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Abstract 
Differential scanning calorimetry is used to study the curing 

of an epoxy resin with metal organosiloxanes differing in the 

type of a central metal atom (Al, Zr). The equilibrium 

temperatures and apparent activation energies of curing reactions 

are defined. It is established that the type of the central metal 

atom predetermines the thermal effect of the curing reaction and 

the activity of the metal organosiloxane as an epoxy resin curing 

agent.  
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Introduction 

Epoxy resins rank among the most popular types of resins 

that find widespread application in different fields of industry 

and in household. It is well known that the properties of cured 

epoxy resins depend on the chemical structure of an oligomer, 

the type of a curing agent, as well as the curing conditions [1, 2]. 

The high reactivity of epoxy groups enables the application of 

different classes of compounds as curing agents, including 

amines, anhydrides, isocyanates, the Lewis acids and bases, etc. 

[1–3]. 

The role of a curing agent in the production of cured epoxy 

resins with the desired properties is difficult to overestimate. 

Changing only this parameter, one can modify the glass 

transition point of the cured resin, its mechanical properties, heat 

resistance, and water absorption as well as to impart fireproof 

characteristics to the material [2, 3]. Despite a broad spectrum of 

available curing agents, a search for new types and investigation 

of their properties are still urgent tasks due to increasing 

requirements to the materials based on epoxy resins. The 

modern curing agents must be nontoxic, while the resulting 

curing resins must be amenable to secondary processing 

(recycling). Furthermore, the curing agents must provide long 

life time of a composition at the short curing time, minimal self-

heating, low shrinkage, and so on [4, 5]. 

Partially siloxy-substituted metal organosiloxane oligomers 

are multifunctional compounds of the general formula 

M[OR]m[O–Si(R')(OR)2]n–m where M is the metal atom, n is its 

valency, and R and R' are hydrocarbon substituents. Due to the 

high reactivity, they can act simultaneously as a cross-linking 

agent and a precursor for a disperse phase in the polymer 

volume. In particular, earlier it has been shown that these 

compounds can serve as curing agents for a siloxane rubber [6] 

and, in the case of an epoxy resin, simultaneously also as its 

curing agent [7, 8]. 

The goal of the present work was to study the kinetics of 

non-isothermal curing of an epoxy resin (ER) with metal 

organosiloxanes and to explore the properties of the resulting 

materials. 

Results and discussion 

The process of ER cross-linking with metal organosiloxanes 

is accompanied by an exothermic effect. The proposed scheme 

of ER curing under the action of these compounds was 

discussed earlier [7, 8]. Figure 1 shows the curing thermograms 

of the samples bearing 15 wt % of the curing agent. The DSC 

curve for ER–Al(OEt)-siloxane has a complex shape: a 

maximum at 160 °C (T1) and a shoulder on the high-temperature 

branch (T2). The temperature range of the thermogram of ER–
Zr(OEt)-siloxane is wider and includes the interval of ER curing 

with Al(OEt)-siloxane. The thermogram of ER–Zr(OEt)-

siloxane contains two maxima. The temperature of the first peak 

coincides with the value of T1, whereas the temperature of the 

second peak is higher than T2. In order to avoid misreading, this 

temperature was designated as T3. 

Different thermograms of the compositions implies that the 

curing kinetics of ER–Al(OEt)-siloxane differs from that of ER–
Zr(OEt)-siloxane. The cross-linking in both cases proceeds in 

several steps (stages). Taking into account that the chemical 

structures of the curing agents contain the same functional 

groups (M–O–Et and M–O–Si(Ph)–O–Et), the factor that 

defines a difference in the curing kinetics is the type of the 

central metal atom in the curing agent. 

ER–Al(OEt)-siloxane. Figure 2 shows the calorimetric 

curves of the samples with the Al(OEt)-siloxane contents of 10 

and 15 wt %. The thermograms of the ER–10 wt % Al(OEt)-

siloxane composition show a curing peak which has a shoulder 

on the low-temperature branch. At the higher content of 

Al(OEt)-siloxane, in contrast, an inflection is observed on the 
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Figure 1. Thermograms of ER curing with Al(OEt)-siloxane (1) and 

Zr(OEt)-siloxane (2). The concentration of the curing agent was 15 

wt %, the heating rate was 20 deg/min. 

high-temperature branch of the thermogram. The heating rate 

does not affect the shapes of the curing peaks (see Fig. S1 in the 

Electronic Supplementary Information (ESI)) and the value of 

reaction thermal effect which slightly increases (by ~4%) with 

an increase in the curing agent content (Table 1). 

The presence of an inflection on the low-temperature or 

high-temperature branch of a curing peak on the DSC curves 

indicates that the cross-linking of ER proceeds at least in two 

steps. For the correct definition of the inflection temperature, the 

DSC curve was divided into two components, assuming that 

their shapes are described by the Gauss curve. Figure 2 presents 

the results of this splitting. 

The onset temperature of curing (To) and the temperatures 

that correspond to the extreme points (T1, T2), obtained from the 

splitting of the DSC curve, were used to determine the 

equilibrium process temperatures. Table 1 shows the values of 

the equilibrium temperatures (ToE, T1E, and T2E) established by 

extrapolating the linear rate dependences of To, T1, and T2 to the 

zero heating temperature (Fig. S2 in the ESI). An increase in the 

content of the curing agent facilitates a decrease in the 

equilibrium temperatures and difference between them. 

Consequently, the growth in the Al(OEt)-siloxane content 

 

Figure 2. Thermograms of ER curing with Al(OEt)-siloxane at its 

content of 10 (1) and 15 wt % (2). The heating rate was 20 deg/min. The 

dotted lines represent the peaks obtained from splitting of the 

experimental peak. 

Table 1. Results of the calorimetric studies of the ER–metal 

organosiloxane samples 

Curing 

agent 
С, wt % ΔН, J/g 

ТoE, 

°С 

Т1E, 

°С 

Т2E, 

°С 

Т3E, 

°С 

Al(ОEt)-

siloxane 

10 393 ± 2 37 108 155 – 

15 409 ± 7 24 84 119 – 

Zr(ОEt)-

siloxane 

10 163 ± 1 53 125 – 201 

15 183 ± 5 47 113 – 210 

enhances the probability of curing reactions at lower 

temperatures. 

ER–Zr(OEt)-siloxane. Figure 3 shows the calorimetric 

curves for the epoxy resin cured with different contents of 

Zr(OEt)-siloxane. The thermograms of the samples contain two 

extremes: low-temperature (T1 = 150 °C) and high-temperature 

(T3 = 260 °C). A change in the heating rate does not change the 

shape of the calorimetric peaks (Fig. S3 in the ESI). The high-

temperature peak on the curing thermograms of the ER–
Zr(OEt)-siloxane compositions is not associated with the 

decomposition processes. According to the results of the 

thermogravimetric analysis performed at the heating rate of 10 

deg/min under an argon atmosphere, the onset temperature of 

intense decomposition of the sample is 330 °C, while the 

temperature of curing completion is lower by 20 deg (Fig. S4 in 

the ESI). 

Whereas for ER–Al(OEt)-siloxane an increase in the content 

of the curing agent leads to an increase in the intensity of the 

low-temperature peak, in the case of ER–Zr(OEt)-siloxane, in 

contrast, the intensity of the high-temperature peak at the 

Zr(OEt)-siloxane content of 15 wt % is higher than that at its 

concentration of 10 wt %. Therefore, an increase in the 

concentration of Zr(ОEt)-siloxane promotes the processes 

responsible for the high-temperature peak of the thermogram. 

Another possible option is that an increase in the concentration 

of the curing agent facilitates side endothermic processes in the 

ER–Al(ОEt)-siloxane composition in the temperature range of 

the first curing peak. 

The thermal effect of the reaction at the same content of the 

curing agent does not depend on the heating rate of the sample 

but increases with its increasing concentration. Thus, at the 

Zr(OEt)-siloxane concentration of 10 wt %, ΔН = 163 ± 1 J/g, 

 

Figure 3. Thermograms of ER curing with Zr(OEt)-siloxane at its 

content of 10 (1) and 15 (2) wt %. The heating rate was 10 deg/min. 
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while at the concentration of 15 wt %, the value of ΔН increases 

and is equal to 183 ± 5 J/g. The resulting values of ΔH are lower 

than those for the ER–Al(ОEt)-siloxane composition. 

The values of the equilibrium temperatures of the curing 

process are given in Table 1, and the dependences by which they 

are determined are depicted in Fig. S5 in the ESI. As well as in 

the case of Al(ОEt)-siloxane, an increase in the content of the 

curing agent leads to a decrease in the equilibrium temperatures 

of the process. Comparing them with the equilibrium 

temperatures ТoE and Т1E for the ER–Al(ОEt)-siloxane 

composition, it can be noted that they are higher. 

The curing activation energies of the compositions under 

consideration were calculated using the isoconversional method, 

which assumes that the curing heat refers to 100% conversion of 

epoxy groups [9–11]. In other words, after the process 

completion at the temperature of intersection of the curing 

thermogram with a baseline, the degree of sample curing α is 

equal to 1. The indirect evidence of the fulfillment of this 

condition is the independence of the curing heat of the samples 

from the heating rate. The direct proof of the feasibility of this 

condition can be obtained from the analysis of the IR spectra of 

the samples heated to the temperature equal to the process 

completion according to the DSC data. 

According to the calorimetric data, during the non-

isothermal curing of the composition ER–15 wt % Zr(OEt)-

siloxane, the intermediate curing temperature, i.e., the 

temperature between two peaks observed on the thermogram, is 

⁓220 °C, while the process completes at ⁓310 °C. The samples 

of the mentioned compositions were heated in an oven to 220 °C 

and 310 °C with the rate of 10 deg/min in the air. Figure 4 

shows the IR spectra of the samples heated to the mentioned 

temperatures and the spectrum of the initial mixture. A change 

in the intensity of a vibration band of an oxirane ring at 915 

cm–1 can be used to estimate the degree of ER curing. For this 

purpose, an inset in Fig. 4 demonstrates the result of subtracting 

the vibration bands of Zr(ОEt)-siloxane (~1000 cm–1), which are 

superimposed on the vibration band of the oxirane ring. As can 

be seen, the band at 915 cm–1 reduces upon heating to 220 °C 

but its intensity remains significant. The band completely 

disappears only upon heating to 310 °C. Therefore, when this 

temperature is reached, it can be stated that the degree of curing 

α is indeed equal to 1 and the requirement for the applicability 

of the isoconversional method for calculating the activation 

energy of the process is fulfilled. 

It should be noted that heating up to 220 °C and especially 

up to 310 °C in the air causes the destruction and oxidation of 

the cured resin. This process corresponds to an increase in the 

band at 3500 cm–1 and ~ 3000 cm–1, which falls under the νCH 

bands (νOH vibrations of the alcohol and COOH groups), as 

well as an increase in the intensity and a change in the shapes of 

the bands at 1000–1100 cm–1 (νC–O vibrations). Therefore, the 

maximum temperature during the isothermal curing of the 

composition in the air must be below 220 °C. The bands of νCH 

stretching vibrations at 2872, 2929, and 2965 cm–1 in the spectra 

of the heated samples have high intensities, while the intensity 

of the band at 3500 cm–1 (νOH) increases. Therefore, it can be 

stated fairly reliably that the alcohol formed during curing does 

not leave the composition even upon heating. 

The dependences of the activation energy on the curing 

degree (α) for ER–Al(ОEt)-siloxane are displayed in Fig. 5, and 

the linear dependences necessary for its calculation in the 

coordinates of equation (1) are shown in Fig. S6 in the ESI. The 

curves Ea vs. α for the systems with different contents of this 

curing agent are symbatic, while the values of Ea for ER–15 

wt % Al(OEt)-siloxane are lower than those for ER–10 wt % 

Al(OEt)-siloxane. At α > 0.4, the activation energies both at 10 

wt % and at 15 wt % of Al(ОEt)-siloxane increase, which 

indicates the occurrence of several competing reactions in the 
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Figure 4. IR spectra of the ER–15 wt % Zr(OEt)-siloxane mixture: the initial sample heated from 25 °C (a) to 220 °C (b) and 310 °C (c). The heating 

rate was 10 deg/min. 
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Figure 5. Dependence of the activation energy on the curing degree of 

the compositions: ER–10 wt % Al(OEt)-siloxane (1), ER–15 wt % 

Al(OEt)-siloxane (2), ER–10 wt % Zr(OEt)-siloxane (3), and ER–15 

wt % Zr(OEt)-siloxane (4). 

composition [12]. Indeed, the conversion degree α = 0.4 

corresponds to the temperature that falls within the temperature 

range of overlapping two peaks on the DSC thermogram of 

these samples (Fig. S7 in the ESI), i.e., the temperature range of 

simultaneous occurrence of several reactions accompanied by 

heat release. 

The dependences of Ea on α at different concentrations of 

Zr(ОEt)-siloxane are also shown in Fig. 5 (see Fig. S6 in the 

ESI). Their values are lower than Ea for ER–Al(OEt)-siloxane. 

Unlike ER–Al(OEt)-siloxane, for which Ea increases 

monotonously with increasing curing degree, for the ER–
Zr(OEt)-siloxane samples, the corresponding dependences pass 

through a minimum at α = 0.4–0.5. At the same time, at α ≤ 0.4–
0.5, the values of Ea for the samples with the Zr(OEt)-siloxane 

content of 15 wt % are lower than those for the samples with 10 

wt % of the curing agent, while at α > 0.5, on the contrary, the 

values of Ea for the samples with the higher content of this 

curing agent are greater. In our opinion, the unusual shape of the 

Ea dependence on the curing degree is mainly associated with 

the nonmonotonicity of the integral curves (the curing degree α 

on temperature). Figure 6 depicts the corresponding 

dependences for ER–Zr(OEt)-siloxane and, for comparison, 

those for ER–Al(OEt)-siloxane. While for the latter systems the 

integral curve monotonously increases with increasing 

temperature, the corresponding curves for ER–Zr(OEt)-siloxane 

have inflections in the range of α from 0.3 to 0.5, which gives 

rise to an extremum in the dependences of Ea on α. 

 
Figure 6. Integral dependences of the non-isothermal curing of ER–
Zr(OEt)-siloxane (1, 2) and ER–Al(OEt)-siloxane (3, 4) on temperature. 

The curing agent concentration was 10 (1, 3) and 15 (2, 4) wt %; the 

heating rate was 20 deg/min. 

Table 2 presents the glass transition points (Tg) of the 

samples cured upon heating during the calorimetric studies. The 

resulting values can be considered as the maximum possible 

glass transition points of the epoxy resins cured with the metal 

organosiloxanes. Comparing the listed values of Tg, it can be 

noted that the difference in Tg between the ER samples 

crosslinked with Al(ОEt)- or Zr(ОEt)-siloxane is not high. There 

is also no effect of the curing agent content. 

Table 2. Glass transition points of the epoxy resins cured with the metal 

organosiloxanesa 

Heating rate during the non-

isothermal curing, deg/min 

Concentration of 

the curing agent, wt % 

10 15 

ER–Al(ОEt)-siloxane 

5 100 99 

ER–Zr(ОEt)-siloxane 

5 99 111 

10 99 110 

15 100 105 

a heating rate at the repeated scanning was 20 deg/min. 

Experimental 

The investigations were performed with ED-20 epoxy resin 

featuring the epoxy equivalent weight of 182–192 g/mol, the 

dynamic viscosity at 25 °C of 12–14.5 Pa·s, and the epoxy 

number of 19–22%. The curing agents were metal 

organosiloxanes differing in the type of the central metal atom: 

diethoxy(phenyldiethoxysiloxy)aluminum 

[OEt]2AlOSi(Ph)(OEt)2 (Al(OEt)-siloxane) and diethoxy-bis-

(phenyldiethoxysiloxy)zirconium [OEt]2Zr[OSi(Ph)(OEt)2]2 

(Zr(OEt)-siloxane). Their structural formulae are presented in 

Fig. 7. The concentrations of the curing agents in ER were 10 

and 15 wt %. 

 

Figure 7. Structural formulae of metal organosiloxanes. 

Method for the sample preparation. A toluene solution of 

the corresponding metal organosiloxane of the known 

concentration was introduced directly into the epoxy resin under 

an argon atmosphere. The reaction mixture was vigorously 

stirred until formation of a homogeneous mass and then kept in 

an open state at room temperature under ambient humidity for 

two days. The residual solvent amount in the mixture was 

controlled by the results of thermogravimetric analysis. At the 

toluene content more than 5 wt %, the mixture was additionally 

kept in a vacuum chamber at 250 °C for 2 h. The resulting 

mixture was used for further analysis. 

Investigation methods. The calorimetric studies were 

carried out on a DSC-822e instrument (Mettler-Toledo, 

Switzerland) at the heating rates of 5, 10, 15, and 20 deg/min 

under an argon atmosphere. After the first scan, the sample was 

rapidly cooled to 25 °C and heated again with the rate of 20 
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deg/min to determine its glass transition point. 

The thermogravimetric studies were performed on a 

Derivatograph-K unit (MOM, Hungary) at the heating rate of 10 

K/min under an argon atmosphere. 

The ATR IR spectra were recorded on a Vertex 70v 

instrument (Bruker, Germany) with an optical resolution of 2 

cm–1 (128 scans) using an ATR attachment with a diamond 

element (Pike GladiATR). The ATR spectra were corrected 

using the OPUS program. 

The curing activation energies were determined by the 

Flynn–Wall–Ozawa isoconversional method [9], according to 

which the main analytical equation for different heating rates is 

as follows: 𝑙𝑛 𝛽𝑇2 = 𝐸𝑎𝑅𝑇 − 𝑙𝑛 𝐴𝑅𝐸𝑎 (1) 

where β is the sample heating rate, Т is the temperature, Еа is the 

apparent activation energy, R is the gas constant, and А is the 

pre-exponential factor. 

The slope of the linear dependence constructed in the 

coordinates of this equation, namely, ln(β/T2) vs. 1/Т is equal to 
Еа/R. For each conversion degree, the isoconversional 

dependences were constructed and the values of Еа were 

calculated. 

The equilibrium curing temperatures (onset temperature of 

curing and temperatures at the maxima of curing peaks) were 

determined by extrapolating the linear dependence of the 

corresponding temperature values on the heating rate to the 

power of ½ to the zero heating rate [10]. 

Conclusions 

The kinetics of the non-isothermal curing of the epoxy resin 

with the metal organosiloxanes differing in the nature of the 

central metal atom (Al, Zr) was studied. The equilibrium 

temperatures and apparent activation energies of the curing 

reactions were determined. It was established that the type of the 

central metal atom determines the thermal effect of the curing 

reaction and the activity of the metal organosiloxanes as epoxy 

resin curing agents. In particular, the activity of Al(OEt)-

siloxane appeared to be higher than that of Zr(OEt)-siloxane, 

while the thermal effect with the former curing agent was higher 

than with the latter. The curing of the epoxy resin with Al(ОEt)-
siloxane and Zr(ОEt)-siloxane occurs at least in two stages, 

which are reflected in the curing thermograms of the samples in 

the form of peaks or diffuse maxima. Each cross-linking step is 

a combination of several competing reactions. An increase in the 

concentration of the metal organosiloxanes promotes the 

occurrence of curing, which is manifested in a decrease in the 

equilibrium onset temperature of the reaction. The glass 

transition point of the epoxy resin cured with Al(OEt)-siloxane 

or Zr(OEt)-siloxane was shown to be independent of the type of 

the central atom and the content of these curing agents. 
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