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ABSTRACT: Carbon black-filled and unfilled carboxyl-terminated polybutadiene (CTPB)
networks were prepared by using two types of reactive systems at different reactive
group ratios to be applied to the solid propellant motor case as a liner. For the prepara-
tion of CTPB networks, tris(2-methyl-1 aziridinyl)phosphine oxide (MAPO) and a
mixture of liquid bisphenol A—epichlorohydrin (Epikote-828) and MAPO were used as
two different reactive systems. The chemistry and thermal stability of the CTPB net-
works were followed by Fourier transform infrared spectroscopy (FTIR ) and thermogra-
vimetry (TG) techniques, whereas mechanical and adhesive properties were tested by
tensile measurements. The mixed reactive system caused a modification in the ultimate
tensile stress and elongation-at-break properties, adhesive properties, and thermal
stability of the CTPB networks. It was understood that this modification was due to
the inter- and intramolecular bridge formation via the end-linking reaction of Epikote-
828 with amine groups of the former network chains. The combination of MAPO with
Epikote-828 also imparted better peel and lap-shear strength properties to the CTPB

elastomers. © 1997 John Wiley & Sons, Inc. J Appl Polym Sci 66: 355—366, 1997
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INTRODUCTION

In rocket-propellant technology, polybutadiene-
based liquid prepolymers such as carboxyl-termi-
nated polybutadiene (CTPB), hydoxyl-terminated
polybutadiene (HTPB), and polybutadiene—acrylo-
nitrile—acrylic acid (PBAN) terpolymers have been
widely used as polymeric binders. These are low
molecular liquid rubbers having terminal allylic
carboxyl or hydroxyl groups. For the propellant for-
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mulation, a functionally terminated polybutadiene
is end-linked with a suitable functionally active re-
actant to impart physical integrity and to hold the
solid particulate oxidizer and other additives. The
reactant for the end-linking of these functionally
terminated prepolymers are commercially available
compounds having the desired degree of reactivity
against to the functional group of the prepolymer for
the purpose of a state-of-the-art propellant system.
Therefore, hydroxyl-terminated polymers such as
HTPB can be end-linked with di- or polyfunctional
isocyanates. In the same manner, carboxyl-termi-
nated polymers such as CTPB and PBAN are end-
linked with aziridinyl or epoxy-type reactants.
CTPB is a well-known polybutadiene-based poly-
meric binder for composite solid propellants. CTPB

355



356 EROGLU, AKILLI, AND GUVEN

0 o)
|
HO—C'l CH- CH=CH-CH i—I(E—OH +
2 2
n CH3 3

(CTPB) (MAPO)

9 o HP

?
J>ﬂ— F— HO-IC-[CHZ— C}FCH-CH;I—I(IZ—O—CH—CH{ N-P-Nemnr
n

NH

%

(Amido-ester network chain)

Scheme 1

is a low molecular weight liquid prepolymer (M,
= 3500 g/mol) having terminal carboxyl groups.
The network-forming reaction of CTPB is carried
out through the end-linking process via its carboxyl
end groups. Multifunctional aziridines such as
tris(2-methyl aziridines)phosphine oxide (MAPO),
the ethylaziridine adduct of sebacic acid (BISA),
the butyleneimine adduct of trimesic acid (BITA),
and their combinations have been widely used for
the end-linking of the CTPB prepolymer.'? The end-
linking process of CTPB with MAPO can be repre-
sented as in Scheme I.

The amido—ester network structure is obtained
as a result of this reaction, and for a network
formation, this reaction is carried out at 65°C for
7 days.! However, in the case of using no reaction
catalyst, unreacted aziridine groups of MAPO are
subjected to homopolymerization and rearrange-
ment to the oxazoline structure. This phenome-
non strongly affects the reactive group balance of
the reaction mixture.® Another problem associ-
ated with using only MAPO as a reactive system
in the end-linking of CTPB chains is, in particu-
lar, that during the course of storage CTPB net-
works have a tendency to lose some of their origi-
nal phsicochemical properties. Previous studies
showed that the softening was caused by an inter-
nal rearrangement of the network chain which
arose from the breakage of P—N bonds and re-
sulted in a reduced junction point density of the
CTPB networks.!=® The practical solution to this
problem was to use a mixed reactive system.
Therefore, in the previous works, to eliminate the
aforementioned softening problem of the MAPO-
reacted CTPB systems, different combinations of
MAPO with other types of aziridines (i.e., BISA,
BITA) or epoxides as a mixed reactive system
were used for the end-linking of CTPB chains.?*

The network chain forming in the end-linking
reaction of CTPB chains with MAPO has the
amido—ester structure. The amine groups of this
amido—ester structure cause an autocatalytic ring-
opening reaction of the oxirane end groups of the
epoxides in the presence of CTPB.5¢ The reaction
mechanism can be shown as in Scheme IL.”

According to this mechanism, the amine groups
being in the network chain show the proton-donor
effect and this phenomenon accelerates the reac-
tion by hydrogen bonding to weaken the bond
strength of the oxirane ring and the result is the
catalytic ring-opening reaction.® In this work, this
catalytic reaction of oxirane end groups of Epi-
kote-828 is proposed to cause intra- and intermo-
lecular crosslinking with the amido—ester-type
network chain via end-linking of Epikote-828.
This inter- and intramolecular crosslinking can
be designed as in Scheme III.

On the other hand, it was previously reported
that oxirane end groups of Epikote-828 can easily
react with low molecular carboxylic acids and the
reaction product has the both ether and ester link-
age.® In this case, the conversion of oxirane groups
was about 90%. Although the reactivity of CTPB
is higher to MAPO than that of Epikote-828, some
Epikote-828 molecules may react with CTPB
chains and this may cause chain extension.®!°
Therefore, the primary objective of this study was
to characterize the network-forming reaction of
CTPB and, second, to compare the effect of the
two types of reactive systems and their reactive
group ratios on the thermal and mechanical prop-
erties of filled and unfilled CTPB networks by un-
dertaking the spectroscopic, thermal, and me-
chanical measurements.

EXPERIMENTAL

Materials and Characterization

Carboxyl-terminated polybutadiene (CTPB) was
purchased from Thiokol Chemical Corp. under the
trade name of HC-434. The number-average mo-
lecular weight (M,) of CTPB was determined as
3500 g/mol by vapor-phase osmometry (VPO) us-
ing benzyl (MW = 210.23 g/mol) as the calibra-
tion standard. The carboxyl content of CTPB was
determined as 0.45 meq/g by titration with 0.1N
potassium hydroxide (KOH) in ethanol using a



thymol blue indicator.'! The molecular structure
of CTPB is the following:

HO—@JIECHz— CH=CH—CH£rng—OH 260

(CTPB)

In the IR spectrum of the CTPB prepolymer, the
C=0 stretching of the carboxylic acid groups of
CTPB appears at 1713 cm™* and the peak ob-
served at 1639 cm ! is due to the C=C unsatu-
rated bonds of CTPB. Moreover, the peaks ob-
served at 966, 911, and 725 cm ' are assigned
tothe CH=CH bending (¢rans), —=CH; (vinyl),
and CH=CH (cis) groups of CTPB, respec-
tively.

Tris(2-methyl-1-aziridinyl)phosphine oxide
(MAPO) was purchased from Arsynco Inc. as
better than 98% purity and used as received.
The equivalent weight of MAPO was 75.2 g/eq.
The molecular structure of MAPO is as follows:

CARBON BLACK-FILLED NETWORKS 357

MAPO)

In the infrared spectrum of MAPO, the charac-
teristic absorption band of active aziridin
groups are observed at 1401, 1250, and 1042
cm '. As the end-linking reaction proceeds, the
intensities of these bands decrease.

Liquid bisphenol A-—epichlorohydrin epoxide
resin was supplied by the Shell Chemical Co. under
the trade name of Epikote-828. It was used as re-
ceived. It has a molecular weight of 380 g/mol and
its equivalent weight and functionality are 187 g/
eq and 2.03, respectively. It has the viscosity of 1.25
X 10* cps (at 25°C) as determined by a Brookfield-
type viscometer. The molecular structure of Epi-
kote-828 can be represented as follows:

L3 |CH3
CH- CH-CH—[—O'@C@O—CH - CH—CH—] —o@ C -@O—CH— CH-CH
2 2 i 2 ) 2 | 2 2
N CH, oH An CH, N

(Epikote-828)

where n = 0.5 for a standard commercial resin.
In the infrared spectrum of Epikote-828, the char-
acteristic bands observed at 915 and 830 cm ™' are
due to oxirane groups of this compound.*?

Printex-U-type carbon black was used as a fil-
ler for the purpose of improving the mechanical
and thermal properties of the networks. The re-
lated specifications are as follows:

Aggregate size = below 825 mesh, 44 microns
Surface area = 110 = 5 m?/g

Carbon (as dust) = 98%

Acidity (pH) = 4 = 0.2

Instrumentation

TGA measurements were carried out using a Du-
Pont 1090 thermal analyzer with a TGA 951 mod-

0<n<2

ule. In the DSC measurements, a Mettler TA 3000
system was used. All TGA and DSC measure-
ments were carried out under a nitrogen atmo-
sphere and at a heating rate of 20°C/min. IR spec-
tra of the samples were obtained using a Nicolet
20 SXB Model FTIR spectrometer. The ultimate
tensile stress and elongation-at-break values of
the CTPB networks were determined by using an
Instron tensile tester (Model 1185) with a Hew-
lett-Packard 85 computer at a crosshead speed of
50 mm/min in accordance with ASTM D-412-68.
Shear tests were performed according to ASTM D
1002 at a crosshead speed of 1 mm/min and the
peel resistance of the samples were measured in
accordance with ASTM D 1876-72 at the cross-
head speed of 200 mm/min. The number-average
molecular weight (M,,) of CTPB was determined
in THF at 45°C using a Knauer-type vapor-phase
osmometer. A Brookfield-type viscometer was
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used for viscosity measurements at 20 rpm and
with a no. 7 spindle at room temperature.

Preparation of CTPB Elastomers

CTPB networks were prepared by an end-linking
process of CTPB chains via their terminal COOH
groups. For optimization, to observe the effect of
the change in the MAPO/CTPB reactive group
ratio on the tensile stress—strain properties of
CTPB networks, a series of unfilled CTPB net-

0= C~EH2 CH-CH— CH}C =0
H, C

works were prepared by MAPO with various reac-
tive group ratios.

To observe the effect of carbon black and the
type of reactive systems on thermal, tensile
stress—strain, and adhesive properties, various
CTPB networks having different reactive group
ratios were prepared by a mixed reactive system
and MAPO. The composition of these networks
are listed in Table I. In this table, compositions
containing the mixture of MAPO and Epikote-828
as the reactive system are referred to as STE (run
nos. 1-4 in Table I). For comparison of the afore-
mentioned properties of the STE-type networks,
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A= Amido ester network chain forming in the
end-linking reaction of CTPB with MAPO

B=Epikote-828

C=Inter- and intra-molecular linked network chains
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Table I Compositions of CTPB Networks
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MAPO/CTPB (MAPO + Epikote-828)/ Printex-U

Run Composition Reactive CTPB Reactive Group CTPB MAPO Epikote-828 Carbon Black
No. Name Group Ratio Ratio (Wt %) (Wt %) (Wt %) (Wt %)

1 STE-1.60 1.15 1.60 83.15 3.25 2.80 10.42

2 STE-1.86 1.35 1.86 82.60 3.75 3.23 10.42

3 STE-2.22 1.60 2.22 81.37 4.41 3.80 10.42

4 STE-2.50 1.80 2.50 80.44 491 4.23 10.42

5 ST-2.22 2.22 — 83.32 6.26 — 10.42

a CTPB network was prepared by using MAPO
as the reactive system with the composition con-
taining an MAPO/CTPB ratio of 2.22. The compo-
sition of this network is referred to as ST-2.22
(run no. 5 in Table I). In all compositions shown
in Table I, the reactive group ratio of MAPO/Epi-
kote-828 and the percentage of Printex-U were
fixed as 3 and 10.42, respectively. To examine
these ST-2.22 and STE series of compositions,
spectroscopic, thermal, and mechanical character-
ization were achieved. FTIR analysis was also
paralleled to the other techniques mentioned
above.

To prepare the CTPB networks using the mixed
reactive system (MAPO + Epikote-828), the
CTPB prepolymer was first degassed by continu-
ous mixing for 10 min under a 200 mmHg vacuum
at 65°C and carbon black (Printex-U) was added
and mixed for additional 10 min. After addition
of a carefully weighed Epikote-828 and mixing for
15 min under the same conditions, a required
amount of MAPO was added and mixed for 3 min.
A viscose liquid mixture was cast into Teflon-
coated molds to get a film of 2 mm thickness. The
molds were kept in an oven under nitrogen atmo-
sphere at 65°C for 7 days. The network-forming
reaction was followed by observing the changes
in the ultimate tensile stress and elongation-at-
break values of test specimens. The preparation
of unfilled and MAPO-reacted systems were per-

formed without Epikote-828 and carbon black; the
preparation of the ST-2.22-type composition was
performed without Epikote-828 by a procedure
similar to that described above.

RESULTS AND DISCUSSION

FTIR Assignment of End-linking Reactions

For the FTIR assignment of end-linking reactions,
a drop of the reactant mixture was pasted be-
tween two sodium chloride plates as a thin film
and stored in an oven at 65°C and FTIR spectra
were taken at different time intervals. To observe
the reactions between the reactive groups of
CTPB, MAPO, and Epikote-828 (carboxyl bands
of CTPB, aziridine bands of MAPO, and oxirane
ring bands of Epikote-828), the changes in the
intensities of these reactive groups were deter-
mined from the spectral differences.

The end-linking reaction of CTPB with MAPO
was observed from the change of the characteris-
tic peak intensities of these compounds. The un-
changed —C=C— band of CTPB at 1639 cm™*
was taken as an internal standard. As shown in
Figure 1, as the reaction proceeds, the peak inten-
sities at 1401, 1251, and 1042 cm™' which are
due to the aziridine ring of MAPO showed a rapid
decrease. After 24 h, these peaks disappeared

Table II T-peel and Shear Strength of ST- and STE-type Elastomers on the

Steel Surface

T-Peel Strength (Nt/mm)

Run No. Composition Maximum
in Table I Name t =1day t =7 days Shear Strength
3 STE-2.22 2.5 3.7 2.94
5 ST-2.22 2.0 2.7 2.55
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Figure 1 Determination of the end-linking reaction of CTPB with MAPO by FTIR
(1810-970 cm™%): (a) ¢ = 0;(b) ¢t = 2 h; (c) ¢t = 24 h.

completely. The intensity of the peak at 1719 cm !

which was due to —C—0 groups of the terminal
carboxylic acid groups of CTPB dramatically de-
creased as the network-forming reaction pro-
ceeded. In the meantime, a new peak appeared at
1732 em ™! which was due to —C=0O groups of
the amido—ester-type structure of the network
chains.

The reaction between CTPB and Epikote-828
was also investigated by the same method. It was
observed in Figure 2 that there was an increase
in the OH group intensities at 3500 cm ' which
was due to —OH groups forming in the course
of the chain-extension reaction. In Figure 3, the
—C=0 peak of terminal carboxylic acid groups
of CTPB at 1712 cm ™! was shifted to 1739 cm ™,
which was due to the ester network structure
formed as a result of the reaction between CTPB

and Epikote-828. After a certain number of car-
boxylic acid groups were reacted, only a small
shoulder was remained at 1712 cm ™.

The reactivity of the oxirane ring was pre-
viously investigated.! It was pointed out that the
oxirane ring is less reactive toward the aziridine
ring than are carboxylic acid groups. This finding
was confirmed by observing the interaction of the
mixed reactive system, namely, the MAPO
+ Epikote-828 mixture, using FTIR spectroscopy.

Thermal Characterization of Networks

As the first step to characterize the thermal de-
composition behavior of carbon black-filled ST-
and STE-type CTPB networks first, DSC and TGA
thermograms of the CTPB prepolymer were re-
corded. In the DSC thermogram of CTPB (Fig.
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Figure 2 Determination of the end-linking reaction of CTPB with Epikote-828 by
FTIR (3970-1870 cm *): (a)t = 0; (b)t = 4 h; (c)t = 24 h.

4), an initial exothermic peak was observed at
around 375°C which was due to the exothermic
cyclization and thermal crosslinking process of
CTPB chains. The endothermic peak observed at
around 475°C was due to the thermal decomposi-
tion of CTPB.'*~'% In the TG and the derivative TG
thermograms of CTPB (Fig. 5), two characteristic
weight loss steps were easily observed. The first
weight loss step coincides with the initial exother-
mic peak in the DSC thermogram of CTPB which
was observed at around 375°C. As was explained
by different authors, in the course of the first step
weight loss process, lower molecular weight hy-
drocarbons, such as 1,3-butadiene (CHg) and 4
vinyl cyclohexane (CgH;,), were released.’®** The
second and the main weight loss process of CTPB
which was due to the endothermic decomposition

of thermally crosslinked residue formed in the
first step.

A thermal analysis technique was also em-
ployed to observe the effect of the end-linking pro-
cess and filling with carbon black on the thermal
decomposition behavior of CTPB networks. The
dynamic weight-loss curves of unfilled and filled
CTPB networks having the same reactive group
ratio with the STE-2.22 composition are shown in
Figure 6(a) and (b), respectively. The weight-loss
curve of carbon black-filled CTPB network shifted
to even higher temperatures than that of unfilled
STE-2.22-type networks [Fig. 6(a) and (b)]. The
maximum weight-loss rate temperature of un-
filled CTPB networks was observed at 474°C,
while for the filled network, this temperature was
observed at 503°C. These results showed that the
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Figure 3 Determination of the end-linking reaction of CTPB with Epikote-828 by
FTIR (1838-1530 cm *): (a)t = 0;(b) ¢ = 4 h; (c) £ = 24 h.

Printex-U-type carbon black imparts an addi-
tional thermal stability over the CTPB networks.

Furthermore, to elucidate the effect of the
mixed reactive system on the thermal decomposi-
tion behavior of CTPB networks, we can compare
the TG curve of filled STE-2.22- and ST-2.22-type
CTPB networks [Fig. 6(b) and (c), respectively].
As seen from these TG curves, the maximum
weight-loss rate temperature of STE-2.22 [503°C,
Fig. 6(b)] is higher than that of the ST-2.22-type
CTPB network [493°C, Fig. 6(c)]. This difference
is obviously due to the inter- and intramolecular
linking of the MAPO-reacted CTPB network with
Epikote-828 as shown in Scheme III. These re-
sults are supported by the mechanical character-
ization of the ST- and STE-type CTPB networks.

Mechanical Characterization of the Networks

The mechanical properties of the ST- and STE-
type CTPB elastomers were studied using an In-
stron tensile tester. For the purpose of the me-
chanical optimization of MAPO-reacted CTPB
elastomer, unfilled networks having different
MAPO/CTPB reactive group ratios were prepared
and mechanically tested. As can be seen from Fig-
ure 7, as the reactive group ratio increased, the
ultimate tensile stress values of CTPB elastomers
increased and their elongation values decreased
up to the MAPO/CTPB reactive group ratio val-
ues of 1.15. The maximum ultimate stress and the
minimum elongation-at-break values were ob-
served at a 1.15 reactive group ratio. This can
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Figure 4 DSC curve of the CTPB prepolymer.

be interpreted as that, at this ratio, nearly all
—COOH groups of CTPB reacted with aziridin
groups of MAPO. Above the reactive group ratio
of 1.15, ultimate tensile stress values decreased
with increasing of elongation values of CTPB elas-
tomers. This phenomenon was most probably due
to the homopolymerization of unreacted MAPO
that exists in a considerable amount over the
MAPO/CTPB reactive group ratio of 1.15 which
causes the observed change in the mechanical
properties.”' It was clearly observed from these
results that the optimum mechanical properties
could be achieved at around an MAPO/CTPB re-
active group ratio of 1.15.

Mechanical tests were also employed to charac-
terize the extent of the end-linking reaction of
both ST- and STE-type carbon black-filled net-
works and to elucidate the effect of the mixed re-
active system (a mixture of MAPO and Epikote-
828) on the ultimate tensile stress and elongation-
at-break values of CTPB elastomers. For this
purpose, test samples reacted at 65°C for different

time intervals were prepared and their tensile
tests were performed.

Figures 8 and 9 show the changes in the ulti-
mate tensile stress and elongation-at-break val-
ues of ST- and STE-type networks as a function
of reaction time. It was clearly observed from Fig-
ure 8 that in all compositions the maximum ulti-
mate tensile stress values were attained within 5
days. This result can be taken as a proof of the
completion of the end-linking reaction of CTPB
chains to a great extent within 5 days.

Another optimization procedure was applied
for the use of a mixed curing agent system (i.e.,
a mixture of MAPO and Epikote-828). In the
preparation of CTPB elastomers, the main advan-
tage of using a mixed reactive system is to com-
pensate for the homopolymerization of excess
MAPO. From Figures 8 and 9, the changes in the
ultimate tensile stress and elongation-at-break
values of the ST-2.22- and STE-type networks
prepared at different reactive group ratios as a
function of the reaction time can be observed. In
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Figure 5 Dynamic TG and DTG thermograms of the CTPB prepolymer.

Figure 8, curve d belongs to STE-2.22-type net-
work and this has a maximum stress value of 1.18
MPa, which is higher than that of the maximum
stress value of the composition corresponding the
same reactive group ratio in the ST-type composi-
tion (curve a, 0.98 MPa for ST-2.22). This result
is because in the ST-2.22-type network a stochio-
metrically twofold excess of MAPO was used,
some part of the MAPO was reacted with all
COOH groups of CTPB. The remaining part of the
MAPO underwent homopolymerization and other
side reactions; this resulted in a less homogeneous
elastomeric system. As a result, a lowering in the
mechanical properties was observed. The upper-

most curve belongs to the STE-2.50-type composi-
tion which has the maximum stress values of 1.37
MPa. In contrast to the unfilled and MAPO re-
acted elastomers (see Fig. 7), in the STE-type
elastomers, over the MAPO/CTPB reactive group
ratio of 1.15, the ultimate tensile stress values
increased as the reactive group ratio increased.
This tendency was also observed in the elonga-
tion-at-break values of the STE system (in Fig.
9). The maximum ultimate tensile stress and
elongation-at-break values were obtained for the
STE-2.50-type composition as 1.37 MPa and
470%, respectively.

Introduction of the higher thermal stability,

100 T

Weight [°/s)

300

Temperature

400

:
¥

500
t°c)

Figure 6 Dynamic TG curves of the CTPB networks: (a) unfilled STE-2.22-type net-
work; (b) filled STE-2.22-type network; (c) filled ST-2.22-type network.
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high ultimate tensile stress, and elongation-at-
break values of the STE-2.22-type network as
compared to the ST-2.22-type network were
achieved by the inter- as well as intramolecular
bridges among the amido—ester network chains.
These bridges were accomplished by the reaction
of N—H groups of amido—ester network chains
with oxirane rings of Epikote-828. Taking these
findings into consideration, we propose the reac-
tion mechanism shown in Scheme III as a possible
route to these formations.
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Figure 8 Ultimate tensile stress values of ST- and
STE-type networks as a function of reaction time: (a)
ST-2.22; (b) STE-1.6; (¢) STE-1.86; (d) STE-2.22; (e)
STE-2.5.
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Figure 9 Elongation-at-break values of ST-2.22- and
STE-type networks as a function of reaction time: (a)
ST-2.22; (b) STE-1.6; (¢) STE-1.86; (d) STE-2.22; (e)
STE-2.5.

Epikote-828 is a difunctional reactive com-
pound and the STE-type networks showed not
only have higher ultimate stress values [ compare
Fig. 8(a)and (d)], but also showed higher elonga-
tion values as compared with the corresponding
ST-type elastomer [Fig. 9(a) and (d)]. This was
probably due to the flexible —O— bonds of Epi-
kote-828 which improve further the elongation
values of the elastomers. In the STE-2.22 compo-
sition, in the course of the network-forming pro-
cess, the insertion of flexible —O— bonds of Epi-
kote-828 into the network structure caused to an
increase in network elasticity. That is the reason
for the simultaneous increase in both ultimate
tensile stress and elongation-at-break values of
the STE-type compositions.

The use of Epikote-828 also improved the adhe-
sive strength further, since —O— bonds enable
the structure to be more flexible. It was reported
that® peel strength is directly proportional and
related to the flexibility of the adhesive. There-
fore, the improvement in flexibility and formation
of polar —OH groups in the course of the net-
work-forming reaction (see Scheme III) also modi-
fied the peel and shear strengths of the STE-type
elastomers. The peel and shear strength results
of ST-2.22- and STE-2.22-type elastomers are
listed in Table II.

The authors would like to thank TUBITAK for the sup-
port of the work and the permission to publish this
article.
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