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A broad series of tri- and multiblock copolymers based on linear and branched oligomers of polybutadiene as central blocks and
polycaprolactone (PCL) as block extremities are characterized by SEC, DSC, DMA, Dynamical Rheology and DRX. DSC analyses
reveal phase separation between the two amorphous PB and PCL phases. By thermal analysis, the glass transition temperature of
PCL is only detected for materials containing at least 80% w/w of PCL. This is attributed to the small length of the polyester blocks
for copolymers containing less than 80% w/w of PCL. The increase of fusion heat with increasing PCL content in the copolymers is
correlated to the greater ability of PCL chains to rearrange as HTPB amount decrease in the material. Regarding the evolution of
the melting temperature of the various copolymers, the characterization by DMA and dynamical rheology confirms the behaviour
observed by DSC. Mechanical and rheological properties (i.e., storage modulus and complex viscosities) were studied and reveal that

the behavior of the copolymers depends on both the rate of PCL chains and on the nature of the elastomeric block.

Keywords: PB-PCL copolymers, thermal properties, mechanical properties, complex viscosity

1 Introduction

Thermoplastic elastomers (TPEs) are characterized by a
heterogenic structure with both soft and hard immiscible
segments. Soft segments are responsible for the elastic be-
havior of the corresponding polymeric block whereas hard
segments allow the mechanical cohesion of the material (1).
Due to this specific architecture, these materials present in-
termediate properties between those of an elastomer and
those of a rigid thermoplastic. Each phase has its own
glass transition temperature Ty, which determines the ther-
mal limit of use. Indeed, the Ty of the rigid phase must
be higher than the temperature of use while the T, of the
soft phase should be less than the operating temperature.
Consequently, these materials show the characteristics of a
vulcanized rubber at the operating temperature (i.e., elas-
ticity), and they behave like thermoplastics at the process-
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Chimie Moléculaire de I’'Université de Bourgogne, Systemes HY-
brides Multifonctionnels, UMR CNRS 5260, Université de Bour-
gogne, UFR Sciences et Techniques, 9 Avenue Alain Savary,
BP 47870, 21078 Dijon, France. Tel: +33 (0)380393777; Fax: 433
(0)380396098; E-mail: claire-helene.brachais@u-bourgogne.fr

ing temperature (i.e., a softening is observed when heating
above their Ty) (2).

Triblock copolymers with an elastomeric central block
and glassy end blocks exhibit the properties of thermoplas-
tic elastomers (TPE). The famoust examples are the com-
mercial SBS (3,4,5,6,7,8) or SIS (9,10,11) triblock copoly-
mers and SEBS (12,13,14) copolymers.

These multiblock materials are used in many fields such
as biomedical applications (15), sealants (16), electric wires
(17) or in adhesive formulations (18). In this last applica-
tion, the most currently used copolymers are diblock or
triblock copolymers of polystyrene and polydiene. The re-
placement of rigid polystyrene blocks by semi-crystalline
blocks (with Ty, above room temperature) could be an in-
teresting route to obtain new materials with original prop-
erties. As an example, varying the nature of the rigid phase
could allow a lower processing temperature of the ma-
terial. Recently, synthesis of block copolymers based on
styrene, butadiene and e-caprolactone (PS-PB-PCL, PS-
PCL and PB-PCL type) has been reported (19). Di or
triblock copolymers (PB-PCL or PB-PCL-PB) have been
synthetized (20).

In a previous paper (21), we described the synthesis
of multi-blocks copolymers based on poly(caprolactone)
(PCL) and poly(butadiene) (PB) starting from various
hydroxytelechelic poly(butadiene). In this work, PB-PCL
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copolymers were synthesized by ring opening polymeri-
sation of e-caprolactone initiated by macroiniatiator
polybutadiene terminated by lithium alkoxide. Depending
on the functionality of the HTPB oligomers, the structure
of the resulting copolymers is either star-shaped or linear
triblocks.

Little research focuses on the synthesis and thermal or
mechanical characterization of PB-PCL triblocks. For ex-
ample, Meng et al (22) worked on the synthesis of PCL-PB-
PCL triblocks based on HTPB oligomers and further use
of these materials for curing applications. Working on the
cristallization of PB-PCL diblock copolymers with various
amounts of PB and PCL, Nojima et al (23,24) studied the
formation, the organization and the regularity of sphero-
lites by DRX, DSC and optical microscopy. Phase separa-
tion in multiblocks copolymers, such as PS-PCL, PI-PCL,
PS-PB-PC and PS-PI-PCL, was evidenced (9,25,26) using
DRX and DMA techniques. Jackson et al (27) studied the
surface topology and the organization of PCL crystals in
PB-PCL and PS-PB-PCL copolymers. In all these studies,
the thermal and mechanical characterizations of PB-PCL
multiblocks in relation to their compositions have never
been described.

The aim of this work is to characterize mutliblocks
copolymers PB-PCL synthesized from various HTPB and
containing various amounts of PB and PCL. Four different
grades of HTPB are used in this work and all the obtained
copolymers are characterized by DSC, DMTA, Dynamical
Rheology and DRX.

2 Experimental

2.1 Preparation of the Samples

All the samples were prepared starting from HTPB
oligomers and e-caprolactone following the procedure de-
scribed elsewhere (21). Four grades of hydroxy telechelic
polybutadiene (HTPB) with various functionalities were
used. R20LM® HTPB (M, = 1600g/mol, fOH = 2, 5),
R-2, and R45HT® HTPB (M, = 2800 g/mol, fOH = 2,
45), R-4, were kindly supplied by ARKEMA. Nisso-Soda
provided G2000 HTPB (M,, = 2000 g/mol, fOH = 2), G-
2, and G3000 HTPB (M,, = 3000 g/mol, fOH = 2), G-3.
After the synthesis, the copolymers were poured in ethanol,
filtrated and dried at room temperature during two days.

2.2 Apparatus

SEC analysis were carried out on a Gynkotek P580A
apparatus equipped with PolyPore columns from Poly-
mer Laboratories (300%7.5 mm) and an IOTA 2 refractive
index detector. Polystyrene standards were used for col-
umn calibration. Polymer samples were dissolved in THF
(10 mg/mL) and elution was performed at 20°C at a flow
rate of 1 mL/min, using THF as solvent.

795

Nuclear Magnetic Resonance (NMR) spectra were
recorded in CDClj solutions on a Bruker Avance 300 spec-
trometer. ' H measurements were carried out at 300.13 MHz
using a classical pulse sequence.

Differential Scanning Calorimetry (DSC) measurements
were performed using a Q1000 (TA Instruments). A ni-
trogen flow of 50 mL/min was maintained through the
sample holder assemblies during all runs. The samples (10
mg) were sealed in aluminium pans and first heated from
—90°C to 80°C at a rate of 10°C/min in order to anneal
physical ageing. After fast cooling to —80°C, a second ther-
mal ramp, similar to the first one, is applied to the sample
in order to determine the glass transition temperature (T).
The PCL T, is measured at inferior onset and the HTPB
T, is measured at half-Cp,. The melting temperature (Tp,)
was determined from the maximum peak value of the en-
dotherm on the first heating scan. The crystalline rate of
the materials (X,,) is obtained from the following formula:

XerPCL = ﬁi“ﬂm with AHy as the experimental heat of

fusion and wpcr as the PCL weight fraction in the copoly-
mer. is the heat of fusion of a 100% crystalline PCL. The
value obtained from the literature is AH oo = 136,1 J/g for
PCL (29).

Dynamical Mechanical Analysis (DMA) measurements
were performed using a TA Instruments DMA Q800 in a
compression mode over a temperature range from —100°C
to 80°C. The heating rate and frequency were fixed at
2°C/min and 1 Hz, respectively. Samples for DMA ex-
periments were prepared using a stainless-steel mold and
the sample dimensions were 3*0.8*0.2 cm?.

Parallel Plate Rheometry (AR 500 of TA Instruments)
was used to measure the viscosity of materials as a function
of the temperature. The samples are preformed in a hot-
press with a thickness of 3 mm (£0.3 mm) and a diameter
of 30 mm. The samples are placed in the air gap, then melted
and the superior plate is stepped down in order to stick the
sample between the two plates (diameter = 25 mm). The
samples are then slowly cooled down (about 3°C/min) to
room temperature in order to avoid recrystallization of the
copolymers in a further heating step. An isotherm step at
30°C is applied to the samples during 3 min and analyses
are then performed over a temperature range from 30°C to
80°C. The heating rate, frequency and strain were fixed at
4°C/min, 1 Hz and 1%, respectively.

The X-ray diffraction measurements on powdered sam-
ples were performed using an Inel CPS120 diffractometer
equipped with a Cu anode and a Gelll monochromator
(Kalphal = 1.54 A). The incidence angle was maintained
constant at 8 degrees during the 12 h of acquisition.

3 Results and Discussion

The main characteristics of oligomers used as initial
macroiniators and corresponding central block are re-
ported in Table 1. It is clear that the oligomers of HTPB
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Table 1. Thermal characteristics and microstructures of the start-
ing HTPB oligomers

Lemoine et al.

Table 2. Compositions and molecular weights for synthesized
PB-PCL copolymers

HTPB HTPB HTPB HTPB

-R2 -R4 -G2 -G3
M, (g/mol) (Tonometry) 1600 2 800 2000 3000
M, (g/mol) (SEC) 2200 4500 4600 6300
PDI (SEC) 2.5 2.8 1.3 1.3
1-2 % ("H-NMR) 21 22 85 90
1-4 % ("H-NMR) 79 78 15 10
fon 2.6 245 2,0 2,0
T, (°C) (DSC) -79 78 25 —-16

can be classified into two categories according to their
functionality,. The HTPB R series has functionality
strictly greater than 2, while the functionality for the
G series is equal to 2. The HTPB R series will lead to
star-shaped copolymers while the HTPB G series will be
the source of pure tri-blocks copolymers. Because of the
variation of the microstructures (1-2 or 1-4 repetition
unit contents), the glass transition temperatures of the
oligomers vary from —80°C for HTPB -R4 to —16°C for
HTPB -G3. The differences of polydispersity refer to the
polymerization route. Indeed, HTPB -R4 is derived from
a radical polymerization mechanism leading to high PDI
values while HTPB -G3 oligomers result from the anionic
polymerization of butadiene.

Following the synthesis route described in a previous
work (21), block elastomers based on polybutadiene and
polycaprolactone are obtained. These materials contain
various polycaprolactone rates: 40% w/w, 65% w/w or 80%
w/w calculated by 'H-NMR. As the length of HTPB block

T, of HTPB -R4

HTPB PB(%w/w) PCL(%w/w) SEC analysis: M,

grade  'H-NMR 'H-NMR et M,,(g/mol)
-R4 60 40 M, = 11500M,, = 19000
PDI = 1,6
35 65 M, = 14000M,, = 22000
PDI = 1,6
20 80 M, = 20000M,, = 35000
PDI = 1.8
-R2 35 65 M, = 9000M,, = 12000
PDI =1,3
20 80 M, = 10000M,, = 14000
PDI =1,4
-G2 60 40 M, = 10000M,, = 12000
PDI=1,2
35 65 M, = 12000M,, = 14500
PDI=1,2
20 80 M, = 14000M,, = 19000
PDI = 1,4
-G3 60 40 M, = 10000M,, = 12500
PDI =12
35 65 M, = 12000M,, = 16000
PDI =1,3
20 80 M, = 18000M,, = 24000
PDI =1,4

is fixed, the rate of PCL in the copolymer only depends on
the length of the PCL block. Table 2 shows the results
obtained from SEC and 1H-I\MR characterizations. For
the various samples, M, and M,, values are included in a

00

T, area of PCL

=)
3
3
o
b .
B initial .
T onset ¢ y miGCy v \
T K 1o E] £ £ B
154 |
T, of HTPB T, of PCL (onset) j
T, of PCL
v
20 T T T T T T T T
-85 65 -45 25 -5 15 35 55

Temperature (°C)

Fig. 1. DSC thermogram of a multi-block copolymer PB-PCL with 20% w/w of HTPB -R4 and 80% w/w of PCL.
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35% of HTPB -R4

Heat flow (J/g)

60% of HTPB -R4

HTPB -R4

025

Exo Up

Temperature (°C)

Fig. 2. Temperature range of glass transition for PB-PCL copoly-
mers with different compositions of PB based on HTPB -R4.

range between 9000/20000 g/mol and 12000/35000 g/mol,
respectively.

Measurements of glass transition temperatures, varia-
tions of fusion heat (AHy) and melt temperatures (Ty,)
with PCL contents were determined from the DSC heating
thermograms (Figs. 1 to 9 and Tables 3 to 6). Two main
transitions can be detected corresponding to the glass tran-
sition area of the HTPB blocks and the melting peaks of
the crystalline PCL phases.

It is well known that pure semi-crystalline PCL displays
a glass transition temperature at —60°C (at inferior onset)
and a melting peak at 55°C. Glass transition temperatures
(determined at half-Cp) for HTPB amorphous homopoly-
mers are easily viewed at —78°C for HTPB -R4 (Fig. 2),
—79°C for HTPB -R2 (Table 1), —25°C for HTPB -G2
(Table 1) and —16°C for HTPB -G3 (Fig. 8). The glass
transition of copolymers of HTPB blocks is observed at

0o

054

60% of HTPB -R4

35% of HTPB-R4

Heat flow (J/g)

204

254

20% of HTPB -R4

s5.70°c ¥ 5761°C

40 45 50 5 60

Temperature (°C)

Fig. 3. Temperature range of melting area for PB-PCL copolymers
with different compositions of PB based on HTPB -R4.
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-0.05

35% of HTPB -R2

20% of HTPB -R2

Heat flow (J/g)

-0.20

85 80 75 o 65 60 25 20 45 -40

Temperature (°C)

Fig. 4. Temperature range of glass transition for PB-PCL copoly-
mers with different compositions of PB based on HTPB -R2.

the same temperature than the T, of the amorphous ho-
mopolymers (—78°C, —79°C, —25°C, —16°C, respectively).
This is an argument in favor of a phase separation between
the two amorphous PB and PCL phases. However T, of
PCL is only detected for materials containing at least 80%
w/w of PCL although polybutadiene and PCL being im-
miscible polymers, glass transition temperatures of the two
blocks should be easily determined. Indeed, the glass tran-
sition temperature area of PCL blocks can be particularly
hard to detect for high crystallinity rate materials.

Figure 1 displays the DSC thermograms of PB-PCL
copolymers with 20%w/w of HTPB -R4 and 80%w/w of
PCL. With a high content of PCL on the copolymers, the
glass transition of PCL is clearly viewed at —60°C. The T,
of HTPB is viewed at —81°C at the initial onset. For the
copolymers based on HTPB -R4 and -G3, the T, of PCL
is respectively —61°C and —58°C. In addition, the length
of PCL blocks influences the position of T,. Indeed, T,
of PCL is not clearly visible below 80%w/w of PCL in

-0.54

35% of HTPB -R2

20% de HTPB -R2

Heat flow (J/g)

-2.54

Temperature (°C)

Fig. 5. Temperature range of melting area for PB-PCL copolymers
with different compositions of PB based on HTPB -R2.
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Table 3. Fusion heat and melting temperature for three copolymers with various amounts of PCL and HTPB -R4

%PB-R4 (w/w) %PCL (w/w) (overall) T,.(°C) AHy (J/g) %P CLerystattine (W/W) %P CLamorphous (W/W)

20 80 58 65 38 42
35 65 56 54 26 39
60 40 53 39 11 29

Table 4. Fusion heat and melting temperature for three copolymers with various amounts of PCL and HTPB -R2

%PB-R2 (w/w) %PCL (w/w) (overall) Tm(°C) AHy (J/g) %P CL¢rystattine (W/W) Y0P CLamorphous (W/W)

20 80 56 87 51 29
35 65 54 60 29 36

-0.05
ooel 35% of HTPB -G3
60% of HTPB -G3
35% of HTPB -G2 l
0.104 § 0,13 20% of HTPB -G3
G I 20% of HTPB -G2 ; °
2 k]
% 60% of HTPB -G2 ‘%
o °° ) $ HTPB -G3
Q
T 0.18
-0.154
-0.23 T T T
-70 -50 -30 -10
0203 % En T Eolp Temperature (°C)

Temperature (°C)
Fig. 8. Temperature range of glass transition and melting area for

Fig. 6. Temperature range of glass transition for PB-PCL copoly-  PB-PCL copolymers with different compositions of PCL and PB
mers with different compositions of PB based on HTPB -G2. based on HTPB -G3.

00
00—
—_——
N R ___7 05
257 60% of ™=y
" 60% of HTPB -G3
HTPB -G2 ~ /
/ 10
1.0 5
e 3
2 2 s
3 35% of HTPB -G2 ﬂ;\» o
o 1.5 ::
b= 3 20% of HTPB -G3
8 \ f IZ—{QI'{’E(!) f G2 T a0 35% of HTPB -G3
-f . 0 =
2.0 ‘\\ f 0 \
\ /
% \ / 25 )
\ N 5319°C
2% AW, e 56.19°C
&
s3.59°C .
2508°C 30E 45 55 65
s s 25 575 €25 B Temperature (°C)

Temperature (°C)
Fig. 9. Temperature range of glass transition and melting area for
Fig. 7. Temperature range of melting area for PB-PCL copolymers  PB-PCL copolymers with different compositions of PCL and PB
with different compositions of PB based on HTPB -G2. based on HTPB -G3.
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Table 5. Fusion heat and melting temperature for three copolymers with various amounts of PCL and HTPB -G2

%PB-G2 (w/w) %PCL (w/w) (overall) T,.(°C) AHy (J/g) %P CLcrystattine (W/W) Y0P CLamorphous (W/W)
20 80 58 69 41 39
35 65 56 61 29 36
60 40 54 53 16 24

Table 6. Fusion heat and melting temperature for three copolymers with various amounts of PCL and HTPB -G3

%PB-G3 (w/w) %PCL (w/w) (overall) T,.(°C) AHy (J/g) %P CLerystattine (W/W) %P CLamorphous (W/W)
20 80 58 68 40 40
35 65 56 54 26 39
60 40 53 35 10 30

copolymers. This fact is due to the low content of PCL
but also to the small length of the polyester blocks. In the
copolymers, the higher the content of PB is, the more im-
portant the variation of heat flow for HTPB is.

Tables 3, 4, 5 and 6 display melting temperature (Ty,),
fusion heat (AHy), crystalline and amorphous PCL ratios
in the copolymers for different materials synthesized from
the 4 HTPB grades. Concerning the melting areas (Figs. 3,
5 and 7), melting temperatures and fusion heats (Tables 3,
4, 5 and 6) shift to higher values with the increase of PCL
content in the materials. As mentioned before, the increase
of PCL content is directly related to the higher molecular
weight shift of PCL blocks grafted on HTPB. These results
are consistent with previous works obtained by Takizawa
et al. (29) which have shown that the melting temperature
of PCL shifts higher when the molecular weight increases.
Typical temperature variations were —20°C for tetramer,
32°C for octamer, 38°C for hexadecamer, 51°C for 32-mer
and 54°C for 64-mer. The increase of fusion heat with
PCL content in the copolymers is correlated to the
amount of PCL crystals in the material and is due to

20% of HTPB -R4
PCL
100 A

5% of HTPB -R4

3

60% of HTPB -R4 7

log E’ (MPa)

0,1

0,01 A

0,001 T T T T T T
-90 -70 -50 -30 -10 10 30 50 70

Temperature (°C)

Fig. 10. log E’ = f(T) for PB-PCL copolymers with different com-
positions in weight for PB and PCL synthesized with HTPB -R4
(PCL curve is added for information).

the greater ability of PCL chains to rearrange when HTPB
percentage decreases. Thus, it is possible to modulate the
thermal properties of the materials by varying the rate of
PCL in copolymers.

3.1 DMA Measurements

Dynamic mechanical analysis of the copolymers was per-
formed in order to observe the behavior of materials over
a large range of temperatures. Figures 10, 12, 14 show the
evolution of the storage modulus (log (E’)) with the temper-
ature, whereas Figures 11, 13 and 15 show the variation of
Tan § with the temperature for the HTPB -R4, HTPB -G2,
HTPB —G3 series. For copolymers synthesized from HTPB
-R4 oligomers, below —70°C, the PCL and PB amorphous
phases are under their glass transition. Therefore, the ma-
terials show a glassy and elastic behavior with a storage
modulus superior to 100 MPa. Between —70°C and 40°C,
the storage modulus decreases by two decades owing to the
glass transitions of the two amorphous phases. The T, of
PCL phase can be detected for the homopolymer at —40°C
(Fig. 10) and the T, of the HTPB -R4 homopolymer can
be detected at —70°C in good agreement with Poussard

60% of HTPB -R4

Tan &

35% of HTPB -R4

20% of HTPB -R4

H Enof PCL
T T:ofHTPB" T T T i
-90 -70 -50 -30 -10 10 30 50

Temperature (°C)

Fig. 11. Tan § = f(T) for PB-PCL copolymers with different com-
positions in weight for PB and PCL synthesized with HTPB -R4.
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35% of HTPB -G2 ——»

20% of HTPB -G2

log E’ (MPa)

0,1 4

0,01 T T T T
-90 -70 -50 -30 -10 10 30 50 70

Temperature (°C)

Fig. 12. log E’ = f(T) for PB-PCL copolymers with different
compositions in weight for PB and PCL synthesized with HTPB
-G2.

et al. results (30). As expected, lower storage modulus val-
ues are found in the copolymers with higher contents of
HTPB. For temperature above 40°C, the melting area cor-
responds to a drastic decrease of the storage modulus. The
evolution of the melting areas (beginning of the fusion)
can be related to the PCL amount in the copolymers. As
evidenced by previous DSC results, the higher the PCL con-
tent, the higher the melting temperature. Similar behavior is
observed for copolymers synthesized from HTPB G2000®
(Fig. 12) and HTPB G3000® (Fig. 14). In this latter case,
the T, of HTPB blocks is higher (0°C), and the materials
show a rigid behavior below —40°C instead of —70°C.
The decrease of the modulus is accompanied by a peak
in the viscous dissipation signal represented by the Tan
8 peak position corresponds to the T, of the amorphous
phases. It is interesting to note that the glass transition area
of PB phases is more easily determined by DMA compared
to DSC measurements. The Ty of HTPB can be viewed at
—70°C for copolymers based on HTPB -R4 and at 0°C for
copolymers based on HTPB -G3. However, DMA is less

0,9 1
0.8 1

0.7
60% of HTPB -G2 —————|

0.6

0.5 1

Tan &

35% of HTPB -G2

PCL 20% of HTPB -G2 \—/
-
\_\

0 T o T "I, of HTPB
f PCL ] - z
90 270 50" 30 -10 10 30 50

Temperature (°C)

Fig. 13. Tan § = f(T) for PB-PCL copolymers with different com-
positions in weight for PB and PCL synthesized with HTPB -G2.

Lemoine et al.

-—-——/
100 1 20% of HTPB-G3
10 -
35% of HTPB-G3
<
& 60% of HTPB-G3
e
m
o0
S
0,1
0,01 T : - - r - -
90 -70 -50 -30 -10 10 30 50 70

Temperature (°C)

Fig. 14. log E’ = f(T) for PB-PCL copolymers with different
compositions in weight for PB and PCL synthesized with HTPB
-G3.

sensitive than DSC for the determination of the glass tran-
sition of amorphous PCL phases, since T, of PCL blocks is
not observed even for 80%w/w of PCL rate in the materials.
The intensity of for neat PCL is small and no longer de-
tectable for copolymers. This behavior could be attributed
to the lower crystallinity of PCL developed in presence of
high contents of HTPB as evidenced by DSC analysis. On
the contrary, the intensity of Tan § peak for HTPB phases
increases in height with higher contents of HTPB in the
copolymers.

3.2 Rheological Analysis

The measurements of rheological behaviors of polymeric
materials at molten state are essential to gain fundamental
understanding of the structure-property relation for these
copolymers. The evolution of the rheological properties of
these elastomeric block copolymers, depending on their
chemical composition, are characterized by the measure-
ment of the complex viscosity in relation to the tempera-
ture (Figs. 17-21). Complex viscosities values of the various
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Fig. 15. Tan § = f(T) for PB-PCL copolymers with different com-
positions in weight for PB and PCL synthesized with HTPB -G3.
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HTPB are typical for elastomeric oligomers (Fig. 16). In re-
lation to microstructure variations, such as the 1-4 double
bonds rate and the number molecular weight value, it is
noteworthy that the complex viscosity of the G series is
higher than that of the R series.

Rheological analyses of the various copolymers show an
important decrease in the complex viscosity (decrease of at
least three decades) of the materials when the PCL crys-
talline phase reaches the molten state, i.e., between 53°C
and 58°C. For example, for the HTPB -R4 series (Fig. 17),
the vitreous plateau is weakly affected by the PCL content.
However, in the area of the PCL melting, the evolution is
the same as the evolution detected by DSC or DMA analy-
ses. Finally, the complex viscosity value, at the molten state,
strongly depends on the length of the PCL blocks which is
the highest for the 20% of HTPB -R4 copolymer. The con-
trol of the viscosity at the molten state, by the PCL content,
and thus by the chains length, is common to all kinds of
copolymers.

Moreover, Figure 21 shows that at a constant rate of PCL
(65%) and PB (35%) in the copolymers, the molten state is
also governed by the nature of the HTPB. For example, de-
spite identical molecular weights (M, = 20000 g/mol), the
complex viscosity of the HTPB -G3 copolymer is higher
than the complex viscosity of the HTPB -G2 copolymer.
This can be related to the differences between the HTPB
-G2 and -G3 viscosities displayed in Figure 16. It is inter-
esting to note that a lower viscosity at the molten state can
allow a better rearrangement of the macromolecular chains
and thus an increase in the crystallinity rate of the materials
as shown in Tables 5 and 6.

3.3 X-ray Diffraction

Figure 22 presents the diffractograms for three various
copolymers based on HTPB -R4 containing 40% w/w, 65%
w/w or 80% w/w of PCL as well as the diffractogram of
neat PCL. The two diffraction rays characteristics of the

6 % w/w of

PCL in the
copolymers

— 40% of PCL
— 65% of PCL
— 80% of PCL

— 100% of PCL

Intensity (arbitrary unit)
w

10 15 20 25 30
26

Fig. 22. Diffractograms of copolymers based on HTPB R45HT®
and 40%, 65% and 80% of PCL and PCL homopolymer.

Lemoine et al.

PCL crystalline phases (31,32) for 20 = 22° and 24° are
observed on the diffractograms of the three copolymers.
Moreover, their intensities increase with the crystallinity
rate of the copolymer. The orthorhombic (33,34) crystalline
nature of the PCL phase is not modified when the content of
PCL in the copolymer is modified. Finally, the large halo
detected between 14° and 26° corresponds to the amor-
phous PB phases.

4 Conclusions

A broad series of tri- and multiblock copolymers based
on linear and branched oligomers of polybutadiene (PB)
as central blocks and polycaprolactone (PCL) as block ex-
tremities are characterized by SEC, DSC, DMA, Dynam-
ical Rheology and DRX. DSC analyses reveal phase sep-
aration between the two amorphous PB and PCL phases.
The general evolution of the thermal properties is simi-
lar for the copolymers based on the four kinds of HTPB.
By thermal analysis, the glass transition temperature of
PCL is only detected for materials containing at least 80%
w/w of PCL. This is attributed to the small length of the
polyester blocks for PCL/PB ratios under 80%w/w. The
increase in fusion heat with increasing PCL content in the
copolymersis correlated to the greater ability of PCL chains
to rearrange when HTPB amount decreases in the mate-
rial. Regarding the evolution of the melting temperature
of the various copolymers, the characterization by DMA
and dynamical rheology confirms the behavior observed
by DSC. However, DMA appears to be less sensitive than
DSC for the detection of the glass transition temperature of
the polyester block. Mechanical and rheological properties
(i.e., storage modulus and complex viscosities) reveal that
the behavior of the copolymers depends on both the rate of
PCL chains and the nature of the elastomeric block. These
elastomers establish a large range of materials with modu-
lated mechanical and thermal properties in relation to their
chemical structure. They could be used for applications re-
quiring a low processing temperature, as for example, in
hot melt formulation.
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