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Abstract. An epoxy adhesive system, commonly used in wind turbine blade manufacturing, is
experimentally investigated with respect to its chemical shrinkage behavior to show the
shrinkage evolution within rotor blade production related process conditions. Therefore, a new
test configuration is set up to record the resulting chemical shrinkage of the adhesive at cross-
linking temperatures ranging from 20°C to 90°C. The respective conversion evolution is
simulated under several temperature conditions through a curing kinetics model. This is
generated with state of the art formulations, implementing test results from a differential
scanning calorimeter (DSC). Moreover, the transformation of the curing degree to the
corresponding glass transition temperature (7,) is performed through an experimentally based
Di-Benedetto curve-fitting. By the combination of curing kinetics and chemical shrinkage test
data, a model for the temperature and conversion dependant chemical shrinkage evolution during
cure is developed. This is applied to a realistic curing cycle for adhesive materials in rotor blade
production.

1. Introduction

To meet today's requirements in the wind energy market, wind turbine rotor blades must embody
improved mechanical performance and reliability [1, 2]. Chemical shrinkage effects during curing of
bond lines, are one of the main drivers for induced residual stress states after manufacturing, which can
influence the mechanical performance of the adhesive by promoting crack initiations [3, 4]. It is
therefore important to understand the process related evolution of chemical shrinkage. Material specific
shrinkage values are often not known, since the characterization is complicated [3, 5—7].

The above-mentioned chemical shrinkage effect can be explained with decreasing mean gaps within
the macromolecule structure in progression of cross-linking [5]. Therefore the adhesive shrinkage
behavior is highly related to the chemical structure and additives [3, 5, 6]. For the characterization,
isothermal measurement conditions are essential to decouple chemical from thermal shrinkage effects
[7]. Previous research showed that the measurement technique according to the principle of Archimedes’
can deliver proper test results with accurate resolution [5, 8—10].

A widely common assumption, found in literature, is a linear connection between degree of cure and
chemical shrinkage values [3, 5, 8, 11]. In addition, some authors assume a nonlinear shrinkage
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evolution, which is influenced by gelation and viftrification [9, 12]. Therefore the knowledge of the
curing kinetic behavior is of importance to display the relation towards conversion.

Curing kinetics are describing the curing progress respectively to ambient curing conditions. Cure
dependent characteristics like reaction heat can be implemented into model environments [13, 14]. To
model the curing behavior of epoxy resins with amine hardeners, a common, state of the art approach,
found in literature, is introduced by Kamal-Sourour [15]. The named model is an extension of a simple
autocatalytic curing correlation, combined with a simple n™-order-reaction [16, 17]. Acceleration effects
of the reaction rate due to intermediate reaction products are characteristic for autocatalytic reaction
types. More complex curing kinetic models are available. With additional mathematical functions, the
diffusion controlled curing process, induced by vitrification effects, can be taken into account [17-19].
Often these models require the conversion dependent development of the glass transition temperature
(T) [19]. This relationship can be expressed by the Di-Benedetto-equation and is common in literature
[19-22].

This scientific work contributes to the characterization of new material-specific properties during
cure. For the selected adhesive system the curing kinetic behavior is determined and a model of the
chemical shrinkage evolution is generated with new test methods. The shrinkage model is applied with
regard to application related curing conditions.

2. Experimental setup

For analyzing the chemical shrinkage, a two-step experimental characterization method was chosen. At
first, the curing kinetic behavior of the adhesive system was examined, using DSC. Subsequently, the
time-dependent chemical shrinkage was measured in a temperature range from 20 °C to 90 °C and then
compared with the time-dependent conversion data.

2.1. Material

Epikote MGS BPR 135 G3 resin in combination with Epikure MGS BPH 137G curing agent from Hexion
was used in the following research [23]. The selected material is an industry standard epoxy adhesive
system for rotor blade production.

2.2. Determination of experimental data for curing kinetic modelling

A Netzsch DSC 204 F1 was used for the curing characterization procedure. Four different temperature
stages (60 °C, 80 °C, 100 °C and 120 °C) were chosen to track the curing behavior under isothermal
conditions. Three specimens were tested at each temperature level. The lower limit of the temperature
range is defined by the sensitivity of the heat flow sensor, whereas the upper limit is set by exothermal
effects of the specimen itself.

Before starting the measurement, uncured adhesive specimen, embedded in aluminum pans, were
put in the preheated measuring chamber to achieve immediately the desired temperature level, followed
directly by a start of the measurement. It is assumed that during the very short heat-up-phase (below
10 s), the specimen does not undergo any curing. During the described isothermal stages the time
dependent heat flow A, (%) of the curing reaction was monitored until the reaction came to a standstill
at t.nq. Whereas Hiso(t) is the integral of the heat flow curve from the start of the reaction at £ to the
present time z.

After the isothermal stage, a temperature-modulated dynamic ramp from 0 °C to 250 °C was applied
on the specimens to track the heat flow during post curing to full cure, Hres. The modulated ramp function
was used to generate a smooth base line level and isolate effects due to glass transition. A heating ramp
of 3 K/min, an amplitude of 0.5 K and a period of 60 s was set for the DSC-measurement.

The development of the degree of cure p(%) was then calculated by correlating the time-depending
amount of heat energy during isothermal cure Hs(%) to the total amount of heat release Hios,

t
H; hiso(t)dt
p(t) — iso(t) — tendfo iso(£)
Htot fo hiso(£)dt+Hyes

(M
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The Di-Benedetto relation, describing the conversion dependent glass transition temperature, was
derived by determining the glass transition temperatures of uncured, partially cured and fully cured
samples. The midpoint method according to DIN EN ISO 11357-2 with 20 K/min heating ramp was
used for the analysis.

2.3. Chemical shrinkage test rig

The design of the test rig for measuring the chemical shrinkage effect is based on the Archimedean
Principle. The used shrinkage test rig consists of a tempered oil bath, which contains the measuring
chamber, filled with silicone oil, see Figure 1. To avoid any chemical reactions with the adhesive
specimen, the silicone oil has inert chemical properties. The specimen holder, especially developed for
pasty adhesive materials, is hanged in the silicon oil below a precision scale. For temperature
documentation, each oil bath owns a temperature sensor.

. . scale .
silicone oil specimen

copper cylinder tempering oil

Figure 1. Schematic construction of
chemical shrinkage test rig.

Knowing the weight of the specimen in air m.;-and the density of the silicone oil p,;(7) at certain
temperatures 7, the volume of the specimen V(%) in theory, can be determined any time £ by its weight
in oil m,i(t), based on the Principle of Archimedes’.

V(t) = Mair—Moi1(t) )
(©) Poit(T) )

In the measurement procedure the weight value of the scale measurement ms(%) in oil consists of the
sample and the sample holder. To isolate the effect of the sample holder, its weight in 0il mueu(T) must
be known at respective temperatures 7. The volume of the specimen can then be calculated.

_ Mgir—(ms()—-myou(T))
V) = Poit(T) 3)

By comparing the change of the specimen volume 4V{(¢) during cure to the starting volume V{(%y),
the chemical shrinkage value S can be calculated.

AV(t) _ V(te)=V(t)
V(t))  V(to)

S(t) = “4)

Three specimen were tested each at eight curing temperature levels in a range from 20 °C to 90 °C.
For monitoring the specimen temperature, in order to detect unwanted exothermal effects, an additional
measurement was made for each temperature with identical specimen geometries without tracking the

scale data. Otherwise, the measurement would be highly affected by the temperature sensor due to the
high sensitivity of the measuring configuration.
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3. Model results and discussion
At first, the modelling results of the curing kinetics are presented. These are then combined with the
chemical shrinkage data to show and model the relation with conversion.

3.1. Curing kinetics

The modelling of the curing kinetics was performed by a parameter fit of the model data to the
experimental data by using a least square method in a dp/dt-p-diagram. The mean p-values of the three
performed measurements at each temperature have been used as the data basis for the fit, see Figure 2.
At first a Kamal-Sourour model approach was used, Equation (5). The temperature dependent reaction
rate constants k7and &, can be calculated with the Arrhenius correlation, Equation (7).

The parameter fit leads to a reaction rate constant k7 (A;=2075841 1/s and £;=555214 J/mol) which
tends towards zero at variable curing temperatures 7. Therefore the model approach can be simplified
to an autocatalytic model with only one remaining reaction rate constant k», Equation (6). The updated
model parameters are shown below in Table 1. Since the model environment is implemented in further
calculations, a simpler model approach is preferred to reduce the overall calculation effort.

da
= (ks + kp™ (1~ p)" (5)
da
L= kpp™(1 - p)" (6)
—-Eq1,2
ki, =A;,*e RT (7

10 100 1000 10000 100000
p Time (s)
——DSC 60 °C ——DSC 80 °C DSC 100 °C —DSC120°C  ===-- Model, R*=0.995

Figure 2. Least square fit of autocatalytic curing model parameters, mean values of measured data.

Table 1. Determined parameters for autocatalytic curing model.

Az Eaz m n

(1/s) (/mol)
153965 55055 022 195

The development of the glass transition temperature is described with the Di-Benedetto-relation,
Equation (8). The parameters 7, and 7z» were determined with glass transition temperature
measurements of uncured and fully cured DSC-samples (DIN EN ISO 11357-2 midpoint method, 20
K/min). The Di-Benedetto-parameter A can be calculated by using a least square data fit as seen in
Figure 3. Determined parameters for the Di-Benedetto-equation are listed in Table 2.

Tg—Tgo — Ap
Tgo—Tgo  1-(1-K)p

(8)
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Table 2. Determined parameters for Di-Benedetto relation.

7},’0 7:;;00 A
&% &%
-40.9 90.9 0.377

100
80
60 miﬂ
40 b2

20 -
7 ® DSC

- = = = = Di-Benedetto model
220 -

40 @~ 7

-60
0 0.2 0.4 0.6 0.8 1

p
Figure 3. Least square fit of Di-Benedetto model data.
*Note: some error bars not visible, as deviations are very small

Glass transition temperature (°C)

By looking at Equation (6) the mathematical forecast for the development of the conversion is
reaching full cure after a certain amount of time at arbitrary temperatures. Under real conditions at lower
curing temperatures, the curing reaction comes to a standstill because of vitrification effects. Taking this
into account an additional simple condition can be implemented into the curing model environment.
This condition includes a stop criterion when the rising glass transition temperature of the curing system
is more than a certain temperature range 7sabove the current curing temperature, Equation (9).

k,p™(1 — p)™ Ty,(p) —T<T
a={7 (0 P for TZ(p)—T>Tz ®

To find a suitable value for 7%, adhesive specimens, equipped with temperature sensors, were cured
in an oven under variable curing cycles reaching from 40 °C to 100 °C, followed by analyzing the glass
transition temperatures 7, (DSC) afterwards with DSC-measurements (DIN EN ISO 11357-2 midpoint
method, 20 K/min). According to the total square deviation, 7s=30 °C yields the highest fit between
model prediction and measured data, Table 3.

Table 3. Adaptation of stop criterion for curing kinetics model.

Model forecast

Hold time Oventemperature T4(DSC) Ts=20°C Ts=25°C Ts=30°C Ts=35°C

(h) 0 (9] (9] (9] (9] Y)

48 40 70.4 60.1 65.1 69.9 74.8
24 50 735 70.0 74.3 74.8 75.2
12 60 74.2 73.9 74.5 75.0 75.4
6 70 77.4 73.9 74.5 75.0 75.4

3 80 77.9 72.9 73.5 73.5 74.6

15 90 777 73.0 73.6 73.6 74.7
0.75 100 76.3 72.4 72.6 72.6 72.7
Total square deviation (°C?): 192.1 86.2 57.3 61.3



41st Risg International Symposium on Materials Science IOP Publishing
IOP Conf. Series: Materials Science and Engineering 942 (2020) 012020 doi:10.1088/1757-899X/942/1/012020

The model environment of the curing kinetics gives a good agreement with the measurement data by
using a modified autocatalytic model with an implemented stop criterion, which simplifies the effect of
diffusion controlled reaction progress. More complex curing models, containing diffusion controlled
elements, have also been analyzed and deliver similar results.

3.2. Chemical shrinkage

The following diagram shows the evaluated mean shrinkage values at variable temperature levels plotted
against conversion, Figure 4. Visible is a linear connection between shrinkage and degree of cure.
Several studies in literature, like Holst [7] observed the same behavior. Minor variations from the linear
relation can be explained with uncertainties of the curing kinetics model due to slightly exothermal
behavior and vitrification effects at high degrees of cure.

0.09
0.08
S 0.07 20°C
z ——30°C
< 0.06
& ——40°C
g 0.05
z 0.0¢ s0°c
< 0.04 60°C
£ 0.03 70°C
3 ——80°C
& 0.02
—90°C

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Conversion

Figure 4. Mean values of observed chemical shrinkage with conversion and
temperature. *Note: some error bars not visible, as deviations are very small

Furthermore, the gradients are dependent on the curing temperature. Therefore, at similar degrees of
cure, a range of different chemical shrinkage values can be observed. An increasing trend is recognizable
with higher curing temperatures. Blumenstock [ 10] obtained similar results. Here this effect is explained
with different amounts of free volumes which are being frozen within the curing process at different
temperature levels. This can be described closer with detailed information of the occurring thermal
shrinkage effects during cure. Since these details are not known, a simple model approach for describing
the temperature dependent chemical shrinkage of the adhesive was chosen.

0.08
* __--
0.07 -
e -

0.06 -
g -- B I
Z 0.05 S
5 e __-e-
g, 0.04
E y = 4.0548E-04x + 3.4024E-02
E 003 R?=9.4180E-01
“0.02

0.01

0
20 30 40 50 60 70 80 90 100

Curing temperature (°C)

Figure 5. Model approach for chemical shrinkage gradients
with temperature dependency.
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By plotting the respective straight line gradients of the shrinkage measurements with their corresponding
curing temperatures, a linear relationship is visible, Figure 5.

Table 4. Determined parameters for shrinkage gradient modelling.

a b
(1/°C)

4.0548*10*  3.4024*107

The parameters of the linear regression a and b, Table 4, can be used to derive an equation for

predicting the chemical shrinkage development S with conversion p and ambient curing temperature 6
in °C.

S =p(ab +b) (10)

4. Conclusions
The developed models for curing and chemical shrinkage forecast can be used for an application towards
a chosen representative curing cycle for the adhesive material in rotor blade production, see Figure 6.
It can be seen that the displayed curing cycle initially remains at a low temperature for the application
of the adhesive at 40 °C. After the subsequent joining process, the temperature is increased to accelerate
the curing of the adhesive material. At higher temperatures, the reaction rate of the exothermic curing
reaction has the effect of a temperature overshoot. In this phase most of the curing progress and also
most of the chemical shrinkage take place. After this, a temperature level of 80 °C is maintained constant
to achieve the desired degree of cure. At the end of the curing cycle it can be seen that a glass transition

temperature of approximately 80 °C has been reached and a chemical volume shrinkage of 7% has taken
place in the adhesive material.
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Figure 6. Application of chemical shrinkage- and curing model to a curing cycle.

These illustrations of the mechanisms during the curing process are one of the bases for
understanding the development of residual stresses in bond lines during rotor blade manufacturing. In
future research works, material specific values for the related thermal shrinkage behavior are of great
importance. Besides the knowledge of specific values for further model development towards residual
stress prediction, the thermal shrinkage data can also be used to formulate an alternative model approach
for describing the temperature dependent chemical shrinkage according to the frozen volume theory.
This will contribute to further validate the presented work.
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