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Investigation on rheological properties of a reaction injection moulding polyurethane
formulation was performed during the formation reaction. The effect of reaction tem-
perature on the gelation time was studied in a wide temperature range covering

temperatures below and above the gelation temperature. The gelation temperature
and gel times were determined using the results of temperature sweep and time test
experiments by employing rheological criteria. The results indicated that a noticeable
increase has been occurred in the activation energy of gelation process at gelation
temperature. The shear rate dependency of the reactive mixture was also studied in
linear and non-linear viscoelastic domains. The viscosity of the reacting formulation
exhibited shear thinning behaviour in both viscoelastic regions. By superimposing the
curves of shear viscosity in non-linear viscoelastic domain and the complex viscosity
in linear viscoelastic region, it was found that the formed network-like structure
remained intact under the shear rate in non-linear viscoelastic region. Moreover these
results showed that by progression of the reaction the shear viscosity deviated to high-
er values with respect to complex viscosity. This was attributed to the effective role of
convective movements in non-linear viscoelastic regime. Convective movements led
to mobility increase of functional groups at high viscosities where the Brownian
motions are drastically retarded. 

INTRODUCTION

Success in the processing of a react-
ing system necessitates a thorough
understanding of the changes in its
rheological properties during reac-
tion progression. The study of rheo-
logical changes occurring during
the course of any chemical reaction
is called chemorheology [1]. The
chemical reaction has a pronounced
effect on the molecular structure of

polymers. In addition, rheological
properties of polymers depend on
the molecular mobility. 

Consequently, it is possible to
monitor rheological properties of a
reacting system ,i.e., viscosity or
modulus (storage and loss modu-
lus) by using a chemorheological
approach due to following the reac-
tion. Chemorheology is a powerful

chemorheology; 
thermosetting polyurethane; 
gelation temperature; 
viscoelastic regions. 
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tool to study chemical cross-linking reactions at which a
transition from the liquid to the solid state takes place
[1-7]. A reactive thermosetting resin can be used in an
industrial production process with respect to its curing
performance. The question of interest for a thermoset-
ting polymer is determination of its gelation temperature
and gelation time. These points of gelation are the basic
parameters characterizing processability of a thermoset-
ting resin. In this case rheometry is not only capable of
providing information about gel points, but also is a
technique that can monitor the total curing process of a
thermoset [7].

Thermosetting polyurethanes are one of the most
important polymers that have been widely used for the
production of elastomers and rigid, semi rigid, and flex-
ible foams. In the production process of reaction injec-
tion moulding (RIM) polyurethane parts, which are main-
ly used in automotive applications, the polymerization is
often accompanied by phase separation or chemical cross-
linking, which shapes the parts in a mould [8,9].

The viscosity of a thermosetting polyurethane resin
affects its processability in reaction injection moulding.
In order to avoid incomplete mould filling, the viscosity
of a reactive thermoset polyurethane resin needs to be
low enough. The filling time has to be shorter than the
gelation time for complete filling. Therefore, it is impor-
tant to determine the gel time of a thermosetting resin in
order to optimize the operating conditions for a reactive
polymer process that includes both reaction and viscous
of shear flow. The understanding of the effects of shear
rate and temperature, as adjustable parameters in RIM
processing, on rheological changes in a reactive
polyurethane system, is critical for the selection of prop-
er processing conditions and curing homogenization of
the final part. 

A number of works has been reported which con-
cerns the rheological properties of cross-linking
polyurethane formulations [4-6, 8-11]. Lipshitz et al. [5]
have investigated the effects of temperature and shear
rate on the viscosity changes of a polyurethane formula-
tion. Viscosity was found to be independent of shear rate
up to viscosity level of 102 (Pa.s) and shear rate of 30 (s-1).
Additionally, increasing of the temperature reduced the
gelation time. Dimier et al. [6] have measured the
dynamic viscosity of a polyurethane system versus time
in linear viscoelastic regime. They found that the

dynamic viscosity was independent of the applied shear
rate. In the work of Wang et al. [9] a capillary device
was used to measure the viscosities of a commercial
RIM polyurethane formulation at different shear rates.
The viscosity of reactive polyurethane versus shear rate
followed a shear thinning behaviour with a power law
index of 0.24. 

The primary objective of the present work was to
investigate the influence of curing temperature on the
gel time of a reactive thermosetting polyurethane for-
mulation in a wide temperature range below and above
the gelation temperature. In spite of the reports on deter-
mination of gelation temperature through rheological
measurements, there have been few works focusing on
the fundamental investigation of gelation temperature
and  the critical changes occurring at this temperature.
Rheological experiments give the trend of the changes
in temperature sensitivity of the gel time especially in
the critical point of gelation temperature.

The result of rheological measurements in linear vis-
coelastic domain is only valid when the deformation is
either quite small or very slow. However, in polymers
forming operations the deformations are generally both
large and rapid, and this necessitates the non-linear vis-
coelastic measurements to study polymer processing
operations [1]. In addition, for a cross-linking polymer,
gel formation leads to evolution of a network-like struc-
ture throughout the system. These structures may be
perturbed by application of shear rate in non-linear vis-
coelastic domain. Therefore, the second objective of the
present work, concerns the study of the effect of shear
rate on the viscosity changes of the reacting
polyurethane formulation in linear and non-linear vis-
coelastic regions. Through a comparison being made
between the results obtained in both viscoelastic
domains it is possible to consider the effect of shear rate
in large deformations on the structures formed in a
cross-linking system during the formation reaction.

EXPERIMENTAL

Materials
A poly(tetra methylene ether glycol) (PTMEG)/poly-
meric diphenyl methane diisocyanate (P-MDI)/1,4-
butane diol (BDO) based polyurethane formulation was
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used in this study. P-MDI (Suprasec 5025 MDI,
Huntsman, UK) is a blend of 50 percent by weight of
4,4'-diphenyl methane diisocyanate and 50 percent by
weight of higher molecular weight polyisocyanates. The
equivalent weight of Suprasec 5025 and its functionali-
ty were 136 g/mol and 2.7, respectively. PTMEG
(PTMEG3000, Pouyesh Petrochemicals, Iran) is a poly-
ether polyol with a weight average molar mass of 3000
g/mol and functionality of 2. The equivalent weight of
PTMEG3000 was 1516.216 g/mol. BDO (Merck,
Germany) was used as a chain extender with equiva-
lent weight of 45.06 g/mol and functionality of 2. The
weight percentages of reactants in polyurethane formula-
tion were chosen as PTMEG / P-MDI / BDO : 87 / 11.7 /
1.3. The procedure of polyurethane formulation design is
presented else where [12].

Sample Preparation
PTMEG was demoistured under vacuum at 60°C for at
least 6 h to remove traces of water. In order to prepare
the polyurethane reactive mixture, the one shot method
was employed. In this method, PTMEG and BDO were
mixed by hand mixing at 40°C for 5 min. Then, P-MDI
was injected into PTMEG/BDO mixture and hand mix-
ing continued for 1 min. After mixing and homogeniz-
ing, the reactive mixture was transferred into the
rheometer for rheological experiments. The lag time
between isocyanate addition (start of reaction) and the
beginning of the rheological monitoring was kept as low
as possible at a constant value of 2 min for all rheologi-
cal experiments.

Rheological Experiments
Rheological measurements of the polyurethane reactive
mixtures were carried out using a Paar Physica UDS200
stress/strain controlled rheometer. Parallel plate geome-
try with a 25 mm diameter and a 1 mm gap was used.
Three types of rheological experiments were performed
to assess the rheological properties of the polyurethane
reacting system. All the experiments were performed in
triplicate and average values were recorded.

Temperature Sweep 
In temperature sweep measurement, sample was heated
by linear increase of the temperature with a constant
heating rate of 1°C/min. Temperature sweep experiment

was carried out using oscillatory mode at the strain
amplitude of 1% and the angular frequency 10 s-1. 

Time Test Oscillation 
Time test oscillation measurements were performed at
isothermal conditions in the temperature range of 75-
160°C. Strain amplitude of 1% and angular frequencies
of 1-50 s-1 were applied.

Time Test Rotation 
Measurements were carried out at shear rates of 1, 10,
20, 30, and 50 s-1, which were imposed on the sample by
rotation of the moving plate of the rheometer under
isothermal condition.

RESULT AND DISCUSSION

The Effect of Reaction Temperature
Temperature affects a curing thermoset in two opposing
ways. Raising the temperature will cause viscosity to
drop but will also raise the reaction rate, causing an
increase in the viscosity [3]. One of the most important
questions of interest for a thermosetting resin is the
determination of its gelation temperature. By detecting
the gelation temperature it is possible to adjust the tem-
peratures of reactive processing, properly. The gelation
temperature, Tgel, has been determined from dynamic
temperature ramp (temperature sweep) experiments.
The temperature corresponding to the chemical gelation
is manifested by a dramatic increase in the viscosity and
viscoelastic moduli (storage modulus (G') and loss mod-
ulus (G'')) at the point where G' crosses G'' [2,3].

Figures 1 and 2 depict a typical dynamic tempera-
ture ramp at the strain amplitude of 1% and frequency of
10 s-1. As it can be observed in Figure 1 which repre-
sents the viscosity change of the reacting system versus
temperature, the viscosity is nearly constant up to tem-
perature of about 80°C. In the temperature domain
between 40°C and 80°C the viscosity increase due to
reaction progression is not significant enough to count-
er the dilution effect of temperature on the viscosity. The
viscosity increase is intensified at temperatures beyond
100°C. The values of complex viscosity jump as the
reacting system approaches gelation. It is observed in
Figure 2 that at temperatures beyond 100°C a remark-
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able increase in viscoelastic moduli occurs. The G' and
G" crosses each other at the temperature of about 110°C.
The G' and G" cross-over point has been considered as
the gelation temperature [2,3].

In order to determine the gel time of the
polyurethane reactive mixture at different temperatures
and investigate the temperature sensitivity of the gela-
tion time, the time test experiments were employed at
isothermal condition. Isothermal temperatures between
75-160°C were chosen in accordance with the result of
temperature sweep experiments. The pointed out tem-
perature domains covered temperatures below and
above the gelation temperature. Therefore, it would be
possible to study the trend of the change in the gelation

times versus curing temperature especially at the critical
point of gelation temperature. 

Figure 3 shows the viscosity change during isother-
mal curing of the polyurethane reactive formulation at the
strain amplitude of 1% and dynamic frequency of 10 s-1.
As it can be seen in Figure 3, at each isothermal curing
temperature is observed a steep increase of the value of
complex viscosity, reflecting a phase transition from liq-
uid to solid. In some reports, the gel time has been deter-
mined as the time when the viscosity of the reacting sys-
tem tends to infinity [3]. However, it is not easy to deter-
mine the exact time of the abrupt viscosity rise. 

On the contrary, dynamic oscillatory measurements
allow accurate determination of the gel time of ther-
mosetting systems. In these experiments, the evolution

Figure 1. The result of temperature sweep experiment at
the heating rate of 1°C /min on the viscosity change of the
reactive polyurethane formulation.

Figure 2. The result of temperature sweep experiment at the
heating rate of 1°C /min on the change of storage modulus (G')
and loss modulus (G'') of the reactive polyurethane formulation.

Figure 3. Effect of isothermal curing temperature on the
viscosity change of the polyurethane reactive formulation.

Figure 4. Evolution trend of storage modulus (G') and loss
modulus (G'') versus time at isothermal temperature of 120°C.
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of the storage modulus (G') and the loss modulus (G") is
measured in small amplitude oscillatory shear as a func-
tion of cross-linking time while, frequency is kept con-
stant throughout [13]. As an example, a plot of the G'
and G'' versus time at 120°C is presented in Figure 4.
Trends in the changes of storage and loss moduli at dif-
ferent isothermal temperatures are the same. 

Rheological properties such as G' and G'' are very
sensitive to the variation of the molecular structure and
phase transitions occurring in thermosetting polymer
systems [14]. Cross-linking of thermosetting polymers
can be modeled as a cluster formation process [15].
During the initial period of reaction, micro-gels are
formed with branched and partially cross-linked mole-
cules of colloidal sizes [16]. The polymer continues to
react to form larger clusters of various sizes distributed
randomly in the system [17]. 

Rheologically, the thermosetting resin in the early
stage of curing is in liquid state and viscous behaviour
dominates the initial part of the curing process, subse-
quently G''>G'. Both of the dynamic moduli increase as
a result of increasing cross-link density and molecular
weight of curing polymer system. at the gel point an
infinitely large cluster extends throughout the whole
system, and a three-dimensional continuous network is
formed and a crossover of G' and G'' curves occurs [14].
The cross-over point of G' and G'' during thermoset cur-
ing can be applied as a criterion for elasticity domina-
tion in a reactive system and has been considered as the
gel point [3,7,13,14,18]. 

Gel times obtained from the cross-over points of G'
and G'' that are plotted against isothermal temperature
are presented in Figure 5. As it can be observed in
Figure 5, increasing the temperature of the measurement
causes a decrease in the gel time of the polyurethane
reactive mixture. This can be attributed to higher reac-
tion rates at elevated temperatures [5,19]. As it can be
noted in the trend of the change of the gel time versus
temperature in Figure 5, there is a significant decrease
of gel times as a result of increasing temperature below
the gelation temperature which was determined at about
110°C. However, the temperature sensitivity of gel time
declines at temperatures above the gelation temperature. 

The change in temperature sensitivity of gelation
times at the gelation temperature can be investigated by
considering the apparent activation energy of gelation.

The following equation has been employed to calculate
the activation energy of the gelation process [7,18,20]: 

tgel = tap e (Eap
/RT) (1)  

where tgel, tap, Eap, R, and T are the gel time obtained by
rheometry, the pre-exponential factor, the apparent acti-
vation energy, the gas constant, and the isothermal cure
temperature, respectively. Calculation of activation
energies can be performed using an Arrhenius plot in
which ln(tgel) is plotted against 1000/T for two tempera-
ture domains of 75-110°C (below the gelation tempera-
ture) and 110-160°C (above the gelation temperature) as
shown in Figures 6a and 6b, respectively (correlations
were better than 0.99). The resulting apparent activation
energies are 52.03 and 71.09 kJ/mol for the cross-link-
ing system below and above the gelation temperature,
respectively.  

It can be observed that reactive mixture represents
higher temperature sensitivity due to lower activation
energy of gelation below the gelation temperature.
However, the gelation process of the system at tempera-
tures above the gelation requires more energy which
results in lower temperature sensitivity. 

Therefore, the gelation temperature which is deter-
mined by a temperature sweep measurement can be con-
sidered as a critical point for the reacting system at
which the change in the activation energy of gelation
process occurs. This phenomenon can have an influen-
tial role on temperature adjustment of reaction injection
moulding processing which opens a way for further
studies.

Figure 5. Effect of increasing of isothermal temperature on the
gel time of polyurethane formulation.
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Comparing the Gel Point Determination Methods
Rheologically, the critical point of the network build-up
for a thermosetting resin is manifested by a steep rise of
viscosity, and by the cross-over point of storage (G') and
loss (G'') moduli. Consideration of the dynamics near
the critical point of gelation has led to predictions for the
frequency dependence of the components of the com-
plex modulus G*(|w|) = G'(w)+ i G''(w). At the gel point,
the frequency dependence of the G' and G'' can be rep-
resented by a power law over a wide angular frequency
range [21-25]:

G'|~|G''~w|D|| ,        |D| =22 /|  p| (2) 

accordingly, at the gel point the loss factor (tan = G''/G')
becomes independent of frequency. This fact can be used
to determine the gel time from the cross-over of the loss
factor curves versus time at various frequencies (the loss

factors intersection method) [21-25]. 
In the present work, loss factors intersection method

which is considered as multiple frequency experiment
was employed in order to fortify the correctness of cal-
culation of gel times through single frequency experi-
ments (the G'-G" cross-over method). Figures 7 and 8
clearly show a coincidence domain of the time evolution
of the tan ( ) curves obtained at different frequencies at
isothermal temperatures of 100 and 120° C, respectively.
The loss factor increases at the beginning of the reaction
because of an increase in dynamic viscosity | |' ( '=
G''/w). After the initial scatter and increase of the loss
factor, at a later reaction stage, tan ( ) starts to decrease
as the elastic part of the complex modulus (G') operates
because of the formation of elastically active cross-links
before the gel point [14]. According to results of the loss
factors intersection method, gelation times at tempera-
tures of 100 and 120°C are localized at times of 1260

δ

ηη

δ

δ

δ

Figure 6. Arrhenius plots for (a) the gel times corresponding to
the temperature domain between 75-110°C (below the gela-
tion temperature) and (b) the gel times corresponding to the
temperature domain between 110-160°C (above the gelation
temperature).

(a)

(b)

Figure 7. Curves of loss factor versus time at different frequencies
of 1, 5, 10, 30, and 50 s- 1 and the temperature of 100°C. 

Figure 8. Curves of loss factor versus time at different frequencies
of 1, 5, 10, 20, and 50 s- 1 and the temperature of 120°C.
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and 630 s, respectively. 
Gel times obtained by the intersection of loss factors

at different frequencies and the G'-G'' cross-over meth-
ods are presented and compared in Table 1. It is con-
cluded from Table 1 that there is not a noticeable differ-
ence between times of G'-G'' crossover and tan ( )
intersection with respect to the total time scale of gela-
tion in each temperature. Consequently, the value of the
gel time as the point of G'-G'' cross-over is verified by
means of the loss factors intersection method and the
instance at which curves of G' and G'' cross each other
can be used as the gelation point of the polyurethane
formulation. 

Shear Rate Dependency of Polyurethane Reactive
Mixture 
The effect of increasing shear rate on polymeric liquids
and melts is to lower the viscosity [1]. For reacting
polyurethane systems where the viscosity grows from
the beginning of the reaction, the applied shear rate may
have two different effects on the viscosity: (i) In a
polyurethane reactive mixture, the reaction of short-
chain diol and isocyanate molecules leads to the forma-
tion of hard urethane segments, which (due to hydrogen
bonding) aggregate to form a block-like structure. The
aggregation of hard segments necessitates the ability of
the polyurethane chains to align themselves and develop
an inter-chain structure by hydrogen bonding [26]. The
polyurethane rigid domains act both as tie down points

(being chemically linked to the polyol chains. which
they form the soft domain of the polyurethane structure)
and as filler particles, reinforcing the soft segment
matrix [26]. The hard segment content of the
polyurethane is defined as the sum of the isocyanate and
chain extender weight percents [8]. These hard blocks in
the polyurethane system act as physical cross-links in
the polymerizing mixture that reduces the mobility of
chains. Imposing high shear rate may dissociate these
physical cross-links and increase the mobility of func-
tional groups. Thus, the diffusion and reaction of func-
tional groups would be enhanced in higher shear rates
and the viscosity increases due to increased rates of
polymer formation [27]. (ii) By progression of the reac-
tion, high molecular weight polymer chains are formed.
Consequently, the application of shear rate can induce a
shear thinning behaviour in long chain entangled macro-
molecules [1]. 

The effect of shear rate in non-linear viscoelastic
regime on the polyurethane reactive mixture is shown in
Figure 9. These results were obtained by isothermal
time test rotation rheological experiment at which the
shear rate was imposed on the sample by rotation of the
moving plate of the rheometer. The isothermal tempera-
ture was set at 100°C. Similar trend was observed at the
temperature of 120°C. It is observed in Figure 9 that an
increase in shear rate reduces the viscosity of the
polyurethane reactive mixture. The formulation of the
polyurethane in the present study contains small amount

δ

Table 1. Comparison between times of G'-G'' crossover and loss factor intersection. 

No. Temperature
(°C)

Frequency 
( s-1 )

G'-G'' crossover
time (s)

Tan( ) intersection
time (s)

δ

1 100 1 1400 1260
2 100 5 1400 1260
3 100 10 1410 1260
4 100 20 1470 1260
5 100 50 1510 1260
1 120 1 650 630
2 120 5 660 630
3 120 10 660 630
4 120 20 660 630
5 120 50 650 630
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(13%) of low molecular weight diol (BDO) and iso-
cyanate (P-MDI) molecules which can react to form
hard segments. In addition to low hard block content of
the polyurethane, chemical cross-linking of the
polyurethane may disturb the chain packing and hard
domain formation. Therefore, there is not a significant
decrease in the mobility of functional groups due to
physical cross-linking. Accordingly, the effect of shear
rate on increasing the chain mobility is not prominent
and the shear rate results in shear thinning behaviour of
the polyurethane. As it can be seen in Figure 9, at the
early stages of reaction, the curves of shear viscosity
versus time at different constant shear rates are very
close together and the reactive mixture do not have a
noticeable shear rate dependency. This behaviour can be
attributed to the Newtonian behaviour of low molecular
weight precursors which do not have ability to elongate
in the presence of shear. By progression of the reaction,
polyurethane molecular chains are formed. Application
of the shear rate causes orientation of molecular chains
which leads to shear thinning behaviour and the dilution
effect of shear rate on viscosity (shear thinning behaviour)
seems to be dominant. Hence, the viscosity of the reac-
tive formulation at higher shear rates is lower than that
in lower shear rates.

Rheological measurement in rotation mode, which
is an experiment in non-linear viscoelastic regime, may
cause a change in the material structure and induce
mobility in functional groups of the reactive mixture. It
is due to movement of rotating plate of rheometer which
can result in enhancement of the reaction rate and
increase of the viscosity. In order to eliminate the effect

of shear rate some rheological experiments in oscillation
mode (linear viscoelastic regime) were also performed
and the results were compared with the result of rotation
mode. During the chemical cross-linking reaction, the
reactive system passes through a liquid-like behaviour
to a solid-like behaviour before the gelation point. The
formed gels can be denoted as a network-like structure
in the thermosetting polymer which may be influenced
by shear rate. It is possible to investigate the shear rate
effect on these structures by superimposing the rheolog-
ical properties of linear and non-linear viscoelastic
regimes. The Cox-Merz empirical rule, which is pro-
posed for a homogeneous liquid and expressed as fol-
lows, enables the translation of the complex to the
steady shear viscosity (linear to non-linear viscoelastic-
ity) [1]:

.                .  
(| |) = | *(w) |     ( = w)                                                  (3)   

Doraswamy et al. [28] have examined the validity of
Cox-Merz rule for a concentrated suspension and indi-
cated that the shear rate in the non-linear viscoelastic
regime may perturb the network-like structures.
Therefore, the shear and complex viscosities do not
superimpose and the shear viscosity is lower than the
complex viscosity due to dissociation of the network-
like structures. The shear rate in linear viscoelastic
regime for a network-like structure system can be calcu-
lated by the following relation: 

.
= w (4)  

Figure 10 presents the application of Cox-Merz rule for
the polyurethane reactive system at the shear rate of 10 s-1

and temperature of 100°C. The shear rate was set at this
value in the time test rotation and was calculated as 10 s-1

by the eqn (4) for the time test oscillation. As it can be
seen in Figure 10, except for the early stage of the reac-
tion at which the scatter of the values of and * due
to low viscosity of reactants is probable, the values of 
and * versus time are almost the same in a specific
time domain. Validity of the Cox-Merz rule in this time
period implies that the shear rate in the non-linear vis-
coelastic regime does not alter the network-like struc-
tures which are formed during curing reaction. 

After this period, the shear viscosity tends to be
higher than the complex viscosity. It can be suggested

η
η

ηη

γγ

γηγη

Figure 9. Effect of the increase of shear rate on the shear
viscosity at 100°C in rotation mode.

www.SID.ir



Arc
hi

ve
 o

f S
IDthat during the early stage of the reaction due to the low

viscosity of the medium and high concentration of reac-
tive groups the reaction kinetics is controlled by
Brownian motions [29]. By progression of the reaction
the viscosity of the reaction medium is increased. This
observation along with the decrease in concentration of
functional groups leads to a noticeable reduction in con-
tribution of Brownian motions in controlling the reac-
tion kinetics [29].    

On the other hand, due to effective role of convec-
tive movements in high viscosities, large deformation
occurring in non-linear region would enhance the
mobility of functional groups. This results in an increase
in shear viscosity in comparison with complex viscosity
at the same time. According to the decline of the shear
viscosity as a result of increase of shear rate (Figure 9)
it is implied that even though the mobility of functional
groups amplifies the rotation mode in comparison with
oscillatory measurement, however the shear thinning
phenomenon of long chain polyurethane molecules
counters the influence of the shear rate on the increase
of the mobility of functional groups.

The effect of increase of the frequency (shear rate in
linear viscoelastic regime) on the complex viscosity of
polyurethane reactive mixture is also shown in Figure 11.
It can be observed that, at the early stages of the curing
reaction, the change of the frequency does not change
the complex viscosity of the reactive system due to
Newtonian behaviour of low molecular weight
monomers. By progression of the reaction, increasing of
the frequency causes a decrease in the complex viscosi-

ty of the polyurethane reactive mixture. Since, in the
oscillation mode the mixing of reactants due to move-
ment of oscillating plate of rheometer is negligible; this
shear thinning behaviour can be attributed to the induc-
tion of orientation in molecular chains which is a domi-
nant effect of shear rate for a low hard segment
polyurethane formulation.  

CONCLUSION

The experimental data showed that the gel time of the
reacting polyurethane formulation strongly decreased
by increasing curing temperature below the gelation
temperature. However the trend of the change in gela-
tion times showed lower temperature sensitivity above
the gelation temperature. Transformation of the temper-
ature sensitivity of gelation time at the gelation temper-
ature was also explained by means of a considerable
change in the activation energy for the gelation process. 

In addition, rheological measurements in linear and
non-linear viscoelastic regimes indicated that the
applied shear rate did not have any significant effect on
the viscosity change during the early stage of the reac-
tion. By progression of the reaction and formation of
long chain macromolecules shear thinning behaviour
was observed in both viscoelastic regions. Additionally,
through a comparison between the viscosity of the react-
ing system in linear and non-linear viscoelastic regimes,
it was observed that the shear rate in the non-linear vis-
coelastic domain did not perturb the network-like struc-

Chemorheological Analyses of a Reaction Injection ...Haddadi H. et al.

975Iranian Polymer Journal / Volume 15 Number 12 (2006)

Figure 10. Investigation of the Cox-Merz rule validity by
superimposing of the curve of shear and complex viscosities
at the temperature of 100°C and shear rate of 10 s-1.

Figure 11. Effect of the increase of frequency on the complex
viscosity at 100°C in oscillation mode.
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ture of cross-links. 
By progression of the reaction, the shear viscosity

has been raised to higher values than the value of the
complex viscosity. This was attributed to the effective
role of convective movements in non-linear viscoelastic
regime. Convective movements led to mobility increase
of functional groups at high viscosities where the
Brownian motions are drastically retarded.
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