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Summary
The diethylenetriamine chelate complex of copper(II) carbonate—DETA‐CuCO3 (a fire retardant

hardener of epoxy resins)—and the CuCO3‐containing epoxy‐amine polymers—DGEBA/DETA‐

CuCO3(6), DGEBA/DETA‐CuCO3(12), DGEBA/DETA‐CuCO3(40), and DGEBA/DETA‐CuCO3(80)

with suppressed combustibility—have been obtained in the DETA‐DGEBA‐CuCO3 system (DETA

and DGEBA are diethylenetriamine and bisphenol A diglycidyl ether, respectively). The DETA‐

CuCO3 chelate complex was characterized by X‐ray powder diffraction, infrared spectra, and

thermal analysis. The thermal gravimetric analysis results have revealed that thermal destruction

of DETA‐CuCO3 was finished at 400°С, and the maximal temperature of the combustion gases

amounted to 520°С. The thermal behavior and combustibility of the CuCO3‐containing epoxy‐

amine polymers were studied using thermal analysis and “Ceramic tube” (CT) method. Thermal

gravimetric analysis confirms that incorporation of the DETA‐CuCO3 into DGEBA appreciably

heightens the thermal stability and antiflammability of the CuCO3‐containing epoxy‐amine poly-

mers. Results of CT measurement reveal that maximal temperature of the combustion gases

under burning of the DGEBA/DETA‐CuCO3(12) sample in comparison with unmodified epoxy‐

amine polymer (DGEBA/DETA) is lowered on 219°С and the loss of weight is decreased on

20.5 wt%. According to ASTM 635‐14, ASTM D2863‐13, and ASTM D1929‐16, the flame prop-

agation rate, limiting oxygen index, and temperatures of ignition and self‐ignition have been mea-

sured for the elaborated polymer samples.
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1 | INTRODUCTION

The polymers generally1 and the epoxy polymers in particular2 have

long ago substituted many conventional materials in our everyday life.

The epoxy polymers also proceed to confidently hold positions in

industry, mainly, owing to their proper physical‐mechanical proper-

ties.3 But, apart from the numerous advantages, the most polymers

have a one serious drawback; they have low resistance to fire. Such

characteristic features of epoxy resins as a low thermal stability, a little

fire resistance, and high fire hazard strongly restrict utilization of the

epoxy polymers in the pure state in industry. That is why the searching
d. wileyonlineli
of the ways of combustibility lowering of the polymer materials based

on epoxy resins is one of the overall objectives of the fire safety.4

On the other hand, epoxy resins themselves possess high compat-

ibility with many types of polar organic substances. Consequently, a

substantial cohesion can spring up between the various types of fillers

and the binder. All this opens up wide possibilities for modification of

epoxy resins. There are many technological elaborations concerning

the increase of fire resistance of the epoxy polymer materials. This is,

first of all, the use of inherent flame retardant polymers,5 the modify-

ing the polymer backbone,6,7 incorporation of flame retardants into

polymer matrix, and so forth.
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Currently, the varied types of the fire retardants, more exactly, of

the reactive fire retardants are widely used for the effective combusti-

bility lowering of epoxy resins.8 There are several different kinds of fire

retardant polymers obtained by incorporation of Si, N, B, and P atoms

into the monomer units directly at the polymer synthesis.9-13 In the

latter time, the fire retardants containing the complexes of d‐metal

salts (mainly, the salts of Mn, Co, Ni, Cu, Zn, etc and organic acids)14,15

find a wide application. The distinguishing feature of the epoxy

polymers modified by transition metal salts is the formation of chelate

complexes, which are directly incorporated into the framework of such

polymers.16-18 Here, the chelate complexes play a part of both

modifiers and curing agents of epoxy resins concurrently.19

Earlier, the crystalline chelate complex of the diethylenetriamine

with copper(II) sulfate (DETA‐CuSO4)
20 and samples of the epoxy‐

amine polymers (DGEBA/DETA‐CuSO4)
21 have been obtained in the

DETA‐DGEBA‐CuSO4 system (DETA and DGEBA are diethylenetriamine

and bisphenol A diglycidyl ether, respectively). When studying the

combustibility of the DGEBA/DETA‐CuSO4 polymer materials with var-

iant content of incombustible inorganic salt,22 it has been ascertained

that composition, structure, and type of cupric salt participating in

the complex formation can significantly influence the polymer's

combustibility. Proceeding further in influence study of the cupric salts

onto combustibility of the epoxy‐amine polymers, we have replaced

the copper(II) sulfate by the copper(II) carbonate in above system. As

a result, the chelate complex denoted as DETA‐CuCO3
23 that further

was used as a fire retardant hardener of epoxy resins have been

educed out of the DETA‐DGEBA‐CuCO3 system.

To obtain new epoxy‐amine polymers with lowered combusti-

bility, it was necessary to elaborate an uncomplicated technique

of incorporation of the fire retardant hardener (DETA‐CuCO3) into

the binder matrix. Owing to the elaborated technique, the fit

samples of the epoxy‐amine polymers with different content of

CuСO3 (see Table 1) have been prepared and characterized. Thus,

the obtained CuСO3‐containing epoxy‐amine polymers are next

representatives of a new generation of the polymers in which the

inorganic cupric salt coordinated by curing agent plays a pivotal

role in the suppressing the combustibility of the epoxy‐amine

polymers.

The identification of the DETA‐CuСO3 chelate complex (the fire

retardant hardener) gained in the DGEBA‐DETA‐CuCO3 system,

the detection of the DETA‐CuСO3 chelate core in the elaborated

CuСO3‐containing epoxy‐amine polymers, and the study of their

thermal and combustible properties are reported in the present

article.
TABLE 1 Stoichiometry of the CuCO3‐containing epoxy‐amine
polymers

Samples

DGEBA:DETA:CuCO3

Molar ratio Weight ratio

DGEBA/DETA 5:2:0 100:10:0

DGEBA/DETA‐CuCO3(6) 5:2:1 100:10:6

DGEBA/DETA‐CuCO3(12) 5:2:2 100:10:12

DGEBA/DETA‐CuCO3(40) 5:2:6.667 100:10:40

DGEBA/DETA‐CuCO3(80) 5:2:13.333 100:10:80
2 | EXPERIMENTAL

2.1 | Materials

For synthesis of the fire retardant hardener (DETA‐CuCO3) and

elaborating the CuCO3‐containing epoxy‐amine polymers, the follow-

ing chemicals were used: the fire retardant—copper(II) carbonate,

CuCO3,
24 (gray green powder, M = 123.5 g⋅mol−1, d20 = 3.7 g⋅cm−1,

ΔTdecomposition = 250‐350°C25); the curing agent of epoxy resins—

diethylenetriamine (DETA), NH2C2H4NHC2H4NH2, (colorless liquid,

M = 103.17 g⋅mol−1, d20 = 0.955 g⋅cm−1, Tboiling = 204.1°C,

Tignition = 97°C, Tself‐ignition = 350°C26); and the binder—bisphenol A

diglycidyl ether (DGEBA) (colorless resin, ED‐20 grade with almost 22%

epoxy groups content, M = 390‐430 g⋅mol−1 [M = 410 g⋅mol−1]). All

reagents have been purchased through commercial sources and used

as received without further purification.
2.2 | Preparation of the CuCO3‐containing epoxy‐
amine polymers

The indispensable ingredients for a synthesis of the CuCO3‐containing

epoxy‐amine polymers are given in the Table 1.

The samples of the epoxy‐amine polymers containing the different

quantities of CuCO3 have been prepared in 2 stages. At first, the nec-

essary quantities of copper(II) carbonate (6, 12, 40, and 80 g) have

been placed into the individual containers whereupon the DETA

(10 g, 0.1 mol) has been added to each container. In all 4 cases, the

added curing agent (DETA) has vigorously interacted with the copper(II)

carbonate, forming the chelate complex (DETA‐CuCO3). The

complexing is accompanied by the heating up of the reaction mixture

and by its intensively dark blue coloration with following crystalliza-

tion. It should be noted that the dark blue polycrystalline powder of

the DETA‐CuCO3 isolated out of the reaction mixture was afterwards

studied by X‐ray powder diffraction (XRPD). Next, the DGEBA (100 g,

0.25 mol) has been batched to each of 4 containers with the

DETA + CuCO3 mixtures. Ultimately, each of the 4 prepared ternary

mixtures (DGEBA + DETA + CuCO3) was diligently stirred for 5 to

10 minutes till formation of homogeneous consistence resembling a

thick honey and having an esthetically attractive blue‐green color. Fur-

ther, the obtained viscous liquids have been poured into the molds and

left at room temperature to cure for 24 hours. After curing, all 4 sam-

ples of the CuCO3‐containing epoxy‐amine polymers (DGEBA/DETA‐

CuCO3(6), DGEBA/DETA‐CuCO3(12), DGEBA/DETA‐CuCO3(40), and

DGEBA/DETA‐CuCO3(80)) have acquired the characteristic blue‐green

color (Figure 1A).

The samples of the CuCO3‐containing epoxy‐amine polymer,

where the molar ratio DGEBA:DETA:CuCO3 is 5:2:2, can also

be obtained on the basis of the [{Cu(DETA)(H2O)(μ‐CO3)}]⋅6H2O

chelate complex whose synthesis was described in detail in

Lavrenyuk et al.23 According to the alternative method of obtaining

the DGEBA/DETA‐CuCO3(12), the DETA‐CuCO3 polycrystalline pow-

der (22 g, 0.1 mol) prepared by dehydration of the [{Cu(DETA)(H2O)

(μ‐CO3)}]⋅6H2O was added to DGEBA (100 g). All further manipulations

with the reaction mixture were performed in accordance with above‐

said procedures of preparing the CuCO3‐containing epoxy‐amine



FIGURE 1 The photographs of the epoxy‐
amine polymer samples. A, DGEBA/DETA‐
CuCO3(80). B, DGEBA/DETA [Colour figure
can be viewed at wileyonlinelibrary.com]
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polymers. The combustibility study of the polymer samples of the

DGEBA/DETA‐CuCO3(12) prepared by different methods has shown

their thorough identity.

The usual colorless unmodified epoxy‐amine polymer DGEBA/

DETA (see Figure 1B) also has been prepared by combination of

DGEBA (100 g) and DETA (10 g).
2.3 | Characterization and measurement

2.3.1 | X‐ray powder diffraction

The XRPD pattern (Figure 2) made from the polycrystalline sample of

the DETA‐CuCO3 gained in synthesis process of the CuCO3‐containing

epoxy‐amine polymers has been used for the phase identification. The

XRPD experiment was performed at room temperature on the HZG‐

4A diffractometer (Cu Kα radiation, Bragg‐Brentano geometry, angular

range 5 ≤ 2θ ≤ 60° with a step size of 0.02° and exposition time per

point 20 s). The profile and structural parameters were refined by the

Rietveld method using the package of program FullProf Suite.27 The

indexing of the XRPD pattern was fulfilled automatically by means of

the method described in Louër and Louër,28 using DICVOL91 software

package.29 The structure model was taken from single crystal data of

the [{Cu(DETA)(H2O)(μ‐CO3)}]⋅6H2O chelate complex.23
FIGURE 2 The X‐ray powder diffraction pattern of the DETA‐CuCO3

chelate complex
2.3.2 | Infrared spectroscopy

Infrared (IR) absorption spectra (Figure 3) were recorded in the spectral

range of 4000 to 500 cm−1 with a resolution of 2 cm−1 on a

PerkinElmer Spectrum Two FTIR spectrometer. The IR spectroscopic

measurements were performed on the solid samples of the DGEBA/

DETA, DETA‐CuCO3, and DGEBA/DETA‐CuCO3(80) pressed into pel-

lets with the spectroscopically pure KBr, or on the liquid sample of

DETA with using a KBr cuvette.
2.3.3 | Thermal analysis

Thermal gravimetric analysis (TGA), differential thermogravimetric

(DTG) analysis, and differential thermal analysis (DTA) for samples of

CuCO3, DETA, DETA‐CuCO3, DGEBA/DETA, and DGEBA/DETA‐

CuCO3(80) were fulfilled on a Q‐1500D thermal analyzer (F. Paulik, J.

Paulik, L. Erdey system) in the temperature range from 25°C to

1000°C with a heating rate of 5°С/min. All measurements were per-

formed at dynamical regime in medium of air. The weight of each sam-

ple amounted to 100 mg. Aluminum oxide has been used as standard.
2.3.4 | Ceramic tube test

The combustibility parameters of the DGEBA/DETA‐CuCO3(6), DGEBA/

DETA‐CuCO3(12), DGEBA/DETA‐CuCO3(40), DGEBA/DETA‐CuCO3(80),

and DGEBA/DETA (for comparison) have been determined according to

all‐Union State Standard30 12.1.044‐89 using the “Ceramic tube” appara-

tus displayed in Figure 4. The gist of CT method consists in making the

temperature conditions that are able to promote burning the materials.

The apparatus is made of ceramic tube having the squared shape

whose inner surface is sheeted by 2 layers of an aluminum foil. The tube

is plumbed on the supporting block whereon is mounted a gas burner. A

sample is set in the center of the tube bymeans of holder. All samples hav-

ing dimension of 150 × 60 × 5mm3 were wrapped in fiberglass cloth. The

measurements have been performed for samples taken in triplicates. The

values obtained a minimum from 3 measurements are averaged. All

samples before testing were air conditioned and weighed. Next, separate

sampleswereplaced into ceramic tube that in advancewas heated to tem-

perature of 200°C by means of gas burner flame. The maximal tempera-

ture of the combustion gases (Tmax) and time of Tmax reaching (Δτ, s)

were experimentally measured. The maximal increment of temperature

(ΔTmax, °C) and relative loss of themass (Δm, %) have been determined as

http://wileyonlinelibrary.com


FIGURE 3 Infrared spectra of A, DETA; B,
DETA‐CuCO3; C, DGEBA/DETA‐CuCO3(80);
and D, DGEBA/DETA
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ΔTmax ¼ Tmax−200;

Δm ¼ m0−mb

m0
⋅100%;

where m0 and mb are mass (g) of sample up to and after testing,

respectively.

The combustibility group of the substances was specified by

means of the ΔTmax and Δm values while the flammability of the sub-

stances was assessed by value of Δτ. If values of ΔTmax and Δm do

not exceed 60°C and 60%, respectively, then substances are difficultly

combustible ones; otherwise, they are combustible substances. In turn,

the combustible substances are subdivided onto 3 flammability classes
depending on values Δτ. When values of Δτ exceed 240 seconds, the

combustible substances are referred to the low‐flammability class.

The medium‐flammability class is specified by values of

Δτ = 30 ÷ 240 seconds. And, at last, for high‐flammability class, the

values of Δτ amount to less 30 seconds. The results of the CT measure-

ments are presented in Table 2.
2.3.5 | Bench‐scale combustibility testing

The flammability rating of DGEBA/DETA‐CuCO3(6), DGEBA/DETA‐

CuCO3(12), DGEBA/DETA‐CuCO3(40), DGEBA/DETA‐CuCO3(80), and

DGEBA/DETA was determined by means of the UL94 BH method.



FIGURE 4 “Ceramic tube” apparatus30: 1 = supporting block; 2 = gas
burner; 3 = ceramic tube; 4 = gas flowmeter; 5 = test sample;
6 = sample holder; 7 = funnel cover; 8 = thermocouple;
9 = potentiometer [Colour figure can be viewed at wileyonlinelibrary.
com]
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The flame‐spread rate was assessed according to ASTM D635‐14.31

Each testing sample was mounted horizontally to its long axis and

at an angle of 45° to its short axis. The made samples by

125 mm length, 10 mm width, and 5 mm thickness were exposed

to a 20‐mm‐high blue Bunsen burner flame at an angle of 45°.

Before testing, the polymer samples were air conditioned for

48 hours, at 25°С, and of 50% relative humidity. The movement

time of the flame front between 2 gauge marks (Δτburning, s) was

measured, and the flame‐spread rate (rburning, mm⋅min−1) was

calculated.

The limiting oxygen index (LOI) for the samples of the epoxy‐

amine polymers (DGEBA/DETA, DGEBA/DETA‐CuCO3(6), DGEBA/

DETA‐CuCO3(12), DGEBA/DETA‐CuCO3(40), and DGEBA/DETA‐

CuCO3(80)) was determined according to ASTM D2863‐13.32

The ignition point (Tignition) and self‐ignition point (Tself‐ignition) for

DGEBA/DETA, DGEBA/DETA‐CuCO3(6), DGEBA/DETA‐CuCO3(12),

DGEBA/DETA‐CuCO3(40), DGEBA/DETA‐CuCO3(80), and DETA and
TABLE 2 Data of the “Ceramic tube” measurements of the epoxy‐amine p

Sample TC Tmax

DGEBA/DETA 200 867 ± 5

DGEBA/DETA‐CuCO3(6) 200 702 ± 5

DGEBA/DETA‐CuCO3(12)
a 200 648 ± 5

DGEBA/DETA‐CuCO3(40) 200 650 ± 5

DGEBA/DETA‐CuCO3(80) 200 662 ± 5

TC (°C), the temperature of ceramic tube prior to bringing in the samples; Tmax (°
imal increment of temperature; Δτ (s), the time of attaining to maximal temperatu
mability class (CS, combustible substance; HF, high‐flammability; MF, medium‐f
aThe gained values apply to polymer samples of the DGEBA/DETA‐CuCO3(12) p
DETA‐CuCO3 were measured on a TF device according to ASTM

D1929‐16.33

The polymer samples were taken in triplicates and used for each

run; the gained values of 3 measurements were averaged. The final

results of the bench‐scale combustibility testing are presented in

Table 3.
3 | RESULTS AND DISSCUSSION

3.1 | Processes of cross bonding in the DGEBA‐
DETA‐CuCO3 system

Before beginning a consideration of the processes that occur in the

DGEBA‐DETA‐CuCO3 system at the forming the epoxy‐amine poly-

mers with lowered combustibility, it is necessary to understand how

a modifier nature can influence onto fire safety of the polymers, what

a role pertains to the DETA‐CuCO3 chelate complex in the combustibil-

ity suppressing process of the epoxy‐amine polymers. Therefore, the

influence studying of the copper(II) carbonate onto the combustibility

parameters of the epoxy‐amine polymers must be in the center of

our attention. For it, foremost, one must identify the dark blue

polycrystalline phase gained by the mixing the equimolar quantities

of the CuCO3 and DETA and characterize obtained substance. The

identification of the crystal DETA‐CuCO3 was performed by XRPD.

All reflections from crystal lattice (see Figure 2) have been

indexed; unit cell parameters have been refined (a = 7.6504(4),

b = 7.1991(3), c = 22.088(1) Å, β = 98.493(5)°, space group P21/c).

Hence, the DETA‐CuCO3 is a dehydrated analog of the [{Cu(DETA)

(H2O)(Μ‐CO3)}2]⋅6H2O chelate complex whose crystal structure has

been studied earlier.23

The interaction of DETA (a hardener of epoxy resins) with non-

combustible inorganic salt (copper(II) carbonate) in many respects

predetermines the properties of DETA‐CuCO3 as fire retardant

hardener. That fact that Cu2+ ion is coordinated with DETA into a che-

late complex can be seen on the IR spectra34,35 recorded for DETA and

DETA‐CuCO3 (see Figure 3A,B). So, for DETA (Figure 3A), absorption

bands of the high‐frequency region at 3370 and 3254 cm−1 are related

to stretching of N─H bonds of primary amine, whereas the band

observed at 3200 cm−1 is ascribed to stretching of N─H bond of

secondary amine; the observed oscillation frequency at 1596 cm−1 is

attributed to bending of N─H bond. Absorption bands at 2950,

2898, 2776, and 1458 cm−1 are related to stretching and bending of
olymers

ΔTmax Δτ Δm CG/FC

667 ± 5 30 ± 1 89.0 ± 1 CS/HF

502 ± 5 160 ± 1 76.8 ± 1 CS/MF

448 ± 5 210 ± 1 68.5 ± 1 CS/MF

450 ± 5 210 ± 1 68.5 ± 1 CS/MF

462 ± 5 200 ± 1 70.3 ± 1 CS/MF

C), the maximal temperature of the combustion gases; ΔTmax (°C), the max-
re; Δm (%), relative loss of the mass; CG, the combustibility group; FC, flam-
lammability).

repared by both methods (see Section 2.2).

http://wileyonlinelibrary.com
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TABLE 3 Data of the bench‐scale fire tests

Sample Tignition, °C Tself‐ignition, °C rburning, mm·min−1 Δτburning, s FR LOI, %

DETA 97 ± 1 350 ± 1 – – – –

DETA‐CuCO3
b b – – – –

DGEBA/DETA 320 ± 1 545 ± 1 25.2 ± 5 d PH 19.8 ± 5

DGEBA/DETA‐CuCO3(6) 333 ± 1 550 ± 1 24.6 ± 5 d PH 27.0 ± 5

DGEBA/DETA‐CuCO3(12)
a 355 ± 1 558 ± 1 c 93 ± 1 NPH 29.5 ± 5

DGEBA/DETA‐CuCO3(40) 368 ± 1 560 ± 1 c 87 ± 1 NPH 33.0 ± 5

DGEBA/DETA‐CuCO3(80) 371 ± 1 563 ± 1 c 86 ± 1 NPH 38.2 ± 5

Abbreviations: FR, flammability rating (PH, propagation horizontally; NPH, nonpropagation horizontally); LOI, limiting oxygen index.
aThe same remark that is given in Table 2.
bIgnition (or self‐ignition) was not observed up to temperature of 450°C (or 600°C).
cFlame is itself extinguished before a zero gauge mark.
dSamples are on fire as far as moment of forced extinguishing.
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C─H bonds. Frequencies observed at region 1356 to 1066 cm−1 are

absorption bands for C─N bonds.

After bonding of the DETA with copper(II) carbonate (Figure 3B),

one of the N─H absorption bands is shifted to high‐frequency region

(3482 cm−1), whereas 2 other bands are shifted to low‐

frequency region (3253 and 3155 cm−1). The observed wavenumber

(1612 cm−1) attributed to bending of N─H bond is also shifted to

high‐frequency region. Absorption bands at 2956, 2922, 2856, and

1458 cm−1 ascribed to stretching and bending of C─H bonds are also

shifted. Moreover, the absorption frequencies at 1090, 1030, 966,

824, and 806 cm−1 induced by the CO3
2− anion oscillations are

observed on the IR spectra of DETA‐CuCO3 complex.

Interlinking the incombustible inorganic salt with combustible

nitrogen‐containing curing agent into chelate complex is decisive step

at the forming the epoxy‐amine polymers with suppressed
FIGURE 5 The framework of the CuCO3‐
containing epoxy‐amine polymer (expected
structure) [Colour figure can be viewed at
wileyonlinelibrary.com]
combustibility. At curing, the DETA‐CuCO3 complex can be incorpo-

rated into the epoxy‐amine polymer matrix. So IR spectra of the

DGEBA/DETA polymer (Figure 3D) reveal that in case of epoxy resin

cured by DETA, the absorption bands belonged to N─H bonds disap-

pear at all. Instead of these, the absorption bands of N─C bonds spring

up at 1261, 1144, and 1030 cm−1, as well as new absorption bands

induced by the O─H bonds oscillations arise at 3333 and 3232 cm−1.

However, on the IR spectra recorded for the DGEBA/DETA‐CuCO3(80)

(Figure 3C), one can see that absorption bands ascribed to stretching

and bending of O─H bonds are shifted to high‐frequency region

(3395, 3286, and 1652 cm−1) and significantly weakened due to

Cu─N bonding.

Thus, cross bonding process taking place at curing the CuCO3‐

containing epoxy‐amine polymers is accompanied by an interaction

of the epoxide groups of the epoxy oligomer and the amine groups

http://wileyonlinelibrary.com


FIGURE 6 A, Thermal gravimetric analysis (TGA); B, differential
thermogravimetric (DTG); and C, differential thermal analysis (DTA)
curves for DETA, CuCO3, and DETA‐CuCO3 [Colour figure can be
viewed at wileyonlinelibrary.com]
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coordinated with Cu2+ ions of the DETA‐CuCO3 chelate complex.

Because DGEBA molecule contains at least 2 epoxide groups, the

epoxy‐amine polymerization and formation of the polymer framework

will be occurring concurrently. Undoubtedly, the DETA‐CuCO3 chelate

complex plays a role of the fire retardant hardener in this process. The

cross‐interlinking of the CuCO3‐coordinated DETA with DGEBA is rep-

resented in Figure 5. All it certainly influences onto change of the

respective combustibility parameters as well as of the performance

characteristics of the polymer materials produced out of the CuCO3‐

containing epoxy‐amine polymers.

3.2 | Thermal analysis of the fire retardant hardener

The thermal behavior of DETA‐CuCO3 chelate complex as would‐be

fire retardant hardener as well as DETA and CuCO3 have been studied

by means of TGA, DTG analysis, and DTA; the corresponding curves

are displayed in Figure 6. The results of the stage‐by‐stage thermal

degradation for the DETA‐CuCO3, DETA, CuCO3 as well as DGEBA/

DETA, and DGEBA/DETA‐CuCO3(80) are given in Table 4.

As shown in Figure 6A, the TGA curve of the thermal decomposi-

tion of the originally hydrated DETA‐CuCO3 complex23 is represented

by 4 sections. The first section involves the temperature range from

20°C to 154°C. It corresponds to a loss of weight of 18.6 wt% and

the appearance of a minimum on the DTA curve (see Figure 6C). At this

temperature interval (DTA curve), an endothermic process is observed

at temperature of 110°C. This part of the curve is related to the dehy-

dration process and formation of anhydrous chelate complex. The sec-

ond section is in the temperature range from 154°C to 190°C

(Δm = 21.6 wt%). The thermal decomposition of the inorganic part of

the complex takes place in this range of temperature:

CuCO3 NH2C2H4NHC2H4NH2ð Þ½ �
�����!154‐190°C

CuO NH2C2H4NHC2H4NH2ð Þ½ �
þ CO2↑

(1)

The third section occurs in the temperature range from 190°C to

400°C. At this temperature interval of theDTA curve, one can see 2 suc-

cessive exothermic maximums (at 220°C and 250°C, respectively). The

loss of weight amounts to 11.6 wt% from the partial thermal‐oxidative

destruction of the [CuO(NH2C2H4NHC2H4NH2)] complex produced in

reaction 1 with a concurrent dehydrogenization of the coordinated

DETA,21,36,37 as seen in the following reaction equations:

CuO NH2C2H4NHC2H4NH2ð Þ½ �
�����!190‐400°C

CuO N≡CCH2NHCH2C≡Nð Þ½ �
þ 4H2↑

(2)

CuO N≡CCH2NHCH2C≡Nð Þ½ � �����!190‐400°C
CuO

þN≡CCH2NHCH2C≡N (3)

Hydrogen in statu nascendi (see reaction 2) together with a part of

aminonitrile produced in reaction 3 combusts immediately; it is cause

of heat evolution.

The fourth section (from 400°C to 520°C) corresponds to a com-

plete combustion of the destruction products of organic aminonitrile
and the pyrolytic residuals of organic constituents of the complex. It

is accompanied by the appearance of a pronounced exothermic effect

at the DTA curve with a maximum at 480°C. The weight loss at this

final stage is 14 wt%.

http://wileyonlinelibrary.com


TABLE 4 The thermal degradation results of the samples under study

Sample Stage
Temperature
Range, °С

Weight Loss,
wt%

DETA I 20‐170 100

CuCO3 I 250‐350 28.0

DETA‐CuCO3 I 20‐154 18.6
II 154‐190 21.6
III 190‐400 11.6
IV 400‐520 14.0

DGEBA/DETA I 20‐180 3.1
II 180‐360 32.0
III 360‐460 12.1
IV 460‐900 52.0

DGEBA/DETA‐CuCO3(80) I 20‐150 2.1
II 150‐275 2.7
III 275‐357 30.4
IV 357‐690 36.0

FIGURE 7 A, Thermal gravimetric analysis (TGA); B, differential
thermogravimetric (DTG); and C, differential thermal analysis (DTA)
curves for DGEBA/DETA and DGEBA/DETA‐CuCO3(80) [Colour figure
can be viewed at wileyonlinelibrary.com]

LAVRENYUK ET AL. 273
Unlike DETA‐CuCO3, full loss of weight for DETA occurs in the

temperature range from 20°C to 170°C with pronounced endothermic

minimum (the DTA curve, Figure 6C). It corresponds to total volatiliza-

tion of liquid DETA.26 Contrariwise, the thermal decomposition of the

CuCO3 occurs in temperature range from 250°С to 350°С; the loss

of weight amounts to 28.0 wt% at the expense of the gas evolution

(CO2↑)25:

CuCO3 ¼ CuOþ CO2↑ (4)

The extremum of endothermic effect on the DTA curve (Figure 6

C) is observed at temperature of 306°C.

It is interesting to compare the ability of free and coordinated

DETA to the ignition (self‐ignition). So, if noncoordinated DETA ignites

or self‐ignites at 97°C or 350°C, respectively,26 then the ignition (or

self‐ignition) of the DETA‐CuCO3 chelate complex is not observed up

to temperature of 450°C (or 600°C). Thus, one can assert that the

combustible DETA after DETA‐CuCO3 chelation becomes a practically

incombustible substance. The cause of it lies in the chemical bonds

that form between the Cu2+ ions of the CuCO3 and the amino groups

of the DETA at the complexing. To break down the

Cu(II)─(NH2C2H4NHC2H4NH2) coordinated bonds, a large amount of

heat should be used up. Undoubtedly, these coordination bonds, along

with some other factors, are responsible for the combustibility sup-

pressing of the CuCO3‐containing epoxy‐amine polymers.

3.3 | Thermal behavior of the CuCO3‐containing
epoxy‐amine polymers

Incorporation of the DETA‐CuCO3 to DGEBA results in forming the

CuCO3‐containing epoxy‐amine polymers with suppressed combusti-

bility. The TGA, DTG, and DTA curves recorded for DGEBA/DETA

and DGEBA/DETA‐CuCO3(80) are represented in Figure 7.

As shown in Figure 7A, theTGA curve of the thermal degradation

of the DGEBA/DETA is represented by 4 sections. The first section

involves 20°С to 180°С, corresponds to the loss of weight of

3.1 wt%, and has a minor endothermic minimum (the DTA curve,

Figure 7C). These data are in a good agreement with incipient process

of the destruction of the polymer framework resulting in the formation

of the volatile species. The second section occurs in the temperature
range from 180°С to 360°C (Δm = 32 wt%). Here, the exothermic

effect with maximum at 300°C stems from the thermal‐oxidative

destruction of the DGEBA/DETA polymer. The mechanism of this pro-

cess is free radical where the alkyl particles (⋅R) and peroxide particles

(⋅O─OR) take part in formation of hydroperoxides (HO─OR).38,39 The

combustion of these products takes place at the third stage in temper-

ature range from 360°C to 460°C (Δm = 12.1 wt%). This temperature

http://wileyonlinelibrary.com
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interval of the DTA curve contains the exothermic maximum at 400°C.

The final combustion of the pyrolytic residue occurs at the fourth stage

of the DGEBA/DETA thermolysis in temperature range from 460°C to

900°C (Δm = 52 wt%) as the exothermic process.

The thermal degradation process of the CuCO3‐containing epoxy‐

amine polymer, DGEBA/DETA‐CuCO3(80), is more complicated,

although the TGA curve is also represented by 4 sections (see

Figure 7). The first section occurs from 20°C to 150°С and is accompa-

nied by an appearance of the endothermic effect without well‐marked

extremum on the DTA curve (Figure 7C). Here, as in case of DGEBA/

DETA (stage I), the emission of volatile species takes place

(Δm = 2.1 wt%). The second section occurs at temperature range

from 150°С to 275°С. This part of the curve is related to partial

decomposition of the inorganic part of the complex with CO2 emission

and thermal‐oxidative destruction of the coordinated DETA

(dehydrogenization) with simultaneous H2 combustion. This is

exothermic process with maximum at 250°С (the DTA curve) and the

2.7 wt% loss of weight. The third section covers the temperature range

from 275°С to 357°С and is accompanied by the appearance of

exothermic maximum at 333°С at the DTA curve (Figure 7C). The loss

of weight at this stage amounts to 30.4 wt% from the thermal destruc-

tion of the DETA‐CuCO3 coordination cores inbuilt into polymer matrix

and, further, thermal‐oxidative destruction of organic constituent part

of the DGEBA/DETA‐CuCO3(80). The fourth stage of thermal destruc-

tion from 357°С to 690°C corresponds to complete combustion of the

pyrolytic residue of the polymer sample (Δm = 36.0 wt%).

As shown in Figure 7C, the maximum of exothermic effect that is

responsible for thermal‐oxidative destruction of organic constituent of

the DGEBA/DETA‐CuCO3(80) (333°C) in comparison with the DGEBA/

DETA (300°C) is shifted into higher temperature region. It testifies the

somewhat higher thermal stability of the CuCO3‐containing epoxy‐

amine polymers. Furthermore, the combustion of pyrolytic residue of

organic constituent of the DGEBA/DETA‐CuCO3(80) occurs in more

restricted temperature interval than the DGEBA/DETA. So, if in case

of the DGEBA/DETA the combustion of pyrolytic residue is ended at

900°C, then the same process for the DGEBA/DETA‐CuCO3(80) is fin-

ished at 690°C. The maximal weight loss rate observed at 316°C

(Figure 7B) for the DGEBA/DETA‐CuCO3(80) is lower on the 0.37%

than it is for the DGEBA/DETA. Apparently, one of the reasons of it

consists in ability of an incombustible inorganic salt to coordinate the

organic part of the CuCO3‐containing epoxy‐amine polymer. In this

connection, the CuCO3 can be considered a vastly effective fire retar-

dant that is able to significantly suppress the combustibility of the

epoxy‐amine polymers owing to the forming the Cu(II)─N and

Cu(II)─O bonds. By the way, the performed quantum chemical calcula-

tions for the structural fragment displayed in Figure 5 have revealed

that the sum of energy of all Cu(II)─N and Cu(II)─O bonds in the

[{Cu(NR2C2H4NRC2H4NR2)(CO3)}2] coordination core amounts to

674.64.32 kJ·mol−1.
FIGURE 8 A, Ignition point and B, self‐ignition point dependence on
the CuCO3 content in the CuCO3‐containing epoxy‐amine polymers
3.4 | Combustibility of the CuCO3‐containing epoxy‐
amine polymers

The fire hazard of polymer materials based on epoxy resins is in many

respects specified by their susceptibility to flame and by behavior
under burning. From performed experiments, one can draw an unam-

biguous conclusion that the first cause of combustibility lowering of

the CuCO3‐containing epoxy‐amine polymers is the effective

Cu(II)─(NH2C2H4NHC2H4NH2) interlinking that, eventually, results in

forming the DETA‐CuCO3 chelate complex functioning as a fire retar-

dant hardener in epoxy‐amine polymerization process. So the values

of Tignition and Tself‐ignition for the epoxy resin cured by amine

(DGEBA/DETA) amount to 320°C and 545°C, respectively. However,

after the adding of the fire retardant (CuCO3), the same values for

the CuCO3‐containing epoxy‐amine polymers have been heightened.

Interestingly, the Tignition and Tself‐ignition acquire the maximal values

when the CuCO3 content in the epoxy‐amine polymer amounts to

80 g per 100 g of DGEBA. Influence of the CuCO3 content onto the

values of Tignition and Tself‐ignition of the CuCO3‐containing epoxy‐amine

polymers is revealed in Figure 8. The same trend is observed in case of
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the values of the minimum oxygen concentration required for

supporting the candle‐like combustion of the CuCO3‐containing

epoxy‐amine polymers (Table 3). So the maximum value of the LOI

(38.2%) is characteristic for the DGEBA/DETA‐CuCO3(80), while the

LOI value for DGEBA/DETA is 19.8%.

The combustibility group for the CuCO3‐containing epoxy‐amine

polymers has been determined by means of “CT” method. Test data

(Table 2) reveal that adding of even a little amount of fire retardant

(6 g of CuCO3 per 100 g of DGEBA) can appreciably decrease

combustibility of the CuCO3‐containing epoxy‐amine polymers as

compared with unmodified polymers. However, significant changes in

combustibility become particularly weighable when amount of

the CuCO3 in epoxy‐amine polymers runs up to 80 g per 100 g of

DGEBA. In turn, the time of attaining to maximal temperature (Δτ)

under burning of the CuCO3‐containing epoxy‐amine polymers

ranges from 160 to 210 seconds. It allows attributing all of these

epoxy‐amine polymers except DETA/DGEBA to the class of the

medium‐flammability substances. Besides, the maximal temperature

under burning of the DGEBA/DETA‐CuCO3(6), DGEBA/DETA‐

CuCO3(12), DGEBA/DETA‐CuCO3(40), and DGEBA/DETA‐CuCO3(80)

in comparison with the DGEBA/DETA lowers by 165°С, 219°С,

217°С, and 205°С, respectively. For the same sequence of the polymer

samples, the loss of weight relatively the DGEBA/DETA decreases by

12.2%, 20.5%, 20.5%, and 18.7%, respectively.

The flame propagation is known to be one of the very important

fire hazard index characterizing the combustibility of the polymer

materials. This combustibility parameter is specified by the velocity

of the combustible mixture formation on the surface of a sample

whose value directly depends on chemical composition of the

polymer material. The experimental data (Table 3) reveal that adding

of 6 g of the CuCO3 to epoxy resin does not much influence onto

the flame propagation over the sample placed horizontally. In

particular, a horizontally fastened sample of the DGEBA/DETA‐

CuCO3(6) likewise to the DGEBA/DETA does not cease to burn till

moment of forced extinguishing the fire. However, the DGEBA/

DETA‐CuCO3(12), DGEBA/DETA‐CuCO3(40), and, especially, the

DGEBA/DETA‐CuCO3(80) samples situated in horizontality do not

propagate flame at all (the flame is itself extinguished just before a zero

gauge mark). Moreover, in case of a sample of the DGEBA/DETA‐

CuCO3(80), the time of a free burning does not exceed 90 seconds.

Nevertheless, for the samples of the DGEBA/DETA‐CuCO3(6) and the

DGEBA/DETA, the flame propagation over the horizontal surface

amounts to about 25 mm·min−1, and their burning is followed by the

dripping of fire. That is why these 2 samples were subsumed a PH

(propagation horizontally) under the flammability rating. The rest

polymer samples—the DGEBA/DETA‐CuCO3(12), DGEBA/DETA‐

CuCO3(40), and DGEBA/DETA‐CuCO3(80)—do not propagate flame

horizontally (NPH); therefore, these can be attributed to a class of

PV (propagation vertically).

Thus, an analysis of the combustibility study results has clearly

revealed that the fire hazard parameters of the CuCO3‐containing

epoxy‐amine polymers mostly depend on their chemical composition,

or more exactly, on the fire retardant quantity in a polymer material.

Considering dependences of some fire hazard parameters of the

epoxy‐amine composites from the fire retardant content, it can be
seen that the increasing the CuCO3 quantity in a polymer composite

results in improving the fire safety indexes. In particular, the Tignition,

Tself‐ignition, and LOI are regularly increased for such sequence of poly-

mer samples: DGEBA/DETA, DGEBA/DETA‐CuCO3(6), DGEBA/DETA‐

CuCO3(12), DGEBA/DETA‐CuCO3(40), and DGEBA/DETA‐CuCO3(80).

However, the influence of the fire retardant quantity in the CuCO3‐

containing epoxy‐amine polymers onto such combustibility parameters

as Tmax, ΔTmax, Δτ, and Δm (see Section 2.3.4 and Table 2) is not so

appropriate. Given this, a sequence of the epoxy‐amine polymers men-

tioned above can be conditionally divided into 3 principal groups. The

first group involves the 2 first representatives of the samples listed in

Table 2. Here, the appropriate combustibility parameters evenly

improve at the transition from the DGEBA/DETA to the DGEBA/

DETA‐CuCO3(6). The polymer samples of the DGEBA/DETA‐

CuCO3(12) and DGEBA/DETA‐CuCO3(40) of the second group are

characterized by the optimal combustibility parameters. But these

parameters for DGEBA/DETA‐CuCO3(80) (third group) are somewhat

worsened in comparison with second group. Thus, the optimal quantity

of the fire retardant in the epoxy‐amine polymer must be 12 to 40 g of

CuCO3 per 100 g of DGEBA to show the best results at the combusti-

bility testing.
4 | CONCLUSIONS

The representatives of a new type of the metal‐coordinated

epoxy‐amine polymers—the DGEBA/DETA‐CuCO3(6), DGEBA/DETA‐

CuCO3(12), DGEBA/DETA‐CuCO3(40), and DGEBA/DETA‐CuCO3(80)

— with suppressed combustibility have been gained in the DGEBA‐

DETA‐CuCO3 system and characterized by means of the thermal

analysis, the method of “Ceramic tube”, and the measurements of

the flame propagation rate (UL94 BH), the LOI, and temperatures

of ignition and self‐ignition. The preparation technology elaborated

for given polymers provides for the first time the obtaining of the

DETA‐CuCO3 chelate complex (the fire retardant hardener) with its

subsequent incorporation to the DGEBA. The cross bonding

processes of the epoxy polymers cured by the DETA‐CuCO3 were

studied by means of XRPD analysis and IR spectra. It has been

ascertained that the CuCO3─(DETA) interlinking that is accompanied

by the forming the Cu(II)─N coordination bonds within the polymer

framework predetermines the combustible properties of the

CuCO3‐containing epoxy‐amine polymers. The thermal analysis has

shown that thermal stability of the polymer sample of the DGEBA/

DETA‐CuCO3(80) relatively to the DGEBA/DETA is increased on

33°C, while the temperature of the combustion gases is decreased

on the 210°С. The bench‐scale combustibility testing has revealed

that the combustibility of the CuCO3‐containing epoxy‐amine

polymers in comparison with the DGEBA/DETA is appreciably

suppressed, the ignition point and self‐ignition point are gone up,

the time of attaining the maximal temperature of the combustion

gases is increased, and the relative loss of weight under burning of

given polymers is decreased. All of these data, along with the results

of СТ measurements, have let us attribute the polymer samples

of the DGEBA/DETA‐CuCO3(6), DGEBA/DETA‐CuCO3(12), DGEBA/

DETA‐CuCO3(40), and DGEBA/DETA‐CuCO3(80) to the medium‐
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flammability substance class. Nevertheless, the best results at the

combustibility testing demonstrate the polymer samples in which

the content of the fire retardant amounts to 12 to 40 g of CuCO3

per 100 g of DGEBA.
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