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1. Introduction

Polyurethane (PU) is one kind of linear-
[A-B]n-block copolymer. One of the 
blocks is relatively flexible with a low 
solubility parameter and is referred to 
as the soft segment, while the other 
block is either highly polar and/or stiff 
with a high solubility parameter and is 
known as the hard segment1. The soft 
segment contains polyester diol or 
polyether diol, while the hard segment 
is derived from diisocyanate, such 
as isophorone diisocyanate (IPDI), 
1,6-hexamethylene diisocyanate 
(HDI) ,  4 ,4’-diphenylmethane 
diisocyanate (MDI), and short chain 
extender like 1,4-butanediol, or 
ethylene diamine2, 3. The chain of 
polyurethane is built up from more or 
less immiscible segments, which can 
segregate above the glass transition 

temperature of the soft phase. This 
process is called phase separation4. 
The extent of phase separation and the 
composition of the phases decisively 
influence the final properties of the 
material. The unique properties 
of polyurethane are related to the 
phase separation, in which the hard 
segments act as thermally-reversible 
physical crosslinking sites within 
the soft matrix, resulting in excellent 
thermoplastic and mechanical 
properties for the polyurethanes5,6. 
There are many factors affecting 
this morphology: hydrogen bonding 
interaction between internal /external 
segments, the degree of crystallization 
of the hard or soft segment, segmental 
polarity difference, segmental length, 
overall composition and molecular 
weight. The morphology of these 
microdomains strongly affects the 

mechanical properties of polyurethanes. 
Therefore, it is important to understand 
the relationships between the phase 
morphology and mechanical properties 
of polyurethane film. Some articles 
have studied the phase morphology 
of polyurethane and its effect on 
properties11-15. Mishra et al.11 studied 
the effect of chain structure on the 
morphology of polyurethane at various 
length scale. Two-phase morphology 
was seen in aliphatic polyurethanes, 
and mostly single phase was observed 
in aromatic polyurethanes. AFM 
topographs exhibited banded domains 
for aliphatic PUs and the dimensions of 
the domains gradually decreased with 
increasing hard segment content. Sheth 
et al.12 reported a hard segment phase 
connectivity and percolation model 
for segmented poly(urethane urea) 
copolymers. The results showed that 
the tapping-mode AFM phase image of 
the poly(urethane urea) sample without 
hard segment branching exhibited 
the form of long ribbon-like hard 
domains percolating in the soft matrix. 
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Culin et al.13 studied the effect of 
functional group concentration on the 
phase morphology of functionalized 
polyester polyurethanes. They found 
that the changes of crystallinity 
and morphology were due to the 
incorporation of carboxylic functional 
groups in the hard segment. The phase 
separation, the degree of crystallinity 
and the size of spherulites depended on 
the interactions imposed by functional 
groups. A critical concentration of 
functional groups was observed at 
which the crystallizability reached its 
maximum. The principal diisocyanate 
raw materials for synthesis of 
polyurethane include TDI, MDI, HDI, 
IPDI etc.16-17. Due to the presence of the 
rigid aromatic ring, the aromatic-based 
polyurethanes exhibit high strength and 
high modulus; however, the colour of the 
film is easy to turn yellow, which limits 
the wide use of aromatic diisocyanates18. 
However, polyurethane derived from 
aliphatic diisocyanates provides 
outstanding oxidation resistance, light 
stability, resistance to hydrolysis and 
thermal degradation19. Therefore, 
aliphatic diisocyanates are often used 
in polyurethane.

In this study, aliphatic diisocyanates 
HDI and IPDI were used as mixed 
diisocyanates to synthesize waterborne 
polyurethane-ureas. The effects of 
the HDI/IPDI ratio on the phase 
morphology of WPUU films including 
the hydrogen bonding, crystallization 
of the soft and hard segments, and 
phase separation, was studied by 
FT-IR, XRD, DSC and AFM. The 
viscoelastic behaviour of WPUU 
films was characterized using DMA. 

The relationship between the phase 
morphology and the mechanical 
properties was also investigated. 

Although there were some previous 
reports about the phase morphology 
in polyurethane and its effect on 
properties, there was no report about 
the HDI/IPDI ratio on the morphology 
and mechanical properties of aliphatic 
waterborne polyurethane-ureas 
synthesized from mixed diisocyanates.

2. Experimental 
Section

2.1 Materials 
1,6-hexamethylene diisocyanate(HDI) 
and isophorone diisocyanate (IPDI) 
(supplied by Bayer Co., Germany), 
1,4-butylene adipate glycol (PBA, 
Mn=2000) (supplied by Donghao 
Resin Co. Ltd., China), dimethylol 
propionic acid (DMPA) (supplied 
by Perstop, Sweden), 1,4-butanediol 
(BDO) (supplied by Jiangmen Carpoly 
Chemical Co. Ltd., China), N-methyl 
pyrrolidone (NMP) (supplied by 
Shanghai Chemical Agent Factory, 
China), triethylamine (TEA) and 
ethylene diamine (EDA) (supplied by 
Shanghai Fine Chemical Agent Factory, 
China), dibutyltin dilaurate (DBTDL) 
(supplied by Shanghai Lingfeng 
Chemical Agent Co. Ltd, China), 
acetone (supplied by Guangzhou Fine 
Chemical Factory, China).

2.2 Synthesis of Waterborne 
Polyurethane-Ureas (WPUU)
The waterborne polyurethane-ureas 
were prepared through prepolymer 

process. A dry 1000 mL four-necked 
flask equipped with a mechanical 
stirrer, thermometer, condenser 
and a nitrogen inlet was placed in 
a constant temperature water bath. 
Stoichiometric proportions of HDI, 
IPDI, PBA and the catalyst DBTDL 
were added into the reactor under 
nitrogen atmosphere. The reaction 
was carried out at 80 °C for about 
2.5 h to obtain an NCO-terminated 
prepolymer. After that, DMPA and 
BDO dissolved in NMP were added 
into the flask while the temperature 
was at 75 °C, and the reaction 
proceeded until the residual NCO 
content reached the desired value 
(determined by the di-n-dibutylamine 
titration). The prepolymer was cooled 
to 40 °C and the carboxylic acid in the 
prepolymer was neutralized by TEA 
aqueous solution for 30 min to obtain 
the ionomer (before the neutralization, 
a little acetone was added to decrease 
the viscosity of the prepolymer). 
Then the ionomer was dispersed in a 
stoichiometric amount of deionized 
water with vigorous stirring followed 
by EDA chain extender. The stable 
waterborne polyurethane-ureas were 
finally obtained after removing the 
acetone by vacuum distillation. The 
formulations are presented in Table 1.

2.3 Preparation of WPUU 
Films
The WPUU films were prepared by 
casting the dispersion on a PTFE mould 
and allowing the films to dry at room 
temperature for 7 days. Afterwards the 
films were placed in an oven in vacuum 
at 60 °C for 4 hours. Then they were 
used for characterization.

Table 1. Formulation of the waterborne polyurethane-ureas
Sample PBA

(mol)
HDI/IPDI DMPA

(mol)
1,4-BD
(mol)

EDA
(mol)

TEA
(mol)

Hard segment
(wt.%)

WPUU-1 0.184 1:1 0.092 0.196 0.004 0.092
33WPUU-2 0.180 2:1 0.092 0.200 0.004 0.092

WPUU-3 0.176 3:1 0.092 0.204 0.004 0.092
WPUU-4 0.172 4:1 0.092 0.208 0.004 0.092
WPUU-5 0.172 5:1 0.092 0.208 0.004 0.092
Note: NCO/OH =1.7, wt(DMPA)=2.5 % and solid content=40 %
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2.4 Instrumental 
Characterization
The FT-IR spectra of the polyurethane-
ureas were characterized by a Perkin-
Elmer Spectrum 2000 infrared 
spectrophotometer in the range 400
～4000 cm-1 at 25 °C. X-ray diffraction 
(XRD) was performed on a D8 Advance 
apparatus (Bruker, Germany) in the 
range of 2θ=10~70°, with a nickel-
filtered Cu K-radiation at an operation 
voltage of 40 kV. Differential scanning 
calorimetry (DSC) was measured by 
a TA Instruments Q20 DSC analyzer 
from -80 °C to 250 °C at a heating rate of 
10 °C /min under nitrogen atmosphere. 
Atomic force microscopy (AFM) was 
performed using a instrument (CSPM 
2003) with 27 µm×27 µm scanned 
area and images were acquired under 
ambient conditions in contact mode 
using a nanoprobe cantilever. Dynamic 
mechanical thermal analysis (DMA) 
was performed on a DMA 242C 
(Netzsch, Germany) in tension mode, 
from -100 °C to 150 °C at 1 Hz, with 
a heating rate of 5 °C/min. The tensile 
properties of the films were measured at 
room temperature on an Instron tension 
meter Model 3367. A crosshead rate of 
100 mm/min was used to determine 
the ultimate tensile strength and the 
elongation at break.

3. Results and 
Discussion

3.1 FTIR Analysis
The segmental structure in WPUU 
can be related to the interactions of 
hydrogen bonding in the intra/inter 
segments. FTIR spectroscopy was used 
to determine the effect of HDI/IPDI 
ratio on the interactions of hydrogen 
bonding in the system. As seen from 
Figure 1, no peaks were observed 
at 2270 cm-1 in the spectra. This is 
because the complete reaction of NCO 
groups in the dispersion procedure20. 
Meanwhile, the peaks corresponding to 
the N-H stretching mode at 3365 cm-1, 
the carbonyl stretching absorption 
peak at 1730 cm-1, and the N-H 
bending vibration at 1550 cm-1 were 

observed in the FTIR spectra which 
provided evidence for the formation 
of a urethane.

It was reported that the infrared 
absorption corresponding to the 
hydrogen bonded N-H and C=O groups 
could slightly shift to a lower frequency 
than that of free N-H and C=O groups21. 

Figure 1. FTIR spectra of WPUU films with different HDI/IPDI mole ratio

Figure 2. FTIR spectra and curve fittings in the carbonyl region for WPUUs (solid 
line: original result; dashed line: curved-fitting result)

Meanwhile, the C=O absorption peaks 
of urethane groups were affected by the 
C=O absorption peaks of the polyester 
in the WPUU22. The vibration of the 
C=O in the urea linkages was therefore 
selected to investigate the formation of 
hydrogen bonding. The FTIR spectra 
of different WPUU films in the C=O 
stretch region are shown in Figure 2. 

143Polymers & Polymer Composites, Vol. 23, No. 3, 2015

Phase Morphology and Mechanical Properties of Aliphatic Waterborne Polyurethane-ureas: Effect of 1,6-hexamethylene 
Diisocyanate (HDI)/Isophorone Diisocyanate (IPDI) Ratio

www.sp
m.co

m.cn

zhk
铅笔

zhk
铅笔



The Gaussian curve method was used to analyze the C=O absorption region 
by using Origin® software. The results are presented in Tables 2 and 3. The 
hydrogen bonding index R is used to indicate the degree of hydrogen bonding 
in the urea groups, defined as the quotient of the absorption area ratio between 
H-bonded C=O and free C=O. A larger value of R indicates that more H-bonded 
C=O groups exist in the urea moieties. The degrees of ordered and disordered 
H-bonded C=O in the H-bonded ureas are defined as follows:

R=
Area(bonded,UA)
Area( free,UA) 	 (1)

Xd,UA =
Area(d,UA)

Area(bonded,UA)
=

Area(d,UA)
Area(d,UA)+Area(o,UA) 	 (2)

Xo,UA =
Area(o,UA)

Area(bonded,UA)
=

Area(o,UA)
Area(d,UA)+Area(o,UA) 	 (3)

As shown in Table 3, with the increasing of HDI/IPDI ratio, the R, Xo,UA increased, 
up to 77.97 % and 90.84% respectively, while Xd,UA decreased from 75.38% to 
9.16%. This indicated that the degree of hydrogen bonding in the hard segments 
increased and the regularity of segmental structure was improved. On the one hand, 
the ordered linear chemical structure of HDI leads to more ordered arrangement 
of hard segments and enhance the hydrogen bonding interaction between hard 
segments because of its chain mobility. On the other hand, the highly hydrogen-
bonded hard segments act as physical crosslinks and increase hydrogen bonding 
interaction within hard segments, restricting segmental motion of the polymer 
chain, which results in more significant phase separation between hard and 
soft segments. This would promote the formation of ordered hydrogen-bonded 
structure in the hard segments. Hence, the degree of hydrogen bonding and its 
regularity in the hard segments was enhanced as the HDI/IPDI ratio increased.

3.2 XRD Analysis
WPUU exhibits a high degree of 
crystallinity due to the hydrogen 
bonding and the ordered segmental 
structure in the system. Therefore, 
XRD analysis was used to examine 
the crystallinity of WPUU, and the 
results are shown in Figure 3. As can 
be seen, the polyol PBA exhibited 
excellent crystallinity and showed 
three significant sharp diffraction 
peaks at 2θ values of 21.5°, 22.5° and 
24°. The WPUU based on this kind of 
polyol presented identical diffraction 
peaks at 21.5°, 22.5° and 24°, and 
exhibited an extra sharp diffraction 
peak at about 49°, which might be 
attributed to the crystallization of hard 
segments. This implied that both the 
soft segment and the hard segment had 
good crystallinity. With decreasing 
HDI/IPDI ratio, the intensity of the 
diffraction peaks at 21.5°, 22.5°, 24° 
and 49° decreased, which demonstrated 
that the asymmetrical IPDI destroyed 
the structural regularity of the soft and 
hard segments. On the one side, the 
hard segments were unable to pack 
compactly with the IPDI, leading to the 
decay of the hydrogen-bonding ability 
of the hard segments, as discussed in 
section 3.1. As a result, the symmetry 
and regularity of the hard domains 
were disrupted and their crystallinity 
decreased23. On the other hand, due 
to the lack of compact packing of the 
hard segments, some of them dissolved 
in the soft matrix, which enhanced the 
interaction between the soft and hard 
segments and generated a higher degree 
of phase mixing (will be analyzed by 
DSC later). Therefore, the crystallinity 
of the soft and hard segments decreased 
with decreasing HDI/IPDI ratio.

3.3 DSC Analysis
The effect of the HDI/IPDI ratio on the 
phase separation of WPUU was studied 
by DSC, as illustrated in Figure 4. The 
glass transition temperature (Tgss) of the 
soft segments in WPUU is at -50 °C. 
Two melting endothermic peaks were 
observed in DSC curves from 45 °C 
to 55 °C (Tm1) and 210 °C to 225 °C 

Table 3. Curve fitting results of urea carbonyl region for WPUUs
Sample Peak area (%) R

Xb,UA (%) Xd,UA(%) Xo,UA (%)
WPUU-1 60.89 75.38 24.62 1.57
WPUU-2 64.67 50.09 49.91 1.83
WPUU-3 73.88 33.07 66.93 2.82
WPUU-4 75.19 18.78 81.22 3.03
WPUU-5 77.97 9.16 90.84 3.54

Table 2. Assignment of the absorption bands in the carbonyl region of the FTIR 
spectra for WPUU
Wavenumber 
(cm-1)

Assignment

1750-1730 Free C=O of urethane linkages and polyester
1730-1715 Disordered H-bonded C=O of urethane linkages and H-bonded 

C=O of polyester
1710-1700 Ordered H-bonded C=O of urethane linkages
1690-1680 Free C=O of urea linkages
1680-1650 Disordered H-bonded C=O of urea linkages
1650-1630 Order H-bonded C=O of urea linkages
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(Tm2), corresponding to the crystalline 
melting endothermic peaks of soft 
and hard segments respectively24. 
With increasing HDI/IPDI ratio, Tgss 
shifted to lower temperature, from 
-49.9 °C to -53.4 °C, and the Tm2 
associated with the crystalline hard 
segments shifted to a higher one. 
This implies that the thermodynamic 
incompatibility between soft and hard 
segment was improved, and a higher 
phase-separation was generated25. 
This contributes to decreasing of the 
interaction between soft and hard 
segments. However, the value of Tm1 
associated with the crystalline soft 
segments varies irregularly.

There were two significant melting 
endothermic peaks observed in the 
DSC curves, and the enthalpies of 
fusion related to the melting peaks 
presented in Table 4. From the results 
it was found that the △H1 and △H2 
increased with the increasing of HDI/
IPDI ratio, which indicated that the 
crystallinities of the soft and hard 
segments were improved. On the 
one hand, due to the formation of 
ordered hydrogen bonding and more 
compact packing of hard segments, 
the hard segments exhibited improved 
crystallinity. On the other hand, because 
of the increased phase separation 
between soft and hard segments, the 
soft segments presented the excellent 
crystallinity of a polyester26. This 
result is consistent with that of XRD 
as discussed previously.

3.4 AFM Analysis 

The phase morphology of WPUU was 
investigated by AFM, as shown in 

Figures 5 and 6. A bunch of sharply 
outlined shapes can be observed in 
Figure 6, which correspond to the 
bright crest in Figure 5, assigned to 
the hard phase because of its high 
surface energy27. The dark trough 
distributed in the Figure are related 
to the soft phase.

The WPUU-1 show a disordered phase 
morphology with the bright crests 
dispersed irregularly in the continuous 
soft matrix, whereas the WPUU-5 
presents a ordered arrangement of the 
bright crests, with an increased average 
distance between the hard segments 
(more obvious in the three-dimensional 

Figure 3. XRD spectra of WPUU with different HDI/IPDI ratio

Figure 4. DSC thermograms of WPUU films with different HDI/IPDI ratio

Table 4. DSC scan results for the WPUU with different HDI/IPDI ratio
Sample Tgss

a (°C) Tgss
b (°C) Tm1 (°C) △H1 (J/g) Tm2 (°C) △H2 (J/g)

WPUU-1 -39.5 -54.2 49.0 11.57 213.4 1.01
WPUU-2 -40.8 -55.6 50.1 13.76 214.0 3.94
WPUU-3 -41.6 -56.8 48.8 26.57 215.5 5.44
WPUU-4 -42.2 -57.2 49.2 29.94 219.3 6.96
WPUU-5 -42.6 -60.1 52.4 36.46 224.6 12.04
a: the value of Tgss was obtained by DMA b: the value of Tgss was obtained by DSC

145Polymers & Polymer Composites, Vol. 23, No. 3, 2015

Phase Morphology and Mechanical Properties of Aliphatic Waterborne Polyurethane-ureas: Effect of 1,6-hexamethylene 
Diisocyanate (HDI)/Isophorone Diisocyanate (IPDI) Ratio

www.sp
m.co

m.cn



images). This result verified directly 
that the extent of phase separation of 
WPUU increased with increased HDI/
IPDI ratio.

3.5 Dynamic Mechanical 
Analysis
The viscoelastic properties of the 
WPUU films were characterized by 
the dynamic mechanical analysis, and 
the variations of the storage modulus 
(E’) and loss factor (tan δ) are shown 
in Figures 7 and 8, respectively. E’ is a 
measurement of the mechanical energy 
stored under loading28. The value of 
tan δ can be defined as the quotient 
of loss modulus (E’’) and storage 
modulus, i.e. tan δ=E’’/E’ 29. The 
peak of tan δ corresponds to the glass 
transition temperature (Tgss) of the 
soft segments, and it also correspond to 
the phase-separation degree. However, 
the value of Tgss obtained from DMA 
is slightly higher than that from 
DSC, which is in agreement with the 
expectations.

In Figure 7, it can be observed that 
the storage modulus increased first 
and then decreased, and the storage 
modulus of WPUU film is largest 
when the HDI/IPDI ratio is 4:1. This 
may be the effect of hydrogen bonding 
and phase separation. At first, with 
increasing HDI/IPDI ratio, the degree 
of hydrogen bonding increased, which 
decreased the mobility of the polymer 
chains, resulting in an increase of the 
storage modulus. However, a larger 
HDI/IPDI ratio could cause a greater 
degree of phase separation. This might 
dramatically reduce the covalent 
linkages between soft segment and 
hard segment to restrict the segmental 
motion30, and predominantly affect the 
viscoelastic behaviour of WPUU films, 
leading to decreased storage modulus 
of the WPUU films.

As shown in Figure 8, the peak of 
tan δ shifted to a lower temperature, 
from -39.5 °C to -42.6 °C as the HDI/
IPDI ratio increased, indicating a 
decrease of Tgss. This confirms that 

Figure 5. AFM phase images of (a) WPUU-1 and (b) WPUU-5

Figure 6. Three-dimensional AFM phase images of (a) WPUU-1 and (b) WPUU-5
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the phase separation was improved, 
and similar results were obtained from 
DSC analysis. The intensity of the 
tan δ curve is lowest when HDI/IPD 
ratio is 4:1. This might be attributed 
to the improvement of the hydrogen 
bonding degree and the extent of 
phase separation, which increases the 
restriction of segmental motion.

The storage modulus curve and the 
tan  δ curve exhibit a shoulder from 
0 °C to 50 °C. This can be contributed 
to the crystallization of soft segments31.

3.6 Mechanical Properties
The mechanical properties of 
WPUU depend on their microphase 
morphology, including the hydrogen 
bonding degree in the hard segments, 
the extent of phase separation and the 
segmental crystallization32. The stress-
strain curves of the WPUU films are 
shown in Figure 9, and the results from 
these curves are listed in Table 5. Due 
to the high crystallinity of the WPUU 
films, all samples showed typical 
crystalline polymer tensile properties 
with yield points observed in the 
stress-strain curves. From the Table 5, 
it can be found that the tensile strength 
increased first and then decreased as 
HDI/IPDI ratio increased, and the 
WPUU-4 film exhibited a maximum 
tensile strength of 42.2 MPa. This 
might be due to the enhanced ordered 
hydrogen-bonding degree in the hard 
segments, as well as to an associated 
phase separation in WPUU-4, in which 
the hard segments act as enhanced 
physical crosslinking sites in the soft 
matrix. Although the hydrogen bonding 
degree of WPUU-5 is higher than that 
of other samples, the tensile strength of 
WPUU-5 decreased due to the lack of 
rigid aliphatic rings and the excessive 
phase separation degree. Thus, a low 
tensile strength was obtained when the 
HDI/IPDI ratio was above 4:1.

4. Conclusions

A series of aliphatic waterborne 
polyurethane-ureas (WPUU) was 

Figure 7. Storage modulus (E’) of WPUU films with different HDI/IPDI ratio

Figure 8. Tan δ curves of WPUU films with different HDI/IPDI ratio

Figure 9. Stress-Strain cures of WPUU films

Table 5. Mechanical properties of the WPUU films with different HDI/IPDI ratio
Samples Tensile strength (MPa) Elongation at break (%)
WPUU-1 32..2 1589.3
WPUU-2 35.8 1401.2
WPUU-3 41.0 1113.9
WPUU-4 42.2 960.1
WPUU-5 36.1 1250.0
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synthesized. The effect of HDI/IPDI 
ratio on the phase morphology of 
WPUU was studied. XRD and DSC 
analysis indicated that the crystallinity 
and the phase separation of WPUU 
films were improved with increasing 
HDI/IPDI ratio. This is attributed 
to the increasing degree of ordered 
hydrogen bonding in hard segment, 
resulting in enhanced thermodynamic 
incompatibility between soft and hard 
segments. AFM results verified that the 
extent of phase separation of WPUU 
was enhanced with increasing HDI/
IPDI ratio. The relationship between 
phase morphology and dynamic 
mechanical properties of WPUU films 
was investigated by DMA. The results 
showed that the peak in tan δ shifted 
to a lower temperature as HDI/IPDI 
ratio increased, which indicated the 
glass transition temperature (Tgss) of 
soft segment decreased. The storage 
modulus E’ increased at first and 
then decreased, due to the effects 
of hydrogen bonding and phase 
separation in WPUU. All the WPUU 
films possessed excellent mechanical 
properties, and WPUU-4 exhibited 
the highest tensile strength, 42.2 MPa.
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