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Abstract

A series of cross-linked hydroxyl-terminated polyether and poly(e-caprolactone)
HTPE/PCL binders were prepared by varying the relative mass contents of PCL to
HTPE. The correlations between the microstructures and macroscopic mechanical
properties of HTPE/PCL binders at a wide temperature range of —50 to 70 °C were
investigated. The cross-linking network structures of HTPE/PCL binders were ana-
lyzed by Fourier transform infrared spectroscopy (FT-IR), X-ray diffraction (XRD)
and low-field nuclear magnetic resonance (LF-NMR), and the universal testing
machine was used to characterize the mechanical properties of HTPE/PCL binders.
It is found that the influence of adding PCL on the physical cross-linking network
structures is not obvious, but it reduces the degree of microphase separation. For the
chemical cross-linking network structures of HTPE/PCL binders, the cross-linking
density (V,) demonstrates an increasing tendency with enhancing PCL mass con-
tent, but the molecular weight between the cross-linking points (M) shows an oppo-
site change trend. The addition of PCL can improve the maximum tensile strength
(6,,,) of HTPE/PCL binders under the wide temperature range of —50 to 70 °C. The
HTPE/PCL binder with 40 wt% PCL possesses the better mechanical properties; its
o, increases from 0.63 to 0.81 MPa at 20 °C, 1.64 to 3.06 MPa at —50 °C and 0.57
to 0.68 MPa at 70 °C separately comparing with the HTPE binder.
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Introduction

In order to ensure the normal operation of the solid rocket motor, the solid propel-
lant should have the mechanical property that can bear various loads without being
destroyed during the temperature range of its processing, use and storage [1]. The
mechanical property of the solid propellant is one of its most important physical
properties [2—4]. The mechanical property of the solid propellant is mainly affected
by its binder with a mass fraction of 10-20% [1]. The cross-linking network-struc-
tured polyurethane is a highly effective binder [5—7]. The cross-linking structure
of polyurethane network, which can be formed by the reaction of prepolymer and
isocyanate, is one of the key factors to the mechanical property of binder [8]. The
cross-linking network structure of binder includes chemical and physical cross-
linking network structures. The cross-linking density (V,) and the molecular weight
between the cross-linking points (M) are the characteristic parameters of chemical
cross-linking network structure [9]. And the physical cross-linking network struc-
ture can be determined by intermolecular interactions, such as the hydrogen bonded
(H-bonded) interaction and the intermolecular interaction caused by crystalliza-
tion. It is commonly believed that the H-bonded interaction formed through the ure-
thane hard segments and intermolecular interaction caused by crystallization are the
mainly driving forces for the formation of microphase separation in polyurethane
binder, which gives rise to the favorable mechanical property [10-12]. Thus, the
study of the cross-linking network structure and mechanical property of the polyu-
rethane binder is one of the criteria for evaluating its suitability for the application
in solid propellants [9]. Yarmohammadi et al. [13] investigated the effect of different
cross-linking structures on the mechanical properties of hydroxyl-terminated polyb-
utadiene (HTPB) polyurethanes. The result shows that HTPB polyurethane with
T313 (boron trifluoride triethanolamine complex) as the cross-linker agent led to
increasing chemical cross-linking bonds in comparison with TEA (triethanolamine)
and TMP (trimethylolpropane). Ou et al. [14] compared the effects of linear and
cross-linking structures on the mechanical properties of HTPB polyurethanes, and
the cross-linking HTPB polyurethane possesses better mechanical properties than
the linear one.

Hydroxyl-terminated polyether (HTPE) is a new type of polyurethane binder with
high performances, in which the ether bonds give it good flexibility [15]. HTPE
binder can obtain favorable low-temperature mechanical property and good compat-
ibility with energetic nitrate plasticizers [16, 17]. HTPE binder can meet the require-
ments of insensitive munition (IM) properties. Using HTPE binder can reduce the
solid content of solid propellant, and HTPE binder itself has a higher dielectric
coefficient of electrostatic insulation comparing with HTPB binder. Hence, it can
improve the IM properties of HTPE propellant such as shock wave, mechanical
impact and electrostatic ignition, and meanwhile weaken the response of slow cook-
off [18-23]. Mao et al. [24] studied the effect of different curing agents on the cross-
linking point structures and mechanical properties; it reveals that the mechanical
properties of HTPE binder can be improved by using the toluene diisocyanate (TDI)
and the polyfunctional isocyanate (N-100) as the compound curing agent. With the
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diversification and deepening of various tasks, and the increasing demand for high-
and low-temperature extreme conditions, it is required that the HTPE binder should
have better mechanical properties in order to withstand the different loads generated
over a wide temperature range of —50 to 70 °C and ensure the safety of the solid
rocket motor [25-27]. However, the relationship between H-bonded interactions and
temperature is very close. The high temperature makes the H-bonded interactions
weak [28]. Besides, the low temperature also limits the activity of the molecular
chains in HTPE binder. These reasons make HTPE binder unable to implement
the requirements of mechanical properties in the wide temperature range. Hence,
it is meaningful to improve the high- and low-temperature mechanical properties of
HTPE-based binder.

Poly(e-caprolactone) (PCL) is a semicrystalline aliphatic polyester formed by
ring-opening polymerization of caprolactone, which has a linear molecular chain
with regular arrangement and good flexibility [29, 30]. PCL has exhibited higher
strain capability using the binder in solid propellant for special application [31]. It
is sufficiently proven that the introduction of linear and flexible PCL into a polyu-
rethane binder can enhance the mechanical properties of the modified binder [32].
Unfortunately, there is almost no publicly available information on the details about
PCL modifying HTPE binders.

In this work, PCL was incorporated into HTPE binder to improve the mechanical
properties by forming block copolymer polyurethane cross-linking network struc-
tures. We focused on the correlation between the mechanical properties and cross-
linking network structures of HTPE/PCL binders, and the mechanical properties
under the wide temperature range of —50 to 70 °C were also be investigated. The
crucial mechanical properties and cross-linking network structures of HTPE/PCL
binders were optimized by changing the mass ratios of these two prepolymers.

Materials and methods
Materials

Hydroxyl-terminated polyether (HTPE) prepolymer with the average molecu-
lar weight of 3190 g mol~! and the hydroxyl group content of 0.63 mmol g~!, and
N-Butyl-N-(2-nitroxyethyl)nitramine (Bu-NENA) as the plasticizer were both pur-
chased from Liming Research Institute of Chemical Industry, Henan, China. Poly(e-
caprolactone) (PCL) prepolymer with the average molecular weight of 2000 g mol~!
and the hydroxyl group content of 1.00 mmol g~! was purchased from BASF, Ger-
many. The chemical structures of the HTPE and PCL prepolymers are shown in
Scheme 1. The curing agent polyfunctional isocyanate (N-100) with an isocyanate
group content of 5.37 mmol g~! was purchased from Liming Research Institute of
Chemical Industry, Henan, China. The curing catalysts triphenylbismuth (TPB,
0.5%) and dibutyltin dilaurate (DBTDL, 0.5%) were, respectively, dissolved in dioc-
tyl sebacate (DOS); these reagents were purchased from Beijing Chemical Works.
HTPE, PCL and Bu-NENA were dried in vacuum for 2 days at 60 °C before use.

@ Springer



316 Polymer Bulletin (2021) 78:313-334

Scheme 1 The chemical struc- - o N
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The curing parameter R value denotes the equivalent ratio of isocyanate (-NCO) to
hydroxyl (-OH) groups, which was set to 1.7. HTPE, PCL, Bu-NENA and N-100
were weighted accurately and then stirred in an appropriate beaker. After thoroughly
mixing, a 0.3 wt% solution of the mixed curing catalyst DBTDL/TPB (optimal mix-
ing mass ratio of 1:2) was added into the beaker and continuously stirred for another
20 min. And then, the mixture was cast into a polytetrafluoroethylene mold to form a
film of approximately 2—3 mm thickness. The mixture was vacuumized for 2 h under
40 °C so as to remove the residual bubbles and moisture. Subsequently, the HTPE/
PCL binder was cured at 60 °C for 7 days. In this work, the HTPE/PCL binders with
different PCL mass contents varying from 0 to 100 wt% were prepared by replacing
HTPE with PCL equivalently.

Preparation of HTPE/PCL binders

Measurements

The hydrogen bonding (H-bonded) interactions and microphase separations were
conducted using Fourier transform infrared spectroscopy (FT-IR, Nicolet 8700,
Thermo Fisher Scientific, USA) with the spectral resolution of 4 cm™' and the scan-
ning range of 4000 cm™~! to 500 cm™' at room temperature. The crystallizations were
characterized through X-ray diffraction (XRD, X’Pert Powder, Malvern Panalyti-
cal, The Netherlands) with the step size 26 of 0.033° and the scanning range 26 of
5° to 70° at room temperature. The chemical cross-linking network structures were
analyzed by low-field nuclear magnetic resonance (LF-NMR, VTMR20-010 V-T,
Niumai Corporation, China). The glass transition temperatures were performed by
differential scanning calorimeter (DSC, DSC 3+, Mettler Toledo, Switzerland) with
nitrogen flow rate of 40 mL/min in the temperature range of — 100 to 80 °C, the sam-
ples of 10 mg were used, and the heating rate was 10 °C/min. Dynamic mechanical
analysis (DMA, DMA/SDTAS861e, Mettler Toledo, Switzerland) was performed by
a large tension device at a frequency of 1 Hz, the temperature range was from — 100
to 80 °C with a heating rate 5 °C/min under a nitrogen atmosphere, and the dimen-
sions of the specimens were 5.5 mm (length) x4 mm (width) X 1.5 mm (thickness).
The mechanical properties were tested by universal testing machine (AGS-J, Shi-
madzu, Japan) at a constant strain rate of 100 mm min~!, and the dimensions of the
dumb-bell shaped samples were 20 mm (neck area length) X4 mm (width) X2 mm
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(thickness). The fractured morphologies were carried out on scanning electron
microscopy (SEM, SU8020, Hitachi, Japan), and the fractured surfaces were sput-
tered with gold.

Results and discussion
Cross-linking network structures of HTPE/PCL binders
Physical cross-linking network structures of HTPE/PCL binders

Hydrogen bonding is the electrostatic interaction between a group with a strong pos-
itive charge in the molecule and a negatively charged group. In polyurethane binder,
the imino group on hard segment is a positively charged proton donor; both the
ether group on soft segment and the carbonyl group on hard segment are negatively
charged as proton acceptors. The imino groups can form hydrogen bonds with the
ether groups and carbonyl groups, respectively. FT-IR is a simple but powerful tech-
nique for the investigation of hydrogen bonds in polyurethane binder, so we used it
for characterizing the H-bonded interactions of HTPE/PCL binders with different
PCL mass contents at room temperature, and the results are shown in Fig. 1.

The infrared band at 3328 cm™! is due to the stretching of imino group, the
1728 cm™! band is caused by carbonyl group, and the ether group is at 1108 cm™"
in Fig. 1. The H-bonded interactions in the HTPE/PCL binder are mainly formed
by the carbonyl groups and imino groups, and the imino groups and the ether
groups [33]. This is clearly demonstrated in Fig. 1, where the three groups show
well-defined absorption bands. For a better analysis, these three infrared bands were
treated separately in Fig. 2.

—(Owt% PCL = 60wt% PCL
e 20W1% PCL == 80w1% PCL =0 -COC-
——40W1% PCL —— 100w1% PCL ‘

-NH

Absorbance (a.u.)

3500 3000 2500 2000 1500 1000
Wavenumber (cm’™")

Fig. 1 The FT-IR spectra of HTPE/PCL binders
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Fig.2 The FT-IR spectra of HTPE/PCL binders, a the imino groups, b the carbonyl groups and c¢ the
ether groups

According to the FT-IR spectra in Fig. 2a, the infrared bands at 3380 cm™' and
3300 cm™! are due to the free imino stretching and ordered H-bonded imino stretch-
ing in HTPE/PCL binders with different PCL mass contents, respectively [34]. The
binders in Fig. 2b involve two kinds of carbonyl groups; they are ordered carbonyl
groups at the lower wavenumber that can form H-bonded interactions and the free
carbonyl groups at the higher wavenumber [35]. The ether groups also present in
ordered ether groups at the lower wavenumber and free ether groups at the higher
wavenumber in Fig. 2c.

Because of the soft and hard segments of HTPE/PCL binder are thermodynami-
cally incompatible or not completely compatible, the hard segments will agglomer-
ate to produce microphase separation, facilitating the mechanical properties of the
binder [36]. The stronger the hydrogen bond between the hard segments, the higher
the microphase separation degree. On the contrary, the stronger the hydrogen bond
formed through the hard and soft segments, the weaker the microphase separation
degree. The microphase separation degree can be analyzed by different hydrogen
bonds formed by the imino groups and the carbonyl groups, or by the imino groups
and ether groups [37], and these two hydrogen bonds can also reflect the whole
H-bonded interactions in HTPE/PCL binders. Therefore, further research on the
FT-IR spectra of carbonyl and ether groups is needed.

However, the overlap of these ordered and free functional groups that obtained
by FT-IR makes it hard to proceed further discussions. For distinguishing the over-
lapped carbonyl and ether groups, the second derivative of the FT-IR results was
used to determine the accurate spectral absorption peaks of these different functional
groups in HTPE/PCL binders, and the results are shown in Fig. 3. Figure 3a clearly
demonstrates that the second derivative result of the carbonyl groups in HTPE/PCL
binder has two peak valleys locating at 1731 cm™' and 1690 cm™', which, respec-
tively, correspond to free carbonyl groups and ordered H-bonded carbonyl groups.
Figure 3b also shows the similar second derivative result, the free ether groups
locate at 1111 cm™!, and the ordered H-bonded ether groups are at 1088 cm™'.

According to the numbers and locations of different carbonyl and ether
groups in FT-IR spectra determined by second derivative, the multi-peak Gauss-
ian fitting can be achieved to calculate the areas and proportions of these differ-
ent functional groups in HTPE/PCL binders. Figure 4 is the multi-peak Gauss-
ian fitting FT-IR spectra of carbonyl groups and ether groups (the uncertainty
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Fig.3 The second derivative FT-IR spectra of HTPE/PCL binders, a the carbonyl groups and b the ether
groups
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Fig.4 The multi-peak Gaussian fitting FT-IR spectra of HTPE/PCL binders, a the carbonyl groups and b
the ether groups

Table1 The H-bond PCLcontent  H-N..O=C  H-N..O-CX; Total Xy (%)
proportions of HTPE/PCL (Wt%) X1 (%) (%)
binders with different PCL mass H
contents 0 45.88 8.17 54.05
20 45.93 8.63 54.56
40 43.97 14.21 58.18
60 41.96 19.61 61.57
80 38.34 20.06 58.40
100 32.58 10.43 43.01
R? associated with the fitting result of carbonyl group is more than
0.9966
R? associated with the fitting result of ether group is more than
0.9701
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associated with the fitting result can be found in Supplementary Materials), and
Table 1 is the obtained H-bond proportions in HTPE/PCL binders.

As shown in Table 1, the H-bond proportion formed by the carbonyl groups
of HTPE/PCL binder decreases as the PCL mass content increases. After the
introduction of PCL, its polar interaction leads to reduce the flexibility of the
molecular chain and increase the distance between the hard segments. An
increase in PCL mass content makes the molecular chain less flexible. More
and more hard segments can evenly disperse in the soft segments, and the
H-bonded interactions between hard segments are weakened. However, the car-
bonyl groups on the soft segments can also form H-bonded interactions with the
imino groups on the hard segments. Thus, the H-bonded interactions formed by
the carbonyl groups decrease slightly. It also proves that the degree of micro-
phase separation in HTPE/PCL binder is reduced while enhancing PCL mass
content. Because the H-bonded interactions formed by the ether groups on soft
segments and imino groups on hard segments are increased from 8.17 to 20.06%
when PCL mass content varied from O to 80 wt%. Enhancing the mass content
of PCL can improve the compatibility of the soft and hard segments. After the
hard segments evenly disperse in the soft segments, the probability of forming
H-bond between the ether groups and the imino groups is raised. For the HTPE/
PCL binders with PCL mass contents changed from 0 to 80 wt%, the reduction
of H-bond proportions between the carbonyl groups and imino groups and the
enhancement of H-bond proportions between the soft and hard segments make
the H-bonded interactions have no obvious increase. But it can indicate that the
microphase separation degree of the HTPE/PCL binders is declined. Moreover,
because of the absence of HTPE, the reduction of ether group contents makes
the H-bonded interactions formed by ether groups and the imino groups in the
binder with 100 wt% PCL decrease.

Since the PCL prepolymer exhibits a semicrystalline state and the intermolec-
ular interactions generated by crystallization will also form physical cross-link-
ing network structures, XRD was used to verify the existence of crystal structure
in the HTPE/PCL binders at room temperature. Figure 5 is the XRD patterns
of HTPE/PCL binders with various PCL mass contents, and the inset figure in
Fig. 5 is the XRD patterns of HTPE and PCL prepolymers. The XRD pattern of
PCL prepolymer in the inset figure of Fig. 5 appears the crystal diffraction peak,
indicating that crystallization occurs in PCL prepolymer. Moreover, all the XRD
patterns of HTPE prepolymer and HTPE/PCL binders with different PCL mass
contents are broad and amorphous diffraction peaks; it can be found that there
is no crystal structure existing in HTPE prepolymer or in HTPE/PCL binders.
This is due to N-100 as the curing agent has an average functionality of 3.87;
the cross-linking network structures formed after HTPE/PCL binder completely
curing destroy the original linear structures of HTPE and PCL. In addition,
the small molecular Bu-NENA as the plasticizer also reduces the regularity of
HTPE and PCL molecular chains. For these reasons, there is no intermolecular
interaction generated by crystallization in the HTPE/PCL binders with different
PCL mass contents at room temperature.
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Fig.5 The XRD patterns of HTPE/PCL binders with different PCL mass contents, and the inset is the
XRD patterns of HTPE and PCL prepolymers

Chemical cross-linking network structures of HTPE/PCL binders

The chemical cross-linking network in HTPE/PCL binders can increase the inter-
action between the molecular chains and make them less prone to relative slip-
page. N-100 can be used as the chemical cross-linking point to form chemical
cross-linking network in HTPE/PCL binder. The chemical cross-linking network
structures of HTPE/PCL binders in diverse PCL mass contents were investigated
by LF-NMR under the temperature range of 20 to 90 °C, and Eq. 1 is suitable for
analyzing the cross-linking density (V) of the binders [38—40].

M(1t) = Aex, —L—M + Bex - +A 1)
= Aexp o 2 P T 0 (

where M(?) is the attenuated signal; A and B denote the signal proportions of cross-
linking and suspension chains, respectively; A, is the direct-current component; 7,
and T, are the relaxation times of cross-linking and related suspension chain sig-
nals, respectively; g is the anisotropy of the cross-linking chains; and M,, represents
the dipole moment below the glass transition temperature. Equation 1 was used to
estimate these parameters, and V, can be calculated by Eq. 2.

V = SpN V qul (2)

¢ 3CM
where p is the density of the binder; N is the bond number of the repeat unit on
backbone chain; C represents the bond number in segment; and M is the molar mass

of the repeat unit. The obtained results are shown in Table 2 including the V, and the
molecular weight between the cross-linking points (M) of the binders.
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In the same temperature, Table 2 clearly demonstrates that the V, of HTPE/PCL
binder enhances with the increase in PCL mass content, but the M_ continues to
decrease. The introduction of PCL with a lower molecular weight can increase the
relative concentration of hydroxyl groups before the curing reaction, so the prob-
ability of PCL entering the cross-linking network of the HTPE/PCL binder increases
and the V, was enhanced after the curing reaction. However, the improved V, of
HTPE/PCL binder can also increase the intertwining of the molecular chains and the
ability of cross-linking point to limit the activity of the molecular chains. These fac-
tors lead to a decreasing tendency in the mobility of the HTPE and PCL molecular
chains; the molecular chains are hard to be extended further. Thus, the M, of HTPE/
PCL binder is lowered under the same temperature. In addition, at the same mass
content of PCL, the temperature has a great influence on the physical cross-link-
ing network structures formed by H-bonded interactions of the HTPE/PCL binder.
When the temperature increases, the H-boned interaction is weakened, the physical
cross-linking network is broken, and the interaction between the molecular chains is
reduced. For these reasons, the V, of the HTPE/PCL binders is lowered and the M,
is enhanced when the temperature raises.

Integrity of cross-linking network structures

Cross-linking network structures are the microstructural factors of HTPE/PCL bind-
ers, and these factors affect the network structures in different ways. Evaluating the
cross-linking network structures synthetically and reflecting the mechanical proper-
ties from the perspective of the network structures are issues that need to be studied
deeply. Therefore, the degree of integrity of HTPE/PCL binder network was stud-
ied by comparing the calculated and actual elastic modulus according to the rubber
elasticity statistical theory of cross-linking structure [41]. All the work done by the
external force on the binder is converted to the stored energy of the elastomer, and
the energy function is

_ G(AT + A5 + 43 = 3)

3
5 3)

w

where A is Poisson ratio, dimensionless; G is the shear modulus of binder, MPa.
The shear modulus (G) and the cross-linking network parameters have the follow-
ing interrelations:

G = NkT = N—Aka = PRT 4)
Mc Mc

where N is the total chain number in the cross-linking network; & is the Boltzmann

constant; 7' is the absolute temperature; K N, is the Avogadro constant; p is the den-

sity of binder, g cm™; and R is the molar gas constant.

The rubber elasticity statistical theory of cross-linking structure assumes that the
ends of each chain in the cross-linking network are connected to the cross-linking
point, and all the chains contribute to the modulus, which is an idealized case. But it
is impossible to be so ideal in the cross-linking network structure, because multiple
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structural defects exist, like physical entanglements, enclosed rings, pendant groups
and free chains on the molecular chains. Except the entanglements, the enclosed
rings, pendant groups and free chains have adverse influence on the mechanical
property of the binder, so it is hard to calculate and count the exact defects and their
interactions. To reflect the integrity of cross-linking network structure of HTPE/
PCL binder, a correction factor (D) was introducing into Eq. 4, and D is used to
indicate the contribution of the defects and their interactions to G, so Eq. 4 can be
rewritten as:

__pRT

G=
MC

+D 3)
When the elongation is very small, G and elastic modulus (E) have a relationship

of E=3G:; thus, Eq. 5 can be changed into:

_ 3pRT

C

E

+3D (6)

The correction factor D indicates the relative contributions of H-bonded interac-
tions and defects to the modulus of HTPE/PCL binder. The positive value of correc-
tion factor D is on behalf of the influence of H-bonded interactions on the modulus
of binder is more effective than that of the defects, presenting that the cross-linking
network structures of the binder possess a better integrity, or vice versa. The results
of correction factor D of HTPE/PCL binders at room temperature are shown in
Table 3 for a further analysis.

As the results in Table 3, the correction factors D of HTPE/PCL binders are
all negative values, indicating that the cross-linking network structures of binders
have defects. Nevertheless, the relatively superior network structure, which has the
maximal correction factor, might be selected for application. Correction factor D
increased from —0.76 to —0.64 within the PCL content of 0 wt% to 40 wt%. The
introduction of PCL with a lower molecular weight than HTPE can increase the
relative concentration of hydroxyl groups before the curing reaction, which is ben-
eficial to increase the curing conversion rate. It can enhance the physical entangle-
ments and reduce the probabilities of defects such as enclosed rings, pendant groups

Table 3 The cross-linking PCL E(MPa) p(gem™ M.x10°(gmol™) D

network integrity of the HTPE/ content

PCL binders (Wt%)
0 0.13 0.93 2.866 -0.76
20 0.35 0.93 2.673 -0.74
40 0.72 0.92 2.590 - 0.64
60 0.70 0.93 2.350 -0.75
80 0.72 0.91 2.357 -0.72
100 0.49 0.92 2.274 - 0.84

The StDev associated with D is less than 0.61 x 1072
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and free chains after curing, so the cross-linking network structures of the binders
are gradually improved. However, when PCL content exceeds 40 wt%, as the degree
of microphase separation of HTPE binder continues to decrease, the micro-interval
cohesions between the hard segments decrease, which will destroy the integrity of
the network structure. Therefore, the correction factor D has a declined trend when
PCL content increases after 40 wt%.

Thermal properties of HTPE/PCL binders

Figure 6 shows the DSC curves of HTPE/PCL binders with different PCL mass con-
tents. The glass transition temperature (Ty) values of HTPE binder (0 wt% PCL)
and PCL binder (100 wt% PCL) in Fig. 6 are found to be —76.89 and —73.91 °C,
respectively. With the increase in mass content of PCL, the DSC curves show that
only one Tg of each binder is observed, which is located in between the Tg of HTPE
binder and PCL binder, respectively. It indicates that the motion of soft segments
is affected by the cross-linking networks in HTPE/PCL binders. This phenomenon
is ascribed to the fact that the HTPE and PCL components both are relatively long
molecular chains, and some fractions of soft segments close to polyurethane hard
segments located at the ends of HTPE or PCL molecular chains are restricted by the
cross-linking networks and the gaps between cross-linking points [42].

The loss factor (tan 6) versus temperature of HTPE/PCL binders from DMA is
shown in Fig. 7. Comparing with the regional scale motion of polymer segments
revealed by glass transition from DSC, DMA is a sensitive technique for study-
ing the initial motion of polymer segment by a relaxation at molecular scale [43].
All the HTPE/PCL binders with different PCL mass contents show one region of
mechanical loss; the o relaxation temperature (7)) of HTPE/PCL binder gradually
increases from —73.77 to —55.02 °C with adding PCL. T, is associated with the
coordinated movements of soft and hard segments of polymer chains in HTPE/PCL

—Ow1% PCL. = 60w1% PCL
20wt% PCL == 80wt% PCL fexo
= 40Wt% PCL e 100Wt% PCL

3.91°C

74.44°C

75.30°C

a1

=75.64°C

Heatflow (mW)

-76.61°C

7

-76.89°C

-80 -60 -40 -20 0 20
Temperature (°C)

Fig.6 The DSC curves of HTPE/PCL binders with different PCL mass contents
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——40wt% PCL
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—— 100wt% PCL

Temperature (°C)

Fig. 7 The tan §-temperature curves for HTPE/PCL binders with different PCL mass contents

binder. The increasing trend of T, is agreement with that of the H-bonded interac-
tion and the cross-linking density of HTPE/PCL binder. The change of 7, comes
from the entanglements among the polymer chains of the cross-linking networks.
The increasing trend of T,, of HTPE/PCL binder reveals that the inhibition of cross-
linking network on polymer chains motion is enhanced with the increase in PCL
mass content.

Mechanical properties of HTPE/PCL binders

In order to analyze the mechanical properties of HTPE/PCL binders under the wide
temperature range of —50-70 °C, a universal testing machine was used to character-
ized the mechanical properties of the binders with different PCL mass contents. The
corresponding results of maximum tensile strength (o,,,) and elongation at break ()
are shown in Table 4, and the stress—strain curves are shown in Fig. 8. The increase
in H-bonded interaction and cross-linking density of the binder can enhance its
interaction between molecular chains. The molecular chain is hardly prone to rela-
tive slippage, which can improve the mechanical property of the binder. In addition,
the mechanical strength of the binder can also be enhanced by increasing the degree
of microphase separation.

By integrating the stress—strain curves of HTPE/PCL binders under different tem-
peratures, the integral values ( f ode) can reflect the toughness of the binders [44].
The larger the integral value, the tougher the HTPE/PCL binder is. According to the
mechanical properties,

o=
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Fig.8 The stress—strain curves of HTPE/PCL binders, a —50 °C, b —40 °C, ¢ 20 °C, d 50 °C and e
70 °C
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where F is the tensile force, N: S is the cross-sectional area, m%; L is the extension
length, m; L is the original length of the sample, m; and W is the work until frac-
ture, J. Assuming that the cross-sectional area of the binder is constant during the
stretching process, the integral values can be regarded as the work done by the force
F until fracture, which is fracture work. The fracture work is affected significantly
by either strength or elongation. Figure 9 is the fracture works of HTPE/PCL bind-
ers under the wide temperature range of —50-70 °C.

Mechanical properties of HTPE/PCL binders at room temperature

According to the observations from Table 4 and Fig. 8c, with the augment of PCL
content, the maximum tensile strength of HTPE/PCL binder increases when PCL
content does not exceed 40 wt%. Otherwise, the maximum tensile strength begins
to decline. When the PCL content is 40 wt%, the HTPE/PCL binder can obtain the
better maximum tensile strength and fracture work, which are 0.81 MPa and 1.84 J,
respectively. But, its elongation at break continuously decreases from 85.98 to
50.97%.
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Fig.9 The fracture work of HTPE/PCL binders, a —50 °C, b —40 °C, ¢ 20 °C, d 50 °C, and e 70 °C

Through the above analysis, it is found that the H-bonded interaction of HTPE/
PCL binder is not significantly affected by the continuous addition of PCL. Although
its cross-linking density sustains to increase, the microphase separation degree con-
tinuously reduces. When the addition amount of PCL does not exceed 40 wt%, the
contribution of the increase in the cross-linking density of the HTPE/PCL binder
to its strength can offset the impact of the decrease in the microphase separation
degree on the strength, and the integrity of the network structures is improved, so
the maximum tensile strength of the binder has seen an improvement at this time.
The enhanced chemical network structures and strength also make the fracture work
increase before the PCL content is 40 wt%. However, after the addition content of
PCL exceeding 40 wt%, the degree of microphase separation of the HTPE/PCL
binder continuously reduces, resulting in a decline in micro-interval cohesion in the
hard segment; this will destroy the integrity of the cross-linking network structure.
At this point, the increase in cross-linking density cannot offset the reduction of
microphase separation degree on the strength of binder, and the maximum tensile
strength of HTPE/PCL binder begins to reduce.

Besides, the enhancement of cross-linking effect will affect the flexibility of the
molecular chain, the activity ability of molecular chain is weakened, and it is diffi-
cult to achieve a further extension for the molecular chain. Moreover, the molecular
weight between the cross-linking points and the microphase separation degree are
both reduced. All these factors together lead to the elongation at break, and the frac-
ture work of HTPE/PCL binder decreases as the PCL mass content increases.

Mechanical properties of HTPE/PCL binders at high temperature
According to the stress—strain curves at high temperatures (50 °C and 70 °C) in

Fig. 8d, e, and their results in Table 4, the maximum tensile strength of HTPE/PCL
binder at 50 °C is enhanced at the beginning of adding PCL, and then, it goes down
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with further adding PCL. The maximum tensile strength at 70 °C also shows the
same trend. When the addition amount of PCL is 40 wt%, the maximum tensile
strength of the binder at high temperature comes to the largest value, which achieves
to 0.74 MPa at 50 °C and 0.68 MPa at 70 °C, respectively. And the elongation at
break of HTPE/PCL binder declines continuously. However, the fracture work of the
binder under high temperature continues to decrease when the PCL increases.

Comparing with the mechanical properties of the binders at 20 °C, the hydro-
gen bond in HTPE/PCL binder is broken due to the rise in temperature, weakening
the H-bonded interaction. At the same time, the constrain between molecular chains
decreases, and the enhancement of molecular chain activity enables the hard seg-
ment to disperse evenly in the soft segment. As thus, the enhancements in isolating,
shielding and coupling between these molecular chains lead to a decline in the phys-
ical cross-linking density and a weakening of microphase separation degree [45].
Therefore, the mechanical properties of HTPE/PCL binders in different PCL mass
contents at high temperature are lower than those at room temperature. At the same
time, due to the destruction of the cross-linking network structures, the reduction of
strength and elongation lead to a decreasing trend in fracture work.

Mechanical properties of HTPE/PCL binders at low temperature

On the basis of Table 4 and Fig. 8a, b, the maximum tensile strengthens of HTPE/
PCL binders at —50 °C and —40 °C both demonstrate the increasing tendency with
the addition of PCL, but the elongation at break reaches their minimum values when
PCL content is 20 wt%, which are 344.01% at —40 °C and 335.26% at —50 °C,
respectively. The fracture works at low temperature show the same trend with the
elongation at break.

Comparing with that at 20 °C, the mechanical properties at low temperature
are greatly improved. The curing reaction destroys the normal linear structure of
HTPE and PCL, and the addition of Bu-NENA as the small molecular plasticizer
also increases the distances between the molecular chains. When the temperature
decreases to —40 °C or —50 °C, the lower temperature and the applied stress lead
to an improvement of the orientation of the molecular chains, and their arrangement
becomes regular. In this way, the ordered regions formed by the soft and hard seg-
ments in HTPE/PCL binder can be further nucleated, and the orientational induction
promotes crystallization. Therefore, the strain-induced crystals appear in the HTPE/
PCL binder during the stretching process at the low temperature [46]. After crystal-
lization, the molecular segment of HTPE/PCL binder becomes more regular, and the
interaction between the soft and hard segments is enhanced; these reasons are the
facts for improving the strength of HTPE/PCL binder.

Due to the occurrence of strain-induced crystallization, the hard segment micro-
regions in HTPE binder aggregate and the soft segments are more likely to gather
together, which can improve the flexibility of the polymer segments, and thus, the
elongation at break has been enhanced. In the process of adding PCL, the elonga-
tion at break of HTPE/PCL binder demonstrates a tendency to decrease first and
then increase. This is because the HTPE molecular chain is more flexible than the
PCL molecular chain, and a little addition amount of PCL with strong polar effect
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will reduce the flexibility of the original HTPE molecular chain, so the elongation at
break of HTPE/PCL binder is declined and the fracture work slightly reduces at the
beginning of adding PCL. However, with the increasing content of PCL, its polar
effect makes the PCL molecular chains more likely to gather around, it can improve
the orientation of the molecular chains, and the effect of strain-induced crystalli-
zation of the binder is enhanced. Therefore, the elongation at break and the frac-
ture work of HTPE/PCL binder have improved when the addition amount of PCL
exceeds 20 wt%. The activity of molecular chain in the binder at —50 °C is more
restricted than that at —40 °C, so the elongation at break of the binder at —40 °C is
higher than it at —50 °C.

Fractured morphologies of HTPE/PCL binders

Figure 10 is the morphological characteristics of the fractured surfaces of HTPE/
PCL binders with 40 wt% PCL under the wide temperature range of —50-70 °C (the
other fractured surfaces of HTPE/PCL binders are shown in Supplementary Materi-
als). It can be observed from Fig. 10 that there is no obvious phase separation exist-
ing in HTPE/PCL binder under different temperatures. The homogeneous surfaces
of the binders indicate that the polymer chains penetrate inward and outward in the
cross-linking network structures showing the good compatibility of HTPE and PCL.

Cracks will appear in the HTPE/PCL binder due to the stress concentration while
stretching. Then, the cracks grow in the binder as the stretch progressing, eventually
causing the binder to break. At the low temperature, the cracks in Fig. 10a, b are few
and the fractured surfaces of HTPE/PCL binders are rough, which indicate that the
interaction between the polymer segments is enhanced and the crack is hard to grow.
With the increase in temperatures, the further destruction to the cross-linking net-
work structures and the decrease in constrain between molecular chains lead to the

Fig. 10 The SEM images for the fractured surface of HTPE/PCL binder with 40 wt% PCL, a —50 °C, b
—40°C,¢20°C,d 50 °Cand e 70 °C
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easier growth of cracks in the binder; thus, the fractured surfaces gradually become
smooth and the cracks increase.

Conclusions

In this work, a series of polyurethane binders based on HTPE and PCL were pre-
pared. The mechanical properties of HTPE/PCL binders in the wide temperature
range of —50-70 °C can be regulated by changing the mass ratios of HTPE versus
PCL. The cross-linking network structures in the binders determine the mechani-
cal properties. The changes in PCL mass contents have no obvious influence on
H-bonded interactions in HTPE/PCL binders, but the enhancement of PCL mass
content reduces their microphase separation degrees. PCL is found to improve the
cross-linking density of HTPE/PCL binder more than HTPE. However, the cross-
linking density reduces due to the physical interactions being broken in higher tem-
perature. The cross-linking network structures destroy the linear regularity structures
of original molecular chains; thus, there are no obvious crystal structures of HTPE/
PCL binders at room temperature. It is found that the HTPE/PCL binder can possess
the better cross-linking network structures and mechanical properties under the wide
temperature range when the PCL mass content is 40 wt% by comparison. Strain-
induced crystallization improves the low-temperature mechanical properties of the
binder, but the reduced cross-linking density and microphase separation degree in
turn decrease their mechanical properties in high temperature. These results of this
study prove that the introduction of PCL can improve the mechanical properties of
original HTPE binder, and the HTPE/PCL binder with 40 wt% PCL is suitable for
the future investigation of HTPE/PCL propellants.
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