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Constitutive Equations for Curing Epoxy Resins
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Constitutive Equations for
Curing Epoxy Resins

I. Inwoduction

In recent years, the processing of ther-
mosetting polymeric resins has received
increasing attention from industry, especially
from the automotive and aerospace industries,

H.T.Hahn* - & & #B*
U. H. Chun

When mixed with an appropriate kind
and amount of curing agent and subjected
to a prescribed temperature history, these
resins change in physical character from
viscous liquid to viscoelastic rubber, and
finally to a glass stage,

The knowledge of property changes
during cure is essential to the establishment
of an optimum process cure.

Many techniques were developed for
monitoring cure. All these techniques are
based on the change of properties of one type
or another. Some of the properties frequently
used are electric resistance, dielectric loss
tangent (1,2), wave absorbancy, complex
modulus (3, 4, 5) and heat generation (6, 7).

Since the design of a process cycle
depends mostly on the thermo-mechanical
properties, the last two methods are of
prime interest.

The cure of most epoxies is exothermic
and generates heat. The time rate of heat
generation is measured in Differential Scann-
ing Calorimeter. The completion of cure
is the indicated by the lack of heat genera-
tion. However, this method does not provide
any information in mechanical behavior.
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The mechanical propertes frequenty
measured are the complex moduli in shear
and the viscosity (3, 4). Both the storage
modulus and the shear viscosity increase
with cure. The loss modulus initially increases
to peak and then decreases.

The measurements of the complex
moduli are taken by ultrasonic wave propaga-
tion through a curing resins (4, 5, 7, 8, 9) and
by dynamic mechanical method (3).

In the ultrasonic cure method, wave
speed and attenuation are monitored, but
in dynamic mechanical method, complex
moduli and viscosity are monitored.

There was an attempt to find a con-
stitutive equations for a material undergoing
solidification for hardening as the result of
a chemical reaction (10). These equations
take the form of stress ratestrain rate re-
lations.

At the present time, few constitutive
model exist, which relate the cure cyde
to the mechanical processes ocurring in epoxy
resins during cure, which would be used to
establish the most appropriate cure cycle
in any given application.

Fortunately a simple constitutive model
was developed to explain the experimental
data on the wave speed and attenuation (7).
However, o quantative corelation between
the proposed constitutive model and the
experimental data is made.

Most of the test data which can be used
to validate the developed constitutive model
were obtained from Lindrose (4), Hahn (7)
and some of them were obtained from this
experiment.

The purpose of this paper is to show how
the developed constitutive model can be used
to quantatively correlate the mechanical pro-
perty parameters and the experimental data,

and to show how the model can be used to

monitor the cure cycle.

2. Constitutive Model

A thermosetting polymeric system is a
viscoelastic material throughout cure in both
shear and bulk deformation. Introducing a
complex longitudinal stiffness Cq; *;

Cu* = Cy' +iCp” 1)

where C;;" is storage stiffness and Cy; " loss
stiffness,

We obtain the wave speed Cas (11)
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where & is phase angle.
The attenuation coefficient a is related
to the complex stiffness by

tan — 4)

where cw is frequency.

If the loss stiffness is much smaller than
the storage stiffness, ie., tan § << 1, Egs.
(2) and (4) reduce respectively to

1
C=(Cy1'/p) (5)

1 4
a =Y tan § = wp?Cy/Cy" 3/2 (6
2C 5 0 Cyy /Cy (6)

Egs. (5) and (6) indicate that the changes

’

In Cy3" and Cy; " will be similar to those in C
and o, respectively.

To illustrate the change of Cjy* with
cure, it is more ‘convenient to introduce the
complex bulk modulus K* and the complex

shear modulus G* such that

Cy* = K* +—43=G* %



Hahn developed the constitutive models,
where moduli can be expressed in terms of
the elastic moduli and viscosities during the
cure of epoxy, as follows (7):
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where kg is the liquid bulk modulus, kg
solid bulk modulus, g¢ solid shear modulus,
Ty bulk relaxation time and Tg shear relaxa-

tion time. The relaxation time 7). and Tg

are defined by;
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Hahn developed the following consti-
tutive equations for storage and loss stiffness

with the assumption of 7 =7 = Tg;
ke +(k + 4g 1w r?
Cn’ =8 8 (1)
1+w*r
(k—ke+4g /3)ywr _
Cu” =—_.s_..f_gs.— (]_2)
1+w?r?

The changes of Cy;’ and C;,” with 7
are thus similar to those of the wave speed
and the relative attenuation, respectively,
with time,

The change of the complex modulus
with time can be determined if the reaction
between the relaxation time and the real time

is known.

3. Results and Discussion

Hahn measured the change of longi-
tudinal wave speeds and their relative attenua-
tions of two epoxy systems, i.e., Epon 828/Z
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(80/20), Epon 815/V140 (60/40), with the
cure time at room temperature (RT) by
ultrasonic method (7), where the numbers
inside the parentheses denote the weight ratio.

Lindrose and et. al. (4) measured the
change of longitudinal wave speeds and their
relative attenuation, shear wave speeds and
their relative attenuation at RT by ultrasonic
method for DER 332. And then calculated
the changes of mechanical properties of DER
332 by the empirical equations with cure
time.

To ascertain if the constitutive equations
developed by Hahn can be used to calculate
the mechanical property variation and to
monitor the cure of epoxy resins during cure,
above and author’s experimental data are used
and compared between them.

It can be obmined the change of exact
wave speed denoted by Ce by the Egs. (2),
(11) and (12), and the variation of approxi-
mate wave speed (denoted by Ca) by the Eq.
(5).

The obtained results of longitudinal
exact wave speed (Cle) and longitudinal
approximate wave speed (Cla) by using the
results of Cyy' for DER 332 are expressed
in Figure 1. Furthermore, Figures 2 and 3
show the calculated values of Cle and Cla
during cure for Epon 828/Z and Epon 815/
V140, respectively. To compare the cal-
culated values and experimental data, the
experimental variations of longitudinal wave
spced are included in Figures 1, 2 and 3,
respectively, As can be seen from the Figures,
there are not much differences between the
calculated and the experimental results.
Especially a good agreement is existed
between the experimental wave speed and the
approximated wave speed variation,

To check the variation of shear wave
speed, we calculated the variation of shear
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wave speed by using the constitutive equa-
tons with cure time, and then compared with
the experimental data. Figure 4 shows the
above results for DER 332,

calculated by the constitutive equations

The results
are in excellent agreement with the experi-

mental data.
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Fig. 1. Longitudinal Wave Speed
During Cure, DER 332.
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Fig. 2. Longitudinal Wave Speed
During Cure, Epon 828/Z.
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Fig. 3. Longitudinal Wave Speed During
Cure, Epon 815/ V140,
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Fig. 4. Shear Wave Speed During
Cure, DER 332.

The variation of the absolute wave
attenuation can be calculated theoretically
by the Eqs. (4) and (6).

attenuation can be obtained by experiment,

But the relative

The definition of relative attenuation for
DER 332 is ap = VRpp/Vy, where V; and
VRgp 2re the first-echo and reference
voltages, respectively. Reference voltage is
the voltage at the fully cured state. But the
definition for Epon 828/Z and Epon 815/
V140 is RA = 20 log (AL/A) (dB), where A
and Ap are the first-echo and reference
amplitude.  The initial amplitude of the

echo is chosen as reference amplitude.
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The relationship between relative and
absolute attenuation is as follows for DER
332 and Epon 828/Z respectively;

o= AREF +%1n (C!R) (13)
1 RA
a= o+
L 20loge  h 14)

Where h is twice the depth of the
specimen and ¢ is the Naperian base. apyp
is the absolute attenuation at fully cured state
and ap is the absolute attenuation at the
beginning of cure.

The variation of shear wave relative
attenuation can be calculated as follows;
& can be calculated from Eq. (13), because
And then
11" by Eq. (6). We can get the variation of

oR is obtained by experiment,

w and k; during cure from Cyy “and Cyy "

The shear storage (Cyy'g) and loss stiffness
(Ci"y) can be obtained be Egs. (11) and
(12). And so we can calculate o and ORe:
Where o is shear wave absolute attenuation
and Upe is shear wave relative attenuation.
for DER 332
are expressed in Figure 5 and compared with

The calculated values of aRs

the experimental results,
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Fig. 5. Shear Wave Attenuation Dur-

ing Cure, DER 332.
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There are some attempts to find the
variation of viscosity of epoxy resins during
cure by experiment and analysis, but not
by the constitutive equations.

Here, we can find the varnation of
viscosity of epoxy resins with cure time by the
developed constitutive equations except at
zero cure time. Because the constitutive
equations are not defined exactly at this
point. The obtained absolute wave attenua-
tion for Epon 828/Z and Epon 815/V140
by this experiment using Sonoray 303B
ultrasonic flaw detector and Alphaseries 10
MHz transducer are 6.0 and 4.0 (1/cm),
respectively, at zero cure time, From these
values absolute wave attenuation can be
obtained,

The calculated wvalues of viscosity by
using the absolute wave attenuation which
were obtained by experiment and using the
constitutive equations are shown in Figure 6,
for Epon 828/Z, 815/V140 and DER 332,
This viscosity variation with cure time has a
good agreement with the results of Ref.
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Fig. 6. Variation of Viscosity During
Cure.
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(12, 13).

But in the absence of any experimental
viscosity data for the above epoxy resins
during cure, no quantative correlation
between the calculated values and the ex-
perimental data is made in this paper. Yet
the theory provides a frame work in which the
variation of viscosity can be determined from
the constitutive equations.

The varation of mechanical properties
can be calculated during cure by the con-
stitutive equations.

Cy;1’ can be obtained from experiment
and Cyy " is calculated from Eq. (6) after
« is calculated from Eqs. (13) and (14). If
we assume that k¢ and g  are constant, the
variation of kg ¢an be obtained by the Egs.
(11) and (12). The calculated values of kg
are 6.6 (Gpa) and 3.85 (Gpa) for Epon
828/Z and 815/V140 at fully cured srate.
The experimental values of them are 6.81
(Gpa) and 3.868 (Gpa), respectively. So
the calculated and experimental values are
not much different.

Figure 7 shows the variation of kg

during cure,
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Fig. 7. Variation of Solid Bulk
Modulus During Cure,

As evidenced in the above results, the

constitutive equations developed by Hahn

can be used to monitor the cure and to
calculate the mechanical properties of the

epoxy resins during cure,

4. Conclusion

Quantitative correlation between the
theory and the ultrasonic expetimental data
is made. The developed constitutive equa-
tions can be used to monitor cure and cal-
culate the variation of mechanical properties
of epoxy resins with cure time. Application
of these equations to three epoxy resins has
demonstrated its validity that is in excellent

agreement with experimental results,
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