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A B S T R A C T   

This study presents a detailed material characterization study of a pultrusion specific polyurethane resin system. 
Firstly, the chemical behaviour was characterized by utilizing differential scanning calorimetry. The cure kinetics 
was fitted well to an autocatalytic cure kinetics model with Arrhenius temperature dependency. The resin system 
did not show any inhibition time. Then, the viscosity evolution was observed using a rheometer. From these 
measurements, the gelation point was estimated from the criterion of cross-over point of storage and loss 
modulus curves. The corresponding cure degree of gelation point was found to be 0.79 using the cure kinetics 
model. The complex viscosity evolution through dynamic scans was predicted well with a cure degree and 
temperature dependent viscosity model. The elastic modulus and glass transition temperature of fully and 
partially cured samples were measured by means of DMA in tension mode. A five step cure hardening instan-
taneous linear elastic model was fitted well to a wide range of cure degree values after gelation. Lastly, the fitted 
material models were employed in a case study of a typical pultrusion process to visualize the effects of pulling 
speed on the material property evolution.   

1. Introduction 

Pultrusion is a continuous production technique of fiber reinforced 
composites in which different types of reinforcement such as continuous 
filament mats (CFM), fabrics, unidirectional and air texturised fibers can 
be used [1]. The increasing demand of lighter, stronger and cheaper 
products, have promoted the use of pultrusion processes in recent years. 
Due to its continuous nature and relatively high production rates, pul-
trusion is a popular process, especially for the manufacture of structural 
elements in the construction and infrastructure sectors [2]. In recent 
years, various improvements and modifications on the production 
technique are still implemented to increase the efficiency of the process 
[3–6]. Besides the practical improvements in the process, novel de-
velopments of pultrusion specific material systems have attracted wide 
interest. The main challenge of synthesizing better resin systems is the 
optimization of final product specifications and processibility. The final 
product specifications should be sufficient in mechanical, thermal and 

environmental aspects. The processibility is essential to have higher 
output rate and better impregnation which require higher reactivity and 
lower viscosity, respectively. 

During the pultrusion process, chemical and physical properties of 
the resin system evolve simultaneously. Local temperature gradients 
take place and, in particular, in relatively thick pultruded profiles due to 
the exothermic heat reaction of the thermosetting resin during curing. 
Such temperature gradient results in non-uniformity of curing 
shrinkage, mechanical properties, thermal expansion and contraction. 
Several experimental and numerical studies in the literature have been 
devoted to understand the direct link between process conditions and 
final properties. With numerical process models, it is possible to analyse 
the process limitations regarding the maximum pulling speed with 
respect to sufficient final cure degree or the required injection pressure 
to achieve a proper impregnation. The cure degree evolution in a pul-
trusion line was modelled using a cure kinetics model of the unsaturated 
polyester and epoxy [7]. The pressure field in a resin bath pultrusion die 
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was solved for various process parameters in a simplistic process model 
[8]. The flow in a resin injection pultrusion line was predicted in [9,10] 
using rheological properties and cure-kinetics of the resin system. A 
mechanical model was coupled with a thermochemical model in a novel 
framework to predict the residual stresses for various pultruded profiles 
[11]. The warpage in a hollow pultruded profile was predicted and 
experimentally validated in [12]. The spring-in value of an L-shaped 
profile consisting of different reinforcement types was successfully 
predicted in [13]. A detailed overview of numerical process models of 
pultrusion can be found in [14]. Apart from the cure kinetics and 
rheological properties, thermo-chemical mechanical(TCM) models 
require also the mechanical property evolution during the process to 
predict the residual stress formation. Therefore, a comprehensive ma-
terial characterization study is essential to develop accurate numerical 
process models to capture the complex resin behaviour. With compre-
hensive constitutive material models, virtual experiments can be carried 
out to optimize the process parameters as well. The studies presented in 
[15,16] can be considered as comprehensive characterization studies for 
numerical process modelling. The authors characterized an epoxy resin 
system for resin transfer molding processes (RTM) in [15], and a pul-
trusion specific polyester resin in [16]. 

Among the alternatives of suitable material systems as polyesters and 
vinyl esters, polyurethanes (PU) are one of the most promising candi-
dates to match the requirements for highly efficient pultrusion process 
[17]. PU resins are the only class of polymers showing thermoplastic, 
thermosetting or elastomeric behaviour depending on its structure [18], 
and the thermosetting type of PU is the most prominently used one in 
pultrusion. PU resins have versatile properties in terms of thermal, 
mechanical and chemical aspects. The comparison of the bending 
modulus and strength of the pultruded profiles in the transverse direc-
tion showed the superiority of PU based systems over other commonly 
used resin systems such as the unsaturated polyester, vinyl ester and 
epoxy [17]. Moreover, PU composites show better fatigue characteris-
tics and damage resistance as compared to epoxy [18]. The thermal 
insulation capacity of a pultruded profile with a PU core was reported to 
have a considerable improvement with respect to the profiles with cork 
core [19]. In addition to its advantages regarding the above mentioned 
aspects, PU resins can also be synthesized with different vegetable oils or 
biomass residues to promote the replacement of petrochemical products 
with renewable or recycled materials [20–22]. Recycling of crosslinked 
polyurethane is also possible as reported in [23,24]. 

The chemical, chemorheological and mechanical properties of 
various type of polyurethanes have been intensively characterized in the 
literature. In [25], a model with two autocatalytic reactions was pro-
posed to model the cure kinetics due to having double peak in differ-
ential scanning calorimetry (DSC) experiments. An inhibition time was 
also observed for this RTM specific resin system. Cure kinetics of an 
aliphatic elastomeric polyurethane system was fitted well to a 
Kamal-Sourour generalized autocatalytic equation and a model free 
iso-conversional equation in [26]. A model free approach was modified 
by the description of non-isothermal curing processes in [27]. A pul-
trusion specific polyurethane system was chemically characterized and 
the reaction of this system was shown to follow a second order cure rate 
equation in [28]. The chemorheological model developed by Kim and 
Macosko [29] has been commonly used for the viscosity evolution 
predictions of polyurethane systems through the process [30,31]. Dy-
namic mechanical properties of PU resins synthesized with different 
types of polyol and di-isocyanates etc. have been studied extensively 
[20,32]. A fully coupled thermal, chemorheological and mechanical 
constitutive material model is essential to predict the thermokinetics, 
cure behaviour, exothermic temperature peak, residual stresses and 
deformations during the pultrusion process. However, to the authors’ 
knowledge, there exist no such model or characterization study of a 
pultrusion specific PU resin system in the current literature. 

In the present paper, a comprehensive characterization study was 
performed on a two component isocyanate and polyol based PU resin 

system. The methodology was developed to understand, describe and 
predict the evolution of thermo-chemorheological and mechanical ma-
terial properties of a fast curing pultrusion specific PU resin system 
during the process. Using highly reactive resin in pultrusion increases 
the pulling speed which is mainly important to have higher production 
rates. However, the high reactivity of the resin generates some chal-
lenges for the characterization. Hence, a methodology to overcome 
these challenges is presented in this study. The exothermic heat reaction 
was measured and the cure kinetics parameters for the curing model 
were obtained utilizing a DSC. The cure degree and temperature 
dependent viscosity was modelled and the gelation point was deter-
mined using a rheometer. The elastic modulus and glass transition 
temperature (Tg) evolution of fully and partially cured specimens were 
captured by means of dynamical mechanical analysis (DMA) in tension 
mode. As a novel contribution to literature, cure kinetics, rheology, Tg 

evolution as well as cure degree and temperature dependent instanta-
neous storage modulus evolution of a pultrusion specific PU were ob-
tained in an experimental framework and presented explicitly to be used 
in numerical process models. Finally, a case study on a typical pultrusion 
temperature profile was carried out to simulate the material property 
evolution through a pultrusion die. 

2. Cure kinetics 

The variation of differential heat flow as a function of temperature 
and time in DSC gives a quantitative information about the exo- or endo- 
thermic reactions. The curing process of a thermosetting resin is an 
exothermic reaction. In principle, a thermosetting resin system gener-
ates all of its potential heat from its zero degree of cure (DOC) state to 
the fully cured state which is denoted the total heat of exothermic re-
action. With a known total heat of exothermic reaction, the DOC evo-
lution through a thermal cycle is obtained by the integration of the 
generated heat measured by the use of DSC. 

A ‘Mettler Toledo DSC822e’ DSC was used to obtain the cure char-
acteristics of the investigated PU resin. One feature of this DSC equip-
ment worth pointing out is that it allows the user to take the sample out 
or put it in during the tests. Therefore, to catch the first heat flow during 
a high temperature isothermal scan, the sample was inserted into the 
DSC after the test and data sampling were started. Especially for a fast 
curing resin, like the resin system characterized in this study, this 
capability was essential to limit loosing data due to precuring [33]. 

The components in the batches of 40g of mixture with proper ratios 
were mixed for 40 s. The whole procedure of the sample preparation 
took around 2 min and 50 s. The sample preparation times can be 
considered as comparable to the industrial application, where the PU 
resin constituents are mixed by the static mixers before being injected to 
the impregnation chamber. On average 15mg of samples were encap-
sulated in aluminum DSC crucibles. 

Both isothermal and dynamic DSC scans were carried out to inves-
tigate the cure kinetics. Dynamic scans were performed from 25 ∘C to 
200 ∘C with a heating ramp of 5 ∘C/min, 7.5 ∘C/min and 10 ∘C/min. The 
total heat of reaction was calculated by integrating the area under heat 
flow curves of dynamic scans with respect to time. A baseline between 
the onset and the end of reaction for this integration was drawn as 
described in [15]. The isothermal measurements were performed at 70 
∘C, 90 ∘C, 110 ∘C, 120 ∘C, 130 ∘C. The evolution of DOC through the tests 
was obtained using the relation given in Eq. (1). 

α=
1

HT

∫ t

0

(
dH
dt

)

dt (1)  

where α is the DOC, HT is the total heat of reaction, H is the heat reaction 
and t is time. 

Fig. 1 depicts the heat flow curves of isothermal DSC scans. The 
peaks in heat flow curves were observed before 20 s of test time which 
showed how reactive the resin system was. Moreover, there was no 
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inhibition time observed during these tests because, when the PU sample 
was put in the DSC pan, the temperature of the pan was already at the 
testing temperature. In other words, the curing reaction started imme-
diately at the studied isothermal DSC temperatures. It should be noted 
that there was no inhibitor mixed with the PU resin. The inhibition of the 
resin can be observed as it is cured at lower temperatures close to the 
room temperature which would not be a preferable case in pultrusion 
processes because ideally the resin should be cured in a short time 
within the die at elevated temperatures. 

The total heat of reaction was needed to obtain the cure degree 
evolution through an isothermal DSC scan. The average total heat of 
reaction, which was calculated via the heat flow curves of dynamic 
scans, was found to be approximately 275 J/g with a standard deviation 
of 8.3 J/g. Similar polyurethane resin systems were reported to have 
214J/g and 280J/g of total heat of reaction respectively in [28,34]. 

Due to lack of secondary peak and inhibition time for the studied DSC 
temratures (70–130∘C), the cure rate was typically described by the 
following cure kinetics equation [35] that includes an Arrhenius type 
temperature dependency: 

dα
dt

= A0exp
(
− Ea

RT

)

αm(1 − α)n (2)  

where A0 is a pre-exponential factor, Ea is the activation energy, and m, n 
are reaction orders, all obtainable by the DSC experiments. R is the gas 
constant and T is the absolute temperature. 

The cure degree and cure rate as functions of time and temperature 
were taken from the measurements. The activation energy (Ea) was 
calculated from the slope of the relationship between inverse tempera-
ture (1 /T) and natural logarithm of cure rate (ln(dα /dt)) at a low DOC 

(α = 0.1 see Fig. 2 (a)). Here, α = 0.1 was determined based on the work 
done in [15]. The other constants in the cure kinetics model (Eq.2) were 
determined using a weighted least squares non-linear regression anal-
ysis. The DOC and cure rate evolution used in the regression analysis 
were derived from the isothermal DSC scans. Fig. 2(b) shows the fitting 
results for each isothermal temperature. It is seen that the temperature 
and degree of cure dependency of the cure rate was captured accurately 
with the cure kinetics model. The fitted parameters are listed in Table 1. 
Fig. 3 shows the measured and predicted DOC evolution. The results 
indicate that a reasonably good fit was obtained for the DOC evolution 
as a function of time for a temperature span from 70∘C to 130∘C. It is seen 
that the PU resin was approximately 80% cured within 160 s at 130∘C. 

3. Chemorheology 

Rheological tests of thermosetting resins provide valuable informa-
tion about the physical transitions that occur during cure. This includes 
the temperature and cure degree dependent viscosity, as well as the 
liquid to rubbery transition at the gelation point. An ‘Anton Paar Physica 
MCR 501’ rheometer was used to measure the rheological properties of 
the material system. Out of alternative geometries as concentric cylin-
ders (Couette flow), cone and plate etc., plate-plate geometry was cho-
sen. The oscillatory tests were performed using 25mm diameter 

Fig. 1. The heat flow evolution in the isothermal DSC scans.  

Fig. 2. The natural logarithm of cure rate as a function of inverse temperature (a), cure rate as a function of degree of cure (b).  

Table 1 
The estimated cure kinetics parameters (Eq. (2)).  

A0[1 /s] Ea[kJ /mol] m n 

22648 41.2754 0.4899 3.1020  
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disposable aluminum plates with a 1mm gap between the plates. 
The mixing protocol for the rheological tests was the same as the 

mixing protocol of DSC samples. The preparation time was recorded for 
each rheometer test. The average preparation time before the initiation 
of tests was around 5 min. To avoid air entrapment and bubble forma-
tion during cure in the rheometer, components of the resin system were 
degassed separately for 30 min before mixing them for each test. 

As discussed, the characterized resin system is highly reactive and 
does not show any inhibition time. Therefore, the rheological mea-
surements were performed dynamically and started from the room 
temperature to prevent precure. The tests were started from 25∘C and 
performed up to 200∘C or when the complex viscosity reached a value of 
104Pa⋅s. Three different heating rates of 2.5∘C/min, 5∘C/ min and 7.5∘C/
min were applied to distinguish the effect of temperature and cure de-
gree on the viscosity evolution. The tests were carried out in oscillatory 
mode at constant 1% strain amplitude and 1Hz of frequency. 

Another important material behaviour observed with a rheometer is 
the gelation. The gelation point has been determined with different 
approaches and criteria in the literature. The crossover point of storage 
modulus (G′

) and loss modulus (G′′) was considered as a criterion of 
gelation point in [36]. The loss tangent cross-over at different fre-
quencies was used in [37]. The moment when the viscosity was equal to 
a predetermined value was defined in [38] for the detection of the 

gelation point. The cross-over of (G′

) and (G′′) was chosen as the crite-
rion for gelation point determination in this study. When (G′

) passes 
(G′′), the material starts carrying mechanical loads which indicates the 
gelation. 

Through the dynamic rheometry scans, the DOC evolution was ob-
tained using the fitted cure kinetics model (Eq.2). Fig. 4 depicts the 
cross-over points of (G′

) and (G′′). It is seen that the storage modulus 
value at the cross-over of (G′

) and (G′′) decreased with a descrease in the 
heating ramp. More specifically, storage modulus values of approxi-
mately 15 kPa, 4 kPa and 2 kPa were obtained for the heating ramp of 
2.5∘C/min, 5∘C/min and 7.5∘C/min, respectively. Fig. 5 represents the 
complex viscosity together with temperature and DOC evolutions up to 
the gelation point of each sample. It is seen that the required time to 
reach to the gelation point decreased with an increase in heating rate. 
The complex viscosity showed a sudden jump right before the gelation 
due to the increase in temperature. The obtained complex viscosity at 
the gelation was approximately 3000Pa⋅s, 780Pa⋅s and 185Pa⋅s for the 
heating rate of 2.5∘C/min, 5∘C/min and 7.5∘C/min, respectively. The 
higher heating ramps resulted in gelation at higher temperatures. The 
lower storage modulus and complex viscosity values at the gelation 
point for the higher heating ramps are related to temperature-softening. 
By using the cure kinetics model, the corresponding gelation cure de-
grees were determined as approximately 0.79, 0.78 and 0.75 for the 

Fig. 3. The experimental and the predicted (best fit) cure degree evolution.  

Fig. 4. The cross-over points of G′ and G′′ (gelation point).  
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heating ramps of 2.5∘C/min, 5∘C/min and 7.5∘C/min, respectively. It is 
seen that the gelation cure degrees were found to be very close to each 
other with a maximum of deviation of approximately 5% (0.79 versus 
0.75) among different heating rates as expected. The slight deviation 
(5%) can be due to the inherent measurement errors as well as slight 
discrepancy between the cure kinetics model and the DSC measurements 
(see Figs. 2 and 3). The estimated DOC values at the gelation point were 
close enough to each other to reveal the accuracy of the fitted cure ki-
netics model. 

The model, proposed by Kim and Macosko [29], was selected to 
characterize the viscosity evolution of the resin system (Eq. (3)). 

η(T,α)= η(T)
(

αg

αg − α

)(a+bα)

(3)  

where αg is the corresponding DOC for the gelation point. The DOC value 
used in Eq. (3) was estimated via the cure kinetics model (Eq. (2)) with 
respect to the temperature history of each test individually. In Eq. (3), a 
and b are the constants and η(T) is the temperature dependent viscosity 
function which was defined as, 

η(T)= η0 exp
(

Ea,M

RT

)

(4)  

where η0 is the pre exponential factor, Ea,M is the activation energy, R is 
the gas constant and T is the absolute temperature. 

The DOC of the gelation point was estimated as 0.79, which is within 
the reported range of 0.65 − 0.85 provided in previous studies [31,39]. 
After the estimation of gelation point, the viscosity model (Eq. (3)) was 
fitted to the complex viscosity results for each heating ramp by utilizing 
a weighted least squares non-linear regression analysis with known DOC 
and temperature evolution. The obtained model parameters are listed in 
Table 2. Lower temperatures at gelation were obtained for lower heating 
rates because a longer time span to reach gelation was the case as seen in 
Fig. 6(a) and (b). It is seen that the viscosity evolution as a function of 
time, temperature and DOC was captured accurately using the fitted 

model. 

4. Cure degree and temperature dependent elastic modulus 

The dynamical mechanical analysis is carried out to observe the 
temperature and frequency dependent mechanical behaviour of mate-
rials. Unlike quasi-static tests, dynamic loads can be exerted in a DMA. 
When applying a sinusoidal deformation, for example, the ratio between 
the stress and strain together with their time shift are used to charac-
terize the storage and loss moduli of the material. These moduli can then 
be used to characterize the elastic and viscous behaviour of the material, 
respectively. The ratio between the loss and storage modulus is called 
the damping ratio which is equal to the phase angle (tan delta). The 
maximum tan delta through a temperature sweep is one of the most 
commonly used indicator of Tg. 

DMA tests were carried out in a DMA ‘GABO Eplexor 2000 N’ with 
50 N load cell. A fixture for tensile loading was employed for the tests. 
The temperature sweeps between 25∘C and 200∘C were carried out with 
1 Hz frequency and 1∘C/min heating ramp. Partially cured and fully 
cured pure resin specimens were tested to observe elastic modulus and 
Tg evolution with varying DOC. 

To evacuate all bubbles (voids) from the specimens, the mixture was 
degassed in a vacuum chamber after mixing the components. The pure 
resin specimens were handled by casting the resin mixture between glass 
platens. A mould release agent was applied on the platens before casting 
and tacky tape was used as sealant between the platens. With suitable 
spacers, 4 mm thickness of pure PU plate was obtained. To have a 
vitrified resin, the degassed cast mixture was kept in an oven at 60∘C for 

Fig. 5. The complex viscosity, degree of cure and temperature evolution as a function of time.  

Table 2 
The estimated rheology model parameters (Eq. (3), Eq. (4)).  

αg  η0[Pa ⋅s] Ea,M[kJ /mol] a b 

0.79 6.944⋅10− 5  24.274 0.016 3.094  
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30 min. Specimens were cut out from the vitrified resin platen by uti-
lizing a diamond saw with cooling water. After the preparation steps, 
specimens were dried in a vacuum oven at 40∘C and kept in a desiccator. 
Finally, the desired amount of post curing was performed on cut out 
specimens in an oven. One specimen was tested directly after vitrifica-
tion. The other partially cured specimens were post-cured at 90∘C, 
100∘C, 120∘C and 170∘C for 30 min. To check the residual cure reaction 
in the partially cured DMA samples, another DSC ‘TA instrument DSC 
2500’ was utilized. Isothermal scans were performed at 170∘C to mea-
sure the residual cure and estimate the DOC of the partially cured DMA 
samples. 

Measuring the elastic modulus evolution through a representative 
temperature and DOC range of the process is an arduous task due to 
phase change of the material. Below the corresponding DOC of gelation 
point, the resin is considered as liquid. Above the gelation point, the 
resin system is in rubbery state where the current temperature is higher 
than the glass transition temperature. In its glassy state, the current 
temperature is lower than the glass transition temperature. Simulta-
neously, Tg evolves through the process with increasing DOC. Therefore, 
capturing the Tg evolution throughout a process is required to predict 
the mechanical behaviour. There are different techniques to determine 
Tg in which a modulated DSC, thermal mechanical analysis (TMA), 
rheometer or DMA can be utilized. Tan delta peak measured with DMA 
was chosen as the indicator of Tg due to its direct association with the 
mechanical behaviour shift from glassy to rubbery state. Tg can also be 
defined as a function of DOC. DiBenedetto equation is the most 
commonly used expression [40,41], but different empirical equations 
have also been used to define the relation between Tg and DOC [42]. 

Fig. 7(a) shows the elastic modulus evolution of the samples with 

various cure degrees. The tan delta evolution of these samples are shown 
in Fig. 7(b). Dashed lines indicate the tan delta peak of each sample 
which corresponds to Tg. The initial DOC of the partially cured samples 
at the beginning of the DMA tests were determined from the measured 
residual exothermic reactions of these samples utilizing DSC. 

The investigated range of DOC for the elastic modulus evolution was 
relatively small due to the gelation point at 0.79 DOC. Therefore, the Tg 

evolution was modelled linearly as a function of DOC after the gelation 
point. The expression of Tgvs.α was derived from linear fitting of Tg and 
DOC values. These relations were captured via DMA and residual 
exothermic reaction, respectively. The relation between Tg and DOC was 
defined as “Tg(α) = − 321.5+ 469.4⋅α”. The fitted relation between 
DOC and Tg is shown in Fig. 8. 

The time dependent elastic modulus evolution as a function of cure 
degree was modelled with a cure hardening instantaneous linear elastic 
(CHILE) model [35]. A five step partial function as shown in Eq. (5) was 
chosen in order to fit better to the elastic modulus evolution of the fully 
and partially cured samples. The proposed temperature and cure 
dependent elastic modulus in Eq. (5) was determined based on the initial 
trials performed for the DMA analysis of the PU resin. 

Fig. 6. The measured and predicted viscosity as a function of temperature (a) and time (b).  

Fig. 7. Elastic moduli(a) and tan delta evolution (b) of partially and fully cured specimens.  
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Er =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

E1
r , T* ≤ TC1

E2
r +

T* − TC2

TC1 − TC2

(
E1

r − E2
r

)
, TC1 < T* ≤ TC2

E3
r +

T* − TC3

TC2 − TC3

(
E2

r − E3
r

)
, TC2 < T* ≤ TC3

E4
r +

T* − TC4

TC3 − TC4

(
E3

r − E4
r

)
, TC3 < T* ≤ TC4

Aeexp( − KeT*), TC4 < T* ≤ TC5

E5
r , TC5 < T*

(5)  

where TC1, TC2, TC3, TC4 and TC5 are the critical temperatures with the 
corresponding elastic modulus values E1

r , E2
r , E3

r , E4
r and E5

r , respectively. 
Ae and Ke are the exponential constants. The critical term T*, which 
correlates the elastic modulus with cure degree, was represented as 
“T* = T − Tg” where T is the current temperature. During the DMA tests, 
the DOC was assumed to remain constant below Tg. 

The five step CHILE model (Eq. (5)) was fitted to the elastic modulus 
measurements. The fitting was performed only in the temperature span 
of the tests, i.e. between 25∘C and 200∘C. A least squares non-linear 
regression analysis of the partial function was carried out in an in- 
house code which is based on ‘fmincon’ function in Matlab [43]. The 
critical temperatures were found via this analysis through the best fit for 

five samples with different DOC values. The calculated model constants 
are given in Table 3. The fitted model and the measured elastic modulus 
evolution are presented in Fig. 9(a). It is seen that the five step CHILE 
model captured the measured elastic modulus evolution as a function of 
temperature and DOC. Fig. 9(b) illustrates the predicted elastic modulus 
evolution for different DOC values ranging between 0.8 and 1.0. 

5. Application on a typical pultrusion process 

A case study was conducted to provide an insight about the material 
property evolution through a pultrusion line. A schematic of the pul-
trusion process and a representation of the material point that moves 
with the pulling speed of the profile are shown in Fig. 10(a). Here, the 
material point is defined as the point at which only the PU resin is 
present within the pultrusion die as indicated as “Case study region”. 
The temperature profile presented in [28] was chosen to represent a 
typical pultrusion temperature profile within the pultrusion or heated 
die, i.e. “Case study region” seen in Fig. 10(a). The temperature was 
considered to be uniform throughout the cross section of the profile. This 
approximation is sufficiently valid for thin profiles as shown in [11]. A 
wide range of pulling speeds based on the temperature profile obtained 
from [28] for the pultrusion of PU resin was tested in the case study as 
shown in Fig. 10(b). The effect of pulling speeds on the evolution of 
DOC, viscosity and elastic modulus, was investigated by using the 
thermal histories given in Fig. 10(b) in the developed material models in 
this work. By using these material models, a process window or opti-
mization can be achieved by analyzing the aforementioned material 
point. In this case study, the DOC, viscosity and elastic modulus evolu-
tion of the presented resin system were calculated inside the pultrusion 
die seen in Fig. 10(a). Although the reinforcement and sizing have ef-
fects on chemorheological and mechanical behaviour [44], in order to 
provide an understanding and description of the thermo-chemical me-
chanical behaviour of the pure PU resin, only the evolution of the resin 
properties through the process were considered in this case study. 

Fig. 11 shows the cure degree, viscosity and elastic modulus 

Fig. 8. The glass transition temperature evolution as a function of cure degree.  

Table 3 
The estimated elastic modulus model parameters (Eq. (5)).  

E1
r [MPa] E2

r [MPa] E3
r [MPa] E4

r [MPa] E5
r [MPa] Ke[1/∘C]

2446.0 2026.1 1406.7 352.6 12.3 0.1438 
TC1[

∘C] TC2[
∘C] TC3[

∘C] TC4[
∘C] TC5[

∘C] Ae[MPa]
−

122.9  
− 47.6  − 28.2  − 18.9  4.4 23.2947  
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evolution through the die for various pulling speeds. As it is seen in 
Fig. 11(a), gelation occurs between 36% and 77% of the die length 
respectively for 20% and 200% of the nominal pulling speed. Therefore, 
the total length of rubbery phase within the die was different for 
different pulling speeds which in turn affects the pulling force [45]. In 
addition, the cure degree at the exit of die was found to be varying be-
tween 80.8% and 93.8% decreasing with increasing pulling speed. At the 
same time, the viscosity evolution affects the final product quality with 
respect to impregnation and void content [45]. The minimum viscosity 
predicted for the corresponding parameter set was 0.110Pa⋅ s which was 
observed at the 200% of nominal speed. On the contrary, for the 20% of 
pulling speed, the minimum predicted viscosity was 0.445Pa⋅ s. The 
resultant cure degree would be a strong criterion for the final product’s 
mechanical performance due to the cure degree dependency of elastic 
modulus. At the end of the die, the resin was in rubbery state for the 
pulling speeds higher than 50% of the nominal speed. For pulling speeds 
lower than 50% of the nominal speed, the profile exits the die in its 
glassy state. Still, the maximum elastic modulus observed in the die was 
below 1GPa due to relatively high temperature. When the profile was 
assumed to be linearly cooled down to the room temperature within 2 
min, the final elastic modulus varied from 1.55GPa to 2.38GPa as it is 
shown in Fig. 11(c). 

6. Conclusion 

A comprehensive material characterization study of a highly reactive 
PU resin system was carried out to capture the material behaviour in a 
pultrusion process model. The proposed constitutive material models, i. 
e. the cure kintics and viscosity and elastic modulus, were fitted to the 
experimental results to predict the chemorheological and mechanical 
behaviour of a pultrusion specific PU system. The isothermal DSC tests 
were performed at 70∘C, 90∘C, 110∘C, 120∘C and 130∘C. The dynamic 

DSC scans were performed from 25 ∘C to 200 ∘C with a heating ramp of 5 
∘C/min, 7.5 ∘C/min and 10 ∘C/min. The average total heat of reaction 
was found to be approximately 275 J/g with a standard deviation of 8.3 
J/g. The PU resin was approximately 80% cured within 160 s at 130∘C. 

Dynamic heating rates of 2.5∘C/min, 5∘C/min and 7.5∘C/min were 
employed in the rheometer tests to obtain the complex viscosity evo-
lution. The DOC at gelation was found to be approximately in the range 
of 0.75 and 0.79 for different heating rates. 

A temperature sweep between 25∘C and 200∘C was carried out in the 
DMA tests for partially and fully cured PU resin. A cure degree and 
temperature dependent elastic modulus model was obtained by using a 5 
step cure hardening instantaneous linear elastic model. 

By using the developed material models, a case study was carried out 
to evaluate the effect of pulling speed on the evolution of material 
properties within the pultrusion die. The cure kinetics model, viscosity 
model and CHILE model can be used for numerical process models of 
similar two components polyurethane resin systems. Additionally, the 
experimental framework presented in this study can be utilized to 
characterize other types of fast curing thermoset resin systems. 

To improve the data fitting procedure for determining the activation 
energy of the PU resin during curing, the consideration of different de-
gree of cure values is reserved as a future work. 
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