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Abstract 

The correlation between structure/microstructure and thermomechanicat properties has been 
investigated by the Thermally Stimulated Creep (TSC) technique in a high performance thermo- 
stable thermoset matrix composite. The high resolving power of this technique allows us to ana- 
lyse the ct retardation mode. The kinetics of molecular movements liberated at the glass transi- 
tion has been investigated by the technique of fractional loading: the analysis of each elementary 
process gives the real compliance and the retardation time as a function of temperature. The val- 
ues of the activation parameters show the existence of a compensation phenomenon which char- 
acterizes the microstructure. It also gives access to the loss compliance of the composite material 
as a function of temperature and frequency. The predictive calculation of loss compliance has 
been validated by the results obtained by dynamic mechanical analysis (DMA). 
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Introduction 

The structural optimization planned on the second generation supersonic air- 
craft requires reducing the weight of the various aircraft parts by using new or im- 
proved composite materials. These materials must of course be carefully charac- 
terized before being validated on transport aircraft whose mission will be to accu- 
mulate 80 000 flight hours over more than 25 years of operation. 

One of the major limiting factors in the use of polymeric matrix composites is 
the effect of long term exposure to high service temperature. So, it is necessary to 
develop new techniques of investigation to predict the thermomechanical properties 
and to establish correlations between structure/microstructure and thermomechani- 
cal properties. 

Thermally Stimulated Creep [1] has been applied to the analysis of cooperative 
movements liberated around the glass transition temperature. The high resolving 
power of this spectroscopy has allowed us to characterize the microstructure of the 
polymeric matrix by studying the distribution of retardation times governing the 
viscoelastic behavior. From the obtained data, we have calculated the loss compli- 
ance of the composite material as a function of temperature and frequency. 
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The investigated material is a bismaleimide/carbon fiber composite [2, 3]. It has 
been shown that carbon fiber reinforced bismaleimide/BMI exhibits a number of 
characteristics, such as high glass transition temperature and excellent thermal sta- 
bility, which suggest that these materials are good candidates for use in aerospace 
application. To improve toughness [4], tensile strength and elongation at break, the 
base BMI resin was modified by the addition of copolymers such as allyls, di- 
amines, epoxies and elastomers. 

Materials and method 

Materials 

The aromatic nature and high crosslink density of the cured network confers an 
excellent thermal stability on Bismaleimides matrix composite [5]. In order to im- 
prove its behaviour after impact, which is the major drawback of these networks, 
Bismaleimides are reacted with allylphenol which reduces the crosslink density by 
increasing the distance between crosslinks. There are three principal temperature 
regimes associated with the cure reactions, namely (a) 100-200~ range, (b) 
200-300~ range (c) 300-350~ range. As illustrated in Fig. 1, in regime (a), the 
'ene' reaction occurs slowly and there is evidence that it may be reversible. At high 
temperature (200-300~ the 'ene'-BMI double-bond crosslinking polymerization 
(Diels-Alder reaction) occurs as indicated in Fig. 1. In regime (c), in the 300- 
350~ range, further cure occurs as the specimen cure temperature exceeds the Tg 
of the resin. 

The polymerization is achieved by curing in autoclave. The lay-up of the sample 
comprises two unidirectional plies. After polymerization till a conversion degree of 
90%, a volume fiber content of 66% is obtained. Samples having dimensions of 
70•215 mm have been prepared for Thermally Stimulated Creep experiments. 

For dynamic mechanical analysis (DMA), the test specimens have the following 
lay-up: [0116. The dimensions are 70• mm (0~ 70 ram). 

Thermally stimulated creep 

Principle 

The principle of Thermal Stimulated Creep (TSC) [1, 6] is the following: 
A static shear stress of torsion is applied to the sample at a given temperature 

for two minutes. Then the sample is quenched in order to freeze this configuration. 
The stress is removed and after two minutes, the temperature is increased at a rate 
of 7~ rain -1. Then the sample returns to equilibrium and the complex TSC spec- 
trum is recorded. It shows the rate of change of the deformation 7 ~ as a function of 
temperature. For the purpose of comparison, it has been normalized by the applied 
stress. 
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Fig. 1 The principle chemical reactions which occur during the polymerization of the BMI network 
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Experimental 

(A,U) 

Complex TSC spectrum 

The complex TSC spectrum with a load temperature To is shown in Fig. 2. The 
static shear stress (o=131 MPa) was applied for 2 min. The rate of change of the 
deformation ~~ was recorded during the sample warm-up from 220 to 320~ 
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200 225 2S0 T (~ 275 3~0 325 

Fig. 2 TSC complex spectrum of bismaleimide/carbon fiber composite. T~=300~ 
tr= 131 MPa 

This spectrum corresponds to the high temperature retardation mode. The maxi- 
mum of this spectrum is located at about 275~ which is very close to the glass 
transition temperature of the matrix (Tg.DSC=240~ Therefore we may associate 
this retardation mode with the molecular movements liberated at the glass, transition. 

Fine structure of the complex TSC spectrum 

The spectrum obtained with the previous protocol is generally complex. It cor- 
responds to a discrete distribution of retardation times. The fractional loading tech- 
nique was applied to resolve experimentally the complex spectrum into elementary 
spectra and to analyse the macromolecular mobility liberated at Tg. 

T~o-T2o=ATo is the stress window and the temperature difference between two 
successive applications of stress is the loading step. Fractional loading experiments 
are performed as follows: a stress o is applied at Tlo for a time Ato=2 min; the 
temperature is then lowered by AT to /'2o (AT=10~ under stress. At T2o, the 
stress is removed and the specimen is permitted to recover partially for Ato---2 min. 
The sample is then quenched to To <</'2o and viscoelastic strain (7<10 -3 ) is frozen 
in. A linear heating run at 7~ min -I is then performed, during which the decay of 
the frozen-in strain 7(0 is recorded. The temperature dependence of its derivative 
~,~ constitutes an elementary spectrum. 
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Fig. 3 Elementary peaks obtained by technique of fractional loading with AT=5~ T,, was 

varied from 205 to 305~ by steps of 5~ or= 131 MPa 

The stress window is shifted by 5~ from 205 to 305~ Thus we observe a se- 
ries of elementary spectra as shown in Fig. 3. 

Each fractional loading response is investigated using an analysis method de- 
rived from Bucci-Fieschi-Guidi treatment [7] where a single retardation time for 
each elementary recovery process is assumed. The retardation time xi associated 
with each elementary process 'i ' as a function of temperature T is giveh by: 

y~(T) 
"l$i(T) --= ~ (1)  

where Yi is the deformation for the process 'i '  and y~(T) is the rate of change of de- 
formation of the process 'i ' .  

In the BMI matrix composite, the retardation times follow an Arrhenius law. 

A n i  (2)  
~i(T) = x~ kT 

where k is the Boltzmann constant, Xoi is the preexponential factor and AH i is the 
activation enthalpy. 

The analysis of each elementary spectrum 'i '  givens A n  i and Xoi. The values of 
these parameters are reported in Table 1. 

From y~(T) we can deduce AJi, the variation of the real compliance Ji for each i 
process. 
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Table 1 Activation parameters deduced from the t echn iqueof  fractional loading 

Peak n r T,~ AHi/eV "r 

1 217 2.98 5.10 -29 

2 219 3.03 3.10 -30 

3 222 3.19 2-10 -31 

4 223 3.33 5.10 -33 

5 227 3.33 10 -32 

6 232 3.42 4.10 -33 

7 240 3.74 7.10 -36 

8 244 4.03 3.10 -38 

9 248 4.07 2.10 -38 

10 252 4.15 8.10 -39 

11 259 4.2 7.10 -39 

12 261 4.4 10 -41 

13 269 5 2.10 -45 

14 273 5.2 8.10 -47 

15 277 5.7 3.10 -sl 

16 279 5.51 10 -49 

17 282 5.3 2.10 -47 

18 287 5 10 -43 

19 295 4.5 4.10 -40 

20 301 4 10 -34 

21 306 3.7 10 -31 

We can associate an equivalent frequencyf~ to "lTi(Tmi ) by the following.relationship: 

1 (3) 
fleq - 27t,~i(Tmi ) 

where Tm~ is the maximum temperature of the peak, i. Since xi(Tm)~100 sec, the 
equivalent frequency of TSC appears to be low: 3~eq=5 10 -3 Hz for a scanning rate 
of 7~ min -1. 

Considering the fact that the window is only 5~ the global TSC curve corre- 
sponds to an isofrequency at 5 10 -3 Hz. It can be directly compared with the spec- 
tra deduced from dynamic mechanical analysis. 

Dynamical mechanical analysis 

Dynamical mechanical analysis was performed to validate the predictive calcu- 
lation of the complex compliance. We used a torsion excitation mode with a fre- 
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Fig. 4 High temperature spectra of  D M A  

quency of 1 Hz. The variations of the G' modulus and tan(~) as a function of tem- 
perature were recorded (Fig. 4) on a RHEOMETRICS-RDC 7700 Dynamic Me- 
chanical Analysis. 

D i scuss ion  

High temperature retardation mode 

Because of the high fiber content (66%), the glass transition temperature can't 
be located precisely by DSC. The TSC technique clearly shows the viscoelastic re- 
gion associated with Tg. The high crosslink density of cured network provides a 
high T o value, higher than for other thermosets studied by TSC technique until now. 
We have reported in Table 2 some To values recorded by the TSC technique for com- 
parison. 

Table 2 T~ values of polymeric matrix composites recorded by TSC technique 

TGDDM-DDS composite Cyanate epoxy composite BMI composite 

250~ 208~ 275~ 

The good thermomechanical behaviour of the BMI matrix composite is due to 
the stability of imide heterocycle nucleus. The Diels-Alder reaction creates a com- 
pact network with complex chemical links. It is interesting to study the molecular 
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mobility in order to verify if the BMI composite follows universal law found for 
other conventional polymeric matrix composite. 

Distribution of the activation enthalpies 

This study has been completed by analysing the variation of activation enthalpies 
as a function of Tm~ (Fig. 5). From 217~ to about 277~ the apparent activation 
enthalpy increases gradually with temperature. 
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Fig. 5 Apparent activation enthalpy AH i of ct retardation mode of BMI/carbon fiber compos- 
ite as a function of the temperature of the TSC maximum T m. The dotteff line is the 
Eyring-Starkweather AS=0  prediction (Eq. (4)) 

Starkweather has developed a procedure [8, 9] to analyse the nature of visco- 
elastic relaxations. Thus, the Eyring activation enthalpy AHE can be deduced from: 

[ l n k T ~  AH E = kT 1 § 2nhfeqJ + TAS (4) 

where h is the Planck constant and AS is the activation entropy. 
According to Eyring Starkweather theory and Eq. (4): 

- if AS=0, the molecular movements are localized, 
- if AS>0, the molecular movements are complex and cooperative. 

The dashed line in Fig. 5 is calculated using Eq. (4) with AS=0. It charac- 
terizes localized movements. From 217~ i.e. temperature range that includes cx 
mode, the data lie far from the relationship derived from Eq. (4). This observation 

J. Thermal Anal., 48, 1997 



P O N T E I N S  e t  a l . :  B I S M A L E I M I D E / C A R B O N  F I B E R  C O M P O S I T E  6 3 1  

shows that the movements liberated at the BMI matrix composite glass transition 
are delocalized and cooperative. 

The study of the activation parameters allows us to characterize the chain dynamic lib- 
erated at the glass transition and the microstructure of the polymeric matrix composite. 

The high values of the activation enthalpies show that the material studied is 
thermostable. Nevertheless, the activation enthalpies are less high than Cyanate-Ep- 
oxy matrix composite ones, for example (for the high retardation mode of a Cy- 
anate-Epoxy matrix composite we have 3<AHi <6.9 eV). According to the Hoff- 
man-Williams-Passaglia theory, the high activation enthalpies correspond to move- 
ments of long sequences located in the matrix. The relatively low values of the ac- 
tivation enthalpies, compared to other polymers with high Tg, show that the micro- 
structure of the BMI composite is very compact, with crosslinks very close to each 
others. 

C o m p e n s a t i o n  e q u a t i o n  

We have reported on Fig. 6 the variation of log xoi as a function of AHi. It is 
clear that log %i varies linearly with A n  i for the elementary peaks 1 to 15 constitut- 
ing the c~ retardation mode, so that 

"roi(T) = .rcexp(_ AH] (5) 

where Tc is the compensation temperature and -% is the compensation time. 
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Fig. 6 Compensation diagram where log Zol is plotted vs. AH i 
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From the solid line of Fig. 6 

Tc = 365~ 
x c = 3.2.10 -6 sec 

In the other words, the retardation times of the elementary processes constituting 
the ~ retardation mode follow the compensation equation: 

fAnifl__ T-c~} ~i(T) = Xcexp~--~-~-~ - 

The compensation parameters (xc,Tc) characterize the microstructure of the composite. 
This behaviour has been observed in many other polymers. So the BMI matrix 

composite follows a phenomenological law established on conventional polymers 
[10]. According to previous data [11], the o~ retardation mode described by the 
compensation law has been attributed to hierarchically correlated movements. The 
low value of the compensation time is due to the rigidity of carbon fibers. The BMI 
network without carbon fibers presents a higher x c (0.17 sec). 

The high value of the compensation temperature must also be attributed to car- 
bon fibers. 

Prediction of  the complex compliance 

The Kelvin-Voigt model represents creep behaviour to a first approximation. It 
gives the variation of the anelastic complex compliance as a function of temperature 
and frequency. Then, the loss compliance is given by the following relationship: 

Ji"(co,T) = AJic~176 (AHi/kT) (6) 
1 + [co'l:oiexp(Ani/kT) 2 

So the AJi and/Mr-/i values deduced from TSC analysis allow us to calculate J"i(c0,7). 
Then, by making the summatiom over all the elementary processes, the loss 

compliance of the composite material can be calculated as a function of angular fre- 
quency co and temperature using the equation: 

J"(co,T) = ~,i AJicox~ (7) 
1 + [co XoieX p (Ani/k7) 2 

Figure 7 shows the variation of the loss compliance as a function of temperature 
at a frequency of 1 Hz. Note that the anelastic behaviour of the material can be pre- 
dicted at different sollicitation frequencies. 

From the shift of the maximum, we can also calculate an average activation en- 
thalpy, AHav, by making the assumption that the frequency-temperature dependence 
follows an Arrhenius law. 
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Fig. 7 Prediction of loss compliance as a function of temperature. Comparative study with DMA 

(-6nav'  
f : f o e x p l ~  (8) 

The calculation gives AHav=5.3 eV. 
So we can predict the anelastic behaviour of the material as a function of tem- 

perature and frequency. 
In order to validate the predictive calculation of the loss compliance, we have 

compared this spectrum with results obtained in DMA (Fig. 7). 
From the G'(T), tanS(T) spectra and J"(T) = G"(T)/[G'2(T) + G"2(T)] equation, 

we have calculated the spectrum corresponding to the variation of J" as a function 
of temperature. The comparison of the two J"(T) spectra (Fig. 7) shows that the 
predictive calculation of the loss compliance is coherent with the DMA results. 

Conclusions 

A bismaleimide/carbon fiber composite has been investigated by TSC. The mo- 
lecular mobility liberated around the glass transition temperature is characterized 
by a distribution of retardation times following an Arrhenius equation. The corre- 
sponding parameters-activation enthalpy and preexponential factor obey a compen- 
sation law. In other polymeric materials, such a phenomenological behavior has 
been associated with hierarchically correlated movements. This analysis allows us 
to predict the variation vs. temperature and frequency of the viscoelastic complex 
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compliance. Those results are in good agreement with experimental data from 
DMA in the frequency range where they are available. 
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