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Abstract In this paper, the phase segregation and thermo-mechanical properties of
energetic poly(urethane—urea) (EPUU) for propellant binder application are ana-
lyzed. Series of EPUUs are synthesized from copolymer of 3,3-bis-azido methyl
oxetane and tetrahydrofuran, tolylene diisocyanate, and 3,3'-dichloro-4,4’-dianilino
methane, with different hard segment contents ranging from 9.7 to 38%. With the
enlargement of hard segment content from 9.7 to 28.9% (EPUU1-EPUU3), the
percentage of ordered part via hydrogen-bonded C=0 in urea increases as investi-
gated by FTIR, further increase of hard segment content to 38% results in less
hydrogen-bonded ordered part but more disordered part. The SAXS result also
verifies the highest degree of phase segregation of EPUU3. The thermo-mechanical
properties of energetic poly(urethane—urea) are related to the degree of microphase
separation. With the increase of hard segment content, the tensile strength increases
roughly, while the elongation at break drops from EPUU1 to EPUU4. EPUU3
exhibits the highest value of tensile strength and acceptable elongation at break.
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Introduction

Modern solid propellants generally are composed of fuel particulate solid, oxidizers,
explosives, plasticizer, and other auxiliaries. Fuel particulate solid, oxidizers, and
explosives are as dispersed phase, and EPUUs obtained in our work are as
continuous phase to bond them together firmly. Therefore, the mechanical
properties of the propellant are appropriate to bear the load in storage, operation,
ignition, and flight.

Energetic poly(urethane—urea) elastomers have already been used for solid
propellant binder application for the last few decades. Among which, azide energetic
binders show high potential because of its high amount of released heat, no oxygen
consumption during decomposition, and decomposition products with low molecular
weights [1]. Homopolymers and copolymers based on energetic -N3 group,
represented by glycidyl azide polymer (GAP) [2], 3,3-bis-azido methyl oxetane
(BAMO) [3, 4], and 3-azidomethyl-3-methyl oxetane (AMMO) [5] have been
introduced into the elastomers. During decomposition and combustion, GAP binder
produces relatively high concentrations of fuel fragments such as C(s), H,, and CO
because of low concentration of oxygen atoms within GAP binder. Combined with —
Nj group, the addition of oxidizers within GAP binder increases the combustion
potentials such as the specific impulse of rockets and the impetus of guns [6, 7].

GAP has a higher heat of formation; however, its mechanical properties are
relatively poor with azido group. In Zhang et al.’s work, the highest tensile strength
of GAP-based energetic thermoplastic elastomers did not reach 5 MPa and
elongation was only 50% [2]. BAMO, with the presence of two symmetrical azido
groups, cannot be used directly for binder application. One of the reasons is that
large volume and strong polarity of side chain —CH,Nj; affect the flexibility of
molecular chain and weaken two-stage cross-linking of the system, which leads to
poor mechanical property [8, 9]. The other reason is that the melting temperature of
BAMO is higher than curing temperature of poly(urethane—urea), and it is solid at
room temperature [10, 11]. BAMO/AMMO copolymer binder has also been
synthesized as double energetic binder, and different mechanical properties can be
achieved by controlling polymer structures [5, 12]. However, the improvement in
mechanical properties is limited and the cost is too high.

To solve the problems, copolymers composed of BAMO and tetrahydrofuran
(THF) [13-15] with controlled molecular weight, low glass transition temperature
and improved mechanical properties become excellent candidates for a binder
system with high energy. At the present time, EPUU from BAMO/THF copolymer
shows fine mechanical property at low temperature, however, still unsatisfactory at
higher temperature.

Poly(urethane—urea), as well as energetic PUUs, consists of high glass
temperature (7,) “hard” segment and low T, “soft” segment. Since the former
report of Cooper and Tobolsky [16], it is generally accepted that poly(urethane—
urea) undergoes microphase separation due to incompatibility between the two
segments. In the past years, many investigations have been applied to estimate the
degree of separation, including spectroscopy [17, 18], SAXS [19-21], wide-angle
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X-ray diffraction (WAXD) [22, 23], dynamic mechanical analysis (DMA) [24], and
so on. To get quantitative results from differential scanning calorimeter (DSC),
Camberlin et al. considered heat capacity change (ACp) a parameter to estimate the
degree of soft phase segregation, calculated by the ratio of AC,, for the soft segment
in PUUs and AC, for the pure soft segments at T, [25]. Trovati et al. found that few
crystallinity could be observed in the sample of soft PUUs, but the crystallinity
increased from the soft, semi-rigid PUUs to rigid PUUs through WAXD [23].
Fourier transform infrared spectroscopy is very sensitive to hydrogen bonding, and a
wide range of studies [26-29] agreed that the bands ranging from 3200 to
3400 cm™' corresponded to the bonded/free N-H region, 1690—1740 cm ™" for C=0
in urethane, while 1640-1690 cm™' for C=O in urea. Bonart et al. carried out
detailed SAXS studies [30], which is known as a quantitative method applied to
calculate the degree of microphase separation, domain purity, and boundary effect
of PUUs.

Despite the numerous studies measuring microphase separation of PUUs, as far
as we know, few of them applied the methodologies to the EPUUs analysis, even
though microphase separation plays an important role in the mechanical properties
of EPUUs [31-34]. The direct understanding of microphase separation in these
energetic materials and its relationship with thermo-mechanical properties is the key
to expand propellant binder application. In this paper, we employ the investigations
combined of FTIR, SAXS, DMA, DSC, and tensile measurement for EPUUs, which
synthesized from BAMO/THF, toluene diisocyanate (TDI), and 3,3’-dichloro-4,4'-
diaminodiphenylmethane (MOCA), to obtain some insight of the microphase
separation and thermo-mechanical properties of energetic poly(urethane—urea).

Experimental
Materials

A series of three-component poly(urethane—urea) EPUU comprising toluene
diisocyanate (TDI 65/35, Bayer), BAMO/THF copolymer (the monomer ratio of
BAMO to THF is 1:1, hydroxyl value 19.29 mg KOH g~', Mn = 5143 g mol ',
D = 2.80, Liming Research Institute of Chemical Industry, China) as soft segment,
and 3,3'-dichloro-4,4'-diaminodiphenylmethane (MOCA, Aldrich) as chain exten-
der were synthesized with different weight fractions of hard segment (MOCA and
TDI). Dibutyltin dilaurate (DBTDL) was used as a catalyst. BAMO/THF copolymer
was dehydrated in vacuum before use. The chemical structure of EPUU from
BAMO/THF-TDI-MOCA is given in Scheme 1.

Sample preparation
A two-step reaction was used in our experiment. The first step was to obtain the pre-
polymer by BAMO/THF and TDI. The reaction was conducted under nitrogen in a

three-necked flask. Upon BAMO/THEF stirring at 60 °C, TDI was added. After 4 h
reaction period, pre-polymer was obtained and further stored in refrigerator. The
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Scheme 1 Scheme of the reaction and chemical structure of EPUU1 by the two-step “pre-polymer”
method

second step was the reaction of pre-polymer and chain extender. MOCA was
dissolved in toluene and mixed with pre-polymer with the amount by designed hard
segment weight fraction, which was calculated by the percentage of all TDI and
MOCA units in gross weight, as shown in Table 1. The polymeric solutions were
poured into tetrafluoroethylene mold and cured at 100 °C for 12 h and at room
temperature for 7 days. Then, films of EPUUs were obtained with the thickness of
about 0.5 mm and were cut into different standard sizes for further tests.

Experimental methods
FTIR

Fourier transform infrared spectrometer was used to track reaction process upon
mixing of pre-polymer and MOCA. The mixture was cast onto potassium bromide

Table 1 Composition and glass temperature of EPUUs

Name Ratio” hard segment T, by DSC (°C)* T, by DMA (°C)° T,by DMA ccy!
wt%"®
BAMO/THF — 54
EPUUI1 1:2:1 9.7 -39 — 36 -
EPUU2 1:4:3 204 — 44 — 38 -
EPUU3 1:6:5 289 — 46 — 40 165
EPUU4 1:8:7 38 — 48 — 44 177
TDI + MOCA 4198

# _OH/NCO/NH, molar ratio
° Hard segment content
¢ T, of the soft segment
d T, of the hard segment
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pellet. Thermo Nicolet 6700 Spectrometer (Thermofisher, America) with 4 cm ™"
resolution and 128 scans was chosen in our experiment.

DSC

Differential scanning calorimeter experiments were carried out using instruments
Q2000 (TA, America). The scanning range was from — 80 to 220 °C under nitrogen
atmosphere. The heating and cooling rate was 10 °C min~' and was realized by
mechanical refrigeration. The sample weight was about 5-8 mg. T, reported was
taken from the second heating process.

DMA

Data of dynamic mechanical analysis were obtained using DMA SDTAS861e
(Mettler Toledo, Switzerland). The scanning range was from — 80 to 200 °C under
air atmosphere, with a heating rate of 5 °C min~'. Samples with dimension of
10 mm x 4 mm x 0.2 mm were measured in tensile mode at an oscillation
frequency of 1 Hz. Storage modulus (E') and loss factor (tand) were measured, and
T, was defined as the temperature corresponding to the maximum value of the tand.

SAXS

Small angle X-ray scattering experiments were performed at the NanoStar U SAXS
System (Bruker, Germany) using Cug, radiation (40 kV, 35 mA, wave length
A = 1.5418 A). The data window was from 0.2° to 2.8°.

Mechanical test

The stress—strain measurements were performed using CMT4104 testing machine
(China). After remaining at 25 °C for 24 h, the dumbbell specimens (L, with
15 mm) were then stretched using extension rate 50 mm min~' and force 50 N,
respectively. Typically, the data reported from the test were the mean value of five
specimens.

Results and discussion

FTIR in situ monitoring microphase separation

Curing process

The change of functional groups of EPUU1 during curing was monitored in situ by
time-dependent FTIR investigation lasting for 0.5 h, as presented in Fig. 1. The

change in the C = O region of this series of EPUUs reflecting the extent of
microphase separation was provided in supplementary information Fig. S1.
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Fig. 1 Time-dependent change of the FTIR spectra for EPUU1 in 0.5 h

With the reaction of -NCO and -NH,, there were obvious increases in the peak
intensity from 1640 to 1690 cm ™' in urea. Not only grew the peak intensity in urea
groups, but also the percentage of urea area increased from EPUUI to EPUUA4.
However, the absorption peak at 1740 cm™' of free C=0O group in urethane
decreased with the curing because of H bonding. Interestingly, the peak at
1715 cm™!, hydrogen-bonded disordered C=O in urethane, first ascended and then
descended in 0.5 h. The phenomenon met agreement with the Yilgor’s study [27], in
which time-dependent FTIR spectra between 1675 and 1750 cm ™' were analyzed
by deconvolution of the C=0 peaks using the Peakfit Version 4.12 software, to
determine the peak area of specific C=0O compared with the total peak area as
percent amount. In their analysis, 1733, 1708, and 1696 cm~ ! were assigned as free,
hydrogen-bonded disordered and ordered, while their percentage separately
decreased, first ascended and then descended, increased through the curing. At
the end of the curing process, the peak intensity at 1696 cm™' was also defined as
the well-separated hard segments and peak at 1733 cm ™' was defined as the mixed
part with soft matrix in the study. In our work, peak fitting by Matlab was also used
(Fig. 2), combined with the following equation, to obtain the percentages of free,
hydrogen-bonded disordered and ordered C=0O groups in urethane and urea:

C =0(1640)%

— A(1640) /
A(1640) + A(1660) + A(1680) + A(1695) + A(1713) + A(1740)-

(1)

The peak integration results for the FTIR spectrum (Fig. 3) are provided in Table 2.

After the reaction of 7 days and 12 h, actual relative percentage of entire urea area
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Fig. 2 Peak fitting by Matlab in C=0 region of the FTIR spectra
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Fig. 3 FTIR spectra for EPUUs after curing

(1640, 1662, and 1680 cm™ ") increased from EPUUI to EPUU4, but maintained
almost the same between EPUU3 and EPUU4, even though the hard segment
mixture ratio was different upon mixing. More precisely in the hydrogen-bonded
ordered band 1640 cm ™! in urea region, the relative area was 19% for EPUU1, 30%
for EPUU2, 48% for EPUU3, but 35% for EPUU4, in which intensity concentrated
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Table 2 Quantitative analysis in the C = O region of the FTIR spectra

Series  Relative absorbance of C=0 groups in urea  Relative absorbance of C=0 groups in

urethane
1640 cm™! 1662 cm™! 1680 cm™! 1695 cm™! 1715 cm™! 1740 cm™!
(%) (%) (%) (%) (%) (%)
EPUU1 19 4 8 13 33 23
EPUU2 30 11 15 20 15 9
EPUU3 48 4.5 9.5 18 15 5
EPUU4 35 22 7.7 8.2 20 7.1

on hydrogen-bonded order 35% and hydrogen-bonded disorder 22%. The previous
studies of Yilgor [27], Tereshatov and co-workers [35-38] treated the relative
intensity of hydrogen-bonded ordered band as the indicator of microphase-separated
hard segments. In our research, we temporarily followed the criterion regarding
EPUU3 as the poly(urethane—urea) with maximum percentage of microphase sep-
aration, and verified with more measurement and theory.

Band assignment

The band assignment discussed above was based on the previous studies and our
actual work. According to former studies [27, 28, 39], bands ranging from 1690 to
1740 cm™"' correspond to the hydrogen-bonded/free C=O in urethane while
1640-1690 cm ™' for C=0 in urea. Ishihara et al. [40], Park Sung et al. [41], and
Ning et al. [42] utilized FTIR measurement to investigate the absorption bands of
poly(urethane—urea). For the urethane groups, 1729—-1739 cm ™' was assigned to the
free C=0 and 1706-1713 cm™" for hydrogen-bonded C=0, while bands at 1691 and
1666 cm™' were related to free and hydrogen-bonded disordered C=0O and
1643-1628 cm ™' for hydrogen-bonded ordered C=O in urea groups, separately.
On the bases of that, Tereshatov and co-workers conducted a series of studies
focusing on poly(urethane—urea), including copolymer based on TDI, MOCA, and
oligotetramethylene oxide diol (PTMO) [35-38]. Compared with study of Ning
et al., the conclusion was similar, but further refined band at 1692—-1693 cm~! to
both hydrogen-bonded, ordered C=0O of urethane and free C=0O of urea groups in
their study. In our work, the corresponding peak position was defined, as shown in
Table 2 and supplementary information Fig. S2.

SAXS Analysis of microphase separation

Information about the relative percent of intermixing effect, boundary effect, and
degree of microphase separation of EPUUs was provided by SAXS measurement, as
presented in Fig. 4. The ideal two-phase separation was considered with sharp
boundaries, the blue domain represents the hard segment, and the white part
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Fig. 4 Scattered intensity /(q) versus g for EPUUs

represents soft segment, as shown in Fig. Sc. In addition, the theoretical electron
density An is calculated by the following:

A'/IS = (Z)hs(l - (Z)hs)(nhx - l’]”)z, (2)

where () represents volume fraction and 1 means theoretical electron density of the
hard or soft segment, respectively.

In our study, all TDI and MOCA were counted as the hard segment, according to
Bonart and Muller’ theory [30]. In addition, the electron density # was calculated
with the guide of group contribution approach [43]. The electron density of pure
hard segment TDI-MOCA was calculated to be 1.760 g/cm’ and soft segment to be
1.364 g/cm? in our study. In the previous work, the density of 4,4’-methylene di(p-
phenyl isocyanate) (MDI)-based hard segment system has once been calculated,
such as MDI-butanediol (BDO) hard segment with 1.354 g/cm® in Leung’ work
[20], MDI-ED hard segment with 1.424 g/cm3 [21]. However, as far as we know,
there is no similar report once reported comparable result with our research.

In a real EPUU system, the boundaries between two phases are indistinct, as
presented in Fig. 5a, which contain diffuse phase boundaries and mixing domain. In
this case, the actual electron densities decreased compared to the ideal system.
There, background can be first corrected, corresponding to the model shown in
Fig. 5a, calculated by the SAXS data using the following formula:

Anp* =c /0 OO[I (q9) — Iv(q)lq’dq, (3)
where

¢ =i N2 =176 x 107 mol® /em”.
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(a)

(b)

(o)

Fig. 5 Characteristic electron density differences. Hard segments are blue, and soft segments are white.
a Real system including contributions from diffuse boundaries and mixing domains; b system with
domain mixing but no diffuse boundary; ¢ ideal electron density difference

The effects of diffuse phase boundaries can be further corrected as well,
supported by Koberstein et al.’s work [44], and leaves only gray regions
representing phase mixing, as shown in Fig. 5b:

Al’]zn = c‘/() 1(q) — Ib(‘])]qz/HZ(q)dq, (4)
where

H2(q) = exp| ~1.36(c9)"" ], (5)

and — ¢ is determined from the slope of a In[(I(g) — Ib(q))q4] versus q2 plot.
The ratio of the background corrected experimental variance to the theoretical
electron density of ideal phase separation Ay / An(z) is defined as the degree of
overall microphase separation. The parameter (An3/ An*") — 1 is used to calculate
effect of domain mixing. Finally, (An*'/Ay*) — 1 gives information about the
boundary diffuseness. As we do not focus on the boundary thickness in this paper,
values to estimate degree of overall microphase separation are presented in Table 3,
showing 3% for EPUUL, 15% for EPUU2, 21% for EPUU3, and 17% for EPUU4.
Actually, the separation is not that complete compared to our common sense that
EPUUs are well phase-separated materials. Koberstein et al. once investigated the
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Table 3 Electron density variance ratios for EPUUSs

Series Hard segment (%)  An3 (mol e /em®)?  Ap? (mol e /em’)? Ar/z'/An(z) Phase separation

EPUUI 9.7 2385 x 1072 7.145 x 107° 0.03
EPUU2 204 4421 x 1073 6.841 x 107* 0.15
EPUU3 289 5.594 x 1072 1.155 x 1073 0.21
EPUU4 38 6.414 x 1073 1.100 x 1073 0.17

microphase separation of two PUUs with hard segment content of 22% [44]. One is
composed of 50/50 mixture of polypropylene ether diol (MW = 8300) and
polypropylene ether triol (MW = 7475) as soft segment and TDI-ED as hard
segment; the other consists of polypropylene ether triol (MW = 10,000) as soft
segment and MDI-BDO as hard segment. The SAXS measurement revealed that
degree of microphase separation of TDI-ED system was about 30%, while the
MDI-BDO was 40%, due to the better symmetry of MDI. In our study, the overall
degree of separation is lower than that of TDI-ED system in Koberstein et al.’s
work, which may be caused by the poorer symmetry of TDI/MOCA. Notably, the
general trend observed by SAXS corresponded to that by FTIR: EPUU3 gained the
highest degree of microphase separation and may achieve optimal mechanical
properties with lower phase mixing influence and boundary diffuseness.

Thermal-mechanical properties
DSC test

The thermal-mechanical properties represented by T, storage modulus, elasticity,
and tensile strength of EPUUs were investigated by the combination of DSC, DMA,
and tensile test. DSC first put insight into glass temperature of the system, as
exhibited in Fig. 6. T, of soft segment in EPUUs is summarized in Table 1. T, of
pure soft segment (BAMO/THF) was approximately at — 54 °C, which promises
the application of EPUUs at low temperature. The relationship between T, of soft
segment and microphase separation was once discussed in Camberlin’s work [25].
T, shift was considered a qualitative parameter to determine the degree of soft phase
segregation, as the closer between T, of EPUUs and pure soft segment, the fewer
soft segment mixed in hard segment or at interphase. Heat capacity change at T, was
also reported in their work as a quantitative method. In our study, T, was — 39,
— 44, — 46, and — 48 °C with the increase of hard segment content, indicating that
soft segment intended to self-associate to form soft domain instead of mixing in the
hard segment, which contributed to the increased percent segregation and closer T
of soft phase. T, of pure hard segment (TDI + MOCA) was located at 198 °C,
which was similar to T, of TDI and ethylenediamine (ED); Paik Sung et al. once
investigated in their study of 203 °C [45]. From the DSC scans, information about
T, of hard segment in EPUUSs material was unavailable. Because the change in heat
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—s— BAMO/THF
—e— EPUUI
—a— EPUU2

—v— EPUU3
— EPUU4 TDI+MOCA
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-50 0 50 100 150 200
Temperature (C°)

Fig. 6 DSC scans of EPUUs, pure soft segment and hard segment

capacity of hard segments in EPUU is often small to detect [25, 46] and T, was very
closed to decomposition temperature according to our investigation.

DMA test

T, and storage modulus were further measured by DMA, as illustrated in Fig. 7 and
summarized in Table 1. These curves are similar to the work by Stanford et al. [47],
in which phase separation of co-polyurethanes was studied. In our work, two major
transitions indicating the soft and hard segment glass transitions were observed of
EPUU3 and EPUU4, at temperatures around — 40 and 160 °C. However, T, of hard
segment was unavailable of EPUU1 and EPUU2, as it was very close to the
decomposition temperature according to the DMA curve.

The T, values of soft segment were — 36, — 38, — 40, and — 44 °C from
EPUU1 to EPUU4, with a very small deviation in numerical value from that in the
DSC test, which is caused by the different principles both methods based on.
However, the trend that T, getting closer with the pure soft segment with the
increasing hard segment verified the DSC analysis. In storage modulus curve, the
plateau after T, indicated the intensity of physical crosslinks in EPUUs, and the
modulus after 7, increased from EPUU1 to EPUU4 as observed. With the increase
of hard segment content, interconnectivity of hard segment domains became
stronger, which developed a continuous hard microdomain structure (hydrogen-
bonded ordered part and hydrogen-bonded disordered part) to provide a significant
structural reinforcement. For EPUUs, modulus enhanced with hard segment
increasing, proving by the 7, shift and the crosslink intensity. However, the gap
between EPUU3 and EPUU4 has diminished. The T, values of hard segment were
165 and 177 °C of EPUU3-EPUU4 separately, but no visible signal was seen in the
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Fig. 7 DMA test for a series of EPUUs a storage modulus; b tand

EPUU1 and EPUU2 curve. The purity of hard domain seemed to increase with the
increase of hard segment percentage, as evidenced by more closely and obvious T,

of EPUU4 to pure hard segment, resulting by more thorough separation of hard
domain.

Tensile test
The mechanical performance of EPUUs as an average result of five specimens
investigated by tensile test is presented in Table 4, examples of the tensile curves in

Fig. 8. On one hand, the elongation at break dropped from EPUUI1 to EPUU4 with
the soft segment decrease, which provided the elasticity. On the other hand, the
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Table 4 Mechanical properties of EPUUs

EPUU1 EPUU2 EPUU3 EPUU4
Elongation at break (%) 587 £ 58 469 £ 60 437 £ 29 374 £ 65
Tensile strength (MPa) 10£3 I5+£3 22+2 21 £2

4Standard deviation

Tensile strengh (MPa)

T T T T T T T T T T T 1
0 100 200 300 400 500 600
Elongation (%)

Fig. 8 Examples of the tensile curves

tensile strength increased due to the increasing amount of urea groups from EPUU1
to EPUU3, and remained equal level with EPUU4. The phenomenon can be
explained that with the increase of urea, more intermolecular interactions, and
hydrogen bonding formed, which was considered as physical cross-linking.
However, tensile strength and hard segment strength did not increase with the
same frequency, and a slight drop can be observed in EPUU4. In this case, the
optimal choice is EPUU3, which exhibited higher values of tensile strength but only
a slight decrease in elongation at break.

The influence of several factors on tensile properties of various PUUs has been
investigated by Yilgor, Wilkes, and co-workers, as comprehensively summarized by
Wilkes et al. [34]. In Wikes et al.’s study, poly(propylene oxide)glycol (PPG) (Mn
of 11,800 g/mol) was used as soft segment, bis(4-isocyanatocyclohexyl)methane
(HMDI), and 2-methyl-1,5-diaminopentane diamine (DY) as the chain extender. A
series of poly(urethane—urea)s with hard segment contents of 12-30 wt% were
synthesized, and the tensile strength increased from 4.6 to 20.9 MPa, and the
elongation decreased from 1470 to 990% [48]. Wikes et al. also measured the
thermal properties of linear PUUs containing 28 wt% hard segment content
synthesized by HDMI, DY, and poly(propylene oxide) (PPO) with different (Mn)
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values of 2030, 4040, 8000, and 11,800 g/mol [49]. The tensile strength and
elongation of copolymers utilized in this study ranged from 10 to 22 MPa and from
1200 to 1000%, respectively. Compared with the results in our study, the tensile
strength from 10 to 22 MPa was similar to the results of Wikes et al., while the
elongation from 587 to 374% was lower than that of Wikes et al. As it is known, the
thermal and mechanical properties of PUUs are influenced by many factors,
including soft segment type, molecular weight, hard segment type, and content;
EPUUs in our study exhibited relatively high values of tensile strength and
acceptable elongation at break based on its own specific structure.

For EPUUs in our work, the soft segment BAMO/THF provided elasticity
mainly, while hard segment of TDI/MOCA units acted as physical cross-linking and
gained stiffness of the material. For EPUU1 and EPUU2, no clear transition of hard
segment was observed by DMA. This phenomenon could be due to higher phase
mixing. Thus, similar elongation at break and tensile strength was observed of
EPUU1 and EPUU2, resulting by few hard segments separated and formed
continuous domain. As shown by DMA curve for EPUU3 and EPUU4, significant
phase separation was existed, which was conformed by the detection of T, of hard
segment. It was coincident with the SAXS result and FTIR analysis that degree of
phase separation was increase with the increased hard segment content. The tensile
strength of EPUU3 and EPUU4 was highly improved compared to EPUU2,
confirming that hard domain formed and acted as physical cross-linking. Although
the elongation at break drops from EPUU1 to EPUU4, EPUU3 exhibited the highest
value of tensile strength and acceptable elongation at break.

Conclusions

Series of energetic poly (urethane urea) copolymers with different hard segment
contents were synthesized, and their microphase separation was investigated by the
combination of FTIR, SAXS, DSC, DMA, and tensile test.

With the increase of hard segment, the percentage of urea group increased, which
consists of hydrogen-bonded ordered part and hydrogen bonding disordered part.
Hydrogen-bonded ordered part of EPUU3 was 48% as investigated by FTIR, higher
than EPUU1 and EPUU2 with less urea group, also higher than EPUU4, which has
35% hydrogen-bonded ordered part only but more disordered part. The result in
SAXS, which accorded with the above, showed that the degree of microphase
separation of EPUU3 was higher than EPUU4. The hydrogen-bonded ordered part
may contribute to the phase separation.

With the increase of hard segment content, the tensile strength increases roughly,
while the elongation at break drops from EPUU1 to EPUU4, and EPUU3 exhibited
the highest value of tensile strength and acceptable elongation at break. Thermal-
mechanical properties of EPUUs were related to the content of hydrogen-bonded
ordered part, but not the content of hard segment.
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