature
curing on the physical states of a commercial cold-curing epoxy

adhesive (Sikadur-30) was experimentally investigated. Tempera-
tures down to 5 1C were taken into account. The applicability
of existing curing models–previously developed for hot-curing
adhesives–to the present cold-curing adhesive was examined. The
results of this work and their impact on the design and fabrication
of bridge joints are discussed in this paper.
2. Experimental investigation

2.1. Adhesive description

The adhesive used was the Sikadur-30 adhesive from Sika
Schweiz AG, a two-component thixotropic, solvent-free epoxy-
based resin used to join steel and concrete components. The
adhesive is mixed at ambient temperature at a ratio of 3:1 by
weight of the respective constituents (resin and hardener). The
resin contains silica quartz fillers. Their size between 200 and
500 mm and weight fraction of approximately 55% were deter-
mined using optical microscopy, as shown in Fig. 1, and resin
burn-off. According to the manufacturer’s data sheets, the tensile
strength and modulus of elasticity for fully cured materials are
31 MPa and 11.2 GPa, respectively (according to DIN 53 455 and
ISO 527, respectively). The glass transition temperature of speci-
mens cured at 45 1C during 7 days is 62 1C (resulting from a
torsion pendulum test).
2.2. Experimental setup

A heat-flux differential scanning calorimeter (DSC-TA Q100)
connected to a thermal analyzer was used to detect the heat
released during the cure reaction. The equipment is supplied by a
liquid nitrogen cooling system providing an inert atmosphere,
thus allowing the DSC cell to reach very low temperature ranges.

The weight of each sample was measured prior to scanning by
a microbalance. Sample weight ranged between 5 and 10 mg
according to preliminary tests carried out to specify the heating
rate, curing temperature and suitable sample weight ranges. The
samples were placed in a steel pan covered with a lid and sealed
with a manual press. An empty steel pan of the same type and
size was used as a reference during every scan. Data acquisition
was performed using the accompanying software (TA Analysis).
Fig. 1. Optical microscopy showing adhesive filler size.
2.3. Experimental program

Uncured samples were used to determine (a) the total heat of
reaction released during a complete curing process of a dynamic
scan and (b) the maximum heat of reaction reached at different
isothermal temperatures.

Dynamic scans were conducted in the temperature range of
�50 1C to 250 1C at constant heating rates of 2.5, 5, 10, 15 and
20 1C/min. By extending the scanning temperature range, the
decomposition reaction of the material was found to initiate at a
temperature of 29772 1C (result from 3 scans at 15 1C/min).

Isothermal scans were conducted at temperatures ranging
between 5 and 80 1C. This range was chosen in accordance with the
planned bridge application. Samples were then placed in the DSC cell
and equilibrium at the target isothermal temperature was reached in
the sample holder with a rate of 20 1C/min. The samples were then
scanned isothermally until the heat flow curve approached a plateau.

When samples were scanned at high temperatures above Tg,
part of the initial data was not recorded. The curing process was
too rapid and part of the reaction heat was released before
detection by the calorimeter. Furthermore, at low curing tem-
peratures of 5, 10 and 25 1C, a large scatter in the results was
obtained. Therefore, an alternative method, which proved to be
efficient in [11], was used to determine the development of the
curing degree at low (5, 10 and 25 1C) and high (70 1C) curing
temperatures. The samples were pre-conditioned in a climate
chamber (according to ASTM D618-05) at different curing tem-
peratures (5, 10, 25, and 70 1C) during different time periods, tcure,
(ranging from several minutes at the highest temperature to 10
days at the lowest temperature). Constant humidity (5072%) was
maintained in order to eliminate any possible effect on the curing
process. After removal from the chamber, the samples were
rapidly quenched in liquid nitrogen to stop the reaction. The
residual cure and the corresponding glass transition temperature
of the partially cured samples were then obtained by running a
dynamic scan. Three samples were investigated for each combi-
nation (Tcure and tcure).

This procedure was also used to investigate the development
of the glass transition temperature as a function of time as well as
the relationship between the glass transition temperature and the
curing degree. Tg was determined as the midpoint of the step in
the curve preceding the exhibited curing exotherm during the
dynamic scan, according to ASTM E 2602. In some cases, at a low
curing degree and low Tg (at short tcure), difficulty in detecting the
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Fig. 2. Heat flow vs. temperature in typical DSC and MDSC scans of uncured and

partially cured samples.
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corresponding Tg was encountered. Modulated DSC (MDSC) was
then used to separate reversible and non-reversible reactions,
which enabled the Tg to be detected from the reversible heat
capacity (see Fig. 2). Modulation was carried out at an amplitude
of 70.5 1C every 60 s and nitrogen was used as the purge gas.

A half-life validation (according to ASTM E-698) was per-
formed to assess the results. A sample was preconditioned at
the determined half-life temperature, Th� l, for 60 min in the DSC
chamber and then rapidly quenched in liquid nitrogen to stop the
reaction. The sample was subsequently scanned at 10 1C/min (an
intermediate heating rate) between �50 and 250 1C.
Table 1
Dynamic scanning results at different heating rates.

Parameter dT/dt (1C/min)
3. Kinetic analysis of experimental results

Typical DSC and MDSC scans of uncured and partially cured
samples are presented in Fig. 2 showing the thermal transitions
(glass transition and curing) and curve parameters (peak and
onset of cure temperatures). The change in heat flow vs. tem-
perature and time during cure at different heating rates is shown
in Fig. 3a and b. The peak temperature, Tp, the onset of cure
temperature, Tonset (defined according to ASTM E2041), and the
shape of the exotherm were heating rate-dependent. The value of
the heat released was determined by integrating heat flow vs.
time under the exotherm along a straight base line, as shown in
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Fig. 3. Heat flow at different heating rates during dynamic scanning as function of

(a) temperature and (b) time (between onset and end of cure).
Fig. 3b. This heat of reaction, DHT, was independent of the heating
rate, see Table 1 (95.171.56 J/g). The scatter of samples scanned
at the same heating rate was examined by scanning three samples
at 15 1C/min and was found to be small (95.570.5 J/g).

The heat flow vs. time of isothermal scans at temperatures
between 35 and 60 1C is shown in Fig. 4. Reducing the curing
temperature delayed the maximum heat flow due to the decel-
eration of the reaction and corresponding movement of the
particles. Similar behavior was exhibited at temperatures below
35 1C, however the curves are not presented in Fig. 4 due to the
large exhibited scatter, as mentioned in Section 2.3. The heat
released during isothermal scanning, DHiso, was calculated as the
area under each isothermal curve considering the plateau as a
horizontal base line; the results are listed in Table 2.

Based on dynamic and isothermal results, the curing degree,a,
was calculated as DHiso/DHT. The resulting values vs. time are shown
in Fig. 5 for the two experimental methods (pre-conditioning and
subsequent dynamic scans vs. isothermal scans, see Section 2.3). At
high temperatures, full curing was attained after a few hours. At
lower temperatures curing was delayed: at 5 1C for example, 70% of
2.5 5 10 15 20

DHT (J/g) 92.64 94.50 96.36 95.52 96.36

Tonset (1C) 41.4 50.5 58.0 73.6.0 77.0

Tp (1C) 80.8 89.7 107.8 116.8 120.8

ap (%) 0.49 0.46 0.54 0.54 0.49

(da/dt)p (min�1) 0.069 0.12 0.22 0.33 0.39

(da/dT)p (1C�1) 0.0278 0.024 0.022 0.022 0.019
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Fig. 4. Heat flow at different isothermal curing temperatures.

Table 2
Isothermal scanning results at different temperatures until onset of diffusion

control.

Parameter Tcure (1C)

5a 10a 25a 35 45 50 60 70a

DHiso (J/g) – – – 91.54 94.44 96.36 96.36 –

a (%) – – – 0.95 0.98 1 1 –

t (h) – – – 3.73 2.42 2.05 1.58 –

t50 (h) 11.85 6.67 1.54 0.97 0.45 0.4 0.38 0.15

a Results from alternative pre-conditioning method.
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Fig. 5. Curing degree vs. time, (a) using pre-conditioning method and (b) from

DSC isothermal scans.
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curing required almost one day and 90% was attained after 3 days at
10 1C. Fig. 5a also shows the onset of diffusion control (for derivation
see below) after which curing was further delayed.

According to the time required to attain 50% curing, t50 (see
Table 2), the 60-min half-life temperature was found to be 34 1C.
The integrated peak area of the partially cured sample repre-
sented 49.7% of the peak area of the uncured sample and was thus
within the standard range (5070.5%). The validity of the DSC
results was therefore confirmed.
4. Kinetic modeling and discussion

Until now, research has been focused on the cure kinetics of
hot-curing epoxies [12–18]. Determination of the kinetic para-
meters has been conducted either by means of a series of
isothermal experiments [12–16] or dynamic scans [16–18]. These
works focused on temperature ranges above 50 1C [13,14,16].
Dynamic and isothermal modeling developed for hot-curing
adhesives are applied in the following to describe the experi-
mental responses of the cold-curing adhesive.

4.1. Dynamic modeling

The basic modeling equation relates the curing rate,da=dt, at a
specific temperature, to a function of the curing (or chemical
conversion) degree, a, which depends on the concentration of the
reactants, f ðaÞ:

da
dt
¼ kf ðaÞ ð1Þ

where k is the rate constant. Basically, resins may exhibit two
different behaviors, nth order or autocatalytic [15]. The main
difference is that nth order resins exhibit a cure rate peak at the
beginning of the reaction, while autocatalytic resins show a
delayed peak, which occurs during the curing process.

Based on the responses shown in Fig. 4, which exhibited a
delayed peak, an autocatalytic behavior was assumed, as follows

f ðaÞ ¼ amð1�aÞn ð2Þ

where n and m are the reaction orders (with mþn being the
overall reaction order). Furthermore, the rate constant is tem-
perature-dependent, following the Arrhenius law:

k¼ Ae�Ea=RT ð3Þ

where Ais the pre-exponential factor, Eais the activation energy (J/
mol), R¼8.314 J/mol K is the universal gas constant and T is the
temperature (K). Substituting k in Eq. (1) by Eq. (3) results in the
rate equation:

da
dt
¼ Ae�Ea=RT f ðaÞ ð4Þ

The kinetic parameters n, m, A and Ea were determined by
fitting the experimental results to the autocatalytic model, as
demonstrated in [17] for commercial epoxy prepregs. A method
based on the Kissinger and Ozawa methods [19–20] was used. Eq.
(4) was rearranged by multiplying the left hand side by dT/dT and
taking the natural logarithm of both sides as follows

ln
dT

dt

� �
¼ lnðAÞ�ln

da
dT

� �
þ lnðf ðaÞÞ� Ea

RT
ð5Þ

where dT=dt is the heating rate. At peak temperature, Tp, the
derivative of the curing rate with respect to temperature equals
zero, which means that the derivative of the curing degree with
respect to temperature is a constant value regardless of the
heating rate. Furthermore, since at peak temperature the change
in ln f(a) with respect to the heating rate is negligible compared
to that in ln A [17], the general linear form of the previous
equation can be written as

ln
dT

dt

� �
¼ Kþ

�Ea

R

� �
1

Tp
ð6Þ

where K is the intercept of Eq. (6). An average activation energy of
Ea¼56.3 kJ/mol was calculated from the slope of the plot ln(dT/dt)

vs. 1000/Tp, see Table 3. Furthermore, the change in activation
energy during the whole curing process was obtained from iso-
conversional plots ln(dT/dt) vs. 1000/T at different curing degrees,
as shown in Fig. 6. It decreased from 65 kJ/mol at the beginning of
the curing process to 57 kJ/mol and then slightly increased due to
the energy required to increase the mobility of both the reactants
and products during the late stages of the curing process. Similar
behavior was found for other materials [17,18], particularly in the
later stages of curing.

An average pre-exponential factor A was obtained from the
intercept of Eq. (6), see Table 3. Based on this value and Sun et al.
[17], heating rate-specific values, Af, were obtained as follows

Af ¼ Cf UAav ¼ Cf

eK ðda=dtÞp
am

p ð1�apÞ
n ð7Þ

where Cf is the heating rate-dependent correction factor of Aav,
and (da/dt)p and ap are the curing rate and curing degree at peak,
respectively, as given in Table 1. Integerating Eqs. (7) and (2) in
the basic curing rate Eq. (4), the curing rate for an autocatalytic



Table 3
Kinetic parameters obtained from autocatalytic dynamic model.

Model Parameter dT/dt (1C/min)

2.5 5 10 15 20 R2

Kissinger and Ozawa Ea (kJ/mol) 56.3 0.99

A (min�1) 44431700 0.97

m 0.52 0.28 0.04 0.27 0.12

n 1.99 1.81 1.16 1.47 1.49

Modified Kissinger and Ozawa Cf 0.899 1.124 0.897 0.909 0.982 0.97

Af (min�1) 77732893 58040782 27754751 40959771 31786834
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Fig. 6. Activation energy from isoconversional plots vs. curing degree.
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model yields to:

da
dt
¼ Cf UeK da

dT

� �
p

e�ðEa=RTÞ amð1�aÞn

am
p ð1�apÞ

n ð8Þ

The correction factors Cf as well as the reaction orders, m and
n, were determined from Eq. (8) using the multiple non-linear
least square regression method based on the Levenberg–
Marquardt algorithm; the results are shown in Table 3.

Once the kinetic parameters A, Ea, m and n had been estimated,
the curing degree was calculated as a function of the temperature
by solving Eq. (9) numerically using the fourth-order Runge–
Kutta method.

da
dT
¼

Af

dT=dt
e�ðEa=RTÞamð1�aÞn ð9Þ

The results for the heating rates of 2.5 and 20 1C/min with and
without modification of the pre-exponential factor are shown in
Fig. 7a. The modeling curves compare well to the experimental
results, particularly with modification of the pre-exponential factor.
The late stages of curing at 2.5 1C/min were only slightly under-
estimated, most probably due to disregarding the term ln f(a) in Eq.
(5). At 2.5 1C/min, the term ln f(a) was found to be approximately
26% of the term ln A at 90% of cure, which is not really negligible.
Similarly, Fig. 7b shows the curing rate vs. temperature for the same
heating rates. Again, the autocatalytic model with modification of
the pre-exponential factor provides good and more accurate results
than the model without modification.
4.2. Isothermal modeling

A more general model than Eq. (1) was used for the isothermal
modeling, which takes non-zero values of the initial curing rate
into account

da
dt
¼ ðk1þk2amÞð1�aÞn ð10Þ

where k1 and k2 are curing rate constants with k1 being the value
at the beginning of the reaction at t¼0.



Table 4
Kinetic parameters obtained from autocatalytic isothermal model.

T (1C) K1 (min�1) K2 (min�1) n m mþn R2 Ea1 (kJ/mol) A1 (min�1) R2 Ea2 (kJ/mol) A2 (min�1) R2

60 0.0192 0.0578 1.291 0.553 1.843 0.97

50 0.0160 0.0435 1.348 0.595 1.943 0.99

45 0.0143 0.0378 1.408 0.650 2.058 0.99

35 0.00948 0.0278 1.758 1.168 2.926 0.98 36.6 13226.8 0.97 19.2 54.6 0.97

25 0.0065 0.0251 2.010 1.738 3.748 0.99

10 0.0025 0.0186 2.950 2.610 5.560 0.98

5 0.00137 0.0124 3.130 2.720 5.850 0.97

Table 5
Diffusion control parameters obtained from autocatalytic isothermal model.

T (1C) ac C R2

45 0.98 191.78 0.98

35 0.91 137.91 0.93

25 0.84 72.30 0.95

10 0.58 25.25 0.94

5 0.52 11.93 0.95
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Fig. 8. Curing rate vs. curing degree: comparison of experimental and autocata-

lytic model results for different isothermal temperatures.
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In a first step, Eq. (10) was fitted to the experimental data of
curing rate vs. curing degree at each of the isothermal tempera-
tures to obtain the rate constants and reaction orders (k1, k2, n and
m). Results at 70 1C (clearly above Tg), were not taken into
account. A non-linear least-square regression analysis was used
as proposed in [13]. The value of the overall reaction order (mþn)
decreased with increasing temperature, see Table 4, which is in
contrast to the work, which assume this value as being constant
(mþn¼2 in [21]). Subsequently, by plotting the logarithms of the
rate constants, ln k1 and ln k2, vs. 1000/T, the activation energies,
Ea1, Ea2, and logarithms of the pre-exponential factors, ln A1 and
ln A2, were obtained from the slopes and the intercepts, respec-
tively, see Table 4.

Approaching the glassy state, the cure reaction became diffu-
sion-controlled, i.e. the movement of the reactants was slowed
down and also hindered by the already formed chains. To take
this effect into account, an extension of Eq. (10) by a diffusion
control factor was proposed by Chern and Phoehlein [14] and
applied as follows

da
dt
¼ ðk1þk2amÞð1�aÞn 1

1þeCða�ac Þ
ð11Þ

where C is an empirical constant and ac is the critical curing
degree at which diffusion control initiates. To obtain these two
parameters (which are curing temperature-dependent), the
experimental results were non-linearly re-fitted with the already
known kinetic parameters (from fitting according to Eq. (10)).
The resulting values, presented in Table 5, show that the critical
curing degree decreases when the curing temperature is
decreased. At high temperatures (450 1C), diffusion control is
no longer relevant (ac-1.0).

A comparison between the experimental and the predicted
curing degree according to Eq. (11) vs. time shows good agree-
ment, as demonstrated in Fig. 5a and b. The values at 5 1C curing
temperature are only slightly underestimated. The onsets
of diffusion control (the critical curing degrees according to
Table 5) are also shown.

The relationship between the curing rate and the curing degree is
presented in Fig. 8 for temperatures between 5–60 1C. Experimental
results were accurately simulated by the selected autocatalytic
model as shown in Fig. 8. At higher curing temperatures (435 1C),
the maximum curing rate occurred at a curing degree of approxi-
mately 20%, nevertheless, at lower curing temperatures (o35 1C)
the curves exhibited a negative (decreasing) slope in the early curing
stages when m became 41 (see Table 4 and [13]) followed by a
second peak at around 20% curing degree.
5. Glass transition temperature

The development of the glass transition temperature, Tg,
during curing and the relationship to the curing degree was
extensively investigated for hot-curing adhesives [10,22–25]
and corresponding models were developed [10] whose applic-
ability for cold-curing adhesives will be examined in the
following.

The observed development of Tg vs. time, up to around 3 days,
is shown in Fig. 9. At 70 1C curing temperature, a plateau was
reached (at approx. 56 1C) after a few hours, which was however
clearly below the 62 1C value given in the manufacturer’s data-
sheet. Tg development at lower temperatures was much slower:
at 5 1C, for example, around 50% of the maximum value was
reached after only 3 days. The development decelerated when
diffusion control and corresponding vitrification started, i.e. when
Tg equaled Tcure. Similarly to Fig. 5a, the corresponding onset of
diffusion control (or vitrification) is shown in Fig. 9 (expressed as
Tg¼Tcure in this case).

A model to describe the Tg vs. a relationship (independent of
the curing temperature in this case) was proposed by DiBenedetto
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Table 6

Fitted and experimental l values.

Method l R2

Pascault and Williams 0.32 0.96

Venditti Gillham 0.36 0.95

DSC 0.3370.15
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Fig. 10. Glass transition temperature vs. curing degree for partially cured speci-

mens at different temperatures.
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[26] as follows

Tg�Tgo

Tgo
¼
ðe1=eo�c1=coÞx

1�ð1�c1=coÞx
ð12Þ

where x being the crosslink density (defined as the fraction of all
segments that are crosslinked), e the lattice energy, c the seg-
mental mobility and subscripts ‘‘0’’ and ‘‘1’’ refer to the uncured
and fully cured resin, respectively. A modified version of the
DiBenedetto equation replaces x by the curing degree, a, as
follows [22]

Tg�Tgo

Tg1�Tgo
¼

la
1�ð1�lÞa ð13Þ

with l as an adjustable structure-dependent parameter, equal to
DCp1=DCpo, where DCp1 and DCpo are the differences in heat
capacity between the glassy and rubbery/liquid states at full
conversion and zero conversion, respectively [24].

A further model, based on thermodynamics and proposed by
Couchman and Karasz [27], was adopted by Venditti and Gillham
[24] and assumes that the system, at a curing degree a, is a
mixture of unreacted end segments with concentration ð1�aÞ and
Tg ¼ Tgo, and reacted end segments with concentration a and
Tg ¼ Tg1:

lnðTgÞ ¼
ð1�aÞlnðTgoÞþla lnðTg1Þ

ð1�aÞþla : ð14Þ

Fitting Eqs. (13) and (14) to the experimental data resulted in
the l-values listed in Table 6, which also shows the experimental
value calculated as defined previously. There is good agreement
between the three values, which also lie within the range
obtained for hot-curing epoxy systems (0.16–0.69) [24]. The
corresponding curves are shown in Fig. 10 and show good
agreement with the experimental results. However, the experi-
mental data exhibited a significant dependency on the curing
temperature (lowest Tg values at 5 1C), which could not be
captured by the models. This is due to the early vitrification of
the material followed by deceleration of the reaction, which
becomes controlled by diffusion. In addition, the activation
energy is not sufficient to cause secondary amines and sterical
hindered amines to react.

To take the curing time dependency into account, Eq. (13) was
fitted to the results of each curing temperature separately. The
resulting changes in l with curing temperature are shown in
Fig. 11. Taking this result into consideration, the development of
Tg over time, shown in Fig. 9, was modeled and good agreement to
the experimental results was obtained.
6. Consequences for bridge construction

As previously mentioned, bridge construction is performed
throughout the whole year and is not interrupted during winter
as this would result in unacceptable traffic obstructions. To exploit
the benefits of structural adhesive bonding and enable a wide-
spread application of this technique, fast bonding during winter
time—at relatively low temperatures—must therefore be possible.
Results of this study show, however, that at low temperatures, i.e.
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around 5–10 1C, curing develops very slowly. At 5 1C, for example, a
curing time of several days is required to attain around 80% cure.
Assuming that the mechanical properties develop similarly, this
means that the adhesive joint is structurally not yet effective during
this period. In most cases, however, such time intervals are not
acceptable for just the bonding of structural elements. To accelerate
curing therefore, the joint must be designed in such a way that it
can be heated and/or that the curing heat cannot easily dissipate. In
the case of steel adherends, with relatively high thermal conduc-
tivity, the first method seems more suitable while in concrete
construction the second method seems more adequate due to the
lower thermal conductivity.

Along with curing degree and mechanical properties, the glass
transition temperature also develops very slowly. This latter delay
however is not as critical as the former because temperatures are
low during winter and the Tg will in most cases not be exceeded.
Subsequently, in spring, the Tg will develop rapidly with increas-
ing temperature. According to Figs. 9, 3 and 4 days at 25 1C suffice
for the maximum value to be attained.
7. Conclusions

The effect of low-temperature curing on the physical char-
acteristics of a commercial cold-curing epoxy adhesive was
experimentally and analytically investigated with a view to a
potential application in bridge construction during winter. The
following conclusions were drawn:
1)
 Curing did take place at low temperatures of 5–10 1C but the
curing process significantly decelerated. Several days of curing
were required before high curing degrees of 480% were
reached. The glass transition temperature developed even
more slowly due to initiation of vitrification when the low
curing temperature was reached.
2)
 Existing dynamic and isothermal curing models developed for
hot-curing adhesives proved applicable to simulate the curing
behavior of the cold-curing adhesive even at low tempera-
tures. However, a heating rate-dependent pre-exponential
factor and diffusion control had to be taken into account.
Accurate modeling results confirmed the autocatalytic beha-
vior exhibited by the cold-curing adhesive.
3)
 The relationship between the glass transition temperature and
the curing degree could also be described by models developed
for hot-curing adhesives. However, at low temperatures, the
relationship was curing temperature-dependent, something
which had to be taken into account in the modeling for
accurate simulation.
4)
 The long curing periods at low temperatures required in winter
are in most cases not acceptable in bridge construction. For
adhesives to be applied however, joints must be designed in such
a way that they are heatable in order to accelerate curing.

In a next step, the development of the mechanical properties
of cold-curing adhesives at low temperatures and their depen-
dence on the physical state will be investigated.
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