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Research subject: The aim of this research was the investigation on ki-
netic of curing reaction of polyurethane binder based on hydroxyl ter-
minated polybutadiene (HTPB). This reaction is of particular interest in
advanced polyurethane composite materials.

Research approach: HTPB diol was dynamically cured using differ-
ential scanning calorimetery (DSC) at different heating rates (5, 10, 20
and 40° C/min) with curing agents of Toluene Diisocyanate (TDI) and
Isophorone Diisocyanate (IPDI) in presence and absence of Dibutyltin
Dilaurate (DBTDL) catalyst. Kinetic parameters were calculated using
Kissinger, Ozawa and isoconversion models. Urethane formation and
viscosity build-up during cure reaction was studied by Fourier Trans-
form Infrared Spectroscopy (FT-IR) and rotational visocmetery (RV)
methods.

Main results: Results showed that activation energy, enthalpy, progress
and the rate of reaction were influenced by type of curing agent and
the presence of catalyst. Kinetic models showed activation energy was
reduced about 1 k] /mol at each 0.05 unit increase in the degree of cure.
The activation energy of HTPB-TDI-DBTDL binder system versus degree
of cure was reduced slower in comparison to HTPB-IPDI-DBTDL bind-
er system. Decrease in activation energy at degrees of cure higher than
90% was intensified as probable diffusion of low molecular weight mol-
ecules into polymer chains. Enthalpy of reaction in HTPB-TDI-DBTDL
binder system at heating rates of higher than 10° C/min was indepen-
dent of heating rate, whereas in HTPB-IPDI-DBTDL binder system the
enthalpy of reaction is highly dependent on heating rate. Chemorheo-
logical results showed that rate of curing reaction for binder systems are
in the order of HTPB-TDI-DBTDL>HTPB-IPDI-DBTDL>HTPB-TDI.

*To whom correspondence should be addressed:


https://arcpe.modares.ac.ir/article-38-44600-en.html

[ Downloaded from arcpe.modares.ac.ir on 2025-07-17 ]

ulo ¥ Lawgi (U 593 ) SRy S 9 DBTDL 59361 31 (o 9
HTPB/IPDI  auwglic 43 HTPB/TDI : Aol ia gt

B oy 550 (20 oS s 50 ((Frolls Lo

!
o

Jl By St (o G ol ) Boe G E gid g0
ol sl (HTPB) g g Ly azibansls opyobign 4l 6,30 o
RGOV LDV I | N WL JUI TR Vg Oy 6L‘°§ej}.,.~015 3 STy
o=y Gll—wgnles oy Jle g9 99 Lo HTPB Jlss 1 Gmmdizn (9
ol g ,9—a> o (IPDI) wblb—wgpliss y9,5—355! 9 (TDI) oll—wgilge
g ele)S (g bwgs (DBTDL) &l ydiso (5 Jdness 595061
coms (F °CmIN 5 ¥+ e B) 5> dilie ¢y aia s (DSC) Lobis
S Gl e bagd (St slayul )l o8 8 L8 Sl ey
5 ok (ele sloeg S Smid ot aulone (LnSG s 5 gl
RS g B (il (B9, s (B e 50 695 B
D oy RV) (25 2 w9515 9 (FT-IR) a4 558

5 9B j9—dm g cy Jole g9 ol s gl i bl gy
b o |y cy ey g STy eSS STy (BT g5l b
o sl b o5l sy i Glide St sla Jow e oo Sl 3
aly 100 o sl an bwgie jobo an (ESTy Joad ool (b (e
Gl b (65,5 ab oo GialS Y K]/mol s s« Jmad as s jo il
ol &bl 4y G (6,50 s Ly HTPB-TDI-DBTDL _jsl> ailols
&5 SialS ol e (i alS | yaS Wy ey HTPB-IPDI-DBTDL
S 358 e Yt A5 5 s sl i o8 o (sl Jlod
Sy STy (T A oo by (T e ey 4 L 585
L i V- °C/min j , YL ce, s o HTPB-TDI-DBTDL _ol> ailols
Sl ey STy T a5 by il 208 ey ) e
Gladisde L Jye 4y 855> s s 4y HTPB-IPDI-DBTDL | sl>
alelw (5 ,mdy STy a0l L33 (59058 m (oot maall Sl g
&l HTPB-TDI-DBTDL>HTPB-IPDI-DBTDL>HTPB-TDI s ja Jol>

oy Jole

Sibwled (55l

HEA P Ly PLowes S



https://arcpe.modares.ac.ir/article-38-44600-en.html

[ Downloaded from arcpe.modares.ac.ir on 2025-07-17 ]

)‘ oolaz_wl L_.J 9 oj._jsc )|)._5 a_slllho Sy9—0 QL—")ﬂ"géJ"
Pl o5 o dlone (St slmstally oy ol
Doy

ol o ) 5l Ols—ies FT-IR (g 5 ogdle
L3 PICSNIL gy P PR PSYPID S L U B-JON PR L
A8 Cl diig 00l I gunl B e b JSis
ol)’—l Oyl 6)_,50)";& Lf‘iuﬁ; 4o d>g L DSC g, 4o
oSy S aslllas (gl ¢ iiSly Jobo o 0u i
o=l )9 05l s0 a3 § Sa, HTPB s> aillw sy
JSis > 50 DSC oK 3l Jol> slaools ¢ s,
s L S smialy aralone sl 1 e
DSC oK_wo J._.)J...fsc )|)._9 oolai Sy9—0 L_AO‘-Q.QJA.C
iSTas gles (yiSly £g i (glss aiile —mlrosls
Jsb yo 00 olj] Oyl g (a8 glwd) STy o)l
s DY DF N A AN e e 5 1, ST
sloosls Jodow ¢ (St sl ol il a il jglats
A Wigd oo oolaiul ol ‘_SL_Q}JJ.A DSC 3l J—ol>
ObSe Jmas g Tolil pamianS Loyl (i 5 gene Lt
Iyova el ost

J—olo ailols sy iSTy St (gl =l 5o
s HTPB-TDI 4 ,4;JUIS ,4 2> o HTPB-TDI
3l eolaz_wl Ly DBTDL 445 JUIS ,4 2> ,o0 HTPB-IPDI

=0Usash Sy Seiiems 5 DBTDL 550U S o 2

doddo )
(b s gmlie 0 00,08 o b 4 Laglyn b
gy A Lalajouls 10 (rizmen g pod S,
Sir=ln slacejels ;o eoliiul )9 oL5)n b
alassls b wle 6ok i Sl oslE o
Jol> wilol s 55 LS5 (HTPB) oS5 02 Ly
Jele 5 yacly g Joli 5 55 s sk ot LSt
S g alebs 55lnk )3 (ot G Sl SBy
alolw 0S5 o Layl (65, cjamls Ll
shilo ol 65,0 CmjamelS jo ool wl 8,50 Jl>
Yo el iy b Y (So—r Jnd 5l (—ols>
Jds en s [FV ol coilie Sl )57 g
Sy Jole 5 pady yis lgie 4y HTPB 3l oolai !
el mmly On sk 4t b SUl—wslss
e N I aaly Ll ols 5 o
Coms L Jls 5 5 Jlis glomog 5 basgi oS o]
Lv-ol so—i o =8 L ,g b aie; ,o NCO/OH
S slwogS il HTPB oy iy
Ol i o By Sllwgpled lawg 4 S (o]
HTPB 0,265 Byb 93,2 )3 (leuSg 000 sLnog 5
eI LS5 sl Sl nl Ly STy oo
ely o oS i as s ls )8 (e b
R o Jmdd e a0 S (oo L] Jgmame (ol

LS‘)—’ s ~..'>g~:‘,nw' ‘u;)‘éw)ﬁO)HDSC&j) Lg‘o)_ajw‘ul_:)ystJ:S_wa‘—«S‘jM
S
HO. e — oH
HTPB h’
. AAr—C—NH
o=Cc=n Lo ?
Heat
A —C—NH
I
e — 9 polyurethane
(]

[A] IPDI s HTPB Sl oloz b\ st
Fig. 1 Schematic of the HTPB and IPDI reaction [8]

5 ol Ll 5 Sy STy a5 5l bl
(J—ol> ailelws (55,15 &l s )0 s FT-IR g,
o cwl ool ool wl gwgg,5l,5 51 £+ °C slws yo
Jes—is S DSC Seln s (slmosls 5l oola il
bl g (o) 2 Jal> el 5l ol LS50
ObSo Jmass g Iyl S sLa e 5l (St

| 00 A.A—MJL?‘A

Y
.>|9.o \-Y
009_3 R—\‘AM J._J; sa\)l.ﬁ.';_.w‘ ¢)9_A HTPB 7_""1’@“‘"’
= J-:—“Sj)%ﬂé )Lx_ﬁ.a :)’| d._.u)L..C OT —bo u4|9—5' |
M =Y+ gimol JsJgs 59 KOH/g ra)_fu’im YAIY

Ive-n 2l s)ls Jols cyjonls ols3 e o
—b,9 s —i LS gl ,— IPDI Sbl—wgplse
DSl ol oad ooy i VSl [y e oo (59,
TDI ¢z Jsle 5l Jol> e sloaSii JSis
oo TDI 5l oolawl a8 L 1 51 .cul IPDI ) P By
S 45 (mlaanlyd 8 095 5l yas GilS
03, 84 IPDI ey Jsle el (6,5 i ol 4
S pg—az ;0 (gddzio SY Ao ozl sla Jluw (o
s FT-IR gl os5,530,5 oo L (PU) oy JoSes

FO ok - oo ot 2,0 o gy sl 4y o (Shpgy oole aclilad


https://arcpe.modares.ac.ir/article-38-44600-en.html

[ Downloaded from arcpe.modares.ac.ir on 2025-07-17 ]

Ol ©ou Seipw 5 DBTDL o306 S o)

cox g mbs ¥

(DSC cure) ) DSC <oy V-Y

,5—a> ;> HTPB-TDIL HTPB-IPDI |_l> slaaslel .,
plail g a8 i Sy £9,0 L5L_,<io V Jgoz o3 8
9 &9l STy sl |y (T izmen 5 STy
°C/min 5 Y+ N+ ) —5,1> slazy ;0 5,95 .8
A o ilgl oo CBny STy slales aS o 0,55 (T

5 TDI slocsy J—ole (F+ °C ;o) cP =0Y- - (54,I,5
Sloa—s oola—wl V/+# g/cm 9 \ AR ‘_“_]Li.> O

#YVIO gimol —JsSUse 59 Lo j—s DBTDL g5 JGIS
sl 00 oola_wl

Ol juges Y-Y
oo jleslaul Ly (DSC) ol —iug (ool ,S
ye—iS lw (Mettler Toledo) guJg , Lo DSC
)|)_9 osla il Sy9—0 u-?U )‘_'l.é) s Lg‘)—’ ‘u»a.;:j_m
s (e °C/min 4 V- N - ) o)) Gl slog )

@l Jol> slaaibolu o oy uaiSTy g5.JL..J 5 STy slales V' Joux
Table 1 Reaction temperatures and enthalpy of curing reaction in different binder systems

Pre- Curing Heating rate onset eak endset
Polymer agent Catalyst (°C /min) (°Q) ("pC) (°Q) AH()/)
5 33.81 76.06 113.06 | 12.08
TDI - 10 44.33 86.56 11595 |8.59
40 52.03 92.31 124.13 | 1.63
5 -8.99 58.63 104.58 |27.82
10 -1.35 64.87 134.18 | 25.19
TDI DBTDL
HTPB 20 53.34 114.45 |198.15 |24.21
40 58.28 146.27 | 22821 |23.95
5 16.42 62.47 136.92 |39.94
10 20.77 78.25 146.30 | 34.97
IPDI DBTDL
20 31.00 94.80 183.17 |32.81
40 42.75 107.61 |172.25 |21.28
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Fig. 2 DSC diagram for HTPB-IPDI binder system with DBTDL catalyst at different heat rates
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Table 2 Activation energy values obtained by Ozawa and Kissinger method

Sample Catalyst InA (s7) Activation energy
ingredients E, (k]/mol)
Kissinger Kissinger Ozawa
HTPB-TDI - 18.3 56 66
HTPB-TDI DBTDL 14.1 17.6 22.5
HTPB-IPDI DBTDL 14.3 42.2 46
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Fig. 8 Dependence of InA on conversion value for HTPB-IPDI binder system with DBTDL catalyst
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Table 3 Rate constant values calculated by different methods in 60 °C

. Constant rate
Binder system Catalyst - - —
isoconversion Kissinger
HTPB-TDI - 0.145
HTPB-TDI DBTDL 0.144 0.113
HTPB-IPDI DBTDL 0.285 0.367
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Fig. 9 Comparison of the activation energy dependence of the conversion value for the binder system derived from

IPDI and TDI with the catalyst
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Fig. 10 The comparison of released heat for binder system with two different curing agent TDI and [PDI
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