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In this study, a novel technique is presented to enable the characterization of the dimen-
sional changes and evolution of mechanical properties of a resin during cure. This is
achieved using an innovative in situ device called thermal flux cell combined with a
Dynamical Mechanical thermal Analyser (DMA). With this system, it is now possible to
eliminate the sources of error induced while combining two or more instruments. This
device consists into a mold containing the resin where the upper and lower surfaces acting
as heat flux sensors. Changes in temperature and thermal flux are directly monitored as
well as the dynamical displacement and the stiffness during the curing process. In this
Chemorheology work, an epoxy DGEBA resin was used to demonstrate the innovative approach. The tested
Mechanical properties resin was characterized using different vibration frequencies and amplitudes of the DMA.
Curing The results were then processed in order to provide accurate data on gel time and cure
Thermosets characterization kinetics behavior. The volume and mechanical changes were also derived from experimen-
tal data and linked to the degree of cure. Chemo and thermo-mechanical models were

Keywords:
DMA
Calorimetry

created to predict the changes in chemical shrinkage and stiffness during cure.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

As the composite industry grows, the use of thick parts
and pieces of complex shape is increasingly in demand.
Composite components for structural applications require
larger cross-sections to respond to high mechanical stres-
ses in contrast to shell-like composites used for semi or
non-structural applications. The curing of thick parts re-
mains a challenge because of their low thermal conductiv-
ity and the high heat of reaction generated during
polymerization. This combination of low conductivity and
high heat sources in the part can induce large temperature
gradients, thus generation of internal stresses and possible
polymer degradation. In order to improve the quality of
thick composites, processing temperatures need to be well
controlled to minimize the thermal gradients throughout
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the part. Moreover, the chemorheology and cure kinetics
at high temperature are very different from what is ob-
served at low temperature [1]. The reinforcing fibers are
not affected during the process cycle, but the polymer ma-
trix can shrink during cross-linking by as much as 10%
[1,2]. During curing and consolidation, these different ther-
mal behaviors induce internal stresses which can generate
defects in the part affecting its mechanical performance
and inducing geometrical distortions [2]. The resin gelation
and vitrification as well as the chemical shrinkage have to
be characterized in order to predict the geometrical varia-
tions of the part during processing and use.

The volumetric changes of thermoset resins during the
curing process can be described as a combination between
thermal effect due to expansion/contraction and chemical
effect associated to the chemical shrinkage of the polymer
chains [3]. The chemical shrinkage takes place during the
formation of the polymer network [4] and results from
the movement in the molecule from Van der Waals
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bonding distance in monomer to covalent bonding dis-
tance when polymer was formed [5,6]. These volumetric
changes during processing can generate several defects
such as bad surface appearance, waviness, spring-in/
spring-back, dimensional inaccuracy and more, leading to
a decrement of the part quality and performance [7].

In the past, different methods have been developed for
the shrinkage measurement including ASTM D2566 stan-
dard which is based on volume measurement before and
after cure. However this method underestimates the
shrinkage since it does not take into account the thermal
effects during cure. Techniques for shrinkage measure-
ments can be mainly divided into two approaches: direct
methods such as volumetric dilatometry or indirect meth-
ods which measure the linear shrinkage and rely on
assumptions to calculate the volumetric shrinkage. In the
first category, among the most common methods are the
capillary dilatometry [3,5] and Pressure-Volume-Temper-
ature (PVT) device [8,9]. Numerous techniques belong to
the second category such as gravimetric method [3,10,11]
based on the Archimedean principle, Thermo Mechanical
Analysis (TMA) [6,12], Dynamic Mechanical Analysis
(DMA) [13] and rheology [10,14]. However, most of these
methods require coupled characterization with a calorime-
ter to associate the shrinkage with the degree of cure (DoC)
[12]. This generates numerous errors due to time lag
caused by measurement techniques and differences on
the size of the samples used on each technique.

In this study, a novel technique is presented which al-
lows simultaneous characterization of resin cure, as well
as of dimensional and rheological changes that take place
during polymerization. These characterizations are per-
formed with an innovative thermal flux cell combined with
a Dynamical Mechanical thermo Analyzer (DMA) appara-
tus. Changes in temperature and thermal fluxes are
directly monitored as well as the volume and stiffness vari-
ations of the sample during processing. The experimental
data were processed in order to provide accurate data on
gel time and cure kinetics. The dimensional and mechani-
cal changes were linked to the degree of cure. Chemorhe-
ological models were then created to predict the physical
behavior of the resin, leading to further optimization of
the manufacturing of composite parts. This innovative ap-
proach allows multiple characterization of the polymer
matrix during processing reducing the complex and time
consuming task of combining data from different instru-
ments. Moreover, this technique also allows characteriza-
tion of the composite laminate in the same fixture. This
has the advantage of bringing key information for compo-
nent design.

2. Experimental
2.1. Heat flux cell

The thermal, shrinkage and dynamic mechanical mea-
surements were carried out with a Dynamical Mechanical
thermal Analyzer DMA + 450 from Metravib. In this work,
a new fixture named “heat flux cell” was developed to
make possible the combined measurements. The heat flux

cell is illustrated in Fig. 1 and consists of two upper and
lower plates with a cavity between them to hold the sam-
ple. This novel heat flux cell enables direct injection of the
liquid resin into a closed cavity. The temperature control is
ensured by the thermal enclosure of the DMA instrument.
The resin is contained in the mold where the upper and
lower surfaces act as heat flux sensors. A Teflon ring covers
the two plates to provide insulation of the sample to its
surrounding to minimize side thermal effects.

The heat flux and temperature signals are directly mon-
itored by the area heat flux sensors, which deliver electri-
cal signal proportional to heat flux density (W/m?) passing
through them. The heat flux cell is calibrated with a cali-
brated electric heater. These sensors and calibrated heater
are provided by Thermoflux. Sample shrinkage and stiff-
ness result are respectively from the dynamic load and dis-
placement of the DMA instrument. The dynamic
solicitation is processed to a voltage generator and a power
amplifier, than the signal is transmitted to an electrody-
namic exciter (magnetic circuit and exciting coils). The sig-
nal is analyzed by a dynamic displacement sensor and
piezoelectric force sensor. Mechanical properties can then
be derived from the stiffness response, which is the raw
measured signal of the DMA. The shrinkage measurement
principle is somewhat similar to the rheological method
developed by Haider et al. [14], which is based on the mea-
surement of the gap variation between two parallel plates
with a normal force control. However, in this case the con-
tact between the sample and the head of the DMA device is
ensured by dynamic oscillation. The gap between the
upper and lower plates is controlled by the displacement
of the mobile head of the DMA. A thin layer of demolding
agent is sprayed on the sample holders for the removal
of the cured resin.

2.2. Heat of reaction and degree of cure

The instantaneous heat H generated during the cross-
linking reaction of the polymer can be determined by the
following equation [12,15,16]:

- dH do
H=-—-=Hr— 1
e~ Tdt @
where Hr is the total heat of reaction during cure and do//dt
the reaction rate. If the diffusion of chemical species is ne-
glected and the reaction rate is assumed to be a unique
function of the degree of conversion o and temperature T,
this expression can take the following form:

do Y do
E:f(T,ac) and o= | dar (2)

The total heat of reaction Hy corresponds to the area un-
der the heat flux curve measured during cure [12]:

Hr = /Oth(t)dt 3)

where h(t) is the specific heat flux measured by the instru-
ment. However, during cure, changes may occur in heat
capacity G, and these variations can be seen in the thermal
baseline [12]. This should be subtracted from the



3550 C. Billotte et al./ European Polymer Journal 49 (2013) 3548-3560

(a)

Upper heat flux sensor

Furnace

Closed mold with
liquid resin sample

Lower heat flux sensor

(b) Apply/ Measure dynamic
force and displacements

Heat flux sensors

Furnace Upper heated

VaVaY
Heating |
J/ VAVAY4
Sample

thickness T A
N\N\2|

M/// sample holder

"\ Thermocouple

—BAN

—=— Injection of liquid resin

il .
ko~ Teflon ring

Sample

Fig. 1. Thermal flux cell HFC200 on DMA +450: (a) design of the fixture and (b) working principle.

instrument signal before integration in order to get only
the raw cure kinetic signal:
h(t) = h(

—h(t) (4)

t) measured baseline

By solving Eq. (1), the reaction rate is defined by the spe-
cific heat flux divided by the total heat of reaction:

doe .. h()
a(t) ~H (3

The instantaneous degree of cure o(t) is derived from
the curve as the ratio of the instant heat released over
the total reaction enthalpy Hr:

a(r):HlT /0 h(t)dt ©6)

When the reaction is completed, the ultimate degree of
cure reached is calculated over the entire range of the exo-
thermic peak and denoted o, In the novel characteriza-
tion cell described in this work, the heat of reaction was
measured with the heat flux sensors in close contact with
the sample. The heat of reaction was computed as the aver-
age heat flow measured at the upper plus the lower plates
of the cell.

2.3. Material and experimental set up

The resin system used in this study is a Diglycidyl Ether
of Bisphenol A (DGEBA) epoxy-anhydride resin system.
The mixing of resin and hardener was prepared in larger
quantity (about 100 g) than required for testing in order
to ensure proper mixing. For isothermal tests, the temper-
ature of the chamber is stabilized before injecting the li-
quid resin into the cell with a syringe. Data are
monitored from the stabilization period, before resin injec-
tion, to keep track of the first events that take place after
injection. In this work, three sets of experiments were per-
formed, labeled series A, B and C as summarized in Tables
1-3. The tests from series A (see Table 1) were used to de-
fine the quantity of resin to be injected and therefore the
adjustment of the initial distance between the lower and
upper plates of the sample holder. Different strain ampli-
tudes (A) and frequencies (f) were also tested for dynamic
loading. The tests from series B (see Table 2) were all per-
formed at the optimized sample volume of 2 mL obtained
from series A, which corresponds to a mass (m) of around
0.90 g. The gap between plates was adjusted to 2 mm
and the strain amplitude and frequency were respectively
set to 20 um and 10 Hz for this series of experiments.
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Table 1
Heat of reaction Hr, linear shrinkage S, and stiffness K of fully cured epoxy-anhydride resin system of series A.
Sample A (pm) f(Hz) m (g) Hr (J/g) Sn (%) K (x10 MN/m) AT (°C)
A-1 20 10 0.6733 370.15 243 2.28 3.8
A-2 20 10 0.9782 355.55 2.75 2.64 5.8
A-3 20 10 0.8724 372.52 2.00 2.33 5.3
A-4 20 10 0.9498 356.22 2.55 2.35 4.7
A-5 20 10 0.9460 353.51 2.97 3.34 53
A-6 20 10 0.5268 335.86 2.48 3.21 3
A-7 20 10 1.0822 394.68 3.44 2.45 7.7
A-8 20 10 1.0900 345.52 3.42 243 5.8
A-9 40 10 1.2200 384.85 3.37 2.37 7.8
A-10 40 10 0.5151 346.51 243 2.48 3.8
A-11 5 10 0.3580 360.03 2.35 1.85 1.8
A-12 5 10 0.9540 341.15 2.59 245 8.2
A-13 5 10 0.8660 336.98 213 2.46 4
A-14 5 10 1.1300 355.66 2.98 2.46 7.4
A-15 2 10 0.3255 347.47 1.09 1.01 1.5
A-16 2 10 0.8770 355.35 2.03 2.46 54
Average - - - 357.00 2.56 241 -
St dev - - - 16.47 0.61 0.51 -
Table 2 explored. All tests were carried out at isothermal tempera-

Heat of reaction Hr, linear shrinkage S, and stiffness K of fully cured epoxy-
anhydride resin system of series B (A =20 um and f= 10 Hz).

Sample m(g) Hr(J/g) Sh (%) K (x10 MN/m)
B-1 0.8814 332.79 3.04 249
B-2 0.9183 344.82 3.02 2.31
B-3 0.8980 315.37 2.99 2.32
B-4 0.9651 392.26 3.03 2.53
B-5 0.9302 315.65 2.52 2.52
B-6 0.9236 353.72 2.91 2.52
B-7 0.8756 298.40 2.90 2.28
B-8 0.7810 306.88 2.90 2.50
B-9 0.7512 317.40 2.47 1.61
B-10 1.0166 33234 2.58 1.80
B-11 0.9351 320.79 2.86 2.19
B-12 0.9595 321.05 2.39 1.97
B-13 0.9581 310.26 2.82 2.44
Average 0.9072 327.83 2.80 227
St dev 0.0732 24.62 0.23 030

The tests of series C (see Table 3) were carried out to study
the influence of the oscillation parameters on the resin
characterization. To do so, dynamic strain amplitudes from
5 to 40 pm and frequencies from 1 to 100 Hz were

ture of 120 °C.

For comparison purpose, Differential Scanning Calorim-
etry (DSC) experiments were conducted using TA Instru-
ments Q1000 under similar isothermal conditions at
120 °C as the DMA tests and also with a heating ramp of
3 °C/min. Heat of reaction was calculated from the total
heat flow curve. Gel point determination was also carried
out using Anton-Paar MCR501 rheometer. Experiments
were run under Small Amplitude Oscillatory Shear (SAOS)
at strain of 1% and frequency of 50 rad/s. The choice of
the strain amplitude was done in the linear viscoelastic
(LVE) region.

3. Results and discussion

The first plan of experiments (series A) presented in Ta-
ble 1 consist of a total of 16 runs carried out to optimize
the testing parameters to be used for this characterization.
The sample mass was varied from 0.36 to 1.2 g (i.e. 0.8-
2.7 mL). Higher sample mass will generate more reaction
energy and may induce changes on the measured heat of
reaction as illustrated in Fig. 2a. On the other hand, a low

Table 3

Heat of reaction Hr, linear shrinkage S, and stiffness K of fully cured epoxy-anhydride resin system of series C.
Sample A (um) f(Hz) m (g) Hr (J/g) Sh (%) K (x10 MN/m)
C-1 20 1 0.9338 316.06 2.40 2.08
C-2 20 1 0.8901 317.34 2.83 223
C-3 20 1 0.8142 328.99 249 2.19
C-4 20 1 0.9008 316.85 2.57 2.16
C-5 20 100 0.7666 325.92 241 2.45
C-6 20 100 0.8140 313.35 2.36 2.36
C-7 20 100 0.8396 324.02 2.21 2.40
C-8 40 100 0.9940 311.45 234 2.62
C-9 40 100 0.9298 317.56 1.98 247
C-10 5 100 0.9493 318.43 2.55 249
C-11 5 100 0.9939 308.30 2.63 2.49
Average - - 0.8932 318.02 243 2.36
St dev - - 0.0761 6.20 0.22 0.17
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sample mass may not generate enough heat to properly
measure the reaction specific enthalpy. However, from
the results of series A, the reaction specific enthalpy seems
not to be linked to the sample mass used on these tests.
The averaged heat of reaction was of 357 J/g with a stan-
dard deviation of the mean of 16 J/g, which is acceptable
for this characterization (see Table 1). The temperature
increment during the exothermic reaction was affected
by the sample mass (see Fig. 2b). For samples of less than
0.5 g, the temperature jump AT was of 2 °C while for sam-
ple of more than 1g AT was of 6 °C. This indicates that
increasing sample mass will induce a deviation of the
isothermal cure condition. Based on these analyses, the

sample mass was fixed to 0.9 g which corresponds to the
volume of a cylindrical sample of 20 mm diameter and
2 mm thick. This series was also configured to evaluate
the impact of oscillation amplitude on the measured
shrinkage (Sh) and sample stiffness (K). However, no rela-
tionship was observed between mass of the sample and
Shor K.

The second plan of experiments, series B, was designed
to evaluate the variability of the characterization when all
parameters are kept constant. In this case, an average sam-
ple mass of 0.9g (i.e. 2mL) was injected into the
pre-heated chamber. The frequency and amplitude of
oscillation were both kept constant at 10 Hz and 20 pm

(a)4s°
400
L ° o
X o
=
c o ®
2 °
] I o o o
S 3501 ° o il
o | * s o
k3 b4 %% °
- A A
P . o i
I A
° o2
300 ¢
i O Serie A
@ Serie B
A Serie C
ol L e .
200 400 600 800 1000 1200 1400
Mass (mg)
(b) °r
. O Serie A
4t
[ o
F o
3_
£ I o
o © o
[ @
Q | o c ¢ ®
2_
L o
1t o
oL~ v M R .
200 400 600 800 1000 1200 1400
Mass (mg)

Fig. 2. Impact of sample mass: (a) on the measured heat of reaction and (b) temperature jump.
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respectively. From the 13 tested samples, the standard
deviation of the observations of the measured heat flow,
shrinkage and stiffness was below 10% (see Table 2).

Fig. 3 shows an example of the evolution of the heat flux
generated by the cross linking reaction of the epoxy-anhy-
dride resin at 120 °C in the DMA. The sudden drop of heat
at the beginning of the curve (i.e. values below zero) is due
to the thermal shock created by the injection of the liquid
resin at room temperature. During cross-linking, the two
heat sensors record a positive change of the heat flux with
a maximum peak reached around 300 s. The polymeriza-
tion is completed after 1000 s as illustrated by the ending
plateau. In order to get comparative basis between the
samples, the measured heat flux is divided by the sample
mass.

The heat of reaction of the epoxy resin was also mea-
sured using Differential Scanning Calorimetry (DSC) under
the same temperature history as in the DMA heat flux cell.
A modulated DSC Q1000 from TA Instruments [17,18] was
used for this characterization. For comparison purpose,
three samples of 8.5 + 1 mg mass were isothermally cured
at 120 °C. These tests were run over a period for 1000 s as
the DMA tests. Additional tests were conducted in dynamic
mode with a heating ramp of 3 °C/min. The average heat of
reaction measured by DSC on these 20 experiments was
326+6]/g.

The heat of reaction of 337 + 24 J/g reported in Table 4
is the resulting average of 40 experiments (series A, B
and C combined) carried out on the DMA at similar thermal
conditions. This result is in good agreement with the val-
ues obtained on the M-DSC instrument. However, the
DMA cell shows higher dispersion than M-DSC. Variability
between series is associated with sample dimension and
mass under the flux sensors. The injection technique was
also improved from one series to another resulting in a var-
iation of sample volume and resin distribution on the
sample holder.

Fig. 4 shows the evolution of the resin heat of reaction
during cure at 120 °C. This heat of reaction was obtained

25

Table 4
Comparison of the heat of reaction of the epoxy-anhydride resin measured
by DSC and the novel DMA HFC200 cell.

DMA DSC
Number of samples 40 20
Average Hr (J/g) 337 326
St dev (J/g) 24 6

by integration of curves in Fig. 3 following Eq. (3). A nearly
full cure is obtained after 600 s although some heat still
released until 1000 s. The cure behavior shown by samples
B1 to B3 shows the variability of the technique. Fig. 5
shows the thermal history and cure evolution during an
isothermal test on the DMA cell. Initially, the cell is kept
isothermal at 120 °C. The resin is then injected at room
temperature at 0 s, which is denoted by a drop of 1°C in
the temperature of the cell. The temperature of the system
then increases due to the exothermic reaction of the resin.
At 300 s, the reaction of the resin is enough to release suf-
ficient heat to increase the temperature locally up to
124 °C. The degree of cure was obtained by integration of
the heat flow (see Fig. 3) as presented in Eq. (G). At the exo-
thermic peak, the resin undergoes a degree of cure of 70%,
meaning that gelation has already occurred prior to 300 s.
A full cure is observed after 1000 s. Additional explanation
about gelation will be detailed further.

Fig. 6 illustrates the evolution of degree of cure with
time using both DMA cell and DSC methods. The degree
of cure evaluated with the DSC technique (full line) arises
before the DMA. For both experiments, the sample was
maintained at room temperature and then injected or
introduced in the device which was preheated at 120 °C.
This time shift is not negligible and should therefore be
compensated in the case of coupling measurements from
different devices [12]. In Fig. 6, the DMA and DSC curves
show a similar slope during most of the curing process. It
is known that during isothermal cure experiments,
variability may occur because of the temperature instabil-
ities [19] and large difference in sample mass between
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Fig. 3. Sample heat flux measured during isothermal cure of epoxy-anhydride resin at 120 °C with the novel DMA HFC200 cell for samples of series B.



3554

450

C. Billotte et al./European Polymer Journal 49 (2013) 3548-3560

400 -

350 -

300

250

200 -

150

Heat of reaction (J/g)

100 -

50 -

- Sample B1
° Sample B2
4 Sample B3

200 400

600 800

Time (s)

1000

Fig. 4. Evolution of the heat of reaction with time during isothermal cure of epoxy-anhydride resin at 120 °C with the novel DMA HFC200 cell for samples

of series B.

30— 1
—T profile o -
— - Degree of cure /‘ 109
4 {08
125+ Exothermic peak _/ :
- : 0.7
g | e
| H 6 3
g Injection - ! 0:6 (&)
2 Lo : s
® 120 F N ' 0.5 pe
[ \ V- [ @
Q. ' ' 1 -
£ : i/ : 104 2
3 : i : 2
= E ] E 103
151 ; i i
; 7 E 102
’ / la ! a=0.90
H . i gl : : ]
a | o
110 -7 - : : ' 0
-200 0 200 400 600 800 1000 1200
Time (s)

Fig. 5. Thermal history and cure evolution during isothermal test at 120 °C.

these two devices. Given that the sample mass is three or-
ders of magnitude larger for the DMA test than the DSC,
temperature gradients are expected to be a source of cure
differences. As the cure reaction progresses, the resin be-
comes more solid reducing the mobility of the polymer
chains. After 90% cure, the polymerization is mainly con-
trolled by diffusion. At this point, the differences in sample
mass between DSC and DMA will have an important im-
pact on the cure process. This effect can be seen in Fig. 6
by the differences in slopes near the plateau at the end of
cure.

3.1. Stiffness and resin shrinkage analysis and modeling

In the second experimental plan (series B in Table 2),
the upper plate of the DMA cell oscillates at amplitudes

of 20 pm and frequency of 10 Hz. The instrument applies
a controlled force to induce such oscillation to the resin
sample. As the liquid resin undergoes polymerization, the
dynamic force required to apply a constant amplitude
oscillation will increase from gelation to full cure. Then,
knowing the variation on dynamic force, the change in
mechanical properties of the resin can be followed during
polymerization. On the other hand, when the resin shrinks
during cure, the instrument adjusts the position of the
upper plate so that it is in continuous contact with the
sample (see Fig. 1). Measuring the static position of
the upper plate is then a direct evaluation of the volume
changes occurred during resin polymerization.

Fig. 7a illustrates the evolution of sample stiffness dur-
ing resin cure on the DMA cell. At the early beginning of
the test, the liquid resin has no dynamical mechanical
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Fig. 6. Comparison between degree of cure measured with DSC and the DMA HCF200 cell for samples of series B.

properties and a stiffness of 10 N/m is measured by the
DMA cell. This small stiffness is due to the moving liquid
under dynamic compaction. The stiffness slowly increases
linearly the first 200 s up to 50 N/m corresponding to
20% of cure. At this stage the polymer chains start to form
an inter-connected tridimensional network resulting in a
quick increment of mechanical properties shown by sud-
den change to a steeper slope in stiffness. Fig. 7a also
shows the evolution of Tands which is the ratio between
the storage and loss modulus of the dynamic stiffness. It
can be seen that a maximum of Tand is observed at
230s, representing a maximum of the dissipating energy
in the sample. The peak in Tané can be associated to the
initiation of resin gelation [20] and the time value from
DMA test is quite close to the gel time of 245 s from rheol-
ogy data as illustrated in Fig. 7b, considering the point that
the instruments principle is quite different and cannot be
compared on an absolute basis. This time of 245 s corre-
sponds to the cross-over of the storage (G') and loss mod-
ulus (G") and at this point the complex viscosity (7*) starts
to increase to infinity. Rheology gel point determination
was verified for different frequencies from 5 to 100 rad/s
and the gel time was found to be independent to frequency
[21,22]. The difference of 15 s in the gel point detection be-
tween DMA and rheology can be associated to the differ-
ence in the measurement principle and sample mass
inertia. As illustrated in Fig. 7a, at gel, the material changes
from a liquid-like to a gel-like state and since it is no longer
flowing, it reveals a pseudo-elastic behavior similar as a
solid when compacted. The sample’s mechanical proper-
ties grow logarithmically from this gelation point until
reaching a plateau of 107 N/m at the end of cure.

In a previous work, Ruiz and Trochu [2,12] have model
this non linear behavior with a log-log function of degree
of cure. They have shown that the evolution of mechanical
properties starts just after gelation and increases, following
a logarithmic function, until the sample is fully cured. This

non linear function of cure is assumed to be related to the
increment of glass transition temperature (Tg) from the
monomer to the polymer. The increment of Tg is a power
law function of cure as described by Di Benedetto equation
[23]. In this study, a new model is proposed to predict the
evolution of mechanical properties with degree of cure as
presented in the following equation.

logK _

252~ B and 1og1<3{0—ww

(1 — otger)

where K is the stiffness of the sample, o the degree of cure,
B a fitting constant obtained from the experimental results
and ay is the degree of cure at gelation (i.e. peak of Tané in
Fig. 7). The first equation on the left represents the general
trend by a log-log function, while the equation on the right
is the particular model proposed for the epoxy-anhydride
resin been studied. The parameters of this model are re-
ported in Table 5.

Fig. 8 illustrates the evolution of stiffness during poly-
merization for samples of series B and C (see Tables 2
and 3) which was found to be nonlinear from the same de-
gree of cure of 33% which corresponds to the gelation
point. Although there are differences in stiffness before
gelation, the data overlapped after gelation. This nonlinear
relation was also reported by previous studies of Ruiz et al.
[2,12] for polyester resins and more recently Abou Msal-
lem et al. [24] for epoxy resins. These approaches take into
account the transition from viscoelastic to elastic behavior
and the glass transition temperature as well.

Along the polymerization, the upper plate of the sam-
ple-holder dynamically stimulates the resin with strain
amplitude of 20 pm and frequency of 10 Hz. The position
of the sample holder z(t) is defined as the average value
of the oscillation and a controller ensures that the dynamic
displacement around this value is maintained at constant
predefined amplitude. The variation in time of linear

log o ()
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Table 5
Parameters of proposed models to predict stiffness and resin shrinkage
during cure.

Stiffness model Eq. (7)

B 11.225
Olgel 0332

Shrinkage model Eq.(13)

C 5.050
O 0.535

shrinkage of the polymer Sh(t) can then be defined as
follows:

Z(t) — Zinit
thinit
where z;,; is the initial position of the upper plate of the
sample holder (see Fig. 1), z(t) is the varying position in

Sh(t) = 8)

time of the upper plate, and th;,; is the initial thickness
of the liquid sample. Given that the resin is at liquid state
at the beginning of the experiment and therefore does not
oppose sufficient resistance to the upper plate, some vari-
ations may occur at the early stages of the test. To over-
come this issue, the reference position z;,; is chosen after
injection of the resin, once the displacement of the upper
plate is stabilized. In this particular fixture, the DMA does
not give direct information about the initial distance be-
tween the upper and lower plates defining the thickness
of the liquid sample. Then, the initial thickness needs to
be calculated taking into account the variation of the posi-
tion of the upper plate of sample holder together with the
final thickness of the cured sample which is measured. To
obtain the initial thickness, a calculation was then carried
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out from the final thickness of the sample and the mea-
sured shrinkage as follows:

thm,'[ = thﬁnal +Az with Az = ‘Zﬁnal - Zim't| (9)

where thg,q is the measured final thickness of the cured
sample and Az the variation between the final (zs,q) and
initial (z;;) positions of the upper plate of the sample
holder.

Previous experimental studies have been conducted by
several researchers relating the volumetric changes that
occur during thermoset processing. Hill et al. [3] proposed
that the overall volumetric changes of a thermoset resin
during cure can be considered as a combination between
thermal expansion/contraction and polymerization shrink-
age as follows:

4.0

0.4

0.6
Degree of cure

0.8

1 dv

1dv 1 dv
Vo dt

Vo dt

thermal cure at 120 °C of epoxy-anhydride resin for samples of series B and C.
)Thermal contribution

)own™ ),

(VO dt)l’olymerization shrinkage

where the first term on the right-hand of Eq. (10) repre-
sents the bulk thermal expansion and contraction contri-
bution and is expressed as follows:

1av
Vo dt

overall

(10)

) Thermal contribution

— [CTEn(1 - ) +CTEpa]%

where CTE is the coefficient of volumetric thermal expan-
sion with m and p suffixes referring to the monomer and

(11)
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Fig. 9. Evolution of resin shrinkage with time during isothermal cure at 120 °C of epoxy-anhydride resin with the DMA HFC200 cell for samples of series B.
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polymer states [3]. In this study, since tests were carried
out under isothermal conditions, the volume changes due
to thermal expansion were neglected to simplify. The sec-
ond term of Eq. (10) represents the shrinkage associated to
the chemical cure reaction. This latter was expressed by a
simple linear relation between the shrinkage and the con-
version and is assumed to be proportional to the reaction
rate:

Clgz> _ & (12)
VO dt Polymerization shrinkage dt

where C is a constant determined from the experimental
results. In this work, chemical shrinkage was measured
by the static displacement of the upper plate of the DMA
cell during resin cure. As illustrated in Fig. 9, shrinkage is
noticeable from 280 s, where the minimum stiffness of
100 N/m is reached. At this moment, the sample has al-
ready gellified and is seen to have noticeable shrinkage.
It can be noticed that a delay appears between the gelation
and the detection of mechanical properties and the begin-
ning of the shrinkage at 280 s. This time difference is asso-
ciated with the stage of the material between the
beginning of gelation at 33% of cure and the rubbery-like
material at 54% of cure when shrinkage is noticeable. Dur-
ing cure, the exothermic chemical reaction increases the
sample temperature from 1 to 4 °C (see Fig. 5). As a conse-
quence, the sample will expand and compensate shrink-
age. The thermal expansion of liquid polymers is in the
order of 35 x 10> m/m/°C [12]. For a 5 °C increment, the
expansion of the sample would be below 0.2%. This quan-
tity is much lower than the polymer shrinkage varying
from 3% to 10% [4,6,10,25,26], thermal gradients can then
be neglected on this study.

Fig. 10 shows the measured shrinkage as a function of
degree of cure. The beginning of shrinkage is observed at
54% of cure. From this polymerization degree, the linear
shrinkage increases proportionally until nearly full cure.

35

This behavior is consistent with previous observations on
thermoset resins [3,8,10,12,14,26] and can be modeled by
the following equation:

I = Clor— o) (13)

where [ is the linear shrinkage, o the degree of cure at
beginning of shrinkage and a o is a constant determined
from the experimental results. The value of these model
parameters for the epoxy-anhydride resin is reported in
Table 5. This linear shrinkage behavior is observed until
the polymerization reaches a DoC of 90%. At this point
the cure reaction is controlled by thermal diffusivity and
the deviation of the experimental points from the linear
behavior can be associated to the non-negligible sample
mass. Similar observations were reported in the past for
a similar aeronautical epoxy resin [10]. However, no much
explanation of this phenomenon is given. The maximum
shrinkage attainable by the resin studied in this work is
around 3% which is in the usual range of epoxies.

3.2. Validation of test parameters

In series B, the shrinkage and stiffness results presented
so far were obtained at strain amplitude of 20 pm and fre-
quency of 10 Hz. However, other combinations of fre-
quency and amplitude were tested to validate these
results. As presented in Table 3 (series C), the frequency
of the dynamic load was varied from 1 to 100 Hz, while
the amplitude of the excitation was increased from 5 to
40 pm. Fig. 8 shows the resulting stiffness when applying
these test parameters. As it can be observed, when a fre-
quency of 100 Hz is applied to the dynamic load, the initial
stiffness of the sample increases by an order of magnitude
of 1000 N/m. This is associated to a thickening phenome-
non attributed to high frequency which is no longer in
the linear viscoelastic domain of the material. However,
this phenomenon seems to be independent of the oscilla-
tion amplitude.

- Sample B1
o Sample B2
30+ + SampleB3
—Model

Shrinkage (%)

0.0

A TN T s Iy PPy
0 0.2 04

i 06 0.8 1

Degree of cure

Fig. 10. Resin shrinkage as function of the degree of cure and proposed model. Isothermal cure at 120 °C of resin-anhydride resin with the DMA HFC200 cell

for samples of series B.
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Fig. 11. Comparison between resin shrinkage measurements for different parameters configuration in dynamic displacement for samples of series B and C.

Fig. 11 shows the influence of varying the test parame-
ters on the shrinkage measurement. The overall behavior
of the shrinkage is not influenced by frequency or ampli-
tude of the test. However, increasing the frequency to
100 Hz of amplitude to 40 pm delays the detection of
shrinkage from 50% to 70% of cure. Based on these results
it was concluded that the combination of 10 Hz and
20 um gave the best quality measure for this combined
characterization.

4. Concluding remarks

A novel in situ method allowing combined measure-
ment of dimensional changes and mechanical properties
during cure was presented in this work. These measure-
ments were carried out in a single device called a thermal
flux cell combined with a DMA. The resin is contained into
a mold where its base and cover include heat flux sensors.
This allows the monitoring of changes in temperature and
thermal flux as well as the dynamical displacement and
stiffness during cure. An epoxy DGEBA resin was used in
this work to demonstrate the capability of this new ap-
proach. Different vibration frequencies and amplitude
were used in order to optimize results as well as the quan-
tity of resin. Optimum results were found for a mass of 1 g
and application of 10 Hz frequency and 20 pm dynamical
amplitude. The heat of reaction was found to be 337 ]/g
which is very close to the DSC value of 326 J/g. The aver-
aged chemical linear shrinkage of the cured resin was of
2.5% and its stiffness reached a plateau of 10’ N/m at the
end of cure. The evolution of stiffness with the degree of
cure was found to be nonlinear from the gelation point of
33%. The evolution of shrinkage with degree of cure was
found to be linear from 54% cure up to 90% where the reac-
tion starts being mostly controlled by diffusion.

Phenomenological models were also proposed to de-
scribe the shrinkage and stiffness behavior as a function
of degree of cure. The shrinkage of the epoxy resin was
modeled using a linear function of degree of cure. How-
ever, the initial cure at which shrinkage is noticeable was

found to be higher than gelation point. The stiffness evolu-
tion was modeled using a log-log function that describes
the increment of the dynamic mechanical properties with
degree of cure. The proposed model and experimental data
are in line with chemo and thermo-mechanical models
found in the literature.
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