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Abstract: The curing kinetics of MDI-based polyurethane elastomers were studied by non-isothermal
differential scanning calorimetry (DSC). The kinetic parameters of the reaction system were calculated
by the Kissinger method. The changing activation energy was observed by the Flynn–Wall–Ozawa
method and the Friedman method. The results of model free fitting showed that the curing reaction
could be divided into two stages, showing a change in reaction order when α > 0.45 and a piecewise
curing mechanism function of the MDI-based polyurethane elastomers reaction system was deduced
by autocatalytic model. The extrapolation method was used to determine the optimum curing
conditions for the system, which can accurately describe the curing process. In addition, the optimal
curing conditions are when: the constant temperature curing temperature of the system is 81 ◦C, the
curing time is 29 min, and the post-curing temperature is 203 ◦C.

Keywords: differential scanning calorimetry; polyurethane; diphenylmethane diisocyanate; curing
reaction kinetics

1. Introduction

Polyurethane (PU) is a class of multi-purpose synthetic resins with various product
forms [1]. Depending on its chemical structure and preparation process, PU can be used as
elastomer, adhesive, coating, etc. [2–4]. PU contains carbamate group (-NH-COO-) in its
molecular structure, which is generally obtained by the reaction of isocyanate and polyol.
It has a special micro-phase separation structure of soft and hard segments and exhibits
excellent damping properties [5,6]. Therefore, polyurethane elastomers are often used as
vibration-damping and sound-absorbing materials in various scenarios, such as train seats,
vibration-damping bearings for high-speed trains, etc. [7]. Compared with traditional
polyurethane based on Toluene diisocyanate (TDI), polyurethane-based on Methylene
diphenyl diisocyanate (MDI) has many advantages. The molecular structure of MDI has
good symmetry and better flexibility, so the polyurethane molecular chain is more regular
and easier to crystallize. MDI-based polyurethane has better heat resistance and mechanical
properties than TDI-based polyurethane. Moreover, MDI is less toxic, cheaper and less
harmful to the human body and environment; using MDI instead of TDI to synthesize
polyurethane is more conducive to environmental protection [8,9].

Curing kinetics studies can explain better the reaction process and provide theoretical
guidance for the regulation of the curing reaction. The curing kinetics parameters and
curing conditions can have a direct impact on the structure and properties of polyurethane.
Therefore, analyzing the curing kinetics of polyurethane materials is essential to precisely
monitor and control the curing of polyurethane. Common methods used to study curing
reactions include DSC [10], FTIR [11], NMR [12], rheological [13], and chromatographic
techniques [14]. There have been some studies on the curing kinetics of polyurethane.
Adrian Olejnik et al. investigated the curing kinetics of a composite polyurethane system
by DSC method, and the results showed that the system is a complex reaction [15]. The
kinetic parameters of IPDI-type polyurethanes were observed and calculated by Rodrigues
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et al. [16]. Fernandez et al. utilized iso-conversional methods to describe the kinetics of
the curing reaction of HDI-type polyurethanes under isothermal conditions [17]. However,
most of the previous studies were focused on IPDI, TDI and other types of polyurethanes,
and there are few studies on the curing kinetics of MDI-based polyurethane. Different
from other isocyanates, the curing reaction of MDI-based polyurethane is a fast curing
process, making it harder to conduct kinetic analysis. As a widely used raw material for
the polyurethane industry, MDI has a significant presence in the market, so understanding
the curing behavior of MDI-based polyurethane is of great value for optimizing industrial
production.

In this work, the curing kinetics of MDI-based polyurethanes were studied by non-
isothermal DSC test to investigate the curing reaction of MDI with polyether polyols. The
curing kinetic parameters and kinetic mechanism were determined. Furthermore, the
theoretical guidance for the curing process of MDI-based polyurethanes was provided.

2. Materials and Methods
2.1. Materials

Methylene diphenyl diisocyanate (MDI), Polyether Polyol (330 N-4950) and polyte-
trahydrofuran glycol (PTMG-2000) were purchased from Wanhua Chemical Group Co.,
Ltd., Shandong, China. Chain extender 1,4-butanediol (BDO) was obtained from Shanghai
Macklin Biochemical Technology Co., Ltd., Shanghai, China. BDO was analytically pure,
and the others were chemically pure.

2.2. Preparation of Polyurethane Curing Systems

Pre-treatment of raw materials was needed. The raw materials 330 N, PTMG-2000
and BDO were vacuum-dehydrated at 105 ◦C~110 ◦C for 2 h and then cooled to room
temperature before use.

Component A: measured dehydrated PTMG-2000, 330 N and BDO were added in a
three-mouth flask and mixed well for 1 h at a constant temperature of 100~115 ◦C under
vacuum. Component B: the dehydration reaction of PTMG-2000 and MDI was conducted
under 80~85 ◦C for 4 h to produce prepolymer with an isocyanate index of 12.50%. For
thermal characterization, a certain amount of component A and component B were mixed
and kept properly, and a sample was taken from it for thermal characterization.

2.3. Differential Scanning Calorimetry

Differential Scanning Calorimetry analysis was performed using a differential scanning
calorimeter (DSC 204F1, (Netzsch Co. Ltd., Freistaat, Germany).

The measurement conditions were as follows: sample weight 5–10 mg, nitrogen gas
flow-20 mL/min, aluminum pan. Samples were heated from −15 ◦C to 230 ◦C at different
rates (5, 10, 15 and 20 K/min).

2.4. Fourier Transform-Infrared Analysis

FTIR spectroscopy (Nicolet 6700, Thermo Fisher Scientific, Massachusetts, USA) was
used to analyze the prepared prepolymer and reacted polyurethanes after DSC tests. With
air as the background, the samples were tested in the attenuated total reflection mode. The
resolution of the instrument was 4 cm−1, and each sample was scanned 32 times with the
wavelength range from 4000 cm−1 to 450 cm−1.

3. Theoretical Basis of Curing Kinetics

For common curing reactions, the degree of conversion(α) of the curing reaction and
the reaction rate can be expressed by Equations (1) and (2), respectively [18]:

α =
∆Ht

∆Htotal
(1)
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dα

dt
=

dα

dT
= k(T) f (α) (2)

where α is the degree of conversion, ∆Ht is the enthalpy of the reaction in certain tempera-
ture ranges and time conditions, ∆Htotal is the total enthalpy of the curing reaction, t is the
reaction time, k(T) is the reaction rate constant, and it only depends on temperature. The
k(T) is given by the Arrhenius equation:

k(T) = Aexp
(
− Ea

RT

)
(3)

where A is the pre-exponential factor, Ea is the apparent activation energy of the reaction,
R is the universal gas constant [8.3145 J·mol−1·K−1], and T is the absolute temperature.
Substituting Equation (3) into Equation (2) and substituting the rate of heating β = dT/dt,
the reaction rate equation should be:

dα

dt
=

dα

dT
=

A
β

exp
(
− Ea

RT

)
f (α) (4)

The purpose of the curing kinetics study is to obtain the “kinetic triple factors”, namely
E, A and f (α) in the above equation of the curing reaction, so as to obtain the MDI-based
polyurethane curing reaction characteristics and provide a theoretical basis for practical
application.

Kissinger method is commonly used to study the kinetics of curing reactions, which
assumes that the conversion at each DSC exothermic peak is invariant and independent of
the heating rates [19]. Using the different temperatures corresponding to the peaks of the
DSC curves at multiple heating rates, we can calculate the activation energy (Ea) without
assuming any kinetic parameter model and integrating the exothermic peak. The Kissinger
equation is [20]:

ln
β

T2
P
= ln

(
AR
Ea

)
− Ea

RTp
(5)

where β is the heating rate, R is the universal gas constant, Tp is the peak temperature of
the DSC curve, Ea is the apparent activation energy, and A is the pre-exponential factor.

3.1. Isoconversional Methods: Model-Free Kinetics (MFK)

The Kissinger method can only give a single Ea value that represents the average level
of the reaction. However, the Ea value varies with the curing degree, which cannot be
observed by the Kissinger method. The model-free methods were based on the assumption
that both activation energy and pre-exponential factor are functions of conversion, which
can help explain the mechanism at different stages of the reaction by calculating the kinetic
parameters at different conversion rates. To gain a deeper insight into the curing reaction of
MDI-based polyurethanes, the Flynn–Wall–Ozawa method and the Friedman method were
considered to investigate the relationship between the activation energy and conversion.

3.1.1. Flynn-Wall-Ozawa Method

The temperatures obtained from the DSC curves at different conversions and different
heating rates were used to calculate the activation energy at different curing degrees with
the following equation [21–23]:

lgβ = lg
(

AE
RG(α)

)
− 2.315− 0.4567

E
RT

(6)

For different conversions, A′ can be expressed as:

A′ = lg
(

AE
RG(α)

)
− 2.315 (7)
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where α is the degree of conversion, G(α) is the integral conversion function, and T is the
temperature at the corresponding conversion. A plot of lgβ as a function of 1/T using
various heating rates yields straight lines. For the curing system, the slope of the regression
curve at each conversion rate is used to obtain Ea and A′ at corresponding conversion
degree.

3.1.2. Freidman Method

Similar to the FWO method, the Friedman method is also a non-model method; it uses
the rate of change in the conversions obtained from the DSC curve at different heating rates
at a certain conversion rate to calculate the activation energy, and its empirical equation
is [24]:

ln
(

dα

dt

)
= lnA + nln(1− α)− E

RT
(8)

For different conversion rates, A′ can be expressed as:

A′ = lnA + nln(1− α) (9)

where n is the reaction order, dα/dt is the rate of change in the conversion. When the
conversion α is certain, a straight line can be obtained by plotting ln(dα/dt) − 1/T. The
activation energy Ea can then be calculated from the slope.

4. Results
4.1. Curing Progress Analysis of MDI-Based Polyurethane System

To demonstrate the curing progress of MDI-based polyurethane, it was subjected to
non-isothermal DSC tests at different heating rates, and the results are shown in Figure 1. It
can be seen from Figure 1 that there is an obvious melting heat absorption peak during the
heating process, and as the heating rate increases, the melting heat absorption peak becomes
sharper. When the heating rate is lower, there are two peaks for melting. However, when
increasing the heating rates, the peaks merge together because the melting temperatures
of these two components are slightly different. The resolution and sensitivity of the DSC
became lower when the heating rate increased, which resulted in the coalescence of two
peaks under high heating rates.
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Figure 1. DSC results of the MDI-based polyurethane at different heating rates.

In addition, the characteristic temperatures of the curing reaction of the system at
different heating rates can be obtained from the curves in Figure 1, including the onset
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temperature Ti, the peak temperature Tp, and the terminal temperature Tf. As can be seen
from Figure 1 and Table 1, with the increase in the heating rate, the onset temperature Ti,
the peak temperature Tp, and the terminal temperature Tf of the system gradually increased,
while the curve shifted to high temperature. Moreover, the area of exothermic peak is
increased. It can be explained because the curing reaction occurs more easily and quickly
with increasing the heating rate. Therefore, the thermal effect per unit time increases and
the heat generated per unit time increases so that the peak shifts to a higher value [25].

Table 1. Characteristic temperatures and exothermic enthalpy of the MDI-based polyurethane at
different heating rates.

β/K·min−1 Ti/◦C Tp/◦C Tf/◦C ∆H/J·g−1

5 20.7 91.3 207.6 84.3

10 21.3 101.8 220.3 100.5

15 23.3 112.4 222.5 117.5

20 23.9 122.6 228.9 134.2

According to Equation (1), the variation trend of curing degree with temperature at
different heating rates can be obtained by integrating the DSC curve in Figure 1. As shown
in Figure 2, the curing degree increases abruptly in a short period of time, which may be a
result of an autocatalytic effect in the polyurethane curing reaction.

Polymers 2022, 14, x FOR PEER REVIEW 5 of 12 
 

 

 

Figure 1. DSC results of the MDI-based polyurethane at different heating rates. 

Table 1. Characteristic temperatures and exothermic enthalpy of the MDI-based polyurethane at 

different heating rates. 

β/K·min−1 Ti/°C Tp/°C Tf/°C ΔH/J·g−1 

5 20.7 91.3 207.6 84.3 

10 21.3 101.8 220.3 100.5 

15 23.3 112.4 222.5 117.5 

20 23.9 122.6 228.9 134.2 

According to Equation (1), the variation trend of curing degree with temperature at 

different heating rates can be obtained by integrating the DSC curve in Figure 1. As shown 

in Figure 2, the curing degree increases abruptly in a short period of time, which may be 

a result of an autocatalytic effect in the polyurethane curing reaction. 

A linear relationship was obtained by fitting ln(β/Tp2) to 1/Tp in Figure 3. The values 

of Ea and A can be obtained by the Kissinger method in Figure 3, which gives the activation 

energy Ea = 46.34 kJ·mol-1, the pre-exponential factor A = 1.01 × 106 min−1, and the correla-

tion coefficient R2 = 0.9812. 

 

Figure 2. Relationship of the curing degree and time under different heating rates. Figure 2. Relationship of the curing degree and time under different heating rates.

A linear relationship was obtained by fitting ln(β/Tp
2) to 1/Tp in Figure 3. The values

of Ea and A can be obtained by the Kissinger method in Figure 3, which gives the activation
energy Ea = 46.34 kJ·mol-1, the pre-exponential factor A = 1.01 × 106 min−1, and the
correlation coefficient R2 = 0.9812.
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4.2. FTIR Analysis

The FTIR spectrums of prepolymer and reacted polyurethane in DSC testing are shown
in Figure 4, and the infrared characteristic absorption of the polyurethane molecules can
be observed. The peak at 3300 cm−1 was due to N-H stretching vibration. The peaks
at 1730 cm−1 and 1703 cm−1 were characteristic absorption peaks of C-N-H bending
vibration [26]. The peak at 1370 cm-1 was attributed to the symmetrical deformation
vibration of the methyl groups. The peak at 2250 cm−1 was a characteristic absorption peak
for -NCO. As shown in Figure 4, almost no isocyanate signal can be observed after the
reaction, while a strong signal was shown in the spectrum of the prepolymer. This indicates
that the reaction was fairly complete in DSC tests.
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4.3. Model Free Kinetic Models

The relationship between curing degree and Ea values can be obtained by model free
kinetic analysis. The change in Ea values in MDI-based polyurethane system was studied
by the Flynn–Wall–Ozawa method and the Friedman method, and the results are shown in
Figures 5 and 6.
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As can be seen, both methods show similar changing trends of Ea value in Figure 6.
In the MDI-based polyurethane curing reaction process, the apparent activation energy
gradually decreases with the progress of the reaction. The activation energy drops sharply
when 0 < α < 0.45, while the activation energy decreases at a slower rate at α > 0.45. An
interpretation of this behavior is that there is an apparent increase in the movements of
segments when 0 < α < 0.45. With the temperature getting higher, the viscosity of the
system becomes lower making it easier for material diffusion [16]. In addition, there is also
an autocatalytic effect in the polyurethane curing reaction. As the reaction proceeds, the
autocatalytic effect becomes more obvious, thus the apparent activation energy gradually
decreases. This phenomenon is consistent with the findings of Fernandez et al. who
reported that the formation of urethane groups brought an autocatalytic effect to the
reaction system [17]. However, the decrease in Ea value became slower when α > 0.45,
which can be explained by the increase in crosslinking rate. The mobility of chains was
limited by the crosslinking polymer network, and the autocatalytic effect was reduced.
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4.4. Model Fitting Kinetic Methods
4.4.1. nth Order Model

To further study the curing behavior of the system, the n-order curing reaction model
is used. The kinetic parameter values of the MDI-based polyurethane curing reaction
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obtained by Kissinger method were used in the Crane equation, which can calculate the
reaction order of the MDI-based polyurethane reaction [27].

f (α) = (1− α)n (10)

d(lnβ)

d
(

1
Tp

) = −
(

Ea

nR
+ 2Tp

)
(11)

When Ea/nR� 2Tp, Equation (11) can be changed to Equation (12):

d(lnβ)

d
(

1
Tp

) = − Ea

nR
(12)

As shown in Figure 7, the fitted straight line is obtained by plotting lnβ against 1/Tp,
and n = 0.88 is obtained by substituting the slope of the fitted straight line into Equation
(12). From the obtained parameters, the curing mechanism function Equation (13) can be
obtained:

f (α) = (1 − a)0.88 (13)

Since n is not an integer, it can be determined that the curing reaction is not a simple
primary reaction.
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4.4.2. Autocatalytic Reaction Model

The nth order curing reaction model is the simplest model to describe the curing
behavior of thermosetting plastics. However, based on the non-model kinetic analysis and
the results derived from the Crane equation, the autocatalytic model is more applicable to
this MDI-type polyurethane curing reaction than the n-order reaction model. Moreover, the
curing kinetics can be mainly divided into two stages. To accurately describe the kinetic
behavior of the reaction system, the autocatalytic model was used, and piecewise model
fitting was utilized for more accurate results. The equation of the autocatalytic model can
be expressed as [28,29]:

f (α) = αm(1− α)n (14)

where m, and n are the reaction orders of the curing reaction, the kinetic equation of the
curing reaction is:

dα

dt
= Aexp

(
− Ea

RT

)
αm(1− α)n (15)



Polymers 2022, 14, 3525 9 of 12

Taking the logarithm of both sides of the equation:

ln
(

dα

dt

)
= − Ea

RT
+ mlnα + nln(1− α) + lnA (16)

The kinetic parameter values of the polyurethane curing reaction of the MDI system
obtained by the Kissinger method were used in Equation (16) to calculate m and n. By
performing a multiple linear regression to ln(dα/dt), lnα and ln(1 − α), the parameters can
be determined for different heating rates as shown in Table 2. The fitting result is shown in
Figure 8. Based on the obtained kinetic parameters, the kinetic equation of the system can
be obtained as:

dα

dt
= e14.13 × e(−

5573
T ) α0.3503(1− α)2.1193 (α < 0.45) (17)

dα

dt
= e12.79 × e(−

5573
T ) α1.3949(1− α)0.9649 (α > 0.45) (18)

Table 2. Kinetic parameters of MDI-based polyurethane curing reactions calculated by Autocatalytic
model.

β/K·min−1
α < 0.45 α > 0.45

m n A × 106 R2 m n A × 105 R2

5 K 0.1648 1.8531 1.29 0.9956 1.2498 0.9212 3.90 0.9951

10 K 0.3036 1.8253 1.31 0.9957 1.0375 0.9516 4.95 0.9961

15 K 0.4222 2.6066 1.72 0.9949 1.8287 1.0541 2.78 0.9960

20 K 0.5104 2.1920 1.20 0.9957 1.4636 0.9325 3.74 0.9986

Average value 0.3503 2.1193 1.38 0.9955 1.3949 0.9649 3.84 0.9965
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4.5. Determination of Optimal Curing Conditions

It can be seen in Figure 1 that the curing temperatures and the position of the exother-
mic peak of the MDI-based polyurethane system were different with the increased heating
rate, which makes it difficult to determine the curing temperature of the MDI-based
polyurethane in actual curing process. To obtain accurate and reliable characteristic tem-
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peratures, the T-β extrapolation method was used to obtain the curing temperatures when
the heating rate of β is 0 K/min. As shown in Figure 9, the onset temperature Ti, the
peak temperature Tp, and the terminal temperature Tf were extrapolated for β = 0, and the
optimal cure temperature can be obtained [30]. The onset temperature was 19.41 ◦C, the
peak temperature was 80.9 ◦C, and the terminal temperature was 203.3 ◦C.
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After integrating Equations (17) and (18), the α-t relationship is calculated in Figure 10
(the details of calculation are shown in Table S1). To obtain a curing degree of 99%, the
system should be cured under 81 ◦C for 28.4 min. Considering the actual experimental
situation and material diffusion and other factors, the optimal curing conditions for MDI-
based polyurethane curing reaction are: the curing reaction starts at 20 ◦C, then keeps
heating up to 81 ◦C and curing at that temperature for 29 min, and finally heats up to
203 ◦C for post-curing treatment.
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5. Conclusions

In this study, the curing kinetics and curing behavior of the MDI-based polyurethane
were investigated by the non-isothermal DSC method. Apparent activation energy and
pre-exponential factor were calculated by the Kissinger method: Ea = 46.34 kJ·mol−1,
A = 1.01 × 106 min−1. The change in activation energy with curing degree was studied
by the Flynn–Wall–Ozawa method and the Friedman method. According to the results
obtained from model free kinetic analysis, the Ea value decreased as the degree of cure
increased, and the process can be divided into two stages. Moreover, the reaction order cal-
culated by the Crane equation was not an integer. Both results led to the conclusion that the
autocatalytic model was more suitable for the curing kinetics of MDI-based polyurethane
compared with the nth model. Based on the autocatalytic model, a piecewise model was
finally applied to derive the kinetic equation for the reaction. Based on the results of
DSC scanning curves, the extrapolation method and the kinetic equation, the best cure
condition of the MDI-based polyurethane was when the curing reaction starts at 20 ◦C,
then continues to heat up to 81 ◦C and cures at 81 ◦C for 29 min, and finally heats up to
203 ◦C for post-curing treatment.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14173525/s1, Table S1: Calculation of α-t relationship by
Equations (17) and (18).

Author Contributions: Investigation, S.L. and M.G.; data curation, S.L., X.L. and X.D.; writing—
original draft preparation, S.L.; writing—review and editing, S.L. and X.L.; supervision, M.Z.; project
administration, M.Z. and X.L. All authors have read and agreed to the published version of the
manuscript.

Funding: This work was supported by Beijing Institute of Technology Education Foundation (Grant
number 2021XW006).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors acknowledge the support from the Beijing Institute of Technology
and Advanced Materials Experimental Center, School of Materials Science and Engineering, Beijing
Institute of Technology.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Qian, Y.; Lindsay, C.I.; Macosko, C.; Stein, A. Synthesis and Properties of Vermiculite-Reinforced Polyurethane Nanocomposites.

ACS Appl. Mater. Inter. 2011, 3, 3709–3717. [CrossRef] [PubMed]
2. Zia, K.M.; Bhatti, H.N.; Bhatti, I.A. Methods for polyurethane and polyurethane composites, recycling and recovery: A review.

React. Funct. Polym. 2007, 67, 675–692. [CrossRef]
3. Van, T.T.; Farhana, A.; Aybala, U.; Ramazan, A. Polyurethane nanocomposite coating with silanized graphene and hexagonal

boron nitride as nanoadditives for improved resistance against ultraviolet degradation. J. Compos. Mater. 2018, 53, 1387–1399.
4. Sun, M.; Ren, X.; Zhang, J.; Zhang, X.; Wang, H. Preparation and characterization of one-component polyurethane powder

adhesives by the solution polymerization technology. J. Appl. Polym. Sci. 2019, 136, 47898. [CrossRef]
5. Cheng, B.X.; Gao, W.C.; Ren, X.M.; Ouyang, X.Y.; Zhao, Y.; Zhao, H.; Wu, W.; Huang, C.X.; Liu, Y. A review of microphase

separation of polyurethane: Characterization and applications. Polym. Test. 2022, 107, 107489. [CrossRef]
6. Lei, W.Q.; Fang, C.Q.; Zhou, X.; Yin, Q.; Pan, S.; Yang, R.; Liu, D.; Ouyang, Y. Cellulose nanocrystals obtained from office waste

paper and their potential application in PET packing materials. Carbohyd. Polym. 2018, 181, 376–385. [CrossRef]
7. Mahunaki, M.P.; Asl, V.H.; Mamaqani, H.R.; Koosha, M.; Yazdi, M. Preparation of polyurethane composites reinforced with

halloysite and carbon nanotubes. Polym. Compos. 2020, 42, 450–461.
8. Kojio, K.; Nozaki, S.; Takahara, A.; Yamasaki, S.; Yamasaki, S. Influence of chemical structure of hard segments on physical

properties of polyurethane elastomers: A review. J. Polym. Res. 2020, 27, 140. [CrossRef]

https://www.mdpi.com/article/10.3390/polym14173525/s1
https://www.mdpi.com/article/10.3390/polym14173525/s1
http://doi.org/10.1021/am2008954
http://www.ncbi.nlm.nih.gov/pubmed/21854000
http://doi.org/10.1016/j.reactfunctpolym.2007.05.004
http://doi.org/10.1002/app.47898
http://doi.org/10.1016/j.polymertesting.2022.107489
http://doi.org/10.1016/j.carbpol.2017.10.059
http://doi.org/10.1007/s10965-020-02090-9


Polymers 2022, 14, 3525 12 of 12

9. Barikani, M.; Hepburn, C. The relative thermal stability of polyurethane elastomers: Effect of diisocyanate structure. Cell Polym.
1987, 6, 41–54.

10. Hardis, R.; Jessop, J.; Peters, F.E.; Kessler, M.R. Cure kinetics characterization and monitoring of an epoxy resin using DSC, Raman
spectroscopy, and DEA. Compos. Part A Appl. Sci. 2013, 49, 100–108. [CrossRef]

11. Chai, C.P.; Hou, J.H.; Yang, X.H.; Zheng, Z.; Huang, M.H.; Li, G.P. Two-component waterborne polyurethane: Curing process
study using dynamic in situ IR spectroscopy. Polym. Test. 2018, 5, 259–265. [CrossRef]

12. Luo, S.G.; Tan, H.M.; Zhang, J.G.; Wu, Y.J.; Pei, F.K.; Meng, X.H. Catalytic mechanisms of triphenyl bismuth, dibutyltindilaurate,
and their combination in polyurethane-forming reaction. Appl. Polym. Sci. 1997, 65, 1217–1225. [CrossRef]

13. Goertzen, W.K.; Xia, S.; Akinc, M.; Kessler, M.R. Rheology and Curing Kinetics of Fumed Silica/Cyanate Ester Nanocomposites.
Polym. Eng. Sci. 2008, 48, 875–883. [CrossRef]

14. Kim, J.T.; Martin, D.; Halley, P.; Kim, D.S. Chemorheological studies on a thermoset PU/clay nanocomposite system. Compos.
Interfaces 2007, 14, 449–465. [CrossRef]

15. Olejnik, A.; Gosz, K.; Piszczyk, U. Kinetics of cross-linking processes of fast-curing polyurethane system. Thermochim. Acta 2019,
683, 178435. [CrossRef]

16. Rodrigues, J.; Pereira, M.R.; Souza, A.D. DSC monitoring of the cure kinetics of a castor oil-based polyurethane. Thermochim. Acta
2005, 427, 31–36. [CrossRef]

17. Bidegain, B.F.D.A.; Rueda, L.; Stefani, P.M.; Caba, K.; Eceiza, A. Kinetic and thermodynamic studies of the formation of a
polyurethane based on 1,6-hexamethylene diisocyanate and poly(carbonate-co-ester)diol. Thermochim. Acta 2007, 459, 94–103.

18. Ng, S.J.; Boswell, R.; Claus, S.J.; Arnold, F. Degree of cure, heat of reaction and viscosity of 8552 and 977-3 HM epoxy resins. J.
Adv. Mater-Covina. 2002, 34, 33–37.

19. Kissinger, E.D. Reaction kinetics in differential thermal analysis. Anal. Chem. 1957, 29, 1417–1421. [CrossRef]
20. Yu, S.Z.; Li, X.D.; Guo, X.Y.; Li, Z.R.; Zou, M.S. Curing and Characteristics of N,N,N0,N0-Tetraepoxypropyl-4,40-

Diaminodiphenylmethane Epoxy Resin-Based Buoyancy Material. Polymers. 2019, 11, 1137. [CrossRef]
21. Ozawa, T. Kinetic analysis of derivative curves in thermal analysis. J. Therm. Anal. 1970, 2, 301–324. [CrossRef]
22. Ozawa, T. A new method of analyzing thermogravimetric data. Bull. Chem. Soc. Jpn. 1965, 38, 1881–1886. [CrossRef]
23. Flynn, J.H.; Wall, L.A. A quick, direct method for the determination of activation energy from thermogravimetric data. J. Polym.

Sci. Part B: Polym. Lett. 1966, 4, 323–328. [CrossRef]
24. Friedman, H.L. Kinetics of thermal degradation of char-forming plastics from thermogravimetry. Application to a phenolic

plastic. J. Polym. Sci. Polym. Chem. 1964, 6, 183–195. [CrossRef]
25. Sbirrazzuoli, N.; Mititelu-Mija, A.; Vincent, L.; Alzina, C. Isoconversional kinetic analysis of stoichiometric and off-stoichiometric

epoxy-amine cures. Thermochim. Acta 2006, 447, 167–177. [CrossRef]
26. Wang, D.H.; Li, X.D.; Ge, M.C.; Lei, L.S.; Yang, Y.; Liu, S.; Zou, M.S. Synthesis and research of basalt microfiber-reinforced

polyurethane elastomer composites. J. Appl. Polym. Sci. 2022, 3, 3709. [CrossRef]
27. Crane, L.W.; Dynes, P.J.; Kaelble, D.H. Analysis of curing kinetics in polymer composites. J. Polym. Sci. Polym. Chem. 2010, 11,

533–540. [CrossRef]
28. Jubsilp, C.; Punson, K.; Takeichi, T.; Rimdusit, S. Curing kinetics of Benzoxazine–epoxy copolymer investigated by non-isothermal

differential scanning calorimetry. Polym. Degrad. Stab. 2010, 95, 918–924. [CrossRef]
29. Xiong, X.; Ren, R.; Liu, S.; Lu, S.; Chen, P. The curing kinetics and thermal properties of epoxy resins cured by aromatic diamine

with hetero-cyclic side chain structure. Thermochim. Acta 2014, 595, 22–27. [CrossRef]
30. Ding, J.; Peng, W.; Luo, T.; Yu, H. Study on the curing reaction kinetics of a novel epoxy system. RSC Adv. 2017, 7, 6981–6987.

[CrossRef]

http://doi.org/10.1016/j.compositesa.2013.01.021
http://doi.org/10.1016/j.polymertesting.2018.05.021
http://doi.org/10.1002/(SICI)1097-4628(19970808)65:6&lt;1217::AID-APP17&gt;3.0.CO;2-Q
http://doi.org/10.1002/pen.21027
http://doi.org/10.1163/156855407781291326
http://doi.org/10.1016/j.tca.2019.178435
http://doi.org/10.1016/j.tca.2004.08.010
http://doi.org/10.1021/ac60131a045
http://doi.org/10.3390/polym11071137
http://doi.org/10.1007/BF01911411
http://doi.org/10.1246/bcsj.38.1881
http://doi.org/10.1002/pol.1966.110040504
http://doi.org/10.1002/polc.5070060121
http://doi.org/10.1016/j.tca.2006.06.005
http://doi.org/10.1002/app.52440
http://doi.org/10.1002/pol.1973.130110808
http://doi.org/10.1016/j.polymdegradstab.2010.03.029
http://doi.org/10.1016/j.tca.2014.07.027
http://doi.org/10.1039/C6RA25120J

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of Polyurethane Curing Systems 
	Differential Scanning Calorimetry 
	Fourier Transform-Infrared Analysis 

	Theoretical Basis of Curing Kinetics 
	Isoconversional Methods: Model-Free Kinetics (MFK) 
	Flynn-Wall-Ozawa Method 
	Freidman Method 


	Results 
	Curing Progress Analysis of MDI-Based Polyurethane System 
	FTIR Analysis 
	Model Free Kinetic Models 
	Model Fitting Kinetic Methods 
	nth Order Model 
	Autocatalytic Reaction Model 

	Determination of Optimal Curing Conditions 

	Conclusions 
	References

