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ABSTRACT: In this study, a series of aqueous polyur-
ethane modified by poly(dimethyl siloxane) PDMS were
synthesized, which were based on polyoxytetramethylene
glycol (PTMG), isophorone diisocyanate (IPDI), dimethylol
propionic acid(DMPA), and PDMS. The copolymer was
characterized by FTIR and the fraction of hydrogen
bonded carbonyl group was determined through decom-
position of C=O0 stretching. Energy dispersive X-ray ana-
lyzer (EDX) was used to investigate the siloxane concentra-
tion on the surface and bulk regions. The morphology of
aqueous polyurethane before and after modification was
studied by SAXS, including the interface between soft and
hard micro-domain, the size and shape of the dispersive
particles, as well as the degree of the phase separation.
Influence on the morphology structure of aqueous polyur-

ethane in different type and content of organic silicone
was studied. It was shown that the degree of hydrogen
bonding and phase separation of aqueous polyurethane
decreased after the introduction the PDMS resulted from
the migration of PDMS to the surface of the film. There-
fore, water resistance improved a lot after the introduction
of PDMS with different structures, and the tensile strength
and elongation of APDMS(PDMS terminated by hydrox-
yalkyl) decreased while those of EPDMS(PDMS terminated
by hydroxyl polyether) appeared little increase at low con-
tent and than decreased. © 2007 Wiley Periodicals, Inc. ] Appl
Polym Sci 105: 3037-3046, 2007
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INTRODUCTION

Polyurethane is an interesting class of copolymer
because its excellent mechanical properties contrib-
uted to the formation of a microphase separation,
consisting of hard-segment-rich domain, soft-seg-
ment-rich matrix, and interphase between them. The
hard domains act as filler materials in soft segments
matrix and provide filler-like reinforcement to the
soft segment matrix.

It is widely known that research and develop-
ment of aqueous polyurethane has been motivated
by environmental considerations to reduce solvent
emissions or even solvent free. However, because
of the introduction of hydrophilic extender, aque-
ous polyurethane has to be modified to improve its
water-resistance. Recently, interest in modification
on aqueous polyurethane to improve its water re-
sistance and surface properties has been mainly
focus on PDMS, which possesses several interesting
properties including low T, low surface energy
(that can easily transfer around on the surface of
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the polymer and provide good hydrophobicity),
and high stability, and so forth."® It has been
widely reported that, because of the large differ-
ence between the solubility parameter of the non-
polar PDMS and high polar polyurethane, seg-
mented PDMS-PU copolymers, where PDMS as
soft segments demonstrated excess degree of micro
phase separation, yielded relatively poor mechani-
cal properties;” therefore, a number of methods
have been demonstrated to improve the phase mix-
ing of these materials, including use of blended
soft segments of PDMS and polyether-diol.® Since
it could decrease the degree of phase separation,
the introduction of small PDMS content to PU,
whose soft segment was pure polyether-diol,
should influence the micromorphology structure
including the degree of micro-phase separation.
Therefore, it is very interesting to study the micro-
morphology structure of polyurethane system
modified by organic silicone, and it is meaningful
to analyze and control bulk properties of the
material.

The detailed domain morphology of the materials
and its main parameters can be characterized by
small-angle X-ray scattering (SAXS).” Careful appli-
cation of SAXS analysis provides measurements of
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Scheme 1 Structure of PDMS; a: APDMS, b: EPDMS (m/n =~ 1/2).

interdomain space, the shape of the scattering parti-
cle (hard domains), the diffuse phase thickness, and
degree of phase separation.

In this study, a series of polyether aqueous poly-
urethane modified by different PDMS which termi-
nated by (hydroxyalkyl and hydroxyl polyether) are
synthesized. The structure was characterized by
FTIR and the degree of hydrogen bonding was
investigated through decomposition of C=O stretch-
ing in infrared spectrum. The morphology was
investigated by SAXS and confirmed by AFM, which
provided advantage evidence to the analysis and
control the bulk properties. In addition, a micromor-
phology structure model is proposed based on the
results of measurements and analysis, which pro-
vides reasonable explanations for the effects of mor-
phology on bulk properties of the modified materi-
als.

SAXS analysis

SAXS could provide information on the morphology
of a two-phase system when the domain sizes are on
the order of nanometers and the electron density of
the two phases differ sufficiently.'”

SAXS analysis on the parameters of morphology
structure in our study were taken under the scattering
theory and experimental results reported by anteces-
sors. !

The simplest of these analyses involves the appli-
cations of Bragg’s equation'” to determine interdomain
space, sometimes called the “long period,” which
can be obtained from:

d= ZTC/Qmex (1)

where g is the scattering vector and is defined as fol-
lows:

g =4n(sin6)/A (2)

where 0 is an half of the scattering angle and A is
the wavelength of radiation.

Gmax denotes the value of g at the peak of the scat-
tering profile: the I(g) versus g plot, which is always
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substituted by I(g)q> versus g plot after Lorentz cor-
rection."

When the scattering profile is extrapolated to infi-
nite scattering vector, for two phase structure with

sharp phase boundaries, the Porod’s law'* is given
by:"®
K
liml(q) = — 3)
g—oo 1

However, real systems contain two structure fea-
tures, which leads to deviations from this law. The
existence of diffuse phase boundaries will contribute
to negative deviations from Porod’s law; then the
corresponding Porod’s law relation is:'®

2
Kh{; 4(’1) )

liml(g) =

q—00

Where H(g) is the Fourier transform of a function,

which accounts for smoothing of the phase bounda-

ries. Equation (5)°could be obtained from Eq. 4)
given by

In [7*|(¢)] = InK —1/2 o *¢? (5)

According to (5), interphase thickness E° related
to G is obtained by the slop of the plot In [I(g)*q"]
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Figure 1 FTIR spectra of PU and PU-PDMS.
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Figure 2 Decomposition of C=0 stretching for PU and PU-PDMS samples.

versus g¢°. Then I(g)
through:1”

is amended to be I(g)

In [7*[' ()] = In [4*|(9)] + o ¢ (6)
Other parameters of morphology are the shape
and size of domains, which may be obtained by
extrapolating the scattering profile to zero based on
Guinier’s law'® given by:
I'(q) = 1.N” exp(~q"Ry/3) 7)
where I, is scattering intensity of single electron, N
is the number of electrons in one scattering domains,
R, is gyroidal radius of domains, which reflects the
average size of them. The plot of In I(g) vs. ¢

according to Eq. (8) is a linear with the slop whose
value is Ry/3."®

In/(q) = In (I.N*) — °R¢/3 (8)

The last parameter DPS (the degree of overall
phase separation) is reflected in ratio 9):°

©)

Apé is the variance in electron density for an ideal
two phase system, defined as:’

Ap? = d102(p1 — p2) (10)

Where ¢; and p; are the volume fraction and elec-
tron density of ith phase, respectively. This value

DPS = Apz/Apf

TABLE I
Decomposition Results of C=0 Stretching

Peak position (cm™?)

Fraction of peak area

Disordered Ordered Disordered Ordered
Free H-bonded H-bondeded  C=0 of Free H-bonded H-bondeded  C=0 of
Sample Total C=0 C=0 C=0 DMPA C=0 Cc=0 Cc=0 DMPA X
PU 1709 1725 1706 1690 1646 0.22 0.26 0.42 0.10 0.68
PU-EPDMS 1710 1725 1706 1686 1644 0.29 0.27 0.34 0.10 0.61
PU-APDMS 1713 1724 1701 1689 1646 0.35 0.17 0.37 0.11 0.51
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TABLE II
EDX Result for PU-APDMS
Relative percent of atom/%
O N C Si
Surface 24.51 2.04 72.20 1.25
Bulk 22.62 2.59 74.55 0.24

may be calculated from the known chemical compo-
sition and densities of the component phases by
assuming complete phase separation. However, Ap?’
is the real experimental electron density variance
with the presence of mixing within phases and dif-
fuse boundaries. It is defined as follows:’

1 o0
20 12
8 = [0 ay)

The above integral may be calculated through
extrapolation of measured scattering profiles. Then
Ap® may be obtained as well as DPS.

EXPERIMENTAL
Materials

Polyoxytetramethylene glycol (PTMG, M,, = 2000 g
mol~!, OH number = 112 mg of KOH per gram;
HuaDa Chemical Corp. Yantai, China); isophorone
diisocyanate (IPDI, Degussa-Hus). Dimethylol propi-
onic acid (DMPA, Perstorp Polyols Inc.); enylene
diamine (EDA, AR, Xingzhen Chemicals First Fac-
tory, China)); acetone and N-methyl-2-ketopyrrolidi-
ne(NMP, distilled before use), triethylamine(TEA,
AR, Xingzhen Chemicals First Factory, China), stan-
nous laurate as catalyzer. APDMS(PDMS terminated
by —CH,—CH,—OH, M, = 2000, DeYi Chemical,
Shanghai, China), EPDMS(PDMS terminated by —
(CHz—CHz—CHz—O)Tl—CHz—CHZ—OH, Mn = 2000,

& -
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DeYi Chemical, Shanghai, China), the detailed struc-
ture of the PDMS is showed in Scheme 1.

PDMS segmented aqueous polyurethane synthesis

Reaction was carried out under a nitrogen atmosphere
in four-necked round-bottomed flask with a mechani-
cal stirrer, thermometer, condenser and dropping fun-
nel. An oil bath was used to control the temperature.
The stoichiometric IPDI was first added to the flask.
Stirring was then started and heated the material to
about 60°C. DMPA resolved in NMP was added and
the reaction at 60°C was kept about 1 h. Catalyst was
then added and the temperature was raised to 80°C.
Stoichiometric PTMG and PDMS were added to the
system and kept it under 80°C for 3 h. The progress
of the reaction was controlled by titration to determine
the content of NCO in the system. Then the tempera-
ture of the system was allowed to fall to 50°C and the
carboxylic acid groups were neutralized by addition
of TEA. A little acetone was added to decrease the
viscosity of the prepolymer. The mixture was stirred
for further 60 min to ensure the neutralized reaction
completed. After this step, with the addition of pre-
polymer to water and EDA to the mixture, the reac-
tions of dispersion and chain extending completed by
stirring for about 30 min.

Film samples preparation

Certain mass emulsion was put into the glass model
and allowed to dry at room temperature for about
48 h. The polyurethane cast films were obtained after
staying at oven about 3—4 h under 60-100°C and at
vacuum oven for 24 h under 80°C. The thickness of
the cast films were about 0.3-0.5 mm.

Characterization

FTIR result was obtained using a Electron Nicolet
5700 FTIR spectrometer using solvent (THF) cast film
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Figure 3 Scattering profiles for PU modified by different PDMS.
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TABLE III
SAXS Calculated Results for PU Modified by different
PDMS

Tmax d E Rog
(m™) (nm) (nm) (A)

PU 0.07112 88.30 16.0 96
PU-EPDMS 0.07397 8490 16.3 64
PU-APDMS 0.07539 83.30 15.0 56

Sample Ap* Apc®>  DPS

0.01589 0.00653 0.41
0.01616 0.00591 0.36
0.01649 0.00477 0.28

on KBr discs. SAXS experiments were taken at room
temperature, on a Nanostar U small-angle X-ray scat-
tering system (Bruker, Germany), using Cu-Ko radia-
tion (wavelength = 0.154 nm, 40 KV, 35 mA) and pin-
hole collimation system; all the data were corrected
for background. AFM experiments were taken at
American DI nanoscope IIIA system, using multi-
mode. SEM-EDX experiments were taken on JEOL
JSM-6360LA SEM system and EX-23000BUB energy
dispersive X-ray analyzer. Tensile test for the films
were carried out using CMT tensile tester at room
temperature and the tensile speed was 500 mm
min "' Water resistance of the films was determined
by the weight for 48 h. The weights of samples before
and after soaking in water were signed as m; and i,
respectively. Rate of water absorption A used to deter-
mine the water resistance was defined as follows:

A= [(ﬂ’lz — ml)/mﬂlOO% (12)

RESULTS AND DISCUSSION

FTIR result
The typical FTIR-ART spectra of PU and PU-PDMS

is showed in Figure 1. With the introduction of
PDMS, the intensity of the peak around 1080-1100

I(gi*q'

a 1m 12 14 186 18
o™

Figure 4 Typical Porod” s law curves with the negative
deviation.
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Figure 5 Porod’ s law curves for PU.

em ' (C—O—C, Si—0—Si streching), 1260 cm™*(CHj
in Si—CH; sym.bending) and 803cm '(CH3;—Si
rocking) increased, which indicated that the PDMS-
PU copolymer formed.*

Infrared spectroscopy has been employed exten-
sively to study the hydrogen bonding and is a useful
tool for characterizing the characteristics of hydrogen
bonding in domains.”*™** The frequency of hydrogen
bonded groups are lower than the corresponding
free groups(ie. C=O in PU structure). It has
reported®*** that the peaks around 1610-1740 cm '
showed in Figure 1 were the composition of C=0
stretching including stretching of free urethane car-
bonyl groups around 1725 cm ™', whereas the ure-
thane carbonyl stretching around 1710 cm™' is due
to hydrogen bonding in disordered regions, which is
attributable to the carbonyl participating in the ure-
thane linkage of interfacial regions or being dis-
solved in the soft phase, the stretching of the stron-
ger hydrogen bonds at a lower frequency around
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Figure 6 Guinier curves for PU modified by different
PDMS.
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Figure 7 Scattering intensity plot of PU and PU-PDMS.

1695 cm ™! in ordered or crystalline regions and the
stretching of hydrogen-bonded carboxylic carbonyl
groulps, which come from the DMPA unit near 1665
cm .

The spectra were analyzed with a curve-resolving
technique based on linear least-squares analysis to fit
the combination of Lorentzian and Gaussian curve
shapes.”® Curve fitting of the C=0 stretching region
was performed for all samples. Figure 2 shows the
results of the curve fitting procedure for PU and PU-
PDMS samples with various types of PDMS to inves-
tigate the degree of h;fdrogen bonding.

The total fraction™ of the carbonyl absorption
group participating in hydrogen bonding is ex-
pressed as X, = S;/S;, where S; is the total peak
area of carbonyl groups and S, is the peak area of
hydrogen-bonded carbonyl groups. The results were
listed in Table 1.

The results showed the disordered the H-bonded
C=0 decreased when the APDMS was introduced,
while that of PU-EPDMS changed a little, which indi-
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Figure 8 Typical Porod’ s law curves with the negative
deviation.
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cated that the interphase thickness was thinner in the
former and changed a little in the latter one.*** From
the fact that the ordered H-bonded C=O decreased a
lot in the both modified samples, may demonstrate
the hard domains concentrated less than unmodified
sample. Value of X, decreased after the modification,
which may low the cohesive energy of the system and
decreased the strength of the material.

SEM-EDX result

Table II shows the results of SEM-EDX for the PU-
PDMS samples.

Table II showed that percent of atom Si in the sur-
face of film was much larger than that in the bulk of
the film. It indicated that the most of siloxane
migrated to the surface of the film due to its low
surface energy. Since the PDMS was introduced to
the backbones of the PU structure, the trend of the
migration may influence the formation of ordered H-
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Figure 9 Guinier curves for PU modified by different
content of EPDMS.
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TABLE IV
SAXS Calculated Results for PU Modified by Different Content of EPDMS
Content of EPDMS Gnax (M) d (nm) E (nm) R, (nm) Ap* Apc? DPS
0% 0.07112 88.30 16.0 96 0.01589 0.00653 0.41
1% 0.07255 86.56 16.2 94 0.01600 0.00667 0.41
3% 0.07397 84.90 16.3 64 0.01616 0.00591 0.36
5% 0.07539 83.3 15.5 60 0.01634 0.00512 0.31

bonding and the congregation of the hard segments.
It should ruin the micro structure of the samples.
The change on the microstructure should be testified
by the SAXS results. However the results may
improve the water resistance a lot for the modified
samples.

SAXS results for PU and PU-PDMS

Figure 3(a) shows the scattering profile of different
samples I(q) versus g, from which it could be
obtained that these systems were microphase separa-
tion. The so-called Lorentz correction'® by multiply-
ing I(q) with q2 is showed in Figure 3(b).

Gmax Was obtained from Figure 3(b) and the inter-
domain spacing d calculated through Bragg Eq. (1):
d = 21/ g0 Were listed in Table III.

Figure 4 shows the plot I(g)*q* versus ¢4*° to find
out the main effect on the deviation from Porod’s
law. It was implying the diffuse interphase exist and
it made negative deviation from the Porod’s law.
The interphase thickness E obtained through (5), and
the results were showed in Table III. The negative
deviation was amended through (6) as shown in Fig-
ure 5 (take PU as an example) and the real intensity
could be obtained to calculate other parameters.

After amendment, and Guinier curves of the sam-
ples before and after modification through (8) were
showed in Figure 6:

According to (8), Ry of hard domains could be
obtained by the slop of the linear when g tended to
zero, as well as the length of the linear that reflected
the symmetry of the hard domains. All the calcu-
lated results were listed in Table III.

DPS of the samples were calculated from egs. (9)-
(11) the results were also listed in Table III.

It indicated that the interdomain spacing, the
size of hard domains and the degree of phase sep-
aration decreased after the modification. The
influence was more on the PU-APDMS. The inter-
phase thickness E of PU-EPDMS increased while
that of PU-APDMS decreased. According to the
results of H-bonding analysis, R, decreased
should due to the less ordered H-bonded C=O in
the hard domains and make it difficult to congre-
gate the hard segments to form the larger hard
domains. The change on E were identified the
fraction of disordered H-bonded C=O. Mean-
while, it demonstrated that the migration of silox-
ane really influenced the regular of the structure,
thus the domains formation were difficult and
resulted in a less degree of phase separation. The

soft
segment
embed
into hard
domain

APU BPU-EPDMS3% C: PU-APDMS3%

Figure 10 AFM for PU and PU-PDMS. [Color figure can be viewed in the online issue, which is available at www.

interscience.wiley.com]
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Figure 11 Mechanical property of PU and PU-PDMS.

different change happened on the different types
of the PDMS should due to their different struc-
ture as showed in Scheme 1. The long polyether
chains made the chains more flexible thus
increase the possibility of contact between soft
and hard segments and increased the interfacial
regions. Additionally, less DMS chains made the
smaller influence brought by the migration of si-
loxane.

SAXS results of PU films on different content
of EPDMS

Figures 7-9 described the plots to obtain the mor-
phology structure parameters including interdomain
spaces d, interphase thickness E, the size of the hard
domains R, and the degree of phase separation DPS
like those described above.

All the calculated results were listed in Table IV.

From Table IV it was found that d, R,, and DPS
decreased with the content of EPDMS increasing.
However, the interphase thickness E increased when
the EPDMS was very small while when the content
increased to 5%, E was decreased. The results were
due to the migration of the EPDMS to the surface
because of its low surface energy. With the more
content of EPDMS introduced to PU, the regular
structure ruined more seriously. Also, the H-bonded
system was changed to the different extent. How-
ever, because of its special structure, the migration
of PDMS ruined the regularity and at the same time,

JIAO, ZHAOQI, AND YUN

s TN\ N

Figure 12 24 h and 48 h water absorption of PU and PU-
PDMS.

it increased the flexibility of the chains and increased
the contact between soft and hard segments thus
increased E. The opposite effects were happened at
the same time; therefore, the results demonstrated
the integrative appearance.

AFM result of micromorphology

Figure 10 shows the AFM images of aqueous PU
film before and after modification with different
type of PDMS.

According to the principle of tapping mode of
AFM operation, the light color areas in Figure 10
represented the micro-domain of hard segments, and
the dark color areas correspond to the microdomain
of soft segments.”” Figure 10(A) shows the AFM
image of pure PU film, micro-phase separation of
soft segments and hard segments can be observed
clearly. The congregating hard segments dispersed
into the soft phase, but the size of hard segment
microdomain is a little bit larger. Figure 10(B,C)
shows the AFM images of PU modified by PDMS,
microdomain of hard segments also dispersed into
the soft phase, but the size of microdomain become
smaller and more dispersedly. From Figure 10(C),
part of soft segment embed into the microdomain of
hard segment, because that the long PDMS segment
of APDMS which is incompatible with hard seg-
ments was introduced into PU molecular backbone

TABLE V
Macroproperties of PU and PU-PDMS
Tensile Water Water
strength absorption absorption
Sample (Mpa) Elongation/% 24 h/% 48 h/%
PU 32.56 1419 8.89 12.21
PU-EPDMS 28.18 1625 5.88 6.02
PU-APDS 23.61 1081 534 552

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE VI
Macroproperties of PU in Different Content of EPDMS
Tensile Water Water
strength absorption absorption
Sample (Mpa) Elongation/ % 24h /% 48h /%
PU 32.56 1419 8.89 12.21
PU-EPDMS-0.5 3391 1457 721 7.72
PU-EPDMS-1 31.88 1459 6.13 6.23
PU-EPDMS-3 28.18 1625 5.88 6.02
PU-EPDMS-5 22.50 1608 57 591

chain and prevented the large microdomain of hard
segments packing. All those were identical with the
analysis results from SAXS.

Mechanical properties

Macroproperties of aqueous PU film in different
type of PDMS

Figure 11 and Table V show that the pure aqueous
PU film had excellent mechanical properties due to
proper microphase separation, the tensile strength
was about 32.56 MPa and the elongation at break
was more than 1400%. The tensile strength was
reduced after modification of PDMS, the elongation
at break was improved with the modification of
EPDMS, but decreased with the modification by
APDMS.

According to analysis of SAXS, with the introduc-
tion of PDMS, the degree of phase separation and
the hydrogen bonding between hard domains
decreased and the cohesion energy in smaller hard
domains was weaker, which may decreased the ten-
sile strength of the materials. In addition, as resulted
from SAXS analysis, the thinner interphase thickness
E (APDMS) indicated the cohesive strength between
soft and hard phase decreased, thus the function of
hard domains as reinforcement were deceased, and
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Figure 13 Mechanical properties of PU in different con-
tent of EPDMS.

the materials demonstrated lower tensile strength.
However, thanks to the relative lower content of
DMS and little larger interphase thickness compared
to PU, mechanical properties of PU-EPDMS was rel-
atively similar to those of PU, especially when the
content of EPDMS was not large.

As to the water-resistance shown in Figure 12 and
Table V, the water resistance of PU films increased
greatly after modification due to the low surface
energy of PDMS and its migration to the surface of
the film, as well as the smaller and more dispersedly
hard domains contained hydrophilic groups should
contributed to nonexcess and nonmass absorption of
water. However, when the introduction content of
PDMS was the same, because of the longer DMS
chains in APDMS, PU-APDMS demonstrated better
water resistance.

Macroproperties of aqueous PU film in different con-
tent of EPDMS

Figure 13 and Table VI show that the tensile strength
of aqueous PU film was decreased with increasing
of content of PDMS while the elongation at break
increased in low content.

The explanation for the Figures 13 and 14 and Ta-
ble VI can be given on the basis SAXS results. On
the one hand, the tensile strength was decreased
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Figure 14 24 h and 48 h water absorption of PU-Si in dif-
ferent content of organic silicon.
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mainly due to the less hydrogen bonding between
hard domains and the decrease of DPS with the con-
tent of EPDMS increasing. On the other hand, the
elongation at break was increased when the content
was low given by the smaller hard domains and rel-
ative little increasing in interdomains thickness.
However, when the content of PDMS to certain
degree, the mechanical properties decreased, espe-
cially the elongation tended to decrease resulted
from the introduction of more PDMS and the phase
separation got the negative effect to the lower
degree. The change happened on the mechanical
properties proved that the introduction of PDMS to
polyurethane should be controlled to a certain
degree, though the water resistance was increasing
with the PDMS content increasing to a certain con-
tent, (like more than 5%), mechanical properties
would decrease while water resistance improve only
a little, as it was showed in Figure 14. The results
should be interpreted through the change of mor-
phology structure that with the increase in PDMS
content, the interphase thickness could not remain
increasing due to the more DMS decreased the prob-
ability of hydrogen bonding between soft and hard
segments as the results from FTIR analysis and the
less regularity of the structure as the results from
SAXS analysis.

CONCLUSIONS

The micro morphology structure particular the struc-
ture of hard domains of aqueous polyurethane was
affected after the modification by PDMS. The incom-
patibility between the PDMS and hard segment of
polyurethane and the migration of siloxane to the
surface thus ruin the regular structure and hydrogen
bond system should be the main reason to the
change, After the modification by PDMS, the interdo-
main space, the size of hard domains decreased. The
interphase thickness E, which should be the main
point to the mechanical properties of the micro phase
separation materials changed based on the different
structure of PDMS. With the change happened on the
structure parameters, the total degree of phase sepa-
ration and the macro properties were effected which
should demonstrate the integrated results.

Journal of Applied Polymer Science DOI 10.1002/app
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The purpose to improve the water resistance has
been obtained since after the introduction of PDMS,
the water absorption could decrease to less than 6%
or even lower than it. According to the mechanical
properties, in our system EPDMS should be the rea-
sonable choice for the modification for its relative
less effect thanks to its special structure. However,
the content of the EPDMS introduction should be
controlled at a relative low value if mechanical prop-
erties are under the consideration.
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