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ABSTRACT 

The thermal behaviour of two sets of polymer blends, mixtures of poly(caprolactone) 
(PCL) of molecular weights 2000, 6000 and 10000 with eutectic mixtures of bis(2,2-di- 
nitropropyl) acetal (BDNPA) and bis(2,2-dinitropropyl) formal (BDNPF), and of PCL with 
nitrate-plasticizer trimethyloletbane trinitrate (TMETN), were examined by thermogravime- 
try (TG), derivative thermogravimetry (DTG) and differential scanning calorimetry (DSC). 
The thermal decomposition reactions of PCL/BDNPA/F or PCL/TMETN blends during 
dynamic heating are indicated by two major stages of weight loss in the TG-DTG traces. The 
DSC traces show that there are two major exothermic reactions for each formulation. It was 
found that the enthalpy change, AH, for the first exothermic reaction is proportional to the 
BDNPA/F or TMETN concentration. The maximum peak temperature (T,) of the first 
exothermic reaction shifted to a higher temperature as the BDNPA/F ratio increased. 
However, for the TMETN system, there was no obvious change. It is concluded that TMETN 
has a higher thermal compatibility with PCL than has BDNPA/F. 

INTRODUCTION 

The use of polyurethane polymers as binders has been a cornerstone of 
solid rocket-propellant technology. Lately, there has been an interest in 
reducing the signature and in increasing the performance of solid rockets. 
Several varied programs have been devised to develop and evaluate new 
ingredient materials [l-4]. Poly(caprolactone) (PCL), the nitrate plasticizer 
TMETN and BTTN (butylene glycol dir&rate) have received considerable 
attention as suitable binder systems in propellants [5], and the mechanical 
properties of the composite system are especially good when using this 
binder system. Thermal analytical techniques such as differential thermal 
analysis (DTA), differential scanning calorimetry (DSC), thermogravimetry 
(TG) and derivative thermogravimetry (DTG) have been used extensively 
for the study of the thermal behaviour and decomposition patterns of 
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polymers [l-4]. In this work TG-DTG and DSC have been employed to 
investigate the thermal behaviour of the blends of PCL with eutectic 
mixtures of BDNPA/F and with TMETN in various percentages. 

EXPERIMENTAL AND RESULTS 

Materials 

PCL prepolymers are difunctional for PCL 2000 (molecular weight 2000) 
and PCL 6000 (molecular weight 6000) systems, and multifunctional for the 
PCL 10000 (molecular weight 10000) system. The cross-linking agent N-100 
is a commercially available tri-isocyanate made by the Nan-Pa0 company, 
Taiwan. General specifications of one nitroplasticizer BDNPA, BDNPF and 
nitrate plasticizer TMETN are listed in Table 1. 

Sample preparation 

The polymer blends were generally formulated to an NCO/OH ratio of 
1 : 2. All the polymer blends were prepared by a one-step method. The 
ingredients were dried to a moisture content of less than 0.02 wt.%. The 
compositions of the four series of polymer blends are listed in Table 2: AB 
(PCL 6000/ BDNPA/ F), BB (PCL 10 OOO/ BDNPA), CB (PCL 2000/ 

TABLE 1 

Physical properties of BDNPA, BDNPF, BDNPA/F and TMETN 

Compound a Boiling point Melting point Density at 25 o C 

( o C/mmHg) (“C) (g ml-‘) 

BDNPA 150/0.01 33 - 34 1.366 
BDNPF 152/0.01 31 1.411 
BDNPA/F 150/0.01 -15 1.397 
TMETN - -3 1.460 

’ Structure formulae 

NO, 

BDNPA: (CHs-C-CH,-0-),-CH,CH, 

NO, 

NO, 

CH,ONO, 

TMETN: CH,-C-CH,ONO, 

CH,ONO, 

BDNPF: (CH,-C-CH,-0-),-CH, 

NO, 
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TABLE 2 

Composition and weight loss at various TG-DTG measurement stages of PCL with various 
concentrations of BDNPA/F and TMETN 

Sample Composition (wt.%) Weight loss (W) 
no. 

PCL6000 PCLlOOOO PCL2000 BDNPA/F TMETN 1st 2nd 
stage stage 

AB-1 Loo 
AB-2 80 
AB-3 70 
AB-4 60 
AB-5 50 
AB-6 40 
AB-7 30 

BB-1 
BB-2 
BB-3 
BB-4 
BB-5 
BB-6 
B8-7 

CB-1 
CB-2 
CB-3 
CB-4 

CB-5 
CB-6 
CB-7 

CT-l 
CT-2 
CT-3 
CT-4 
CT-5 
CT-6 
CT-7 

_ 
- 
_ 
_ 
_ 
- 
- 

- 
_ 
- 
_ 
- 
- 
- 

- 
- 
- 
_ 
- 
_ 
- 

- - 
_ - 
- - 
_ _ 
- - 
_ _ 
- - 

100 _ 
80 _ 
70 - 
60 - 
50 - 
40 _ 
30 - 

- 100 
- 80 
- 70 
_ 60 
- 50 
- 40 
- 30 

- 100 
_ 80 
- 70 
_ 60 
- 50 
- 40 
- 30 

_ 

20 
30 
40 
50 
60 
70 

_ 

20 
30 
40 
50 
60 
70 

-_ 

20 
30 
40 
50 
60 
70 

_ 
- 
_ 
- 
_ 
- 

- 
_ 
- 
- 
_ 

_ 
- 
_ 
_ 
- 

_ 
- 
- 
- 
_ 

20 
30 
40 
50 
60 
70 

97 3 
26 71 

37 59 

45 53 
57 41 
66 33 
73 25 

97 2 
30 65 

37 58 
45 51 
53 42 

63 32 
72 24 

97 0 
27 70 
34 63 
45 52 

56 41 

65 32 
74 24 

99 1 
20 78 
30 68 
39 58 
50 48 
55 43 
70 29 

BDNPA/F) and CT (PCL 2000/TMETN). The mixtures of PCL prepoly- 
mer, cross-linking agent N-100 and plasticizer BDNPAAF or TMETN were 
cured in an oven at 65 o C for 7 days. 

TG-DTG measurements 

TG-DTG measurements were carried out on a Perkin-Elmer thermal 
analyser. In the TG-DTG measurements, samples weighing 6-8 mg were 
heated at the rate of 20” C mm’ from 30 to 700” C under a static 
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Fig. 1. TG-DTG results for pure PCL binder. 

400 500 

atmosphere of nitrogen gas. The results of the TG-DTG measurements are 
shown in Figs. 1 and 2, and are also listed in Table 2. 

DSC measurements 

DSC measurements were performed on a DuPont 1090 thermal analyser. 
In the DSC measurements, samples weighing l-2 mg were heated at the rate 
of 20°C min-l in an aluminium crucible from 30 to 700 o C under a static 
atmosphere of nitrogen gas. The results of the DSC measurement are shown 
in Table 3 and in Figs. 3 and 4. 

DISCUSSION 

Typical features of TG-DTG curves for PCL binder (without plasticizer) 
and PCL binder with various percentages of plasticizer are shown in Figs. 1 
and 2. The percentage weight losses for each binder are listed in Table 2. 
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Fig. 2. TG-DTG results for PCL with nitroplasticizer BDNPA/F in various concentrations. 

According to Table 2 and referring to the concentration of BDNPA/F or 
TMETN in each binder system, it can be seen that the first-stage weight-loss 
of each system is almost the same as the corresponding plasticizer con- 
centration. Table 3 shows the DSC measurement results: the maximum 
reaction temperature (7’,‘,) increases proportionally with the concentration of 
BDNPA/F. However, blends containing TMETN show no notable change 
in T, values as the concentration of TMETN changes. The enthalpy change 
of each sample is proportional to the concentration of BDNPA/F or 
TMETN. Figure 2 illustrates TG-DTG traces for samples of PCL with 
various percentages of BDNPA/F. Referring to Fig. 2, it can be seen that 
both formulations have two major stages of weight loss. The first-stage 
weight-loss is about 20%, 50% and 70% for formulations with 20%, 50% and 
70% BDNPA/F respectively. The second-stage weight-loss is about 80%, 
50% and 30% for formulations with 20%, 50% and 70% BDNPA/F respec- 
tively. The DSC curves of polyurethane PCL without plasticizer BDNPA/F 
or TMETN are shown in Fig. 3. Some typical DSC traces for formulations 
with plasticizer are shown in Fig. 4. Figure 3 shows that two endothermic 
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TABLE 3 

Maximum reaction temperature (T,) and enthalpy change (AH) in DSC measurements of 
PCL with various concentrations of BDNPA/F or TMETN 

Sample no. -AH - A H/(BDNPA/F)% - A H/(TMETN)% 

(cal g-l) 

AB-2 245 12 36 
AB-3 250 106 35 
AB-4 251 137 34 - 

AB-5 253 163 33 
AB-6 254 165 28 
AB-I 257 195 28 

BB-2 253 90 45 - 
BB-3 251 117 39 - 
BB-4 252 135 34 - 

BB-5 252 156 31 
BB-6 257 184 31 - 

BB-7 260 192 27 

CB-2 240 97 48 
CB-3 242 134 45 - 

CB-4 247 168 42 
CB-5 248 170 34 
CB-6 250 210 35 - 

CB-7 252 231 33 

CT-2 201 100 _ 50 
CT-3 202 144 - 48 
CT-4 202 161 _ 40 
CT-5 203 169 _ 34 
CT-6 201 174 - 29 
CT-7 203 224 - 32 

reactions take place at 58 and 337” C; an exothermic reaction peak then 
appears at 430°C. The first endothermic reaction is attributed to the 
breaking of the aggregated soft segment, and the second may be attributed 
to the breaking of the cross-linked form of the polymer [6]. At temperatures 
above 430 o C, exothermic reaction peaks were recorded for the PCL binder 
(without plasticizer) system. This is attributed to the overwhelming oxidative 
reaction of the polymer. The TG-DTG results of Fig. 1 support the above 
explanation. 

Figure 4 shows the DSC curves of systems of PCL with different ratios of 
BDNPA/F. An endothermic reaction peak appears at around 55 o C for 
PCL systems with 20% BDNPA/F and 50% BDNPA/F. This behaviour is 
attributed to the breaking of the aggregated soft segment. However, for the 
PCL system with 70% BDNPA/F, there is no endothermic reaction peak at 
around 55OC. This discrepancy may be explained by the lower density of 
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- I 
A AB ( PCL 6000 + BDNPA/F ) 

0 CB ( PCL 2000 + BDNPA/F ) 

F540 0 BB ( PCL 10000 + BDNPA/F ) 

10 20 30 40 50 60 70 80 
BDNPA/F (wt%) 

Fig. 5. Dependence of T, on the BDNPA/F contents for samples of PCL/BDNPA/F. 

500 

0 AT ( PCL 6000 + TMETN ) 

0 BT ( PCL 10000 + TMETN ) 

z 

490-A CT ( PCL 2000 + TMETN ) 

450 
I I 1 1 1 1 

10 20 30 40 50 60 70 PO 
TMETN ( wt % ) 

Fig. 6. Dependence of T, on the TMETN contents for samples of PCL/TMETN. 
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Fig. 7. Dependence of enthalpy change (AH) as a function of BDNPA/F concentration. 
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Fig. 8. Dependence of enthalpy change (AH) as a function of TMETN concentration. 
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the PCL polyurethane in the 70% BDNPA/F system. Thus, the endother- 
mic reaction peak gradually vanishes. From 220 to 280°C, the AB series 
(PCL 6000/BDNPA/F) shows only one exothermic peak; and from 400 to 
460” C, one exothermic reaction takes place. Table 3 and Figs. 7 and 8 
illustrate that the value of AH for the first exothermic reaction of each 
system increases with increasing BDNPA/F or TMETN concentration in 
the test samples; there is a linear relationship between the BDNPA/F or 
TMETN concentration and the AH values. Figure 5 shows that the maxi- 
mum reaction temperature (T,) of the first exothermic peak shifts to higher 
temperatures as BDNPA/F concentration increases. But for the TMETN 
system, there is no change in T, values as the concentration of TMETN 
changes, as shown in Fig. 6. 

Thermal analysis techniques have been widely used in the evaluation of 
the compatibility of explosive ingredients by many investigators [7-111. 
Beach and Canfield [8] have suggested that a system be regarded as 
compatible if the change in maximum temperature (T,) is less than 2 O C; 
thus, in the present study, PCL and TMETN might be considered as 
compatible with each other according to their criterion. 

Referring to the weight loss results of the binder systems listed in Table 2, 
it is concluded that the first exothermic reaction corresponds to the 
BDNPA/F or TMETN decomposition reaction. At temperatures higher 
than 380” C, a broad exothermic reaction peak is observed due to the 
decomposition of residual polyurethane, PCL, molecules. It is found that the 
decomposition reaction temperature of residual polyurethane shifts to lower 
temperatures as the concentration of BDNPA/F increases. Therefore it is 
concluded that the PCL and BDNPA/F molecules interact with each other. 
The same results were also found for the polyurethane PEG and BDNPA/F 
blend decomposition reaction [12]. For the TMETN systems, the decomposi- 
tion reaction temperature of residual PCL molecules shifts to lower tempera- 
tures as the concentration of TMETN increases. Further investigation of the 
decreasing reaction temperature of PCL in mixtures of PCL with BDNPA/ F 
or TMETN is needed. 

CONCLUSION 

The thermal decomposition of polymer blends, and mixtures of poly- 
urethane PCL and BDNPA/F (or TMETN) indicate a two-stage reaction. 
The first stage corresponds to the BDNPA/F or TMETN decomposition, 
and the second stage corresponds to decomposition of the PCL molecule. 
PCL and BDNPA/F molecules interact with each other and PCL is more 
compatible with TMETN than with BDNPA/F. The values of AH and T, 
of the first decomposition stage are proportional to BDNPA/F concentra- 
tion in the PCL and BDNPA/F system. For the TMETN system, AH is 
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proportional to TMETN concentration, but with no significant change in T, 
as TMETN concentration increases. There is a linear relationship between 
AH and the concentration of BDNPA/F (or TMETN). 
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