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Novel polyureas with soft segments based on a difunctional amine, Versalink P-1000, and hard segments
based on Isonate 143L, which is a mixture of difunctional and trifunctional isocyanates, were synthesized. The stoichiometric ratio of Isonate 143L to Versalink P-1000 in the polyurea material system
was incrementally varied. The properties of the resultant polyurea formulations were characterized
using dynamic mechanical analysis (DMA) and modulated differential scanning calorimetry (MDSC). The
dynamic mechanical properties measured as storage and loss moduli were signiﬁcantly altered through
the variation of the stoichiometric ratio; however, the glass transition temperatures exhibited in all
variations were quite consistent. The experimental results indicate that judicious selection of hard
segment content can have a marked effect on the ultimate properties and performance of the polyurea
material system.
Ó 2013 Elsevier Ltd. All rights reserved.
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1. Introduction
Polyurea is a microphase-separated block copolymer formed by
the rapid reaction of an isocyanate component and an amine
component which yields a urea linkage [1e3]. Such copolymers
exhibit unique properties as a result of their phase-separated
morphology, which is due to the segregation of dissimilar blocks
being restricted under 100 nm hard domain size. The soft segments
form a continuous matrix reinforced by the hard segments that are
randomly dispersed as nanodomains [4,5]. Although the existence
of microphase separation in block copolymers was clearly established by Sadon et al., it remained little more than a curiosity until
Holden and Milkovich discovered the corresponding connection
between composition and architecture and the resulting properties
and performance of materials [6].
The physical properties of the segregated phases inﬂuence the
overall properties of the polyurea. Typically, the long and soft
diamine blocks form a ﬂexible matrix. The multifunctional hard
segment domains serve as both physical crosslinks and as reinforcing ﬁllers [1,6]. High mechanical toughness is a result of the extensive intermolecular hydrogen bonding in polyurea hard domains
[3,7]. Depending on the chemistry, polyurea can exhibit a wide
range of mechanical properties, from soft rubber to hard plastic [2,8].
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Theoretically, the isocyanate component and amine component
must be mixed in a stoichiometric ratio of 1:1, i.e., the total number
of isocyanate functional ends must equal the total number of amine
functional sites. Most polyurea formulations are calculated to overindex the isocyanate component of the system on the order of 1.05,
i.e. a ﬁve percent excess of the isocyanate component is used
beyond the stoichiometric ratio required for a complete reaction, as
speciﬁed by the manufacturer [9]. This excess isocyanate helps
account for that which is lost upon reaction with residual moisture
during storage or application [10]. Furthermore, the slight excess
aids in producing a lightly cross-linked polymer through the
development of biuret structures [11,12].
Fragiadakis et al. [3] have studied the effect stoichiometry variations have on local segmental relaxation dynamics of polyurea. Via
dielectric spectroscopy, it was shown that increased hard segment
content was associated with a greater sensitivity to pressure and
volume changes.
While researching the high-strain rate mechanical behavior of
polyurea, Roland et al. [7] demonstrated the inﬂuence of stoichiometry on the low strain rate response. It was shown that a 5e10%
variation in chemistry could lead to dramatic changes in the mechanical properties. Increased isocyanate content resulted in
increased yield stress and decreased failure strain. The results
demonstrated that increasing the amount of isocyanate component
is necessary to drive the crosslinking reaction towards completion.
Yi et al. [5] studied one polyurea formulation and various
polyurethane chemistries in order to probe the inﬂuence of the
hard segment content on the mechanical behavior of the materials.
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Softening under cyclic loading was observed for materials with a
crystalline hard segment content, yet was absent for the material
with an amorphous well-dispersed hard segment content.
A plethora of experimental studies have been conducted
focusing on polyurea, yet none have investigated stoichiometry
effects on the dynamic mechanical properties of polyurea. In this
study, a series of polyurea formulations are prepared to elucidate
the effect that stoichiometry variations have upon the thermal
characteristic properties and dynamic mechanical properties,
determined as the dynamic storage and loss moduli of the resulting
polyureas. Based on this data, the mastercurves and relaxation
spectra are derived for each formulation and compared. The limits
of applicability of these methods are discussed in detail in the
following sections. However, based on the current primary interest
in polyureas and their composites (i.e. their possible enhancement
to structural response against blast), the use of such models especially at high rate response in structural FEM codes appears to be a
reasonable approach. It is yet to be seen whether these methods are
usable at higher temperatures and/or annealing response of these
polymers. Stoichiometry studies are essential for both understanding and optimizing the performance of polyurea. By tailoring
the stoichiometry and thus the underlying morphology of the
multiphase system through chemistry, one can further exploit the
wide range of mechanical properties that polyurea has to offer.

stirred via an egg-shaped magnetic stirrer and degassed for 5 min
at a vacuum pressure level of approximately 1 Torr. Although the
viscosity of Versalink P-1000 oligomeric diamine is relatively high
at room temperature, the diluent effect of the isocyanate sufﬁciently lowers the viscosity to allow easy mixing and complete
degassing prior to casting [9]. The polyurea working time, inclusive
of mixing time, is approximately 20 min at ambient conditions [14].
2.3. Sample preparation
Teﬂon molds are used to create test specimens with speciﬁc,
controlled geometries as well as a bulk material sample. Prior to use,
the molds are stored in an environmental chamber that maintains the
relative humidity level at 10% in order to minimize surface moisture.
The mixture is transferred from the reaction ﬂask to the Teﬂon molds
via syringe. Precautions are taken to minimize the introduction of air
bubbles while transferring the material into the molds.
The polyurea specimens are cured at room temperature in a
moisture controlled environmental chamber that maintains the
relative humidity level at 10%. Two weeks are required to achieve
complete cure at ambient conditions, with 75% of the ultimate
physical properties being realized within 24 h [9]. All polyurea test
specimens are stored in the environmental chamber prior to
testing. Table 1 shows the measured dimensions of the dynamic
mechanical analysis samples.

2. Experimental procedures
2.4. Experimental characterization methods
2.1. Materials
Polyureas are synthesized from the reaction of an aromatic isocyanate component (hard segment) and an amine-terminated resin
blend component (soft segment). The aromatic isocyanate component, Isonate 143L modiﬁed MDI (Dow Chemicals; 144.5 g/eq), is a
polycarbodiimide-modiﬁed diphenylmethane diisocyanate. Isonate
143L, which is in liquid form at room temperature, has a low viscosity and good storage stability down to 24  C. In this diisocyanate,
the carbodiimide linkage aids the stabilization of the polymer against
hydrolytic degradation [13]. The amine-terminated resin blend
component, Versalink P-1000 oligomeric diamine (Air Products;
600 g/eq), is a polytetramethyleneoxide-di-p-aminobenzoate. Versalink P-1000 is a liquid at ambient temperature, which allows it to
be mixed, cast, and cured at room temperature. This oligomeric
diamine is often used as a curative for both methylene diphenyl
diisocyanates (MDI) and toluene diisocyanates (TDI) [9].
2.2. Polymer synthesis
The recommended stoichiometry for processing Versalink P1000 oligomeric diamine is 105% theory (diisocyanate/diamine by
mole) [9]. While 100% stoichiometry indicates the exact balance of
isocyanate to amine functional sites, a ﬁve percent excess of Isonate
143L is typically recommended to produce a lightly cross-linked
polymer [12]. The excess isocyanate also helps to account for that
which is lost upon reacting with residual moisture during storage
or application, as mentioned earlier [10].
In this study, seven polyurea stoichiometric variations are prepared including those with 90%, 95%, 100%, 105%, 110%, 115%, and
120% stoichiometry, which hereafter in the following are referred to
as PU_Iso_90, PU_Iso_95, PU_Iso_100, PU_Iso_105, PU_Iso_110,
PU_Iso_115, and PU_Iso_120, respectively.
The isocyanate and amine components are degassed separately
for 1 h. At ambient temperature, polymerizations are conducted in
a 500 mL three-neck, round bottom reaction ﬂask. The vacuum
seals are broken. Using a scale, the precise mass of the isocyanate
component is added to the amine component. The mixture is

2.4.1. Modulated differential scanning calorimetry (MDSC)
A TA Instruments DSC 2920 in modulated differential scanning
calorimetry mode is used to determine the thermal properties of
the polyurea stoichiometric variations. MDSC allows separation of
the total heat ﬂow signal into its reversible and irreversible heat
ﬂow components. The former allows calculation of the heat capacity, while the latter represents possible chemical changes and
their thermal signature [15]. Modulation calorimetry theory is
straightforward. When the power heating the sample is modulated
by a sine wave, the temperature begins to oscillate about a mean
value. The amplitude of the temperature oscillations depends on
the heat capacity of the sample, while the difference between the
upswing and downswing represent irreversible heat ﬂow [16]. An
approximately 15 mg sample is placed in a non-hermitically sealed
Table 1
Measured dimensions of dynamic mechanical analysis samples. Note that the value
is the arithmetic mean of three measurements.
Sample

Width (mm)

Thickness (mm)

PU_Iso_90_1
PU_Iso_90_2
PU_Iso_90_3
PU_Iso_95_1
PU_Iso_95_2
PU_Iso_95_3
PU_Iso_100_1
PU_Iso_100_2
PU_Iso_100_3
PU_Iso_105_1
PU_Iso_105_2
PU_Iso_105_3
PU_Iso_110_1
PU_Iso_110_2
PU_Iso_110_3
PU_Iso_115_1
PU_Iso_115_2
PU_Iso_115_3
PU_Iso_120_1
PU_Iso_120_2
PU_Iso_120_3

10.0
10.1
10.3
10.0
9.8
9.9
9.8
9.5
9.5
10.2
10.0
10.1
9.9
10.2
10.1
10.0
10.0
10.0
10.1
9.9
10.0

2.4
3.1
3.1
2.3
3.1
3.1
3.4
3.1
3.1
2.4
3.1
3.1
3.5
3.1
3.1
2.3
3.1
3.1
2.4
3.1
3.1

K. Holzworth et al. / Polymer 54 (2013) 3079e3085

aluminum pan with lid. The accompanying reference pan mass is
maintained to within 0.05 mg of the mass of the sample pan to
minimize measurement variations. Using a liquid nitrogen cooling
accessory in order to cool the system to sub-ambient levels, the
specimen is cooled to 100  C and held isothermally for 5 min. The
specimen is then heated to 220  C at a rate of 3.0  C/min, with a
temperature modulation of 1  C every 60 s. MDSC scans are taken at
the full curing duration of approximately 2 weeks.
2.4.2. Dynamic mechanical analysis (DMA)
A TA Instruments DMA 2980 equipped with a single cantilever
clamp test ﬁxture is used to characterize the dynamic mechanical
spectra of the polyurea stoichiometric variations. The cast specimen dimensions are approximately 2e3 mm in thickness with a
width of 10 mm. Sample measurements are provided in Table 1. In
the single cantilever clamp, the specimen is clamped at a free
length of 17.5 mm. Clamping plates constrain both ends of the
specimen from rotation. In this conﬁguration, one end of the
specimen is excited into a sinusoidal transverse displacement at a
maximum amplitude of 15 mm. Using a nitrogen atmosphere in
order to cool the system to sub-ambient levels, the experiment is
performed over the temperature range from 80  C to 50  C,
increasing by 3  C steps. At each temperature step, the specimen is
sequentially tested at the ﬁve discrete frequencies of 20, 10, 5, 2,
and 1 Hz; beginning with the highest frequency and progressing to
the lowest frequency in order to minimize sweep time [17]. A
thermal soaking time of 3 min at the beginning of each temperature
step minimizes the effects of thermal gradients. For each polyurea
stoichiometric variation, a set of three specimens is tested, consisting of one sample from the initial batch, as well as two samples
from the second batch. All samples are tested at the full curing
duration of approximately 2 weeks.
3. Results and discussion
3.1. Thermal analysis
The glass transition event results from a sharp signiﬁcant increase
in the mobility of the polymer chains as the polymer matrix goes
from the glassy state to the rubbery state. Thus, the glass transition is
a second order endothermic transition and as such, it appears as a
step transition in the reversible heat capacity plots [18,19]. The
calorimetric glass transition of the soft phase as well as the heat
capacity increment at Tg are quite comparable for the seven polyurea
stoichiometric variations, as detailed in Table 2. The glass transition
in the polyurea stoichiometric variations is extremely broad, with a
DT ¼ TendTonset of approximately 45e55  C.
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The dynamic storage and loss moduli are collectively referred to as
the complex modulus of a material, which is generally expressed as

E ¼ E0 þ iE00

(1)

where E0 and E00 are Young’s storage and loss moduli, respectively.
The complex modulus is a measure of the resistance of a material to deformation, and it encompasses both the elastic and
viscous responses. Through dynamic testing, which measures the
phase difference between the sinusoidal force and displacement
that the sample is experiencing, the stress can be deconvoluted into
an elastic stress (in phase with the strain) and a viscous stress
(p/2 out of phase with the strain). The elastic stress is used to
calculate the elastic modulus, or storage modulus. Storage modulus
is a measure of the recoverable stored strain energy. The viscous
stress is used to calculate the viscous modulus, or loss modulus.
Loss modulus is a measure of the energy dissipated, generally lost
as heat [20,21].
The storage and loss moduli of the polyurea stoichiometric
variations were obtained as functions of temperature at ﬁve
discrete frequencies. The temperature dependence of the storage
and loss moduli for the 105% theory polyurea stoichiometric variation, PU_Iso_105, is plotted in logarithmic scale for 1 Hz and 20 Hz
frequencies in Fig. 1. Both storage and loss moduli clearly increase
with increasing frequency. Figs. 2 and 3 show the relative storage
modulus and relative loss modulus of the polyurea stoichiometric
variations as compared to the values measured for PU_Iso_105 at
1 Hz and 20 Hz frequencies, respectively. The storage and loss
moduli of the polyurea stoichiometric variations are quite similar in
the glassy region (T < Tg), independent of the Isonate 143L stoichiometric index. However, above the glass transition temperature
in the rubbery region (T > Tg), as the Isonate 143L stoichiometric
index increases, there is an associated pronounced increase in both
the storage modulus and loss modulus. Above the glass transition
temperature, the polyurea stoichiometric variations rich in Isonate
143L content dramatically increase, while those lean in Isonate
143L content decrease signiﬁcantly. The trends become more pronounced as the Isonate 143L content becomes increasingly rich or
lean, with signiﬁcant jump from 110% to 115%.
Although there are several thermal techniques available to
measure the glass transition temperature of polymeric materials,
the most sensitive technique available is dynamic mechanical
analysis. In Table 3, the soft segment glass transition temperature
deﬁned as the loss modulus peak is shown. In literature, both the

3.2. Dynamic mechanical analysis
The dynamic mechanical properties of the polyurea elastomer
variations are determined as the dynamic storage and loss moduli.

Table 2
Calorimetric soft segment glass transition temperature, heat capacity increment at
Tg, and width of the glass transition for polyurea stoichiometric variations.
Isonate 143L
stoichiometric index

Soft segment Tg ( C)

DCp (J/g/ C)

DT ( C)

0.90
0.95
1.00
1.05
1.10
1.15
1.20

63
65
64
61
67
64
62

0.43
0.46
0.37
0.38
0.43
0.34
0.33

50
55
51
50
54
44
43

Fig. 1. Temperature dependence of E0 and E00 for the 105% theory standard polyurea
stoichiometry at 1 Hz and 20 Hz (the central points are the average values of three
results and the error bars represent the standard deviation).
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Table 3
C1 and C2 for WLF equation with T0 ¼ 0  C for all polyurea stoichiometric variations.
Isonate 143L stoichiometric index

C1

C2 [K]

0.90
0.95
1.00
1.05
1.10
1.15
1.20

16.8
17.1
20.0
18.0
21.3
22.4
24.9

156.6
155.9
165.9
156.6
169.7
170.1
185.1

3.3. Master curves

Fig. 2. Temperature dependence of relative storage modulus and relative loss modulus
for polyurea stoichiometric variations at 1 Hz.

loss modulus peak and tan d peak are deﬁned as the glass transition
temperature, with the tan d peak occurring at a higher temperature
than the loss modulus peak. The tan d peak is a good measure of the
leather like midpoint between the glassy and rubbery states. More
recently, the temperature corresponding to the loss modulus peak
has been preferred. The glass transition temperature determined
from the loss modulus peak value is similar to the intersection of
tangents to the storage modulus curve from the glassy region and
transition region. Such a corresponding temperature better denotes
the end-use temperature where plastic materials begin to soften.
The loss modulus peak is more closely related to the physical
property changes attributed to the glass transition. It reﬂects
molecular processes and agrees with the idea of the glass transition
temperature as the temperature at the onset of segmental
motion [22].
The soft segment glass transition temperature of polyurea
stoichiometric variations as deﬁned by the temperature corresponding to the peak of loss modulus curve at 1 Hz frequency
identiﬁes the temperature as ranging from 59  C to 56  C. It is
important to note that the test temperature was increased by increments of 3  C, which speaks to the accuracy of the values shown.
However, as shown in the calorimetric glass transition measurements, the soft segment Tg is very similar amongst the polyurea
stoichiometric variations.

Fig. 3. Temperature dependence of relative storage modulus and relative loss modulus
for polyurea stoichiometric variations at 20 Hz.

In order to approximate the storage and loss moduli for a wide
frequency range, time-temperature superposition (TTS) is applied
to the experimental DMA data [20]. Master curves of E vs. au are
EðT; uÞ:
developed from the experimental DMA data, b

EðT0 ; auÞ ¼

T0 b
EðT; uÞ:
T

(2)

0

Here, E ¼ E or E00 is the modulus of interest and the shift factor a,
a function of temperature, represents the amount of shift in the
logarithmic scale that relates the response at temperature T0 to that
at temperature T. The factor T0/T (temperatures are in absolute
units) represents the scaling of entropic rubber elasticity stiffness.
We chose temperature only prefactor as it is the dominant term.
Further components in this prefactor are ignored here, given the
approximate nature of this model and other ways of introducing
their effect. For example, the mass (or chain) density of molecules
may be combined based on free volume approach into the temperature effects; see for example [12,23]. For further discussion of
the procedure to obtain the master curves, see the electronic
Supplementary materials and other original references [20,24]. The
assembled curve, referred to as a master curve, represents the
material property at the reference temperature and over a wide
frequency range.
For each polyurea stoichiometric variation, the average log(a) of
the storage and loss moduli is calculated from the measured value.
The average shift factor can be ﬁtted by William-Landel-Ferry
(WLF) equation [24].

Fig. 4. log(a) averaged from the measured data of storage modulus and loss modulus
and log(a) ﬁtted by WLF equation with T0 ¼ 0  C.
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Fig. 7. Relaxation spectra from the second approximation for PU_Iso_90.
Fig. 5. Master curves at 0  C. log(a) used in TTS are from WLF ﬁt.

C1 ðT  T0 Þ
logðaÞ ¼
C2 þ T  T0

00

(3)

C1 and C2 used in the WLF equation are shown in Table 3 for all
the polyurea stoichiometric variations. As the Isonate 143L content
increases, C1 and C2 increase, which results in log(a) curves slightly
rotated clockwise with respect to the reference temperature,
shown in Fig. 4.
The master curves for storage modulus and loss modulus are
shown in Fig. 5. When u < 106.6 Hz, increased stoichiometric index
yields both increased storage and loss moduli. When u > 106.6 Hz,
the storage moduli tend to approach a limiting value, and the loss
moduli decrease as the Isonate 143L content decreases.
3.4. Relaxation spectrum
The relaxation moduli relate to the relaxation spectrum via the
following expressions [20]:
0

ZN



Fu s = 1 þ u2 s2 dlns
2 2

E ¼ Ee þ
N

ZN

E ¼





Fus= 1 þ u2 s2 dlns

(5)

N

F(s)is the relaxation spectrum, which represents the contribution of the relaxation mechanism of time constant s to the overall
modulus. Ee is the equilibrium storage modulus, which represents
the relaxation modulus at a time inﬁnitely large or a frequency
inﬁnitely small. Eq. (4) and Eq. (5) share the same F(s). Thus when
calculated separately using storage modulus and loss modulus data
by Eq. (4) and Eq. (5), the same F(s) should be realized if the
experimental data has good internal consistency [25]. In this study,
master curves by TTS are used as the input data to calculate F(s). To
invert Eq. (4) and Eq. (5), two approximation methods are applied
[26,27].
The ﬁrst approximation to calculate F(s) for storage and loss
moduli is


F1 ðsÞ ¼ E0 ðdlog E0 =dlog uÞ

(6)

1=u¼s



(4)

F1 ðsÞ ¼ E00 ð1  dlog E00 =dlog uÞ

(7)

1=u¼s

The second approximation (Eqs. (8)e(12)) [28] is applied based
on the result of the ﬁrst approximation:



F2 ðsÞ ¼ AE0 ð1  jdlog E0 =dlog u  1jÞ

(8)

1=u¼s



F2 ðsÞ ¼ BE00 ð1  jdlog E00 =dlog ujÞ

(9)

1=u¼s

h 
m 
mi
G 1þ
A ¼ ð1 þ jm  1jÞ= 2G 2 
2
2

(10)

Table 4
Equilibrium storage modulus, Ee, based on ﬁtting to Eq. (4). Note that the
tests were not extended to equilibrium conditions.

Fig. 6. Relaxation spectra from the ﬁrst approximation for PU_Iso_90.

Isonate 143L stoichiometric index

Ee (MPa)

0.90
0.95
1.00
1.05
1.10
1.15
1.20

77
84
96
87
105
130
130
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Fig. 8. F2 of storage modulus and loss modulus. Each curve is an average of relaxation
spectra calculated from storage modulus and loss modulus.

 

 
3 m
3 m
B ¼ ð1 þ jmjÞ= 2G
  G
þ 
2
2
2
2

(11)

dF1 ðsÞ
m ¼ 
dlog s

(12)

The relaxation spectra calculated from the ﬁrst approximation
and the second approximation are shown in Figs. 6 and 7. The
agreement between the relaxation spectra calculated separately
from storage modulus and loss modulus demonstrates that the
storage and loss moduli master curves obtained through implementation of TTS have good internal consistency [25]. Equilibrium
storage moduli Ee are shown in Table 4. As expected, Ee increases as
the Isonate 143L increases.
Relaxation spectra of the polyurea stoichiometric variations are
shown in Fig. 8.
4. Discussion and conclusions
The stoichiometric ratio of Isonate 143L (hard segment) to
Versalink P-1000 (soft segment) in the material system was
incrementally varied. The properties of the resultant polyurea formulations were characterized. The glass transition temperatures
exhibited in all polyurea stoichiometric variations were quite
consistent, as measured via both MDSC and DMA. The dynamic
mechanical properties measured as storage and loss moduli were
signiﬁcantly altered through the variation of hard segment content.
Above the glass transition, both the storage and loss moduli sharply
increased with increasing Isonate 143L (hard segment) content.
With the increase of Isonate 143L content, the actual effect on
chemical structure is somewhat complicated. The polymerization
occurs through a step-growth mechanism. The degree of polymerization is controlled by the stoichiometric ratio. In theory, a 1:1
ratio will yield the highest degree of polymerization, as summarized by the Carothers equation [29]. The increase in Isonate 143L
content would result in a decrease of polymer chain length for
usual linear polymer extension. However, here Isonate 143L also
contains a certain amount of three-arm crosslinking sites. The increase of total Isonate 143L content means an increase of crosslinking density as well, which explains the increased storage
modulus. It should be noted that in the stoichiometric variations

resulting in unreacted isocyanate functionalities, the material will
absorb moisture if left untreated under ambient conditions. No
morphological changes may manifest if this happens slowly. The
effect on the mechanical properties is not investigated in this study.
Master curves were developed using DMA data to predict the
material properties in a wide frequency range. The shifting factor
log(a) were compared among the different stoichiometric variations. The slight difference in log(a) demonstrates that polyurea
tends to be more sensitive to temperature change as the Isonate
143L content increases. In other words, a similar temperature
change produces a more substantial equivalent change in the time
scale of molecular motion for the more sensitive, high index polyurea samples. Although a very small change, this trend agrees with
the observed increase in mechanically measured Tg at 1 Hz.
The applicability of time-temperature superposition shifting
procedure in general has been addressed in great detail by Plazek
[30]. It must be emphasized that the reduced moduli may be used,
with care, when overall structural response is sought in the regimes
that the applicability of such approximation is veriﬁed. For
example, high temperature or very low strain-rates are not within
the range of use of polyureas. However, it would be quite interesting to explore whether the procedure and results are applicable
under such conditions. These issues have been even further scrutinized for multi-phase materials; see, among others, Tschoegl et al.
[23]. They discuss the shortcomings due to having multiple relaxation mechanisms (in harder versus softer domains). It is suggested
by them that from a practical point of view, the method may be
applicable to lightly cross-linked and/or relatively rigid ﬁller phases. The difference between the relaxation time scales of hard and
soft domains in polyureas discussed here may be understood by
looking at the results of Rinaldi et al. [31,32], where it is shown that
the glass transition of the hard domain is around 175 K higher than
that of the soft domain. Given this difference and that these results
are intended for use in higher rates, it is a reasonable approximation to consider the hard domains as relatively rigid compared to
the soft domains. In other words, the hard domain relaxations are
so slow in comparison with the soft domain that its effect is
neglected in the present approximation. Knauss et al. [33] point out
that ultimately the quality of the shifting process determines
whether the superposition process is physically acceptable and
performing measurements at close enough temperature levels is
the best way of evaluating the shifting process. Knauss and coworkers have also successfully applied the superposition process to
polyurea and developed mastercurves [34,35]. In our previous
work [27], we have compared the results of time-temperature
transition with actual high-frequency measurements and noted
that the storage moduli are very will predicted. The loss moduli are
underestimated by the shifting of low-frequency data, which we
associate with extra loss mechanisms that may be produced due to
the dynamic of heterogeneous morphology.
Relaxation spectra of all the polyurea stoichiometric variations
were calculated. The spectrum ﬂattens as the Isonate 143L content
level increases. This change in relaxation spectrum shows the
contribution from the relaxation mechanisms in the polyurea
spreads out to a broader frequency range if hard domain content
increases in polyurea as well as if the cross-linking density increases. Clearly, this explanation is compatible and essentially a
conclusion of the observed ﬂattening in log(a).
The inherent assumption in deriving a relaxation spectrum is the
linearity of response. The unique spectrum for the two mechanically
measured quantity allows us to verify the internal consistency of the
derived mastercurves. Other authors have used different methods;
see for example Han and Kim [36]. Furthermore, from continuous
relaxation spectrum F2 and Ee, discrete relaxation model for storage
and loss modulus with limited number of elements can be easily
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developed if necessary. Such a discrete model, though less accurate,
is much more useful in FEM analysis [12].
The objective of this study was to elucidate how small changes
in the isocyanate content of polyurea manifest themselves mechanically. The experimental results have suggested that the increase in the hard domain content has an observable effect on the
stiffness of the polyurea. We provide numerical data on such effects
to serve as a guide for the necessary tolerance of designs based on
stoichiometric variations. The experimental results support the
notion that by tailoring the stoichiometry and thus the underlying
morphology of the multiphase system through chemistry, one can
exploit the wide range of mechanical properties that polyurea has
to offer.
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