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Abstract. The high versatility of polyurethanes (PU’s) is encouraging the development of new formulations for new applications, like their use as a matrix for structural composites. PU’s based technology offers some advantages, such as fatigue
resistance and fast curing cycles. However, their high reactivity hinders some manufacturing processes like Resin Transfer
Moulding (RTM). This work aimed to achieve a PU resin (PUR) formulation with the required latency and reactivity for the
RTM. For this purpose, different catalytic systems based on an epoxide and LiCl were investigated. The reactivity of the
systems was evaluated through Differential Scanning Calorimetry (DSC) and rheology tests, and the curing reaction and
viscosity were modelled. Furthermore, the RTM process of a representative composite part was simulated. Results demonstrated the processability improvements when the LiCl was incorporated into the isocyanate component of the formulation
combined with a monool or a diol. It was observed that these combinations contribute to the encapsulation of the LiCl
between the as formed urethane groups by hydrogen bonding, providing the desired latency and acting as a delayed action
catalyst. Once the reaction started and the encapsulation was deactivated, an alkoxide was formed to act as a catalyst. Encapsulation was more effective with the diol, providing a higher latency.
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1. Introduction

In automobiles, materials with a high fatigue tolerance are essential to exploit lightweight potential to
its fullest extent. However, in the mass-production
of automobiles, speed is paramount, and the newly
developed materials should allow high production
rates. This is why some developments in the field of
PU’s for composites are targeting the resin transfer
moulding (RTM) process [4, 6], which allows the
application of short cycle times in the production of
structural composites components. For a successful

Polyurethanes (PU’s) are a versatile family of polymers, which, depending on the chemical structure of
the reactants give rise to a wide variety of polymers
with many different properties and applications [1].
That is why new applications and opportunities are
appearing for these materials [2, 3]. PU’s represent
an interesting alternative to the commonly used
epoxy resins in structural composites due to their
higher toughness and fatigue resistance [4, 5].
Corresponding author, e-mail: arantxa.eceiza@ehu.eus
© BME-PT
*

234

O. Echeverria-Altuna et al. – Express Polymer Letters Vol.16, No.3 (2022) 234–247

After the component release, the catalyst is formed
in situ, and it acts to accelerate the reaction. Pelzer
et al. [24] studied the effect of different halides in
the catalytic coupling with an epoxide in the presence of different ratios of 4,4′-diphenylmethane diisocyanate (MDI). They observed that at high MDI
contents, the intermediate alkoxide formed by the
coupling between epoxide and ammonium halide
catalyses the formation of isocyanurate. It was shown
that when the halide was chloride, the catalysed reaction that leads to the formation of isocyanurate
prevails over other paths. Moreover, the ability of
LiCl was reported to coordinate with urethane groups
forming a stable complex via electrostatic interactions [25, 26], as well as to form stable intermolecular hydrogen bonding interactions with hydroxyl
groups [27]. In this context, adding a stabilised halide
salt within a hydroxyl group containing molecule to
the isocyanate component to form an urethane prepolymer can be envisaged as an effective strategy for
encapsulating the halide salt of the catalyst system
within one of the reaction components.
The aim of this work was to achieve a PUR formulation with the required latency and reactivity for the
RTM manufacturing of structural PUR based composites. More specifically, the target application was
an automotive component subjected to cycling loadings, such as leaf springs. For this purpose, different
catalytic systems based on an epoxide and LiCl, separately incorporated within the reaction components,
were investigated. The reactivity of the PUR systems
was evaluated through differential scanning calorimetry, and rheology tests and the curing reaction and
viscosity were modelled. The chemo-rheological
resin models considering the viscosity dependence
on temperature and curing degree were employed to
effectively predict the resin systems-viscosity evolution with time. Finally, in order to evaluate the different alternatives and find the best process parameters of the injection and curing stages of the RTM
process, a representative composite part has been
simulated with ESI’s PAM-RTM software.

RTM process, the novel PU thermoset resins (PUR)
should have initially low viscosity to achieve a good
wetting and fast and controllable reaction to allow
fast curing. The high reactivity and short cure times
of PURs [2, 6–8] result in an abrupt and premature
increase in viscosity that makes them not suitable for
RTM. Therefore, it is necessary to develop new catalyst formulations to achieve a certain latency to
maintain a low viscosity in the wetting step.
Different types of catalysts are used for PUR, the
most common being the low molecular weight tertiary amines, such as 1,4-diazabicyclo[2.2.2]octane
(DABCO) and 2-[2-(dimethylamino)ethoxy]-N,Ndimethylethanamine (BDMAEE), widely used in
rigid and elastic foams. [9, 10]. However, due to their
low molecular weight, they have the tendency to release volatile organic compounds (VOC). Reactive
amine catalysts functionalised with isocyanate reactive groups (urea, amino or hydroxyl) can bond to
the polymer and reduce VOC release [10–12]. In any
case, tertiary amines, reactive or not, accelerate the
reaction from the beginning, the curing is very fast,
and they do not provide the necessary latency to the
PUR for RTM.
Organometallic catalysts have also been extensively
used in polyurethane reactions [12–14], being inorganic and organic tin compounds, and more specifically tin alkoxides, the most common [15, 16]. Despite their efficiency, they are susceptible to moisture, reducing their catalytic activity [12]. Another
disadvantage is their toxicity due to the residues
formed [17].
Delayed action catalysts formed by tertiary amines
blocked with organic acids, which can be thermally
activated, have been investigated [18]. However, organic carboxylates have a strong corrosive action,
causing a faster deterioration of the machine and
storage containers due to the release of carboxylic
acid [12]. Therefore, they are not a feasible alternative for the RTM process. In addition to the tertiary
amines with delayed action catalyst, there are organometallic compounds with delayed action, but in most
cases, they are formed by mercury and heavy metals
[19]. Another solution of delayed action catalysts
consists of using polymers capable of containing or
bonding the catalyst in order to encapsulate or link
the catalyst to the polymer [12, 20, 21]. In this context, some authors propose to encapsulate one component of the catalyst system within the reaction components through electrostatic interactions [22, 23].

2. Experimental
2.1. Materials

In this work a high reactivity and low viscosity twocomponent commercial thermoset polyurethane resin,
supplied by Dow Chemical (Milano, Italia) was employed. The first PUR component was constituted
by a polyether-polyol (Voraforce TR 1551-Polyol,
235

O. Echeverria-Altuna et al. – Express Polymer Letters Vol.16, No.3 (2022) 234–247

room temperature and under nitrogen at 1000 rpm
for 15 min, obtaining the Part A mixture. ForPart B,
the LiCl is used alone (CAT1) or dissolved in DAS
(CAT2) or in BDG (CAT3) after mixing for 30 min
at 1000 rpm and 80 °C under nitrogen. After that it
was mixed with isocyanate at 1000 rpm and 50 °C
for 4 h under nitrogen to obtain the isocyanate prepolymer. Finally, Part A mixture and isocyanate prepolymer were mixed with the same procedure as for
the uncatalysed system (Figure 1a).

OH-number = 527 mg KOH g–1 and viscosity =
750 mPa·s). Hydroxyl number of Voraforce 1551
was determined according to ASTM D 4274-88. The
second component was an isocyanate (Voraforce TR
1500-Isocyanate, NCO equivalent weight = 136 g·eq–1
and viscosity = 130 mPa·s). NCO equivalent weight
was determined according to the ASTM D2572-97.
Three different catalyst systems were evaluated.
CAT1 is a two-component system formed by an
epoxide (1,4-butanediol diglycidyl ether, BDDE) and
a halide salt (LiCl). CAT2 is formed by BDDE and
LiCl dissolved in a low molecular mass biobased
cyclic diol (1,4:3,6-dianhydro-D-glucitol or D-isosorbide, DAS). CAT3 is formed by BDDE and LiCl
dissolved in a low molecular mass aliphatic monool
(diethylene glycol butyl ether, BDG). All the catalysts components were supplied by Sigma Aldrich
(St. Louis, USA). Catalysts components were used
as received.

3. Characterisation
3.1. Rheological characterisation

Rheological tests were carried out on a HAAKE
RheoStress 6000 Rheometer (Thermo Fisher Scientific, Massachusetts, USA), running in an oscillating
stress mode at a frequency of 1 Hz. Amplitude was
held constant in the Linear Viscoelastic Range (LVR)
throughout the test. A gap separation of 1 mm and
disposable parallel plates of 60 mm diameter were
used. Experiments were performed at both isothermal or time sweep test, and dynamic or temperature
sweep test conditions. Time sweep tests were carried
out at different temperatures ranging from 50 to
90 °C whereas temperature sweep tests were performed from 25 to 200 °C at a constant heating rate
of 5 °C·min–1. Storage and loss moduli, G′ and G"
respectively, and complex viscosity, η*, were measured over time or temperature in isothermal or dynamic conditions. The gelation time, tgel, was taken
as G' and G" crossover (G'= G").

2.2. Synthesis
Four PUR systems were synthesised, three catalysed
and one without additional catalyst as reference. The
isocyanate index was maintained constant (equal to
1.2) for all the PUR systems studied. Designation
and composition of the PUR systems are summarised in Table 1. All formulations are based on
150 parts by weight of isocyanate [pbw].
Before the polyurethane synthesis reaction, both
polyol and isocyanate were degassed separately under
vacuum at 1000 mbar and 1000 rpm for 30 min. The
non-catalysed system (PUR-REF) consists on the reaction of previously degassed polyol and isocyanate
components. The reaction components were prepared as shown in Figure 1a.
The catalysed PUR systems (PU-CAT1, PU-CAT2
and PU-CAT3) consist of the reaction of a polyol and
epoxide based mixture (Part A) and an isocyanate
based prepolymer (Part B) formed just before the
mixing of both components (Figure 1b). For Part A
preparation the polyol and epoxide were mixed at

3.2. Differential scanning calorimetry
Differential scanning calorimetry (DSC) tests were
carried out on a TA Instruments DSC Q100 (TA Instruments, New Castle, USA) calorimeter in both dynamic and isothermal conditions. The dynamic experiments were performed from 20 to 200 °C at three
heating rates 5, 10 and 20 °C·min–1. Isothermal experiments were performed at temperatures ranging
from 50 to 120 °C. All samples were subjected to a

Table 1. Designation and composition of synthesised thermoset polyurethanes.
System
PUR-REF

PUR-CAT1

PUR-CAT2

PUR-CAT3

Polyol

100.00
99.92

83.00

92.60

Components ratio
[pbw]

Isocyanate

LiCl

BDDE

DAS

150

2.31

5.56

–

150

2.31

150

150

–

2.31
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–

5.56

5.56

–

10.19
–

BDG
–

–

–

10.19
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Figure 1. a) Reference polyurethane sample preparation and b) Part A and Part B preparation of the catalysed systems.

4. Results and discussion

subsequent dynamic scan from 20 to 200 °C at
10 °C·min–1 to determine the residual heat of reaction and the glass transition temperature, Tg, of the
cured material. The Tg was taken as the midpoint of
the heat capacity change and the total heat of reaction (HT) was calculated from the integration of the
area of the exothermic peaks.
The curing rates (dα/dt) from the heat flow curves
obtained in the dynamic and isothermal DSC tests
Equation (1) were integrated to calculate the degree
of cure (α) profiles Equation (2):
dH
da
H = d t = d t HT
t

a=

#
0

da
dt dt

Viscosity during the resin curing evolves with time
and depends on degree of cure and temperature. In
the case of a resin system suitable for high production rate RTM, a combination of low reactivity in the
first part of the process and high reactivity in the following steps is necessary. Figure 2a shows schematically the desired viscosity evolution curve for the
suitable RTM resin system. Some latency is needed
in the first part of the process (resin injection) to maintain a low viscosity value and to facilitate the fibre
impregnation. Then, a high reactivity is desired to reduce curing times and allow fast production cycles.
Viscosity results from oscillatory temperature sweep
tests of the four PUR systems are shown in Figure 2b.
As has already been mentioned, the latency in the
first part of the curing reaction is necessary to guarantee low viscosity values and obtain an adequate
mould filling. Normally, for RTM resin systems,
process temperatures are in the range of 90–120 °C

(1)
(2)

where H is the instantaneous heat evolved during the
polymerisation reaction of the resin, and HT is the
total heat after the curing process.
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Figure 2. a) Ideal viscosity evolution for the PUR RTM resin systems and b) omplex viscosity evolution with temperature
for the different PUR.

both latency at the beginning and fast curing at the
end of the reaction to the polyurethane resin.
Gel times, tgel, were determined as the G' and G"
moduli crossover in the time sweep tests. The obtained tgel values for each PUR system at the studied
temperatures are represented in Figure 4. Results
show that PUR-CAT2 provides latency to polyurethane system, increasing the gel times for all the temperatures studied. In this case, although the best results are obtained for PUR-CAT-2, the improvement
of latency is also appreciated for PUR-CAT-3.
Again, the lower gel times or the higher reactivities
are obtained for PUR-CAT1, showing that this catalyst system is capable of accelerating the reaction, but
it cannot provide latency. In PUR-CAT1 the dissociated lithium and chloride encounters the epoxide unimpeded, and they can create an alkoxide, which acts
accelerating the reaction of polyurethane [24, 28].
The behaviour observed in PUR-CAT-2 and PURCAT-3 can be attributed to the developed catalytic system, which is based on the generation of the catalyst
in situ, once the reaction between Part A and Part B
is initiated. The urethane groups formed once the
monool or diol and the isocyanate are mixed to prepare the Part B are able to encapsulate the lithium salt
through the formation of a polydentate complex with
the salt [25, 27]. The encapsulation process involves
several steps. In the first step of the Part B preparation,
the lithium salt is dissociated in the diol or monool
due to the electrostatic interactions (Figure 5a).
In the second step of the Part B preparation, the isocyanate reacts with the hydroxyl groups of the diol
or monool, creating urethane groups. Thanks to the

to reach the final target properties in process times
ranging from 3 to 10 minutes. Therefore, results
showed that the PUR-REF system would not be suitable. The viscosity starts increasing at temperatures
lower than 70 °C, which means that this system will
start to react in a few seconds at the target temperatures and will not have the necessary latency. In the
case of the PUR-CAT1 the results have been unsatisfactory since the curing is accelerated, and the viscosity increase starts earlier, and it is faster than the
reference system. Moreover, this system shows higher viscosity values from the beginning. For the PURCAT2 system, the viscosity increase starts at a higher
temperature showing that the catalyst system provides latency. Furthermore, the shape of the curve at
the viscosity increase is similar to the observed for
the reference one, which means the cure is fast.
PUR-CAT3 system does not show any appreciable
improvement compared to the reference systems at
this temperature range.
Oscillatory time sweep tests were performed at temperatures between 50 and 90 °C (Figure 3). Results
are in accordance with previous temperature sweep
tests. The PUR-REF cure is ultra-fast at temperatures
higher than 60°C and not suitable for RTM. For PURCAT1, the cure reaction is accelerated at high temperatures worsening the material processability for
RTM. PUR-CAT3 only provided a slight improvement compared to the reference. For PUR-CAT2,
however, it can be observed that the desired latency
is obtained in the first part of the reaction. This delayed action catalytic system seems to be suitable for
RTM processing and fulfils the function to provide
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Figure 3. Complex viscosity evolution with time at different temperatures, a) PUR-REF, b) PUR-CAT1, c) PUR-CAT2 and
d) PUR-CAT3.

electrostatic interaction, the lithium cation and chloride anion can be associated with the urethane groups
[25, 26] and create a monodentate or bidentate complex. Figure 5b shows the chemical structure evolution in this second step. The salt is caught between the
urethane groups encapsulating via electrostatic interactions. In addition, the urethane groups are capable of creating hydrogen bonds among them increasing the encapsulation effectiveness, being stringer in
the case of diol. Due to the lack of urethane groups
in the PUR-CAT1 Part B, the encapsulation of the
LiCl is not possible. For this reason, the CAT1 accelerates the reaction from the beginning and does

not provide any latency. Therefore, this system has
been discarded as a suitable alternative for the RTM
process.
The curing reaction of PUR-REF, PUR-CAT2 and
PUR-CAT3 was also characterised by both dynamical and isothermal DSC tests. Figure 6a–6c shows
the thermograms obtained in dynamic conditions for
the different systems at 5, 10 and 20 °C·min–1. The
total heat of reaction, taken as the value obtained at
10 °C·min–1 was 311 J·g–1 for the PUR-REF system
whereas for the catalysed systems PUR-CAT2 and
PUR-CAT3 were 282 and 301 J·g–1 respectively. The
enthalpy difference could be due to the fact that in
catalysed systems, the diol and monool were mixed
with the isocyanate to form an urethane prepolymer
during the Part B preparation. In this step, some isocyanate groups react with hydroxyl groups of the
monool or diol in order to produce urethane groups
as shown in the Figure 5b. The heat released in this
step was not measured in the later DSC cure.
As can be seen in the figures, the reaction is delayed
for the catalysed systems. For instance, at 10°C·min–1
PUR-REF system peak has a maximum at 80 °C,
whereas it appears at 97 and 93°C for PUR-CAT2 and
PUR-CAT3, respectively. However, it is not evident
for the PUR-CAT3 system presented in Figure 6c, 6d

Figure 4. Gel time vs temperature for the studied PUR systems.
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Figure 5. Scheme of the salt encapsulation. a) Salt dissociation in DAS and BDG and b) urethane formation with DAS or
BDG and salt encapsulation.

Figure 6. Dynamic DSC thermograms for the different PUR systems at a) 5 °C·min–1, b) 10 °C·min–1 and c) 20 °C·min–1,
and d) isothermal DSC thermograms for the different PUR systems at 120 °C.
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at high reaction rates (20 °C·min–1 and isothermal at
120°C). Furthermore, the shape of the heat flow curve
changes and a second peak or an overlapped peak can
be appreciated at a higher temperature. This could be
attributed to a two-step catalytic mechanism. The first
peak in the PUR-CAT2 and in the PUR-CAT3 is associated with polyurethane reaction. At the beginning
of the reaction, when the two parts of the system
(Part A and Part B) are mixed, due to LiCl is encapsulated, a delay in the reaction is observed, providing
the necessary latency (Figure 7a, First step).
Once the reaction progresses, the heat released is able
to break down hydrogen bonds between urethane
groups, the encapsulation is destabilised, and the
LiCl encounters the epoxide. LiCl activates the ring
opening of the epoxy group, forming an alkoxide,

which acts as a catalyst accelerating the reaction of
the polyurethane system, as well as reacting with isocyanate group in excess forming isocyanurate [24,
27]. The second peak in PUR-CAT2 and PUR-CAT3
could be associated with the isocyanurate and additional network formation [29] (Figure 7a, Second
step). This second peak appears at 127 °C in the case
of PUR-CAT2 dynamic test at 10 °C·min–1, whereas
for PUR-CAT3 the maximum appears at higher temperatures 150 °C. In the case of PUR-REF systems,
although the second peak was overlapped with the
main reaction peak, a shoulder was also appreciated.
This can involve the achievement of a lower maximum degree of cure at the process temperatures.
This effect is also appreciated at the other heating
rates studied (Figure 6).

Figure 7. a) Scheme of the catalyst mechanism, catalyst production in situ and polyurethane curing and b) polyurethane
three-dimensional network for PUR-REF, PUR-CAT2 and PUR-CAT3 systems.
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The Tg calculated from the second DSC scan at
10 °C·min–1 gives values of 130 °C for PUR-REF,
133 °C for PUR-CAT2 and 93 °C for PUR-CAT3.
The changes in Tg are attributed to the effect of the
diol and monool on the crosslinking density of the
polyurethane. It was expected that crosslinking density decreased with the addition of the diol and
monool in the formulation, since both have lower
functionality than the Voraforce TR 1551 Polyol
(Figure 7b). Nevertheless, in the case of the diol,
which has been integrated into PUR-CAT2 system,
the Tg value is maintained. This can be attributed to
the cycloaliphatic diol structure, which also provides
steric hindrance that affects polymer mobility. On
the other hand, the monool of PUR-CAT3 is aliphatic and monofunctional and reduces the crosslinking
density as shown in Figure 7b, where a schematic
representation of the three-dimensional network of
the polyurethane systems PUR-REF, PUR-CAT2
and PUR-CAT3 is depicted.
Isothermal experiments were carried out at temperatures ranging between 50 and 120 °C. Figure 6d
shows as an example the results obtained at 120 °C
(target process temperature). As for the dynamic
tests, a shift of the maximum of the heat flow is observed with the addition of the catalyst, suggesting
an increase in the latency of the system, being more
remarkable for PUR-CAT2 system.
Once the reactivity of the PUR systems was evaluated, the curing reaction and viscosity were modelled.
For the cure kinetic modelling, the degree of cure
curves obtained from the dynamic and isothermal
DSC tests were fitted to the Kamal-Sourour equation (3) [30]. In order to consider the diffusion effect
and have a good fitting in all the degree of cure
ranges, we completed thewith a diffusion factor
F(α). Equations (3), (4) [31]:
E2
n
d a = S - E1
T + k e- T a m XQ1 - aV F QaV
k
e
dt
1
2

F QaV =

1
1+e

E d Ra - a c W

where (Equation (5)):

(3)
(4)

p + p2 a

Ed = Ed1 + Ed2 T

(5)

ac = ac1 + ac2 T

(6)

and (Equation (6)):

In this equation α is the degree of cure, dα/dt is the
reaction rate, n and m the reaction orders and T the
temperature. The variables k1, E1 and k2, E2 are the
preexponential factors and activation energies of the
nth and mth order reactions, respectively and F(α) corresponds to the diffusion factor. The activation energies for the first part of the reaction, E1, are higher
for the catalysed than for the reference systems
(1.53·104, 1.10·104 and 8.80·103 K for PUR-CAT2,
PUR-CAT3 and PUR-REF, respectively), confirming their higher latency. The activation energy for
the second part, E2, is clearly higher for PUR-CAT3
(1.26·104, 9.10·103 and 6.79·103 K for PUR-CAT3,
PUR-REF and PUR-CAT2, respectively) showing a
delay of the final part of the cure. For PUR-CAT2
however, the activation energy remains low. As it
can be seen in Figure 8 there is a good correlation
between the experimental results and the proposed
models for all the systems studied.
Figure 8d compares the maximum degrees of cure
obtained at each temperature for the different resin
systems. As it can be seen, at the temperature range
studied, the maximum degree of cure for the catalysed systems is lower than for the uncatalysed system. In the case of PUR-REF maximum degrees of
cure from 0.93 to 1 (full cure, at 120 °C) are obtained
and for PUR-CAT2 and PUR-CAT3 the maximum
at 120 °C are 0.94 and 0.85, respectively. For PURCAT2 the maximum degree of cure of 0.94 is good
enough to avoid postcuring whereas for PUR-CAT3
system would require a postcure at higher temperatures. This is in agreement with the results from the
dynamic DSC scans (Figure 6a–6c), where a peak appears at temperatures above 120 °C for PUR-CAT3.
Due to the requirement of postcure process, which is
an important disadvantage, the PUR-CAT3 systems
were discarded as a real alternative for RTM resin.
For the viscosity modelling, the results from the time
and temperature sweeps tests for PUR-REF and
PUR-CAT2 were fitted to the following equation
based on Castro-Macosko model (Equation (7)) [32]:
1
E
1
h = h0 e T S 1 - a X

(7)

where η is the resin viscosity at a given degree of
cure (α), temperature (T) and activation energy (E),
and η0, p1 and p2 are adjustable parameters.
As it can be seen in Figure 9, there is a good fitting
for both systems in the pregel stage. Also, again it is

are temperature dependent adjustable parameters.
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Figure 8. Degree of cure curves from DSC isothermal and dynamic tests and model fitting (—), a) PUR-REF, b) PUR-CAT2
and c) PUR-CAT3, and d) maximum degree of cure at different temperatures.

demonstrated that the catalytic system is capable of
delaying the reaction. The PUR-REF system reaches
a viscosity of 1000 Pa·s at 80 °C in one minute,
whereas the viscosity of the PUR-CAT2 at this time
is lower than 1 Pa·s. At 90 °C, this difference is more
significant, where the PUR-REF reaches a viscosity
of 1000 Pa·s in half a minute, whereas for PURCAT2 the viscosity is 0.12 Pa·s.
Finally, in order to evaluate the PUR systems suitability for manufacturing structural parts by RTM, a
representative composite part has been simulated
with ESI’s PAM-RTM software. The composite part

simulated was a leaf spring reinforced with 47% fibre
volume content of high fatigue resistance (ultra-fatigue) unidirectional glass fibre (Ultra Fatigue UD, UV-E-PB-1176 g/m2–1200 mm, Saertex, Saerbeck,
Germany). These parts are normally produced with a
linear, lateral injection strategy with the resin inlet at
the middle point of the part and the outlets at the ends
(Figure 10a) so for the evaluations, only half length
of the real part was considered. The mesh dimensions
used in the simulations are shown in Figure 10b.
The flow of the polyurethane resin through the glass
fibre fabric can be described by Darcy’s law (Equation (8)):
SK
Q = {h dP

(8)

where Q denotes the resin flow rate, K is the preform
permeability, S is the cross-sectional area, φ is the
porosity, η is the resin viscosity, and P represents the
pressure. On the other hand, as mentioned previously,
resin viscosity depends on resin temperature and
time (degree of cure) as described in Equation (7).
The temperature used for the simulations was 120 °C
in all the cases, which is a standard temperature for
the production of composite automotive parts. Also,
two different injection strategies were considered, at

Figure 9. Viscosity evolution with time at 80 and 90 °C for
PUR-REF and PUR-CAT2 systems. Experimental
results (symbols) and the rheological model (—).
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Figure 10. a) Injection strategy and b) mesh used in the simulation of a reinforced leaf spring.

the mould filling step. It is necessary to provide latency to the resin system. When the LiCl was used alone,
as in PUR-CAT1, the salt and the epoxide could form
an alkoxide, which acted as a catalyst accelerating the
reaction, but the curing rate was increased from the
beginning of the reaction, worsening the PUR
processability. Adding the diol or monool in the isocyanate component of the formulations, as for PURCAT2 (DAS diol) and PUR-CAT3 (BDG monool),
delayed the curing in the first part of the reaction and
provided latency in both systems. This is a result of
the capability of urethane groups, formed by isocyanate component and diol or triol, to encapsulate
the lithium halide via electrostatic interactions. When
the reaction progressed, the heat released could break
down hydrogen bonds, and the encapsulation was
destabilised. After that, the LiCl encountered the
epoxide to form alkoxide, and it acted as a catalyst.
The delayed action catalyst with DAS (PUR-CAT2)
showed more effective encapsulation, providing more
latency. Moreover, for PUR-CAT2 the maximum curing degree obtained was good enough to avoid
postcuring, with a Tg of 133 °C, whereas the PURCAT3 system would require a postcure at a higher
temperature to achieve the required properties. The
RTM simulations demonstrated the PUR-CAT2
processability improvements and the capability to
manufacture real automotive structural parts.

constant pressure and a constant flow. In the case of
constant pressure injections, the simulations have
been carried out at different pressures ranging from
70 to 100 bar. PUR-REF is not able to fill the mould
in any case, as shown in Figure 11a. This happens
because the viscosity starts to increase in a few seconds, and the resin gels, making it impossible to continue mould filling. PUR-REF lack of latency makes
this resin system not suitable for the manufacture of
leaf springs by RTM. However, PUR-CAT2 system
simulations results are satisfactory (Figure 11b).
Simulations show the processability of PUR-CAT2
at moderate pressures. At pressures higher than 70 bar,
this system can fill the mould in a few seconds. After
the mould filling the curing is fast, and in four minutes, the curing is completed without post-curing
processes. The PUR-CAT2 provides enough latency
to be suitable for RTM.
The simulations at a constant flow rate of 1 kg·min–1
and 100 bar maximum pressure strengthen the previous results (Figure 11c). The PUR-REF is not capable of filling the mould, and it reaches the maximum pressure and gels before in a few seconds. In
the simulation with PUR-CAT2 system, the maximum pressure is reached in 5 seconds, and there is a
decrease in filling rate, but the mould is fully filled
in only 14 seconds.

5. Conclusions
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Figure 11. Leaf spring simulation at 120 °C with constant pressure for a) PUR-REF and b) PUR-CAT2, and c) with constant
flow rate for PUR-REF and PUR-CAT2.
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