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Abstract:

T he rheological behavior of bismaleimide resin for resin transfer molding(RTM ) was

studied with DSC analysis and viscosity experiments. A rheological model based on the dual-Arrhe-

nius equation w as established and used to simulate the rheological behavior of the resin. The model

predictions determined from the dual-Arrhenius equation were in good agreement with experim en—

tal data.T he processing window of the resin system can be well determined based on the developed

model. T he rheological model is important for processing simulation and quality control of RTM

processing for high performance composites-
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The RTM process has been recognized as a
very high potential process for advanced compos—
ites manufacturing, and has been widely used in
many industry fields such as aerospace, mobile and
civil architecture. The RTM process must depend
on the special low viscosity resin, whose rheologi—
cal behavior contains a low viscosity area meeting
the demand of the RTM. This means, the viscosi—
ty of the resin should maintain 50-200cP when in-
jected in molding for complete fill and fiber wet-

2
b Therefore,

ting[l’ through establishing the
chemorheology model of the resinviscosity func—
tion about temperature and time(or cure degree),
the resin viscosity at any temperature and time(or

cure degree) can be calculated, and the low viscos—
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ity area can be defined precisely. Hence, one can
optimize the RT M process parameters and improve
the quality of the products[3].

QY89114 BMI resin is a suitable resin for
RTM. In order to optimize the RTM process pa—
rameters and improve the quality of the products,
the chemorheological behavior of the QY89114
BMT resin is studied, its rheological model is es—

tablished, and a processing window is predicted[ul

I Viscosity Experiment

QY8911-4 BMI resin is prepared for determi—
nation of viscosity. Viscosity determinations are

carried out at dynamic temperatures and selected
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temperatures, using NDJ-1 rotating viscometer,
according to GB7193. 1.
1.1 Viscosity at heating condition

The viscosity curve of QY 89114 BMI resin is
shown as Fig. 1.
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For QY 89114 BMI resin, its viscosity will
descend with the heating condition. On the other
hand, it will ascend because of resin crossinking.
During heating the resin, viscosity descending is
primary at lower temperatures; otherwise ascend-
ing is primary at higher temperatures. T he viscosi—
ty will be a mininum when the two effects keep
balance. QY8911-4 BMI resin will be melted at
80 . So viscosity measurement begins at 80
Viscosity maintains under 800cP between 80  and
140 . T herefore, isothermal viscosity measure—
ment is selected in the range of 90-140
1. 2 Isothermal viscosity measurement

According to the dynamic viscosity curve,
isothermal viscosity measurements are carried out
at 90 , 126  and 135

mal viscosity are shown as Fig.2. The viscosity

. The curves of isother—

changing rate is improved with time and tempera—

ture.
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Fig.2 Isothermal viscosity-time curves

2 Dual Arrhenius Model

In the case of isothermal cure, the viscosity,
which is affected by time and temperature, can be
described into the dual Arrhenius model given
by[3J

In"lT,t) = In"be + En/(RT) +
kotexpl Ex/ (RT) | (1
where b and ke are the Arrhenius preexponential
factors, respectively, while Enand Er are respec—
tively the activation energies for the flow and the
curing reaction. R is an ideal gas constant.

The model can be simplified

InA = In"le + En/(RT) (2)

InB = Inke + E«/(RT) (3)
So the model can be described as

In(T,t) = InA + Bt (4

The curves of InTl+ at the isothermal tempera—

ture are shown as Fig. 3.
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Fig. 3 InMws ¢ curves at isothermal temperature

According to Fig. 3, the model parameters 1nA

and B can be calculated; the results are presented
in Table 1.
Table 1 Parameters of the viscosity mode

T emperature/ InA B
90 5.97 0. 008
126 4.43 0. 039
135 3.44 0. 060

The curves of InA-1/T and InB-1/T are pre—
sented in Fig. 4 and Fig. 5 respectively.

According to Fig-4 and Fig- 5, one can obtain
the following relation about the parameters InA
and InB

InA = - 14.91 + 7603/T (5
InB = 12.98 - 6465/ T (6)
Note that the time unit should be changed

© 1994-2010 China Academic Journal Electronic Publishing House. Open access under CC BY-NC-ND license. http://www.cnki.net


http://creativecommons.org/licenses/by-nc-nd/4.0/

August 2002

Resin System for Resin T ransfer Molding

Studies on Rheological Behaviors of Bism al eimide

- 183 -

6.0r
5.0r
<
g .
4.0
3.0 . . . )
24 2.5 2.6 2.7 2.8

L /100

Fig. 4 1InA vs 1/ T of the dual-Arrhenius equation
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Fig.5 InBuvs I/T of the dual-Arrhenius equation
from minute to second, and the rheological model
of QY89114 BMI resin can be presented as

Inl= - 14.91 + 7603/ T +
texp(17.07 — 6465/ T) (7)

For nonisothermal cure, where the resin tem—

perature history is given by T'= f(t), the viscosity

can be presented as an integral formation as

14,914+ 2603,

T (1)

—fx—p[17.07 - ?‘t—?ﬂ di (8)

3 Reaction Kinetics

Infl= -

The curing reaction kinetics of the resin is
studied by DSC analysis'™".

netic model based on Kissinger function is estab—

In this paper, a ki-

lished. The parameters in the kinetic model

preexponential factor and the activation energy for

the curing reaction are compared with the pa—
rameters in the dual A rrhenius model, so the ratio—
nality of the dual Arrhenius model and the physics
definitions of the model parameters are verified.

3.1 DSC analysis

Differential Scanning Calorimetry

( DSC)

made in American Rheometric Scientific Com pany
is used in this study. The resin samples are
scanned at different heating rates as 5 /min,

10 /min and 20 /min.

shown in Fig. 6.
¢

And the results are
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Fig-6 Dynamic DSC curves at various heating rates
3.2 Data analysis
The Kissinger function is performed to de-
scribe the curing reaction kinetics of the thermalset
resin. The relation between the temperature at
maximum rate of the DSC curve and the constant

. . 12
heating rate is shown as follows

b E

In T2 = (InA + InR - InE) - R (9

where Pis the constant heating rate; Tmis temper—
ature at maximum rate; A is preexponential fac—
tor, and E is the activation energy of the curing re—
action.

According to Eq-(9), plot ln((bTZn) vs 1/ Tw
as Fig. 7. The slope is — E/R, and the intercept is

InA + InR- InE.
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Fig.7 In(®T2) vs 1/ T,
The activation energy for QY 89114 resin sys—
tem is 98486J/mol, and the preexponential factor
is 21.61.

The reaction order n can be determined by the

peak shape factor S of the DSC curve. S is defined
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as the absolute ratio value of the tangent slopes at

the curve inflection point. Therefore, n can be ob-

tained as the following equation'"”

n=1.265"" (10)
The reaction order is 2. 076 from Fig. 6.
So the curing reaction kinetic model of

QY89114 resin system is shown as

do — 11846/ T

= 216l (11)

Eq- 11 can be presented as an integral forma—

2.076

(I- o

tion as
1
x= 1- [1- (1- 2.076)21.61ze'" ™" 72075
(12)
The curing degree vs time at different isother—

mal temperatures is shown as Fig. 8.

1.01r
135C
0.8
]
g 0.6
éb : 1ot
S’ 0.41
© 0.2} 90C
0 100 200 300
t /min
Fig. 8 Isothermal curing degree vs time curves

According to Fig. 8, the curing degree vs time
shows the linear relation on the initial stage of the
curing reaction, and the time maintaining the lin-
ear relation accords with the time maintaining the
low viscosity in the dual Arrhenius model. It is
certain that the assumption for the dual Arrhenius
model (the curing degree vs time shows the linear
relation in the low viscosity area) is right.

The parameter relationship between the dual
Arrhenius model and the Kissinger equation is pre—
sented as the following experience equation

E=EI" and k= k&' (13)
where E and k are the activation energy and the
preexponential factor from the Kissinger equation;
Er and ke are from the dual Arrhenius model; n is
the reaction order.

The results of the parameters of the dual Ar—
rhenius model compared with the parameters of the

Kissinger equation are shown in Table 2.

Table 2 The parameters of the two modes

para dual Arrhenius Kissinger Cale. error/ %
k 17.07 21.61 21.18  1.96
E/R 6465 11846 12594  6.32

According to the DSC analysis, one can con-—
clude that the resin viscosity at the low curing de—
gree area can be calculated by the dual Arrhenius
model, and the parameters in the dual Arrhenius
model and in curing reaction kinetics have the cor-

responding relation.

4 Model Application

4.1 Prediction of processing window
The resin viscosity at a certain temperature
and time can be calculated by the dual Arrhenius

model. The viscosity map is shown as Fig. 9.
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Fig. 9 Viscosity map

The temperatures, at which the resin viscosity
is less than 800cP and the time maintaining the low
viscosity is more than 40 minutes, are 90 ,
100 , 110 and 120 Therefore, the process—
ing windows of the QY89114 BMI resin system
for the RTM processing are the temperature range
from 90 to 120
4.2 Viscosity simulation

For nonisothermal cure, where the resin tem—
perature history is given by 7= f (1) , the viscosity
can be presented as the integral formation as Eq. 8.
So the viscosity can be simulated at the given con-
dition of the temperature as a function of time, and
the results are shown in Fig. 10.

The resin is heated at a constant rate, main—
tained at an assigned temperature for about 100

minutes, and then heated again to cure complete—
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i2.10  Caleulated viscosity during processing procedure
ly. From Fig. 10, one can get the same trends at
different conditions: At the first heating stage, the
viscosity drops continually, at isothermal stage,
the viscosity rises gradually, and at the second
heating stage, the viscosity drops momently and
rises quickly to a gel point-
Compared with different viscosity curves, at
110 the viscosity can maintain less than 300cP
for 55 minutes. So the resin can be suitable to
manufacture the medium or small sized structures
as the RTM processing. One can confirm that the
temperature at 110 is the suitable injection tem—
perature. If the parts are relatively large and the
injection time is long, the temperatures at 90-

100 are the suitable injection temperature.

5 Conclusions

QY8911-4 BMI resin system is the suitable
resin for the RT M processing. The dual Arrhenius
model can be used to present the rheological behav—
ior of the QY 89114 BMI resin at low viscosity ar—
eas. And the model predictions are in good agree—
ment with experimental data. T he processing win—
dow for the RTM processing can be predicted pre—
cisely by the dual Arrhenius model, and the viscos—
ity can be simulated during the processing proce—
dure. The rheological model is important for pro-
cessing optimization and quality control of RTM

processing for high performance composites.
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