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ABSTRACT: The phase transitions and the morphology of
hard-segment domains of those siloxane-containing hard-
segmented polyurethane copolymers are studied by differ-
ential scanning calorimetry (DSC). The NH-SiPU2 copoly-
mer, which comprises a siloxane—urea hard segment and a
polytetramethylene ether glycol soft segment (PTMG2000),
exhibits a high degree of phase-separation and a highly
amorphous structure. Therefore, NH-SiPU2 copolymer pro-
ceeds with a melt-quenching process and with various an-
nealing conditions, to examine the morphologies and the
endothermic behaviors of the siloxane-containing hard-seg-
ment domains. DSC thermograms of further annealed NH-
SiPU2 indicate that the first endotherm (T,) at around 75°C
is related to the short-range ordering of amorphous siloxane
hard-segment domains (Region I), and the second endo-
therm (T,) at around 160°C is related to the long-range
ordering of amorphous siloxane hard-segment domains (Re-

gion II). The DSC thermograms at annealing temperatures
below and above T; demonstrate that both the temperature
and the enthalpy of T, linearly increase with the logarithmic
annealing time (log t,). This result shows that the endother-
mic behavior of T, is typical of enthalpy relaxation, which is
caused by the physical aging of the amorphous siloxane
hard segment. Additionally, the siloxane hard segments in
Region I are movable, and can merge with the more stable
Region II under suitable annealing conditions. Transmission
electron microscopy shows that Regions I and II are around
200 and 800 nm wide, and that the Region I can be combined
with the stable Region II, under suitable annealing condi-
tions. © 2006 Wiley Periodicals, Inc. ] Appl Polym Sci 101:
4242-4252, 2006
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INTRODUCTION

Segmented polyurethanes (PUs), which comprise hard
and soft segments, are widely used in thermal plastic
elastomers, owing to their excellent mechanical and
chemical characteristics. However, the mechanical sta-
bility of PUs are low at high temperatures,"” and their
initial temperature of degradation is typically around
200°C, which is near their melting temperature.”™
Therefore, the mechanical characteristics and thermal
stability are improved by altering the structure of the
segments, such as by incorporating into the hard or
the soft segment an aromatic amide,® an aromatic
imide,® or a silicone group.*” The degradation and
stability of various PUs have been studied by thermo-
gravimetric analysis (TGA),>® subambient thermal
volatilization analysis,” mass analysis based on direct
pyrolysis, and TG combined with other techniques
(TG-mass or TG-GC).!*'" The studies demonstrate
that the first step of the degradation of PUs is gov-
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erned by a hard segment that normally comprises a
pure urethane group or a urea group. The second step
in the degradation originates in the soft segment,
which is usually an ester-type or an ether-type polyol.
Although the hard and soft segments of PUs influence
the stability of thermal degradation, the morphology
of the domains that consist of hard segments also,
importantly, affects the mechanical stability in practi-
cal application.

Differential scanning calorimetry (DSC) has been
employed to analyze the morphology of PU domains.
Several references'>'® have suggested that the DSC
thermograms of PUs appear at least four phase-tran-
sition temperatures; they thus have two melting
points (if both phases crystallize) and two glass tran-
sition temperatures, since they have a two-phase
structure.'” Hesketh et al.'® found that the glass tran-
sition temperature (T,) of the soft-segment domains
on ester or ester-type PU was between —80 and —10
°C, depending strongly on the length of the molecular
chain and the degree of phase-separation. The melting
endotherm of the soft segment (T,,s) was between 10
and 20°C, when the soft segment contained suffi-
ciently long molecular chains.>'*'* The DSC thermo-
gram of the hard-segment domains typically exhibits
multiple and broad endotherm peaks, because the
thermal history (annealing effect) causes the hard-
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segment domains to form various morphologies. The
endothermic behaviors of the hard-segment domains,
which include multi-endothermic regions at around
80 or 160°C, were uncertain, or may have various
causes, such as the destruction of urethane hydrogen
bonds'*'® or the morphology of the short-range and
long-range ordered hard-segment domain.'® The mi-
crocrystallization of the hard segment, which was ver-
ified to occur at over 200°C, was evident in materials
with a long aromatic urethane segment'” or a high
hard-segment content.” Infrared spectroscopy indi-
cated that hydrogen bonds remained important at
200°C, and DSC analysis demonstrated that the AH
and AS values varied slowly, contributing only a little
to the observable thermal response.'® Therefore, the
DSC multi-endotherm peaks of the hard segments
demonstrate that the morphological effect is stronger
than the hydrogen bond effect. Many works '¢*%1?
have established that the DSC thermogram of PUs
includes three endotherms regions, associated with
the hard-segment domains. The first endotherm (Re-
gion I), observed between 30 and 90°C, was generally
attributed to an unknown short-range ordering. The
second endotherm (Region II) in the range 120-190°C
was associated with the long-range ordering of hard
segments in an unspecified fashion, or with the onset
of microphase mixing between the hard and soft seg-
ments.'®'? Finally, a large endotherm (Region III),
which was present at around 200°C, was attributed to
the melting of the microcrystalline hard segment.
However, PUs with a low diisocyanate content could
not crystallize, and exhibited only Regions I and II.'¢°

Several works ?'"** have investigated the crystalline
morphology of typical urethane hard-segment do-
mains, using DSC, polarization microscopy, transmis-
sion electron microscopy (TEM), and other techniques.
However, the amorphous morphology of urethane
hard-segment domains has seldom been investigated.
The morphology and the domain structures of silox-
ane-containing hard segments have not yet been con-
sidered. Therefore, this work focuses on the morphol-
ogy of two phases and the endothermic behavior of
the morphology. It investigates the morphology and
the domains of siloxane-containing hard segmented
PU, using DSC and TEM technology.

EXPERIMENTAL
Materials

The authors® reported elsewhere the synthesis and
structures of siloxane-containing PU copolymers,
whose compositions are presented in Table I. The
copolymer’s hard segment comprises various siloxane
chain-extenders, such as 4,4’-diphenylmethane diiso-
cyanate (MDI), and the soft segment consists of poly-
tetramethylene ether glycol (M,, = 2000, PTMG 2000;
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TABLE 1
Hard-Segment Content

Hard-segment

Si-urethane- Si-urea- number-average
HSsC? HSCP molecular weight
Sample (wt %) (wt %) M, )
OH-SiPU1 43.8 — 779
OH-5iPU2 28.0 — 778
NH-SiPU1 — 428 748
NH-SiPU2 — 27.2 747

2 Siloxane-containing urethane hard segment content.

" Siloxane-containing urea hard segment content.

€ The hard se§ment number-average weight was calcu-
lated by method® of M, ,,,=M,,((100 — S_./S.) where M,, ,,;, is
the hard segment number-average weight, M, is the soft
segment number-average weight, and S_ is the soft segment
content (wt %).

or M,, = 1000, PTMG1000, respectively), as shown in
Figure 1.

Differential scanning calorimetry

The DSC measurement was made using a Perkin—
Elmer Pyris 1 DSC with ice water and liquid nitrogen
cooler. Indium was used to calibrate the temperature
and heat of fusion. The mass of the specimens was
roughly 5 mg. The initially scanned specimens were
the untreated samples, which had been stored in a
desiccator below 30°C, for 7 days, before any DSC
analysis. The initial scan of those specimens pro-
ceeded from —100 to 230°C at the rate of 20°C/min in
an atmosphere of nitrogen. The melt-quenched speci-
mens (second scan) were the same as those in the
initial scan. First, the specimens were heated to 230°C
and held at this temperature for 1 min, to eliminate
their thermal history. They were then quenched to
—110°C at a rate of 300°C/min. Subsequently, the
thermograms of the specimens were obtained at a
heating rate of 20°C/min from —100 to 230°C.

The annealed samples were prepared as for the
second scan. They were first heated to 230°C and held
at this temperature for 1 min, to eliminate their ther-
mal history; they were then quenched to 20°C at a rate
of 300°C/min, at which temperature they were main-
tained until thermal equilibrium was reached. There-
after, the thermograms of the samples were obtained
at a heating rate of 20°C/min. The mass of each sam-
ple was ~5 mg. The endothermic temperatures of the
hard segment domains (Regions I and II) exceeded
room temperature herein, and so the DSC thermo-
grams of the melt-quenched samples were measured
only above room temperature, under various anneal-
ing conditions. Figures 5, 7, 8, and 10-12 presented the
various annealing conditions. Additionally, a test tube
full of nitrogen was used in the samples that under-
went annealing for over 24 h. Then, the test tube was
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Figure 1 Structure of siloxane-containing segmented PU copolymers.

placed in a vacuum oven and maintained at a constant
temperature for a predescribed period.

The magnitude of the enthalpy relaxation, caused
by annealing, was calculated from the net area ob-
tained, by subtracting the DSC thermogram of an
unaged sample from that of an aged one. This method
is the generally accepted technique, according to the
literature.>**. The peak position was measured by
using vertical cursors to locate the peak position.

Transmission electron microscopy

TEM was performed using a JEOL JEM 200CX instru-
ment operated at 100 kV. The melt-quenched speci-
mens, after annealing under various conditions, were
enclosed in epoxy resin and cut into ultrathin sections.
Then, the microtomed specimens were stained with
RuO, and examined on copper grids (300 mesh), with-
out any supporting film.

Wide-angle X-ray diffraction

Wide-angle X-ray scattering experiments were con-
ducted on the samples, using a Diano 8536 X-ray
diffractometer. The X-ray beam was a nickel-filtered
Cu Ka radiation (A = 0.1542 nm) from a sealed tube,
operated at a voltage of 30 kV and a current of 30 mA.
Data were obtained while scanning at a rate of 4°/min
from 5 to 60°.

RESULTS AND DISCUSSION
Phase transition regions

The morphology of the segmented PU copolymers has
a two-phase microstructure, because the two dissimi-
lar segment types are incompatible. Therefore, DSC

thermograms of PUs probably exhibit four transition
regions, if both phases crystallize. However, the struc-
ture and concentration of the hard and soft segments,
the molecular weight of the soft segments, the degree
of phase separation, and the thermal history influ-
enced the endotherms of the phase transition regions
in the DSC thermograms '>?%*. Therefore, they deter-
mined whether the phase transition regions were un-
clear or invisible in the DSC thermograms. Figure 2
presents the initial scanning DSC thermograms of the
untreated samples, including three or four phase tran-
sition regions.

Soft-segment transition region

The untreated samples in the first transition region of
the DSC thermograms exhibited a baseline shift from
—80 to —10°C, as shown in Figure 2. This region is

NH-SiPU2

< Heat Flow

NH-SiPU1

OH-SiPU2

OH-SiPU1

-100 -50 0 50 100 150 200 250
Temperature (C)

Figure 2 DSC thermograms of the initial scan for all un-
treated samples.
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TABLE II
Phase Transition Temperatures
Initial scan Melt-quenching scan
T.° T,°

Sample T," (°O) (AH kJ/mol) T (°C) T,¢ (°C) T,* (°C) (AH kJ/mol) T,¢ (°C) T,° (°C)
NH-SiPU2 —69 15(41) 71 — —67 7(9) 75 —
NH-SiPU1 —47 - 79 165 —40 - 83 160
OH-SiPU2 —58 13(25) 77 - —-51 - 80 -
OH-SiPU1 —38 - 89 - —23 - - -

? The soft-segment glass temperature determined by the intersection of the baseline and a tangent through midpoint.

® The soft-segment melting temperature is the peak value.

€T, and T, are the temperatures of endothermic peaks and are related to the amorphous siloxane hard-segment.

considered to be associated with a soft-segment glass
transition temperature (T,) that is typically affected by
the hard-segment content, the molecular weight of the
segments, and the affinity of one segment for other.
The T, value indicates the relative purity of the soft-
segment regions, and so it is related to the degree of
phase-separation.'?

Table II reveals that the T, values of the untreated
samples (OH-SiPU1 and NH-SiPU1) in the initial scan
appeared at around —38 and —47°C. The T, of NH-
SiPU1 is lower than that of OH-SiPU1, for the same
soft-segment length and a near-hard-segment content,
because NH-SiPU1 has strong intermolecular hydro-
gen bonds among the siloxane urea groups of the hard
segments, which restrict the movement of the hard
segments into soft-segment regions. Fewer soft-seg-
ment domains of NH-SiPU1 are contaminated with
hard segments, and so the sample has purer soft-
segment phases. That is, the two-phase structure of
NH-SiPU1 exhibits less mixing between hard and soft
segments (a high degree of phase-separation). Similar
results were obtained for the OH-SiPU2 and NH-
S5iPU2 samples, when the soft segment had the PTMG
2000 composition, as indicated by Table II. Addition-
ally, the length of the soft segment strongly affects the
glass transition temperature. In this work, the samples
(OH-5iPU2 and NH-SiPU2) with a long soft segment
had lower T, values than the samples with short soft
segments (OH-SiPU1 and NH-SiPU1), as shown in
Table II. This result also indicates that the longer seg-
ment of the former has less compatibility.'® The earlier
results indicate that the hard-segment type and soft-
segment length affect the T, and the phase-separation
of the copolymers. The NH-SiPU2 sample in this
work, which exhibits greater phase-separation than
the other samples, because of the greater incompati-
bility of its hard and soft segments, has the lowest T.

As the temperature of the DSC curves exceeded to
0°C, as shown in Figure 2, a large endotherm peak,
which was associated with the crystalline morphology
of the soft-segment, appeared at 15°C (the melting
temperature of soft-segment: T,,). It was obtained only
from the samples (OH-S5iPU2 and NH-SiPU2) with the

long soft segments. The OH-SiPU1 and NH-SiPU1
exhibited no soft segments of melting endotherm, be-
cause both had short soft segments (PTMG1000),
which were responsible for strong steric restriction.

Hard-segment transition region

The DSC thermograms from the initial scan of the
untreated samples exhibited two broad endotherms at
50-110°C(T;) and 150-190°C(T},), outside the soft-seg-
ment transition region, as presented in Figure 2. The
temperature regions of the first and second endotherm
(T, and T,) are the hard segment transition regions in
which morphology is, respectively, the short-range
and long-range ordering of the hard-segment domains
(Regions I and II) 3162628,

The T, of the NH-SiPU2 and NH-SiPU1 samples
between 50 and 100°C were narrower than those of the
OH-SiPU2 and OH-SiPU1 samples, whose T, regions
covered the range of 50-120°C. NH-5iPU2 and NH-
SiPU1 have a narrow T;, which reflects higher phase-
separation or more well-defined hard-segment do-
mains.**” This result also shows that the siloxane-
urea hard segments were more likely to have formed
a Region I than did the siloxane-urethane hard seg-
ments, because the siloxane—urea hard segments had
very strong intermolecular hydrogen bonds.

The second endotherm (T,) for the other samples
except NH-SiPU1, did not show a distinct endother-
mic peak, as presented in Figure 2, because the hard
segments are short, as the samples consisted of two
hard-segment units (including two MDI units and one
chain-extender unit; M,;, = 750). Therefore, long hard
segment domains cannot easily be aggregated under
the preparation conditions used in this work. How-
ever, the NH-SiPU1 sample with a high content of
siloxane—urea hard-segment has a clear endotherm in
Region I, because such hard segments have numerous
hydrogen bonds. The result reveals that the urea hard-
segments easily aggregate into long-range ordered do-
mains. Appropriate annealing conditions can also pro-
mote the formation of the Region II structure, except
for the effect of the strong hydrogen bond, because the
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Figure 3 WAXD intensity of the untreated NH-SiPU2 sam-
ple.

hard segments with short-range order can merge with
the hard segment domains with long-range order.”’”
This phenomenon is discussed in the following sec-
tions (under Results and Discussion), and is confirmed
by the effect of annealing and by TEM.

Many studies'>'®?**” have reported that three hard-
segment transition regions appear on the DSC ther-
mograms of the untreated samples. They suggest that
both Regions I and II were amorphous hard-segment
domains, and the third region of the hard-segment
domain (Region III) exhibited crystallization. How-
ever, a sample with a lower hard-segment content
cannot form crystals, because it did not have suffi-
ciently long hard-segment domains. The literature®®
suggests that PUs hard segments with over three MDI
units and could generate stable crystals. The 260 wide-
angle X-ray diffraction (WAXD) scan of the crystalline
hard-segment domains of the PUs yielded several
sharp peaks at 15-28°, with a Bragg spacing between
49 and 3.51 A?® Figure 3 shows that the WAXD
intensity of the untreated sample (NH-SiPU2) was a
highly amorphous structure, indicating that the endo-
thermic peaks of T; and T, are the second transition
that is related to the amorphous siloxane hard seg-
ments. The amorphous sample can be used to study
the amorphous morphology of the hard segments.
Other samples yield WAXD results that are similar to
those obtained for the NH-SiPU2 sample, which has
the highest phase-separation over any in this work.

Phase transition regions under melt-quenching

The DSC thermograms (Fig. 2) have a clear thermal
history, because all samples were heated at 80°C for
8 h to remove the DMF solvent before they were dried
by vacuuming at 60°C and stored in a desiccator at
25°C for 7 days before the initial DSC scan. Melt-
quenching effectively eliminates thermal history, and
so the flowing sections of the melt-quenched and an-
nealed samples were used to elucidate the morpholo-
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gies of various transition regions of the hard-segment
phase, as well as the endothermic behaviors.

Soft-segment phase

Figure 4 presents DSC thermograms of the melt-
quenched scan. The temperature of the soft segment
transition (T,s) of the melt-quenched samples shifts
upward, as presented in Table II. This result reveals
that heating promotes phase mixing and reduces the
purity of the soft domains. However, the T, value of
NH-SiPU2 is almost unchanged at around —69°C, fol-
lowing melt-quenching. This result shows that barely
any phase mixing occurred in NH-SiPU2. Therefore,
NH-SiPU2 exhibits greater phase-separation than the
other samples herein.

Only NH-SiPU2 exhibited the melting temperature
of the soft segment (T,,) after melt-quenching. Addi-
tionally, the T, value shifted back toward a lower
temperature and the enthalpy of the endotherm de-
clined, as shown in Table II. The result indicates that
the degree of phase-separation in NH-SiPU2 is strong,
and so the hard-segment domains exerted a weaker
filler effect, allowing the soft segment to crystallize.
The crystallization at a lower temperature resulted in
alower T,, and enthalpy, yielding smaller crystals and
a less-ordered crystalline structure. Melt-quenching
changed the state of the other samples from crystalline
soft segment to amorphous, because phase mixing
was extensive, and mixing the hard segments into
soft-segment regions restricted the crystallization of
the soft segments.

Hard-segmented phase

The endotherm regions (T; and T,) of the melt-
quenched samples were flatter and broader than those
of the untreated samples, eventually disappearing
from the DSC thermograms, as shown in Figure 4.

NH-SiPU2

< Heat Flow

NH-SiPU1

OH-SiPU2

OH-SiPU1

-100 -50 0 50 100 150 200 250

Figure 4 DSC thermograms of the melt-quenched scan for
all untreated samples.
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Figure 5 DSC thermograms of the melt-quenched NH-
SiPU2 samples, which were annealed at 60°C for different
periods.

This diminution or disappearance of endothermic be-
havior from the melt-quenched scan suggested that
quenching was too rapid for ordered structures (Re-
gions I and II). The structures after melt-quenching are
therefore difficult to reform again. According to the
literature,?*° the flat endotherm and the small endo-
thermic peak are attributable to the disorderly Regions
I and II or the lower degree of ordering. However, this
phenomenon (a reduced or absent endotherm) can be
promoted by annealing for a long period.””"*'

Endothermic behaviors and morphology of hard-
segment phases

As mentioned earlier, the hard-segment domains (Re-
gions I and II) of the untreated samples are normally
more ordered or have a more complete structure than
the melt-quenched samples. In fact, the untreated
samples exhibit a thermal history, including an an-
nealing temperature (T,) and time (t,), which govern
the formation of the domains. Suitable annealing con-
ditions may increase the completeness of the structure
of the hard-segment domains, and so this section in-
vestigates the relationship between the endothermic
behaviors of the hard-segment domains and their
morphology, under various annealing conditions.

4247

The endothermic behavior and the effect of anneal-
ing on the soft-segment phase have been addressed in
the literature,'® suggesting that the degree of mixing
of the two phases and the crystallization clearly af-
fected the changes of T, and T,,. Furthermore, the
soft-segment phase was clearly a melted state above
room temperature. The hard-segment phase, which
reinforces the soft-segment phase, acts as filler parti-
cles dispersed in the soft-segment phase, while hard-
segment domains at room temperature strongly influ-
ence the physical characteristics of PU copolymers.
Hence, the change in the soft segment-phase and the
stabilization of the structure by annealing was not
considered herein.

The melt-quenched NH-SiPU2 sample exhibited a
high degree of phase-separation and amorphous hard-
segment phases, and so the sample was annealed un-
der various conditions to elucidate the relationship
between the endothermic behaviors and the amor-
phous morphology of the siloxane hard-segment do-
mains. The following DSC thermograms of the melt-
quenched samples were measured only at room tem-
perature, because the endothermic regions (T and T)
of the siloxane hard-segment domains were generally
above room temperature.

Endothermic behavior and morphology of Region I

Figure 5 presents the DSC thermograms of the melt-
quenched NH-SiPU2 samples after further annealing
at 60°C, for various periods. A small endotherm,
which shifted to a higher temperature, appeared near
T,, as shown in Figure 5. Additionally, the enthalpy
increased with the annealing time (t,). Figure 6 plots a
linear relationship between the logarithm of annealing
time (log t,) and both the enthalpy (AH) of the endo-

95 T T T v T T T v T T T 6.0

® DH
o -T1

26 27 28 29 3.0 3.1 32 33 34

log ta{min)

Figure 6 (a) Relationship of the endotherms magnitude,
AH, and (b) Relationship of the endothermic peak position,
T,, with respect to the logarithm of the annealing time. Both
(a) and (b) result from the DSC thermograms in Figure 5.
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Figure 7 DSC thermograms of the melt-quenched NH-
SiPU2 samples, which were further annealed under different
annealing temperatures, T, for 24 h.

therm and its peak position, T;. This plot reveals that
well-ordered siloxane hard-segment domains (Region
I) can be formed more effectively after annealing at
60°C for different periods. Figure 7 displays DSC ther-
mograms of the melt-quenched NH-SiPU2 samples
after they had been further annealed at various tem-
peratures (T,) for 24 h. The highest endothermic peak
appeared at T, ~ Ty (T,) — 20°C. The results in Figures
5-7 were compared with those obtained by Tenbrinke
and Grooten, who™ reviewed all the enthalpy relax-
ation behaviors that are related to the physical aging
of the amorphous polymers. The results are summa-
rized as follows:

1. The enthalpy of the endothermic peak near T,
increases linearly with the logarithm of the an-
nealing time (¢,), when the aged glass is not in
equilibrium.>>?633-3¢

2. The position of the endothermic peak also in-
creases linearly with log t, under the same con-
ditions 24343738

3. The maximum height of the endothermic peak
is a function of annealing temperature when T,
= T, — 20°C.3*»

Therefore, the endothermic behavior of NH-SiPU2
polymer in Region I during sub-T; annealing (at a
temperature below T,) may have been an enthalpy
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relaxation behavior, caused by the physical aging of
amorphous silioxane—urea hard segments. The aging
behavior was, in fact, caused by the inherent lack of
equilibrium of the glass state. During cooling, the
molecules could not reach their equilibrium conforma-
tion with respect to temperature, because viscosity
increased rapidly and the associated molecular mobil-
ity declined as T, approaches. Therefore, the thermo-
dynamic potential existed for the molecules to ap-
proach equilibrium by undergoing further packing
and conformational change. The molecular mobility
below T, although greatly reduced, remained finite,
enabling the polymer molecules to approach the equi-
librium state, as in normal liquid-like packing. The
measurable thermodynamic state functions, enthalpy
and free volume, have been found to drop as the
sub-T, annealing time increased, for amorphous
glassy polymers.

Cooper and coworkers posited that the low-
temperature endothermic behavior (T,) during room-
temperature annealing was a result of the destruction
of the ordered hard-segment regions. The melt-
quenched NH-SiPU2 samples were annealed at 25°C
for extended periods to compare the results with the
proposed enthalpy relaxation behavior of the hard
segment. Figures 8 and 9 indicate that the position and
enthalpy of the endothermic peak increased linearly
with the logarithm of the annealing time. These find-

13,29

1440 hr

720 hr,

360 hr

&

«— Heat Flow

120 hr

\/72 )

0hr

|

melting quenched sample

20 40 60 80 100 120 140 160

Temperautre (C)

Figure 8 Enthalpy relaxation behaviors of the melt-
quenched NH-SiPU2 samples, which were further annealed
for different periods of time at 30°C.
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Figure 9 (a) Relationship of the enthalpy, AH, and (b)
Relationship of endothermic peak position T, with respect
to the logarithm of the annealing time, f,. Both (a) and (b)
result from the DSC thermograms in Figure 8.

ings verify that T} endothermic behavior is probably
enthalpy relaxation, resulting from prolonged physi-
cal aging form the short-range ordering of the silox-
ane-hard segment domains (Region I).

Endothermic behavior and morphology
of Region II

Figure 5 shows that the reordering or reforming en-
dotherm was terminated at around 150°C and that the
endotherm of Region II was not further improved by
annealing at 60°C. This result may follow from the fact
that the hard-segment domains (Region II) are not
disrupted under the annealing conditions, and so the
ordered hard-segment domains cannot be further re-
formed in Region II. However, when the melt-
quenched NH-SiPU2 was annealed at 150°C, an or-
dered structure may be formed again.

Figure 10 displays the DSC thermograms of the
melt-quenched NH-SiPU2 samples after annealing at
150°C for different periods. Three endothermic re-
gions, which are associated with the dissociation of
the noncrystalline ordered hard segment domains (Re-
gion II) 1216181929 appeared between 160 and 200°C.
Multiple peaks have been frequently observed after
annealing at high temperatures.'>?°*! The first peak (a
small shoulder) appeared at about 170°C, just 20°C
above the annealing temperature, probably, as stated
earlier, because of the enthalpy relaxation of the silox-
ane hard-segment caused by physical ageing. In fact,
the enthalpy relaxation is an enthalpy change that is
caused by a change from a nonequilibrium glass state
to an equilibrium glass state. Another two endother-
mic peaks (a small shoulder and the maximum endo-
thermic peak) appeared at around 30°C above the
annealing temperature. Hesketh et al. and Seymour

4249

and Cooper'*'¢ studied the effect of high-temperature

annealing on the thermal behavior of PU. Their results
are compared with those obtained herein. Endother-
mic behavior (in the first and second endothermic
regions) at high-temperature was caused by the re-
association of mobile siloxane hard-segments and dis-
ordered siloxane hard-segments that had moved into
more stable and ordered siloxane hard segments. That
is, higher-temperature annealing disrupts the long-
range ordering of the siloxane hard-segment regions,
which are aggregated again and reformed into silox-
ane hard-segment domains with highly long-range
order. Finally, the domains are dissociated at ~30°C
above the annealing temperature. Therefore, anneal-
ing increased the enthalpy of the endothermic peaks,
to an extent that increased with annealing time, as
shown in Figure 10. The results showed that high-
temperature annealing increased the size and order of
the domains. Nearly, all of the peaks were at around
the same temperature, suggesting that the positions of
the higher-temperature endotherm were independent
of the annealing time. The results also demonstrate
that a stabilized domain structure was formed under
this annealing condition.

Movable siloxane hard segment

Figures 9 and 10 indicate that T, was completely ab-
sent when the annealing temperature exceeded 150°C.
Cooper et al.'*'® investigated PUs and noted that
high-temperature annealing eliminated the T;. Such
annealing increased the temperature of the endother-
mic peak (T;), until it merged with T,, and so eventu-
ally only a single endothermic peak was present. The
results reveal that the Region I structure was more
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Figure 10 DSC thermograms of the melt-quenched NH-
SiPU2 samples, which were annealed at 150°C for different
periods.



4250
2
kel
[T
= 140 °C
o}
I
: \’\/—\130 ©

/\/\/_\120 ‘
\_\/—\/_\m t
/\_/\

melting quenched sample
N

Y] 50 100 150 200 250
Temperature (C)

Figure 11 DSC thermograms of the melt-quenched NH-
SiPU2 samples, which were further annealed under different
annealing temperatures, T, for 1 h.

easily moved as the annealing temperature increased,
and can merge with the Region II structure. Addition-
ally, annealing can move the T, peak (Region I), with-
out creating a well-developed T, peak (Region II).

The motion of Region I and the morphology chang-
es; therefore, the melt-quenched NH-SiPU2 samples
were annealed at moderate temperatures between 110
and 140°C for 1 h, as plotted in Figure 11, for investi-
gating the movable ability of the siloxane hard-seg-
ment domain (Region I). Figure 11 reveals that a small
endothermic peak was present at about 20°C above
the annealing temperatures (110, 120, and 130°C). The
result is consistent with the relationship T; — T,
~ 20°C. However, the small endothermic peak almost
disappeared after annealing at 140°C, and merged into
the endothermic range of Region II. Furthermore, the
positions and sizes (T, peak) at annealing tempera-
tures between 110 and 130°C remained almost con-
stant. However, the T, size clearly increased when the
annealing temperature increased to 140°C, because the
temperature of the T, peak (Range I) entered the T,
range and combined with T, (Range II). The results
demonstrate that Range II for NH-SiPU2 develops
poorly below the annealing temperature of 140°C.

The melt-quenched NH-SiPU2 samples were an-
nealed at 120°C for different periods, as displayed in
Figure 12, to demonstrate further the T, behavior as-
sociated with enthalpy relaxation at moderate temper-
atures. Figure 12 indicates that the position and en-
thalpy of the T, peak increased with the annealing
time. Figure 13 plots the linear relationships between
both the temperature position and the enthalpy of the
T, peak with the logarithm of the annealing time (log
t,). Figures 12 and 13 demonstrate that the behavior of
T, is that of enthalpy relaxation, caused by physical
aging of the amorphous NH-SiPU2 polymer.
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Figure 12 DSC thermograms of the melt-quenched NH-
SiPU2 samples, which were annealed at 120°C for different
periods.

Waxd analysis

Figure 14 presents the WAXD scan of the melt-
quenched NH-SiPU2 sample annealed at 150°C for
1 h. The WAXD intensity and pattern exhibited a
completely amorphous structure, revealing that the
endothermic behavior following annealing did not in-
volve melting crystallization. This result demon-
strated that Regions I and II consisted of amorphous
siloxane hard segments.

Morphology of Regions I and 1I

As stated in the preceding section, DSC elucidated the
endothermic behaviors of siloxane hard-segment do-
mains and the relationship between the morphologies

DH (J/g)

134 1 N L 1 . L 1 " i 1 0.5
1.4 1.5 1.6 17 1.8 1.9 20 21

log ta(min}

Figure 13 (a) Relationship of the enthalpy, AH, and (b)
Relationship of endothermic peak position T;, with respect
to the logarithm of the annealing time, f,. Both (a) and (b)
result from the DSC thermograms in Figure 12.
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Figure 14 WAXD intensity and pattern of the melt-
quenched sample NH-SiPU2 at 140°C annealing for 1 h.

and the domains of the hard-segment. Moreover, bet-
ter annealing conditions yielded more complete struc-
tures of the domain (Regions I and II). Despite the fact
that DSC analyzed the morphologies and endothermic
behaviors of the siloxane hard-segment domains
herein, no definite morphologies of the siloxane hard-
segment domains under suitable annealing conditions
were obtained. Figures 15 and 16 present the TEM
patterns of the melt-quenched NH-SiPU2 samples an-
nealed at 80 and 140°C for 1 h, to elucidate the mor-
phological features of siloxane hard-segment domains
(Regions I and II). The TEM image shows that the
silioxane hard-segment domains clearly include me-
tallic elements, which are indicated by the white ar-
row in Figure 15. Furthermore, the amount and dis-
tribution of siloxane hard-segments in the domain can
be easily estimated from the pattern and the formation
of Regions I and II, because the metallic elements
appear on the domains. Figure 15 reveals that the hard
segment domain (Region I) with short-range order,
which contained at least seven siloxane hard-segment
groups, was almost circular, with a diameter of 200-
500 nm. The siloxane groups are arranged on the
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edges of the domains, favoring the creation of optical
materials. Two small domains, which were formed by
the aggregation of urethane hard segments, caused by
the intermolecular hydrogen bonds in the segment,
were present in the upper right of the pattern. Figure
16 displays the long-range ordering of the hard seg-
ment domain (Region II), and the two small Regions I
gradually merged with Region II to form a domain
with a size of ~800 nm (indicated by a dashed arrow;
the white arrow indicates the siloxane groups).

CONCLUSIONS

Siloxane-containing segmented PU consists of two-
phase structures include hard and soft-segment
phases. Therefore, the DSC thermogram potentially
exhibited four phase transition temperatures, al-
though usually fewer than four phase transition tem-
peratures are observed because of the compositions of
the soft and hard segments, the extent of phase-sepa-
ration, and the thermal history.

In this work, the DSC and WAXD analysis of the
melt-quenched NH-SiPU2 sample revealed a high de-
gree of phase-separation and amorphous siloxane
hard-segment domains, elucidating the endothermic
behaviors and morphology of the amorphous siloxane
hard-segment domains. The domains comprised silox-

Figure 15 TEM pattern of the melt-quenched NH-SiPU2
sample, which was annealed at 80°C for 1 h.
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Figure 16 TEM pattern of the melt-quenched NH-SiPU2
sample, which was annealed at 140°C for 1 h.

ane hard segments, which form ordered hard-segment
regions (Regions I and II), during extensive annealing.
The endothermic nature of T; in Region I was associ-
ated with enthalpy relaxation behavior caused by pro-
longed physical aging. The endothermic nature of T,
in the highly stable Region II exhibited the enthalpy
relaxation behavior of the siloxane hard segments
with long-range ordering, and the reformation and
dissociation of the amorphous siloxane hard-segment
domains with long-range ordering. The morphologies
of Regions I and II were observed) by TEM, which
established that the structures were almost circular,
and aggregated by ordered amorphous siloxane hard
segments. The DSC thermograms and TEM photo-
graph verified that the moveable structure of Region I
was able to merge with the stable structure of Region
II, when the annealing temperature exceeded 140°C.
The stable Region II structure was formed at a suitable
annealing temperature, and so the long-range siloxane
hard-segment domains improved the mechanical
properties of the PU materials. These domains acted as
filler particles for the rubbery soft-segment matrix.
The formation of the stable structure in Region II
facilitates the manufacture of elastic fibers and elastic
fabric, because spinning, dyeing, and finishing usually
occur at high temperature.
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