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Abstract 

Thermogravimetric analysis of hydroxyl terminated polybutadiene (HTPB) and its fractions of different molecular weights 
separated by preparative GPC shows two major stages of weight loss of different nature in a nitrogen atmosphere. The first 
stage is primarily depolymerisation, cyclisation and crosslinking of molecules and the second stage is mainly the 
decomposition of the residue from the first stage. The kinetic parameters, viz. activation energy E and pre-exponential factor A 
using four different non-isothermal integral equations show a systematic increase with increase in molecular weight for the 
first stage, whereas for the second stage, the effect of molecular weight on E and A values is not prominent. The increase in E 
and A values for the first stage is attributed to the formation of greater number of cyclised and crosslinked products from 
molecules of higher dimensions. Quantitative correlations between the kinetic constants and the molecular weight parameters 
were derived for the first stage as a quadratic curve following the equation: E or lnA = K1 - K2/M (where K I and K2 are 
empirical constants whose values are different for the different molecular weight averages, viz. Mn, Mw and M~ and for the 
different equations). © 1997 Elsevier Science B.V. 
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1. I n t r o d u c t i o n  behaviour of  the binder is essential for establishing 
appropriate models for the solid propellant combus- 

Hydroxyl  terminated polybutadiene (HTPB) is a tion [1]. The ballistic performance of  composite pro- 
prepolymer  used as the binder matrix in composite pellants based on polymeric binders like HTPB is 
solid rocket propellants and is considered as the work- dependent on the thermal decomposit ion of  the binder 
horse in the world scenario today. This is because of  [2,3] and the temperature of  the burning surface of the 
the high ballistic and mechanical  properties imparted corresponding solid propellant. 
by the resin matrix. The combustion of  solid propel-  Thermal properties of  HTPB have been studied by 
lants proceeds through a series of  complex physico- several workers [3-11 ]. Pyrolysis studies of polymeric 
chemical  processes. Therefore, a knowledge of  the binders with emphasis on functionally terminated 
kinetics a n d m e c h a n i s m o f t h e t h e r m a l d e c o m p o s i t i o n  polybutadienes have been reviewed by Beck [4]. 

Ninan et al. [5] have reported a thermogravimetric 
*Corresponding author. Tel.: 56 2096 & 56 3689, fax: 0471 study on the thermal decomposit ion kinetics of car- 
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prepared by different routes. The effect of procedural used with toluene as the solvent at a flow rate of 
factors such as sample mass and heating rate on the 15 ml min 1. Since the preparative GPC could effi- 
kinetic parameters (energy of activation E and pre- ciently fractionate only about 1 g per run, repeated 
exponential factor A) was reported in the study. In a runs were made to collect sufficient quantity of each 
subsequent paper Ninan et al. [6] have studied the fraction. For each run 10 ml of a 10% solution in THF 
effect of molecular weight on the overall decomposi- was used. Solvent was removed from the fractions by 
tion kinetics of HTPB. Ninan et al. [7] have also distillation and dried at reduced pressure. 
reported the effect of atmosphere on the thermal 
decomposition of HTPB. The studies by Tingfa [8] 2.3. Molecular weight and molecular weight 
and Deyuan [9] have shown that the decomposition of distribution (MWD) 
HTPB involves two distinct stages of mass loss and 
they have suggested the structure of the products Molecular weight averages and molecular weight 
formed in both the stages with the help of gas chro- distribution of HTPB and fractions were determined 
matograph and mass spectrometer. Tingfa [8,10] stu- using a Waters Associates GPC (Model 244). Four 
died the kinetics of decomposition of HTPB under micro Styragel columns of pore sizes l0 4 A, 10 3 /k, 
different experimental conditions, viz. sample mass 500 ,~ and 100 .~ were employed. Tetrahydrofuran 
and heating rate, using a TG-DTG-DSC simultaneous was used as the solvent at a flow rate of 2 ml min 1. 
system interfaced with a gas chromatograph and has Dual detector system of differential refractive index 
shown the importance of kinetic data of HTPB binder (DRI) and UV detectors was used. For each analysis, 
in solid propellant combustion. 100 ~l of 1% solution was used. The column set was 

In the present work, it is attempted to evaluate the calibrated using Universal calibration [13]. 
relative influence of the molecular weight distribution 
on the kinetics of the two stages of thermal decom- 2.4. Thermal studies 
position of HTPB by thermogravimetry. Samples 
having different molecular weights are obtained by Thermal decomposition of the samples was studied 
fractionating a particular batch of HTPB according to using a Dupont-model 2000 thermal analyst in con- 
its molecular weight, junction with 951 thermogravimetric analyser. The 

analyses were conducted in pure and dry nitrogen at a 
flow rate of 50cm 3 min -1 and a heating rate of 

2. Experimental 10°C min 1. 

2.1. Materials 
2.5. Calculation of kinetic parameters 

HTPB-NOCIL, Bombay: made by the free-radical 
Of the numerous equations available, the following polymerisation of butadiene gas using H202 as initia- 

four integral equations are used in this work for tot, using a process developed by Vikram Sarabhai 
Space Centre [12]. determining the kinetic parameters, viz. energy of 

activation E and pre-exponential factor A. Solvents: Toluene and tetrahydrofuran (THF) of 
HPLC grade. (1) Coats-Redfem (CR) equation [14]: 

2.2. FractionationofHTPB in g(c~ ) ln~E (1 _ ~  ) E 
T 2 ---- R-T 

HTPB was separated into five fractions of different (2) MacCallum-Tanner (MT) equation [15]: 
molecular weights on a preparative gel permeation 

AE 
chromatograph, Waters Delta Prep equipped with R log g(c~) = l o g ~ -  0.483E °'435 
401 differential refractive index (DRI) and R 481 UV 
absorbance detectors. Styragel columns (122 cm × (0.449 + 0.217E) × 103 
20 mm i.d.) of pore sizes 10 4 .~, 10 3 A and 500 ,~ were T 
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(3) Horowitz-Metzger (HM) equation [16]: linear curve fits was established by the F-test [18]. All 
the computational work was done on a PC/XT using a 

lng(c~) = lnAR, $7"2 E EO 
BASIC programme. 

OE RTs RT2s 

(4) Madhusudanan-Krishnan-Ninan (MKN) equa- 
tion [ 17]: 3. Results and discussion 

In g(c~) lnAE - - -  + 3.7721 - 1.92151nE 3.1. Molecular weight 
T 1.9215 OR 

0.12039E The schedule of fractionation by preparative GPC 
T ' was aimed at obtaining roughly equal amounts of each 

where g(c~) 1-(1-,~)' "for all values of n except n= l  fraction. The MWD curves of the fractions obtained 
- -  1 n 

for which g ( c0=- ln ( l - c~ )  are shown in Fig. 1. The weight percent of each 
fraction and the corresponding molecular weight 
averages, viz. number-average molecular weight 

cx the fraction decomposed (Mn), weight-average molecular weight (Mw), Z-aver- 
age molecular weight (Mz) and polydispersity (d) are 

n order parameter presented in Table 1 which shows a steady decrease in 
molecular weight with fraction number as expected in 

T temperature (K) a GPC fractionation. The efficiency of fractionation is 
seen from the narrow polydispersity (Mw/Mn) values 

R universal gas constant of the fractions (1.3 to 1.6 against 3.4 for unfractio- 
hated HTPB). 

T~ DTG peak temperature 
3.2. Thermal decomposition study 

0 heating rate 
0 T-T~ A typical TG/DTG curve of HTPB is given in Fig. 2 

which shows two stages of mass loss. The first stage of 
The order parameters for the first and second stages reaction is in the range of 300 to 410°C and the second 

of decomposition were obtained using the Coats- stage in the range of 410 to 510°C. The initial tem- 
Redfern equation by an iteration method. Using a 
computer, linear plots of In (g(cO/7 e) vs. l/T were 
drawn for different values of 'n '  ranging from 0 to [ 17900 
2, in increments of 0.1. The value of 'n '  which gave the ,I f ' ~  ~o00 
best fit with correlation coefficient nearest to unity was 1 
chosen as the order parameter for each stage of 
decomposition. This value of "n' is substituted in .~ 
the four kinetic equations mentioned above. The g 1 /  / x 3 ~  5°° 
left-hand side of the kinetic equations were plotted ~" 
against 1/Texcept for the Horowitz-Metzger equation, 
for which left-hand side was plotted against O. The ~ ~ 3 ) //~o 
values of E and A were obtained from the slope and 
intercept of the straight lines, respectively. ~ 

The goodness of the curve fit was tested with o 5 
appropriate statistical analysis and reliability tests. 
The linear curves were drawn by the method of least . o t , ~ o ~  ,..,,~ght ~ kgmo~ 

squares  and  the c o r r e s p o n d i n g  co r re la t ion  coeffi-  Fig. 1. GPC molecular weight distribution curves of HTPB 
cients, ' r '  were calculated. The reliability of the non- fractions. 
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Table 1 
GPC analysis of HTPB and fractions 

Sample Weight (%) M, Mw Mz d 

Fr. No. 1 17 14980 22400 33200 1.5 
Fr. No. 2 19 5690 7930 11030 1.4 
Fr. No. 3 30 2360 3150 4310 1.3 
Fr. No. 4 19 1260 1690 2250 1.3 
Fr. No. 5 15 660 1080 1880 1.6 
HTPB - -  2550 8670 28670 3.4 

loo ~ ,  2-0 crosslinking, accompanied by partial decomposit ion 
90 ~ of  the cyclised product [8-10]. The major volatile 
0o ~ _ ~  1.s products from the first stage, identified by Tingfa and 
70 ~.~ Deyuan [8,9] are 1,3-butadiene, cyclopentene, cyclo- 

s0 1.0 ~ hexadiene, vinyl cyclohexane, etc. The main reactions 
50 7- in the second stage are dehydrogenation and decom- 

o =- ~0 -o.s ~ position of  the residue formed in the first stage. The 
7: DSC [8-10] analysis of HTPB in N2 atmosphere has t9 3 0  

~ indicated the first stage as exothermic and second 
20 o.o ° stage as endothermic. The exothermicity is due to 
l o  
0 -o.5 the energy released in the formation of  new bonds 

10o 20o 3oo ~'o0 s'0o 600 7co during crosslinking and cyclisation of HTPB, which is 
TEMPERA?ORE i,aeC greater than the absorbed energy for bond scission 

during depolymerisation. 
Fig. 2. TG/DTG curve of HTPB. 

Table 2 shows that while the temperature of  reac- 
tion is not much affected by molecular  weight, there 
is an increase in mass loss in the first stage decom- 

perature (Ti), final temperature (Tf), and peak tern- position as the molecular  weight of  the samples 
perature (Ts) for the first and second stages of  decom- decreases. This can be due to increased cyclisation 
position, together with the mass loss data are given in and crosslinking at the expense of  depolymerisat ion in 
Table 2. The mechanism of  decomposit ion of  HTPB is high molecular  weight samples and hence decreased 
similar to that of  polybutadiene [8,9,19]. The first weight loss, whereas in the case of  low molecular  
stage is primari ly depolymerisat ion,  cyclisation and weight samples, after the completion of  cyclisation 

Table 2 
Thermogravimetric data of samples 

Mol. wt. (Mn) First stage Second stage 

Ti (°C) Tf (°C) Ts (°C) % wt. loss Ti (°C) Tf (°C) Ts (°C) % wt. loss 

14980 320 414 406 7.6 416 510 474 90.3 
5690 300 410 402 7.7 412 510 474 90.3 
2550 300 414 396 10.8 416 510 478 88.2 
2360 300 410 402 11.3 412 510 474 85.9 
1260 300 410 392 12.0 412 510 474 84.9 
660 300 409 388 18.1 412 510 472 79.7 
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Table 3 
Kinetic parameters of the degradation of HTPB 

Mol.wt. (Mn) First stage Second stage 

E (kJ mo1-1) A (s -1) r E (kJ tool -1) A (s 1) r 

Coats-Redfern Equation 
14980 171.9 1.41 x 1011 0.9993 272.8 8.13 × 1016 0.9997 
5690 154.9 8.71 × 109 0.9998 262.7 2.04x 1016 0.9994 
2360 143.0 8.91 x 108 0.9995 259.0 1.12× 1016 0.9993 
1260 136.3 2.69× 108 0.9990 261.0 1.55 × 1016 0.9998 
660 96.7 1.66 × 105 0.9990 257.6 1.02 × 1016 0.9997 
2550 131.5 9.77x 107 0.9990 279.1 2.69x 1017 0.9998 

MacCallum-Tanner Equation 
14980 175.1 2.88× 10 I1 0.9993 278.4 2.88× 1017 0.9996 
5690 158.1 1.66 x 10 l° 0.9997 268.2 7.07 × 1016 0.9995 
2360 146.1 1.66× 109 0.9996 264.2 3.80× 1016 0.9994 
1260 139.4 5.01 x 108 0.9991 266.4 5.25 X 1016 0.9998 
660 99.3 2.88 × 105 0.9990 263.0 3.39× 1016 0.9995 
2550 134.6 1.78x 108 0.9988 284.7 1.00× 1018 0.9997 

Horowitz-Metzger Equation 
14980 196.1 1.23x 1013 0.9981 290.0 1.58× 1018 0.9992 
5690 171.1 1.90 x 1011 0.9995 283.2 6.02 × 1017 0.9991 
2360 168.0 9.33 x 101° 0.9983 279.5 3.47 × 1017 0.9990 
1260 156.6 1.26x 101° 0.9970 282.6 5.50× 1017 0.9994 
660 118.3 1.05× 108 0.9999 279.6 3.89x 1017 0.9991 
2550 152.9 5.37× 109 0.9988 303.9 1.58x 1019 0.9996 

Madhusudanan-Krishnan-Ninan Equation 
14980 172.1 1.58 × 101 l 0.9992 272.8 8.71 × 1016 0.9996 
5690 155.1 9.77 x 109 0.9996 262.8 2.19 × 1016 0.9994 
2360 143.2 1.00× 109 0.9995 258.8 1.23 × 1016 0.9994 
1260 136.5 3.09 X 108 0.9990 261.0 1.66 X 1016 0.9998 
660 96.9 1.95 × 105 0.9990 257.6 1.09× 1016 0.9996 
2550 131.7 1.09×10 s 0.9986 279.2 2.95×1017 0.9997 

and crossl inking,  decompos i t ion  starts at an ear l ier  This  is due to the approximat ion  technique  used in the 

stage. S imi la r  observat ions  were  made  by Tingfa  integrat ion o f  the fo rmer  method.  

[8]. The  correlat ion coeff icients  o f  all the 24 plots are 

c lose to 0.999, which show the l ineari ty o f  the fit. 

3.3. Thermal  degradation kinetics From the table it can be seen that for the first stage 

decomposi t ion ,  the effect  o f  molecu la r  weight  on E 

For  the first stage, the value o f  n was found to be 0.5 and A is more  p rominen t  than for the second stage 

and for the second stage 1 for all the fract ions and the decomposi t ion .  Both E and A are found to increase 

or iginal  sample.  By  substi tuting the values  o f  n in the with increase in molecu la r  weight .  This  may  be 

four  kinet ic  equat ions,  E and A were  calcula ted for all attributed to the format ion o f  greater  number  of  

the samples.  The  values  o f  E, A and the correlat ion cycl i sed/cross l inked products  formed in the first stage 

coeff ic ients  (r) are g iven  in Table 3. The  H o r o w i t z -  for molecu les  o f  h igher  dimensions .  In contrast,  for 

Me tzge r  me thod  shows h igher  values  o f  kinet ic  para- the second stage, the change  in values of  E and A is not  

meters  than those obta ined by the other  three methods,  as p rominen t  as in the first stage. The kinetic para- 
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Mn x163 Fig. 4. Variation of pre-exponential factor (A) with M, (A: CR, (3: 
MKN, ×: MT, and I :  HM). 

Fig. 3. Variation of activation energy (E) with M, (A: CR, C): 
MKN, x: MT, and I :  HM). 

computer. It was found that the activation energy vs. 

meters for all fractions except the first one are nearly different molecular  weight (Mn, Mw, Mz) plots could 
the same. This can be explained by the fact that the be best represented by the following equations: 

second stage is predominantly the decomposit ion of  E ---- a l  - a 2 / M n  

the cyclised and crosslinked products formed in the E = b l  - b 2 / M w  

first stage. The differences in the size of  molecular  
species produced diminishes after the crosslinking and 

process taking place in the first stage. Therefore, E = C l -  c 2 / M z  

the kinetic parameters of  the second stage are not 
where at ,  a2, bl,  b2, Cl and c2 are empirical  constants much affected by the molecular  weight of  the sample. 
for the different molecular  weights. For pre-exponen- The regular trend in kinetic parameters  relative to 

the GPC molecular  weights of  Mn, Mw and Mz for the tial factor (A) molecular  weights were better COl're- 
first stage makes the data amenable for statistical lated to In A. This can be explained on the basis of  the 
treatment. It was found that for the first stage, E kinetic compensation effect [20] postulating linear 
and In A values from all four equations could be correlation between E and In A. The best fit curves 

were represented by the following equations: reasonably plotted against the molecular  weights 
and Figs. 3 and 4 show the curves for Mn. Different lnA = a' l - d 2 / M  n 

types of  curve fits were tried out with the data using a lnA = b' l - F 2 / M  w 

Table 4 
Curve fit constants from E vs. molecular weight plots 

Equation E vs. 1/Mn E vs. 1/Mw E vs. llMz 

al a2 F bt b2 F cl c2 F 

CR 168.4  4.68×104 70.0 170.0  7.51x104 45.5 171.9 1.18xl05 16.1 
MT 171.7  4.72x104 70.6 173.9 7.54x 104 45.0 175.2 1.19×105 15.9 
HM 189.8  4.64×104 70.7 192.9  7.50×104 30.9 193.4 1.18x105 13.8 
MKN 168.6  4 .68×104  70.0 170.9 7.51× 104 44.9 172.1 1.18×105 16.4 
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Table 5 
Curve fit constants from In A vs. molecular weight plots 

Equation E vs.l/M n E vs. l/M,,, E vs. 1/M, 

al I d2 F b ~ 1 b'2 F c' 1 c'2 F 

CR 25.2 8.59x 103 81.8 25.6 1.38x104 46.8 2 5 . 8  2.15x104 15.8 
MT 25.9 8.68x 103 79.3 26.3 1.39x 104 46.3 2 6 . 5  2.18x104 15.8 
HM 28.8 6.95x 103 31.9 29.1 1.13x104 33.0 29.4 1.18x104 18.3 
MKN 25.3 8.56x 103 79.8 25.7 1.37x104 46.2 29.9 2.15x104 15.7 
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