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Abstract—The effect of fillers, polysulfone and polyetherimide, on the mechanism and kinetics of the
thermo-oxidative degradation of a composition based on an epoxy oligomer cured with 4,4'-diaminodiphenyl
sulfone which proceeds under heating in the nonisothermal regime is studied. A relationship is revealed
between the structure of the composition and the mechanism and kinetic parameters of the process, on one
hand, and the chemical nature of the filler, on the other hand. Mechanistic and kinetic features of the non-
isothermal degradation of the epoxyamine composition are ascertained by the thermoanalytical method
using differential scanning calorimetry. The kinetic parameters of the process are assessed by an analysis of
thermokinetic curves in terms of thermokinetic models and the examination of oxidation products. Depend-
ing on the filler nature and composition structure, reactions involving bonds of interjunction chains and junc-
tions of the network of the epoxy polymer as well as radical reactions of the active centers of the filler occur
in the polymer during thermal oxidation. An increase in the network density and the localization of the filler
determine the contribution of the diffusion factor, decrease the rate of thermo-oxidative degradation of inter-

junction chains, and increase the rate of breakdown of network junctions.

DOI: 10.1134/S1560090421040096

INTRODUCTION

Materials based on epoxy compositions are in com-
mon use in diverse industries. A demanding issue aris-
ing in the production and processing of these compo-
sitions is to ensure their stability at elevated tempera-
tures in an air medium. At the same time, the service
conditions of epoxy materials require improvement in
their thermal stability and resistance against thermal
and thermo-oxidative degradation. These tasks can be
solved through modification of epoxy compositions by
introducing various fillers [ 1—15]. For example, nano-
fillers (silver, titania, ethoxysilane, clay, and montmo-
rillonite species [3—8]) and compounds such as phos-
phazenes, carboxyl-containing rubbers, aromatic
polyethers, and thermoplastics are in wide use as fill-
ers [9—17]. Modification affects the cure mechanism
of the epoxy oligomer and thus changes the physico-
chemical properties of the compositions. There are
different and sometimes contradictory data on the
effect of modifiers on the thermal stability of epoxy
compositions [18—20]. This is associated with the fact
that the thermal and thermo-oxidative stability of
polymers depends on a number of factors.

The study of the thermal oxidation of polymers
based on epoxy resins demonstrated the leading role of
such factors as supramolecular and molecular struc-
ture of a binder. Experiments on the thermo-oxidative

degradation of an unfilled polymer based on epoxy
resin ED-20 cured with 4,4'-diaminodiphenyl sulfone
in different cure modes showed that the kinetics and
mechanism of the process are affected by the network
density and segmental mobility; these parameters
determine the ratio between the rates of thermal oxi-
dation, degradation of interjunction chains, and
breakdown of network junctions [20].

The modification of epoxy compositions creates
prerequisites for a considerable change in the regular-
ities of oxidation and degradation of the material
owing to participation of the modifier in the processes
of both cure of the composition and its oxidation. The
laws of the thermo-oxidative degradation of modified
epoxy compositions filled with various classes of com-
pounds differ according to the nature of the filler [4—
6, 16, 17, 20-25].

For example, the data available for amine-cured
epoxy-silica composites based on the epoxy resin
EPONEX-1510 and the products of tetraethoxysilane
hydrolysis at a silica filler concentration of 12.5 wt %
or above show that filled epoxy polymers possess
higher thermal stability and resistance to oxidative
processes than unfilled polymers [6, 23]. Note that an
organic filler inhibits the oxidation of composites: the
maximum rate of oxygen absorption decreases and the
onset temperature of the main stage of thermo-oxida-
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tive degradation considerably shifts to higher tempera-
tures. The rate of oxygen absorption by the samples is
almost independent of the content of silica in compos-
ites [6].

Research into the effect of titanium oxide filler on
the kinetics of thermo-oxidative degradation of the
polymer matrix in glassy epoxy-titanium composites
indicated that the high-temperature stability of com-
posite materials and their oxidation resistance depend
on the concentration of the filler. Systems containing
from 0.5 to 1.5 wt % TiO, are more stable to thermal
oxidation than the initial epoxy polymer. Moreover,
the maximum rate of oxygen absorption by the com-
posites is 4—13 times lower than the rate of oxidation
of the initial polymer [4, 5].

As exemplified by composites filled with oli-
goesters [17] the thermo-oxidative stability of the sys-
tem primarily depends on the chemical nature of the
modifier. Introduction of the filler may cause either a
marked increase or decrease in its oxidation rate [17,
23]. An increase in the rate of the process is associated
with a reduction in the concentration of functional
epoxy groups involved in the formation of network
structures owing to dilution of the epoxy system with
the filler [17]. The filler may exert an inhibiting effect
or create diffusion limitations to the delivery of oxygen
to the matrix [17, 22, 23]; as a result, the rate of ther-
mal oxidation of the composition decreases.

In accordance with the published data, the kinetics
and mechanism of thermal and thermo-oxidative deg-
radation of filled and modified samples depend, first,
on structural factors and, second, on the type of
chemical reactions between functional groups in mac-
romolecules of the epoxy binder and modifying com-
ponents.

It is important to mention that the mechanism of
degradation of a filled or plasticized epoxy composi-
tion is controlled by diffusion processes; as a conse-
quence, it may include several types of reactions
occurring according to different schemes. Reaction
schemes may change during the thermo-oxidative
degradation of the epoxy composition owing to the
accumulation of oxidation products [22].

In tackling the problem of enhancing thermal and
thermo-oxidative stability of epoxy materials, gaining
insight into the role of each of the mentioned factors
influencing the thermo-oxidative degradation of
epoxy compositions in accordance with the modifier
nature is an urgent task.

The goal of this work is to unveil kinetic and mech-
anistic features of the thermo-oxidative degradation of
the epoxyamine polymer modified with thermoplastic
fillers of various nature in relation to the structure of
the network formed during preliminary cure of the
polymer.
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EXPERIMENTAL

An object of research was the epoxy oligomer ED-
20 (commercial resin) with M,, = 390 cured with 4,4'-
diaminodiphenyl sulfone (DADPS) at a ratio of 70 : 30
(phr). This ratio makes it possible to reach the maxi-
mum glass transition temperature (200°C). Modifiers
introduced in the epoxy composition were aromatic
polyethers (5 phr): polysulfone (PSF) Ultrason
S-2010 (BASF) with M, = 3.5 x 10* and the glass
transition temperature 7, = 191°C and polyetherimide
Ultem-1010 (General Electric) with M, = 3.0 x 10°
and 7T, = 216°C.

Blends of the epoxy oligomer with polyethers were
obtained by dissolving polymer granules in the oligo-
mer at 120 (polysulfone) or 150°C (polyetherimide)
under mechanical mixing.

The rheological behavior of ED-20 blend compo-
sitions with polyethers was investigated on a Physica
MCR-301 rotational rheometer (Anton Paar) in the
controlled stress mode using the plate-plate operating
unit. The shear stress was varied from 0.01 to 100 Pa,
and the temperature was varied in the range from 20 to
200°C. Dynamic tests were carried out in the region of
linear viscoelasticity of the samples in the angular fre-
quency range of 0.0628—628 s~!.

The systems were cured in three modes: the step-
wise mode, in which cure was carried out at 160—180—
200°C for 2—4—2 h, respectively; and the isothermal
mode at two temperatures 180 and 200°C for 12 h.

The degree of cure was estimated by DSC from the
amount of released heat measured by a Netzsch DSC-
204 F1 Phoenix calorimeter as well as by dynamic
mechanical analysis (DMA) on a MK-3 torsion pen-
dulum in the regime of freely decaying oscillations; the
loss tangent tan & and the shear storage modulus G'
were determined [13].

The glass transition temperature was estimated by
DSC and the thermomechanical method using a
Hoppler consistometer.

The degradation processes of filled epoxy polymers
were studied by DSC on a Netzsch Polyma-214
microcalorimeter (Germany). Heating and cooling of
the samples were carried out in the temperature range
0f 30—500°C at a scan rate of 4°C/min. Weighed portions
of the samples were (5.0 £ 0.1) and (10.0 £ 0.1) mg.
Experiments were performed in an air stream at a flow
velocity of ~15 mL/min. The thermal effects accom-
panying the thermal and thermo-oxidative degrada-
tions of the material were measured. The temperature
scale and the enthalpy of melting were calibrated with
respect to the indium standard sample (the melting
temperature 7,, = 156.6°C, and the specific heat of
melting AH = 28.44 J/g). The temperature determina-
tion was accurate to within £0.5°C.

The obtained thermophysical curves of thermo-
oxidative degradation were analyzed by the thermoki-
netic method using various models describing tem-
Vol. 63
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perature dependences for the rate of chemical pro-
cesses and the conversion of compounds in them.

The mean square deviations of the experimental
values of the area under thermodegradation peaks for
different samples were within 10%.

The IR spectra of the cured film samples were
measured on a Nicolet-380 spectrometer in the wave-
number range from 400 to 4000 cm~!. Transparent
films with a thickness of 60—100 um were prepared for
the IR analysis. The content of functional groups was
calculated from the ratio between the optical density of
functional groups and the reference peak characteriz-
ing the thickness of the sample. Errors in the determi-
nation of the parameters were £10%.

RESULTS AND DISCUSSION

To learn the kinetic and mechanistic features of the
thermal oxidation and thermo-oxidative degradation
of the epoxyamine composition filled with thermo-
plastics, modifiers compatible with the oligomer were
chosen and samples precured in different modes were
prepared. Samples filled with polysulfone soluble in
the oligomer and with polyetherimide incompatible
with the epoxy oligomer, accordingly, forming homo-
geneous, single-phase, and heterophase systems were
studied [14]. The cure of the epoxy oligomer with
DADPS in the presence of soluble PSF and insoluble
polyetherimide was examined in [15, 17]. It was shown
that introduction of the thermoplastic modifier in the
composition changes the structure of the network and
its density depending the type of phase structure
formed in the matrix when the epoxy oligomer is cured
in the presence of fillers.

‘When choosing the objects of research, the authors
of [15, 17] assumed that the effect of modifiers, poly-
etherimide and PSF, on the reactivity of an epoxyam-
ine polymer in the process of thermo-oxidative degra-
dation and its mechanism and kinetics will be defined
by both the heterophase state of the system and the
structure of the network of the epoxy matrix and the
chemical nature of the components.

For a more detailed study of the role of network
structure composition, we chose samples precured at
180 and 200°C for 12 h as well as in the stepwise mode
at 160—180—200°C treated for 2—4—2 h, respectively.

In accordance with [13, 17, 20], the glass transition
temperature and the impact strength can be used as
indicators of the structural parameters of initial and
filled epoxyamine compositions. These parameters for
the tested systems are summarized in Table 1. For
example, for the samples of the initial epoxyamine
polymer, T, increases and the impact strength remains
unchanged with an increase in the cure temperature.
For the modified samples, 7, grows compared with
the unmodified samples regardless of the cure tem-
perature. For the sample filled with polyetherimide, 7,
is higher than that of the sample filled with PSF; this
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fact is evidence for a lower mobility of chains. The
impact strength for the system containing PSF
decreases with increasing cure temperature, while for
the samples containing polyetherimide the impact
strength changes in a complex manner. These results
testify that the structures of networks of initial and
modified epoxyamine compositions are different, in
agreement with the data described in [13, 14, 24]. The
nature of the dependence of 7, and the impact
strength on the cure mode for the modified samples
may be explained by the different structure of amor-
phous zones between network junctions and the
nature of filler localization in these zones. It should be
noted that, for the sample with polyetherimide, the
filler is distributed in the form of phase particles
inserted into the network of the epoxy polymer, while
for the sample with PSF the filler is distributed in the
form of macromolecules [7].

The process of thermal oxidation of epoxy compo-
sitions in an air or oxygen medium can be described by
the kinetic scheme of the chain process with the
degenerate branching of kinetic chains [25—27].

Initiation of kinetic oxidation chains

Ry, H+0, — Rl.,2,...n(k0 2.2t HO;

Ry, ,H— Rl.,2,...n(k(') 12,.1)

Propagation of kinetic chains
Ri, ,+0, =Ry, 05k, ,)

R],z,.,.nOE +R,, ,H
- R, ,OOH+ ROI.,2,...n(k2 12,.m)

Branching of kinetic chains

oR,, ,O0H — GRI,Z,...n + H,O (k315 )

Termination of kinetic chains
R}, , + R}, , — inactive products (k5. ,)
R,. .05+ R, ,0; — inactive products (ks |, ,)

HereR,, ,OOH,R}, ,.R;, ,0,andR,, ,Hare
hydroperoxide, alkyl radical, peroxide radical, and
polymer bond R—H, respectively; indices 1, 2, ...n at
reaction scheme elements refer to each component of
the epoxy composition, modifier molecules, epoxy
matrix chains appearing in interjunction chains, and
network junctions participating in the oxidation reac-
tion; they depict reactions for each component with its

........

................

stants of elementary stages of the oxidation process; &
is the yield of hydroperoxide per mole of absorbed
oxygen, d < 1; and G is the probability of the degener-
ate branching of kinetic chains, ¢ < 2.
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Table 1. Glass transition temperature, impact strength, and parameters of the thermo-oxidative process for the initial com-
positions and polyetherimide- and PSF-filled compositions based on the epoxy resin ED-20 and DADPS

Cure mode Physicochemical parameters Parameters of thermo-oxidative degradation
T, °C time, h T, oC impact stre;ngth, T oC TZO.I._T'ini*: °oC (dH(t)/.dt)O'S =f(t())**,
kJ/m (time, s) arb. units/s (AT, °C)
ED-20 + DADPS
160—180—200| 2—4-2 160 385+ 10 385—404 (285) |6.3 x 10~ (384—450)
180 12 165 355+ 10 355—377 (330) [6.4 x 10~* (362—440)
200 12 170 6 393+ 10 393—409 (240) |8.5 x 1074 (400—418)
5.5 x 107* (418—450)
ED-20 + DADPS + polyetherimide

160—180—200| 2—4-2 180 12 344 £ 10 344-368 (360) |6.0 x 10~* (340—424)
180 12 180 5 353+ 10 353—386 (495) [5.6 x 107* (364—436)
200 12 180 12 398 = 10 398—414 (240) |5.4 x 10~* (410—425)
4.1 x 107 (426—438)

ED-20 + DADPS + PSF
160—180—200| 2—4-2 175 15 283+ 10 283-298 (225) |8.8 x 10~ (280—336)
180 12 175 9 320+ 10 320—338 (270) [11.1 x 10~*(320—368)
200 12 172 8 333+ 10 333—343 (150) |9.1 x 107 (337—373)

*Characteristic of the induction period: 7— ; is temperature corresponding to the polymer conversion during degradation o. = 10%, and
Ty 1—Tjy; is the temperature and time interval between the initial temperature and 7—; corresponding to the induction period of

thermo-oxidative degradation.

**Slope of the linear anamorphosis of the kinetic curve in coordinates (a/H(t)/a't)O'5 = f(¢) on the time axis (time corresponding to the
Tipi of the DSC thermogram was taken as the zero time 7 = 0); this parameter is assigned to the mentioned temperature interval corre-

sponding to the anamorphosis (AT, °C).

The process of thermo-oxidative degradation pro-
ceeds at the stage of propagation and termination of
kinetic chains. The stage of propagation includes
reactions

RO} + RH — [ROOH + R']
— 8ROOH + R* + (1 — d) (>C=0,—OH).

In the oxidation of solid polymers at the stage of
propagation of kinetic chains, the reaction of group
ROOH with radical R* occurs to give rise to carbonyl
>C=0 and hydroxyl groups simultaneously with the
breakage of C—C bonds of macromolecules.

At the stage of termination, hydroxyl and carbonyl
groups are formed:

RO + RO5 — ROH + R"COR +O,.

The presence of several active components in the
epoxy composition, as well as the difference in active
centers in the epoxy matrix, complicates this scheme.
Within each stage, cross reactions may be realized, for
example, at the stage of propagation of kinetic oxida-
tion chains:

R,0; + R,H — R,00H + Rj (ky,).

POLYMER SCIENCE, SERIES B

Cross reactions may lead either to deceleration of the
process or to its acceleration depending on the nature
and activity of components, free valence carriers.

The presence of nonvolatile products of chain oxi-
dation, carbonyl-containing and hydroxyl-containing
fragments, was confirmed by IR spectroscopy.

Owing to the complex scheme of the process, the
kinetic aspect of degradation of epoxy compositions in
the air medium under the dynamic heating of the sam-
ple is considered using the thermokinetic method.
This method is based on the assumption that the tem-
perature of the sample is uniform and the degradation
can be described by the equation of reaction (in Arrhe-
nius coordinates):

d[RH]/dt = (1 — [RH])" Aexp(E,/RT),

where [RH] is the concentration of active bonds, E, is
the activation energy, A4 is the pre-exponential factor,
and 7 is the reaction order.

In this work, the rate of the process is estimated
from the time dependence of the amount of heat
released during thermo-oxidative degradation.
Kinetic calculations are carried out using the results of
DSC measurements. The rate of reaction is propor-
Vol. 63
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tional to the rate of a change in the heat flow [28—30];
i.e., the expression

do/dt =1/H (dH({¢)/dt), 1)

is valid, where o is the conversion of the polymer equal
to dH,/H,,, which corresponds to ~[RH],/[RH].;
do./dt is the rate of a change in conversion; H, is the
total enthalpy of the reaction; and dH(¢)/dt is the rate
of change in the heat flow.

It is substantial that the obtained DSC curves can be
used for both calculating the kinetic parameters and
approximating by the kinetic model. The same DSC
curve can be used to determine the values of E,, A, and n.

In this work, DSC thermograms were measured in
the nonisothermal regime during heating of the sam-
ples at a constant rate 3 equal to 4°C/min in the tem-
perature range of 200—500°C. The thermograms of all
the tested samples show exothermic peaks of thermo-
oxidative degradation (Fig. 1). It is seen that the DSC
data are in agreement with TGA and DTA studies.
This makes it possible to use thermokinetic methods
of the former technique by analogy with the latter
techniques. Using graphical differentiation and inte-
gration of thermo-oxidative degradation exotherms
over time and temperature, kinetic curves characteriz-
ing the rate of change in the specific heat release
during thermal oxidation were obtained for all the
tested samples, as well as temperature dependences
corresponding to these curves. Figure 2 presents the
temperature dependences of change in the rate of heat
release dH(t)/dt = f(T) during the thermo-oxidative
degradation of epoxyamine compositions ED-20 +
DADPS, initial and filled with polyetherimide and
PSF, cured in different modes. It is seen that the shape
of the kinetic curves is typical of autocatalytic radical-
chain oxidation with the degenerate branching of
kinetic chains, which matches the above-described
scheme; this is consistent with the data reported for
the epoxyamine polymer [17, 20]. Hence, the kinetic
curve describes the initial stage with the slowed down
rate (the induction period T;,4) and the self-acceler-
ated region of thermo-oxidative degradation and char-
acterizes the kinetic parameters of oxidation. The time
corresponding to a difference between the initial tem-
perature of exothermic peaks T,,; and the temperature
corresponding to a polymer conversion of up to 10%
(T, T;,) may be taken as the induction period. The
slopes of linear anamorphoses of the curves dH/df =
AT represented in the coordinates of parabola
(dH(?)/dt)*> =f(r) and by the time interval axis may be
regarded as a factor characterizing the self-accelera-
tion parameter.

The above parameters of activity in thermo-oxida-
tive degradation obtained for the tested samples are
correlated with their structural parameters in Table 1.
Figure 2 primarily demonstrates the most evident dif-
ference in the activities of unfilled, incompatible, and
compatible systems (curves /—3, respectively). Given
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Fig. 1. (a) TGA, (b) DTA, and (c) DSC curves for (/) ED-
20 + DADPS and (2) ED-20 + DADPS + PSF precured
at 200°C for 12 h.

this, the differences between curves / and 2 are less
distinct compared with the compatible system con-
taining PSF (curve 3). For all samples, the differences
at the initial stage of the process depend on the precure
conditions of the compositions. For the compatible
system with PSF, the onset temperature of degrada-
tion of the epoxyamine composition decreases by
100°C for the sample cured in the stepwise mode
(Table 2) and by 40 and 60°C for the samples cured at
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Fig. 2. (1—3) Thermokinetic curves of change in the heat of thermo-oxidative degradation during the process expressed in coor-

dinates dH(r)/dt =f(r) and (I'—3") their linear anamorphoses in the coordinates of parabola (dH(f) /dt)o'5 =f{¢) for the samples of
(1, I') the initial composition and compositions containing (2, 2') polyetherimide and (3, 3') PSF which were cured at (a) 200
and (b) 180°C for 12 h and (c) 160—180—200°C for 2—4—2 h. The temperature scale corresponding to the scale of the time of
heating of samples ¢ is given to estimate their thermal stability.
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Table 2. Kinetic parameters for the degradation of compositions based on the epoxy resin ED-20 and DADPS. Calculations

were performed according to the Freeman-Carroll model

Cure mode Kinetic parameters of the thermo-oxidative degradation of initial and modified compositions

(AlnV)/(AInW) = n + E[-A(1/T)/R(AInW)] (AlnV)/A(1/T) = n(AInW)/A(1/T) — (E/R)

.°c |Time.h 0,3, % | AT,°C n k%;li)l o3, % | AT,°C n kﬁj‘n;l

ED-20 + DADPS

160—180—200| 2—4—2 | 0.4—9.1 | 393—409 >5 915+ 50 | 1.0-10.0 | 385—401 >5 810 + 50
10.0-24.9 | 413—425 1.0 333+ 30 | 10.4-21.1 | 401—-419 1.0 360 + 30

24.9—-67.8 | 425—441 0.5 227 £ 10 | 21.1-67.8 | 420—441 0.7 280 £ 10
180 12 4.0-8.6 | 363—369 >5 588 £ 50 1.9-7.1 372—388 >5 1000 £ 50
9.0-37.0 | 372—404 0.5 286 = 10 | 12.0—29.1 | 396—412 0.9 224 + 10

37.0-91.0 | 404—444 0.4 183 £ 10 | 42.3-78.1 | 420—436 0.32 149 + 10

200 12 0.4-9.9 | 401-417 >5 857 £50 | 0.1—-15.4 | 397—421 >5 914 + 50
9.9-22.0 | 417—-425 1.0 375 £ 30 |22.0-52.0 | 421-437 0.82 240 + 10

30.2—81.6 | 429—445 0.6 244 £ 10 |52.0-99.0 | 437—-449 0.30 110 £ 10

ED-20 + DADPS + polyetherimide

160—180—200| 2—4—2 | 2.3—10.3 | 352—368 >5 973 £50 | 0.3—5.0 | 352—368 >5 773 £ 50
13.2—90.3 | 372—422 0.5 205+ 10 | 9.0-73.0 | 376—416 1.3 199 £ 10

180 12 0.6—8.3 | 361-377 >5 775+ 30 | 0.6—5.0 | 352—-368 >5 582 £ 50
11.5-83.6 | 381—433 1.0 170+ 10 | 7.3-78.0 | 376—416 0.96 183+ 10

200 12 1.5-20.7 | 400—412 >5 960 =50 | 0.4—4.6 | 402—410 >5 900 £ 50
20.7-55.5| 412—422 1.0 650 £50 | 4.6—20.0 | 406—420 1.4 540 £+ 30

55.5-94.1 | 422—436 0.5 250 £ 10 | 27.8—77.2 | 422—438 0.4 311 £ 10

ED-20 + DADPS + PSF

160—180—200| 2—4—2 | 0.6—9.0 | 291-304 1.0 530+30 | 0.6—9.4 | 291-307 5.0 499 + 30
9.4—66.3 | 307—331 0.5 308 =10 | 9.4—66.3 | 307—331 0.5 199 = 10

180 12 0.5-7.9 | 328—344 0.9 485+30 | 0.5-7.9 | 328-344 5.2 485+ 30
19.4—-99.0 | 352—-376 0.45 223+ 10 | 19.4-99.0 | 352376 0.5 216 = 10

200 12 1.8—9.4 | 341-345 >5 1000 £ 50 | 1.8-9.4 | 341-349 >5 963 + 50
16.0—26.3 | 345-361 1.0 500 £ 30 | 9.4-26.3 | 349-357 2.25 498 £ 30

26.6—5.0 | 365373 0.2 262+ 10 |26.3—99.0 | 361—400 0.14 274 + 10

180 and 200°C, respectively. In the incompatible sys-
tem filled with polyetherimide, the onset temperature
of degradation decreases by 40°C for the sample cured
in the stepwise mode and increases slightly (by 5°C)
for the sample cured at 200°C.

The ratio of activity parameters for the samples in
the radical-chain oxidation process looks somewhat
different. The values of the induction period change
differently. For ED-20 + DADPS + polyetherimide
samples cured at 180°C and in the stepwise mode, the
induction period increases by 1.5 and 1.3 times,
respectively, compared with ED-20 + DADPS sam-
ples. This circumstance suggests that propagation of
the radical-chain process slows down. For the PSF-
filled samples, T;,4 decreases by a factor of 1.2 in the
case of the samples cured in the dropwise mode at
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180°C and by a factor of 1.6 times in the case of the
sample cured at 200°C. Hence, for the sample filled
with PSF, the oxidation process of the epoxy matrix
accelerates. The slopes of the linear anamorphoses of
kinetic curves, first, show a well-defined tendency
toward a decrease in the rate of propagation of oxida-
tive degradation for the system filled with polyether-
imide and its increase for the system filled with PSF
(Table 1). This result conforms to the data derived
from the ratio of induction periods. Second, the pres-
ence of inflections on the linear anamorphoses of the
initial composition and the composition filled with
polyetherimide which were cured at 200°C suggests
that the mechanism of radical reactions occurring
during development of the oxidation process changes.
It is important that, for the composition with PSF as
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Fig. 3. 3D diagrams of the temperature—time dependence
of change in the specific heat capacity ACy during
thermo-oxidative degradation of (/) epoxyamine compo-
sitions ED-20 + DADPS and the same compositions
filled with (2) polyetherimide and (3) PSF which were
cured at (a) 200 and (b) 180°C for 12 h and (c) 160—180—
200°C for 2—4—2 h.

well as for the samples cured at 180°C and in the step-
wise mode, there are no inflections and, hence, there
is no such change in mechanism in the analogous tem-
perature range. Possibly, the presence of inflections is
related to the structure of the network preformed at
200°C. The process of oxidation and degradation of
the samples with a looser network is more uniform.

Using the program Origin-8, the experimental data
of the temperature—time dependences of a change in
specific heat capacity which were obtained in the form
of function AC,=d(dH(¥)/dt)/dT=f(t, T) atdT=8°C
for ED-20 + DADPS initial and filled epoxyamine
compositions cured in different modes during
thermo-oxidative degradation were interpolated in the
3D space. Figure 3 shows the resulting 3D diagrams
for the compositions of different formulation. These
diagrams graphically reflect a change in the rate of
thermo-oxidative degradation (Wo,) of active bonds
during the process in proportion to their concentration
in each temperature-time interval:

Wo, = ky,/(ks,)"” [R,H]IR,05]
dWo,/dt = d(dH((t)/dt)/dT.

We assume that a change in the heat capacity AC;cor-
responds to a change in the concentration of active
bonds participating in the degradation process in each
structural element in the corresponding temperature—
time interval and reflects the rate of the process. In
this case, a comparison of ACyvalues in temperature—
time regions for different samples (Fig. 3) allows one
to examine the distribution of active centers and weak
bonds involved in the thermo-oxidative degradation of
each sample and to trace the dynamics of their
changes, that is, to reveal differences in the mecha-
nism of the process.

It is also assumed that comparing the shape of
intensity of the total figure reflecting the dependence
ACy = f(t, T) and the temperature—time regions of
each element within it will make it possible to estimate
the contributions of the rate of filler oxidation, the rate
of breakage of bonds of the network preformed in the
epoxy matrix, and the time of entry of each structural
element into the oxidation process.

From an analysis of the figures of dependences
ACr=ft, T), we can infer the following.

First, for the ED-20 + DADPS sample modified
with PSF soluble in the epoxy oligomer, the entire fig-
ure considerably shifts to the low-temperature region.
The shape of this figure indicates a monotonic gain in
the concentration of active centers participating in the
degradation reaction. As is seen from Figs. 3a and 3b,
the cure of this sample at 180 and 200°C may cause an
increase in the ultimate rate of degradation. For the
sample cured in the stepwise mode (Fig. 3c), the ulti-
mate rate of degradation decreases at the lowest onset
temperature of the degradation process. These data
suggest that the oxidation ability of the ED-20 +

POLYMER SCIENCE, SERIES B Vol. 63 No.4 2021
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DADPS + PSF samples grows most likely owing to
oxidation of the filler. PSF initiates the thermo-oxida-
tive degradation of the epoxy binder, and the process
occurs under conditions close to homogeneous. The
density of the network preformed in the epoxy matrix
determines the mechanism of breakdown of the epoxy
constituent.

Second, the initial temperature region of the figure
for the sample ED-20 + DADPS + polyetherimide
(thermoplastic incompatible with oligoether) is close
to that for the initial epoxyamine composition, except
the sample cured in the stepwise mode. This finding
presumably suggests that the rate of oxidation of the
modifier and the epoxy constituent are similar. An
inspection of the figures of the dependence AC,; =
ft, T) for polyetherimide-containing samples shows
that individual temperature—time elements corre-
sponding to changes in the rate of thermo-oxidative
degradation at deep stages of the process can be distin-
guished. This fact is evidence for its heterogeneous
nature (Figs. 3a, 3b).

Third, a comparison of the figures for samples con-
taining polyetherimide and PSF with that of the initial
composition demonstrates a more pronounced effect
of the network structure on degradation for the sample
with the heterogeneous structure.

Fourth, a noticeable reduction in the intensity of
the entire figure indicating a change in the rate of
breakage of active bonds is observed for the sample
cured at 200°C (12 h). For the composition cured in
the stepwise mode, the onset of degradation consider-
ably shifts to the low-temperature region and hetero-
geneity in elements of the figure becomes more dis-
tinct. This can be explained by a marked effect of het-
erogeneity of the network structure of the epoxy
matrix on the manifestation of differences in the
nature of breaking bonds of the epoxy polymer.

Thus, the effect of the modifier on the kinetics and
mechanism of the process may be explained by the
compatibility of the modifier with the epoxy oligomer.
Compatible modifiers activate the process of breakage
of polymer bonds in the homogeneous process. For
the sample modified with incompatible polyetherim-
ide, the degradation process is of a heterogeneous
nature.

10 Determining Mechanisms of Reactions Occurring in
Modified Epoxy Compositions under Heating at One
Constant Rate

To reveal mechanisms of thermo-oxidative degra-
dation in the tested compositions, the activation
energy, pre-exponential factor, and reaction order
were calculated. To this end, we used kinetic models
[29—37] relying on the temperature dependence of the
rate of the process V, the value of conversion in the
form of relation W = 1—q, and the rate of change in
polymer conversion d W/dt during heating of the sam-
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ple at a constant rate 3. This approach to solving the
problem was previously used in [20, 31].

In accordance with the concepts of thermal kinet-
ics, the rate of change in conversion per unit time 7 is

V =dW/dt = k(T)f(o); (2)

i.e., expression (2) includes the temperature depen-
dence of two parameters, the reaction rate constant
and the conversion constituent. The temperature
dependence of the reaction rate constant k(7) obeys
the Arrhenius equation:

k(T) = Aexp(—E,/RT),

where T is the absolute temperature (K) and R is the
universal gas constant.

The conversion constituent f{ior) may be repre-
sented by the expression

fly=1-a)"=W"

Taking into account the temperature dependences
of k(T) and flar), Eq. (2) may be written as follows:

V =dW /dt = AW "exp(—E,/RT) 3)
or in the logarithmic form:
InV =In(—dW/dt) = InA + ninW — E/RT. (4)

Usually for the nonisothermal regime at a constant
heating rate (B = const), Eq. (3) is applied in the dif-
ferential or integral form. In this work, we used Free-
man—Carroll models [30] based on the differential
form of Eq. (4):

AlnV = Aln(—dW /dt) = nAlnW — (E,/R)AQ/T).(5)
The values of the activation energy and the reaction

order were calculated using two modifications of
Eq. (5) in the form

(AInV)/(Al/T) = [ DInW /AQ/T)]— (E/R), (6)
(AInV)/(AnW) = n+ E[-A(1/T)/R (AnW)]. (7)

The values of n and E, were obtained from plots
obtained in coordinates

(AInV)/(Al/T) = fIAInW /A(1/T)], ®)
[(AInV)/(AlnW)] = fI=AQ1/T)/R (AlnW)],  (9)

where the slope of the rectilinear dependence (8) cor-
responds to the reaction order # and the intercept at
[AInW/A(1/T)] = 0 yields the value of —E/R; in
expression (9), the values of the slope and intercept are
E, and n, respectively.

Dependences (8) and (9) were obtained for all the
tested samples. Figure 4 shows the examples of kinetic
curves for the epoxyamine compositions ED-20 +
DADPS cured at 200 and 180°C and in the stepwise
mode (curves I—3, respectively). Table 2 lists the
kinetic parameters derived from the specified depen-
dences.

Our experimental data show that, first, the plots of
these dependences are linear anamorphoses consist-
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Fig. 4. Kinetic curves of the temperature dependence
describing thermo-oxidative degradation in terms of the
Freeman—Carroll model in coordinates [(AlnV)/(AInW)]| =
fA—-AQ1/T)/R(AInW)] for ED-20 + DADPS samples pre-
cured at (/) 200 and (2) 180°C for 12 h and (3) 160—180—
200°C for 2—4—2 h.

ing of several regions that differ in position on the tem-
perature scale and slope, that is, have different £, val-
ues (Fig. 4). As follows from the intercepts of these
regions, along with differences in activation energies,
these temperature regions correspond to different val-
ues of the reaction order n; hence, they may be
attributed to different stages of thermo-oxidative deg-
radation having different kinetic parameters. Second,
as is clear from Table 2, the values of the Kinetic
parameters describing processes occurring at initial
(up to o ~ 10—15%) and deeper stages of thermal oxi-
dation are different. For all the studied compositions,
the initial stage of degradation is characterized by
abnormally high values of the activation energy (from
600 to 1000 kJ/mol) and the reaction order (n > 5). At
a higher conversion of the sample, the values of the
activation energy and the reaction order decrease sub-
stantially in the high-temperature region. On the
kinetic curve, one can distinguish not one but two
regions with different E, values depending on the
nature and structure of the samples. For example, for
all the tested compositions cured at 200°C and
unfilled samples cured at 180°C and in the stepwise
mode, each high-temperature region has two values of
FE, and n (Table 2). Modified samples cured at 180°C
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and in the stepwise mode are characterized by the
same values of high-temperature E, and n.

To more accurately determine the Kinetic parame-
ters of thermo-oxidative degradation Friedman and
Ozawa models were used [30—36]. In accordance with
the Friedman—Ozawa model, to derive the Kinetic
parameters, Eq. (4) was transformed as applied to the
constant heating rate for the pseudo-first order reac-
tion using the plot of the linear dependence of the rate
of polymer conversion on temperature in coordinates

In[(—dW /d1)/W]= f(=1/RT), (10)
where the slope of the line is E,.

As opposed to the differential models of process
kinetics, the Coats—Redfern model uses the integral
equation

log[—InW /T?| = log(AR/BE) [l — QRT/E)]
—E/2.303RT

In this work, the values of E, were calculated from
the slopes of straight lines on the figures of depen-
dences plotted in coordinates

log[—In(W /T*)] = f(1/RT). (1)

The dependences were obtained using the Fried-
man—QOzawa and Coats—Redfern models. The exam-
ples of the latter for the unfilled samples and poly-
etherimide- and PSF-filled samples cured at 200°C
are given in Fig. 5. It is seen that the experimental data
also fall on the straight line with inflections corre-
sponding to a low-temperature region with a high
value of E, and a high-temperature region with a low
value of E, on the temperature scale in much the same
way as dependences (8)—(9) plotted according to the
Freeman—Carroll model.

Table 3 lists the kinetic parameters characterizing
the thermo-oxidative degradation of the samples
which were calculated using these models. A compar-
ison of the data demonstrates that there is satisfactory
agreement between the values of kinetic parameters
obtained for the same samples. Differences between
the kinetic parameters of processes occurring at initial
and deeper stages of thermo-oxidative degradation for
all the tested samples of epoxyamine polymers con-
firm that this process is composed of several different
stages.

An examination of the obtained parameters shows
that the values of E, estimated for each stage are high;
this suggests the effectiveness of this parameter E, .
These stages include several processes or different
reactions. The value of E, . is the superposition of the
values of E, for these reactions. It is believed that the
abnormally high kinetic parameters of degradation,
including the activation energy of the process occur-
ring to a polymer conversion of o ~ 10—15% (600—
1000 kJ/mol), the reaction order (n > 5), and the pre-
exponent (Table 4), are associated with the superposi-
Vol. 63
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Fig. 5. Kinetic curves of the temperature dependence describing the process of thermo-oxidative degradation in terms of the

Coats—Redfern model in coordinates log [—an/TQ] =f(1/RT) for (1) ED-20 + DADPS, (2) ED-20 + DADPS + polyetherim-
ide, and (3) ED-20 + DADPS + PSF samples cured at 200°C for 12 h.

tion of diffusion processes and chemical reactions. In
this case, diffusion processes limit this stage of the
process. A marked reduction in the values of E, .+ (to
400—200 kJ/mol or below), A, and n (to 1.0—0.2) after
inflection on the kinetic curves at a conversion of
~20% implies that, at this stage of thermal oxidation,
the effective values of the parameters are associated
with the occurrence of chemical reactions. Diffusion
processes may be caused by the relaxation processes of
unfreezing of the segmental mobility of macrochains
in network junctions, movement of active species
involved in chemical reactions, and inhibition of oxy-
gen supply to the reaction zone by filler particles
and/or molecules.

The highest values of E, .+ and » for the samples
cured at 200°C (Table 2) may be explained by a high
density of the network in which macrochain units have
a low segmental mobility [3, 7, 8, 17, 20, 37]. There is
a tendency to a certain rise in the initial values of the
activation energy for ED-20 + DADPS samples filled
with polyetherimide and PSF. For the samples with a
looser network formed at 180°C and in the stepwise
cure mode, the values of E, .+ are much smaller than
those for the samples cured at 200°C (Table 2). For the
samples containing PSF, the value of E, is lower than
that for the initial composition ED-20 + DADPS and
the composition containing polyetherimide (Table 3).
In the case of the system ED-20 + DADPS + poly-
etherimide, the initial values of the activation energy
are 775 and 973 kJ/mol for the samples cured at 180°C
and in the stepwise mode, respectively. For ED-20 +
DADPS samples cured at 180°C and in the stepwise
mode, E, is 588 and 915 kJ/mol, respectively. For the

POLYMER SCIENCE, SERIES B  Vol. 63

No.4 2021

samples filled with PSF and cured at 180°C and in the
stepwise mode, E, is 485 and 530 kJ/mol, respectively.

The higher effective kinetic parameters for the
samples precured at 200°C which correspond to the
inhibition of thermo-oxidative degradation at the ini-
tial stage, for example, during the induction period,
are related to a lower activity of these samples, a
smaller change in the specific heat capacity ACy, and
a higher initial temperature. Reduction in these effects
for the samples with a lower density of the network
indicates that structural parameters play a consider-
able role just at the initial stage of thermal oxidation of
epoxyamine compositions.

As follows from the data obtained for the samples
with different compatibility of components and cured
in different modes (Table 3), considerable differences
in polymer conversions and reaction orders are
observed in the high-temperature region after conver-
sion o > 15—20%. The existence of several inflections
on the kinetic curves can apparently be explained by
the superposition of reactions simultaneously occur-
ring in the polymer according to different mecha-
nisms.

At the first stage corresponding to the polymer
conversion above 20%, the values of the activation
energy approach 250—300 kJ/mol, as is typical of the
breakage of C—C bonds [38], and the reaction order
tends to 1.0 or 0.6—0.7. In the second high-tempera-
ture interval, the value of n is within 0.5—0.3 and E,
takes a much lower value (82—90 kJ/mol and matches
the radical-chain thermo-oxidative degradation pro-
cess [38]). For the polyetherimide- and PSF-contain-
ing samples cured under conditions when the loose
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Table 3. Effective activation energies of thermo-oxidative degradation processes in epoxy compositions filled with poly-

etherimide and PSF calculated using various kinetic models

Cure mode Freem(aAr;;;a;r(rAOllrll ;S)uation Friedman equation Coats—Redfern equation
: =n+ E[—A(1/T)/R(AInW)] [—(@W/dt)/W1=f(=1/RT) log[—InW/T?| = f(1/RT)
T.°C Tlrfrlle, E, E, E,
AT,°C | Aa, % kJ/;;ol n | AT,°C | Ao, % kJ/;;ol A,s7' | AT, °C | Ao, % kJ/;ol
ED-20 + DADPS

160—180—200[2—4—2 | 393—417 | 0.4—12.0 | 540 = 50| >5 [393—420/0.4—12.0{500 £ 50| 2 x 1034 |393—420|0.4—12.0|336 + 50
420—444| 12—-68 | 280x=10 | 1.0 [420—444| 12—78 330+ 10| | x 1024 |420—444| 12—68 {282+ 10

180 12 396—420 | 1.2—12.0 | 588 =50 | >5 [396—420(1.2—12.0|387 £50{1.5 x 1025|396—420(1.2—12.0|430 £ 50
420—436| 1278 290+ 10| 0.7 |420—436| 12—78 (2531016 x 10!5|420—436| 12—78 {202+ 10

200 12 397420 1-12 |857£50| >5 [397—421| 1-12 |755£50| 2 x 1054 [397—420[ 1-12 |809 %50
420—436| 12—78 |275+£10| 0.7 |420—436| 12—78 [370+ 10| 2 x 1024 |420—436| 12—78 {423+ 10

ED-20 + DADPS + polyetherimide

160—180—200(2—4—2| 352—376 | 0.4—8.0 | 773 £ 50| >5 |352—376| 0.4—8.0 {360 = 508 4 x 1026|352—376| 0.4—8.0 {282 = 50
376—416 | 8-73 |212+10| 1.0 |376—416| 8—73 (270*x10|1.7 x 10'8{376—416| 8—73 [110£ 10

180 12 352-376 | 0.6—4.0 | 810 =50 | >5 |352—376| 0.6—4.0 | 385+ 50|4.6 x 1028352—376| 0.6—4.0|492 = 50
376—433| 4-77 |162+10| 1.0 |376—433| 4-77 |230+10|1.6 x 10'3|376—433| 477 |262£10

200 12 412426 | 5-41 |512+50| 1 |[412—-426| 5—41 |510£50|1.2 x 1030|412—426| 5—41 |540 =50
426—440| 41-77 |210£10|0.75|426—440| 41-77 260+ 10|6.4 x 1017|426—440| 41-77 {260 £ 10

ED-20 + DADPS + PSF

160—180—200|2—4—2| 291-307 | 0.6—9.0 | 612+ 50 | >5 |291-307| 0.6—9.0 {402 = 50| 1 x 1033 |291—-307| 0.6—9.0 {280 = 50
307-331| 9—66 [280%+10| 1 |[307-331| 9—66 |[297 £10|3.8 x 10?2|307—331| 9—66 |187 =10

180 12 328—-340( 0.5-8.0 [500£50| 5 |328—340| 0.5-8.0 |493 £50(7.5 x 1033|328—340| 0.5—-8.0 {390 £ 50
340-370| 8—68 |315+10| 0.5 [340—368| 8—68 [340£ 10|14 x 10?2|340—368| 8—68 |173£10

200 12 341-357| 2-9 |500x£50| 2.8 (341-357| 1-9 [730+£50|43 x 10%8| — - -
357-370| 9-76 |260%+10| 0.2 [357—-370| 9-76 |430+10(2.3 x 10%3|350—-369| 9-76 |437+50

network is formed, the role of the inhibiting or initiat-
ing ability of the filler may be identified at high con-
versions of the polymer.

For a more detailed study of filled epoxyamine
composites, it was assumed that the overall process of
thermo-oxidative degradation is composed of several
independent exothermic reactions. Since the distribu-
tion of temperature within the sample is uniform and
the time of heat loss is linear with temperature in dif-
ferent fractions of the polymer substance, that is, in
reactants 1, 2, 3, ..., j, then using Moukhina models
[39, 40] the process may be depicted by the following
scheme:

d[RH,|/dt = £,(8,,C,,1,)
dIRH,)/dt = £,(8,,C,,1)
d[RH,)/dt = £,(8;,Cs, 1)
d[RH,/dt = f,(0,,C4,1,),

POLYMER SCIENCE, SERIES B

where for the DADPS-cured ED-20 composition with
polyetherimide or PSF fillers [RH] is the total con-
centration of reactive active centers involved in the
degradation process; [RH,;]—[RH,] are the concentra-
tion of terminal groups of the epoxy polymer, units in
network junctions, units in interjunction chains, and
reactive groups in modifiers, respectively; 0,_, are the
kinetic parameters of bond breakage reactions; and 7 is
the time of degradation.

The composition of the filled epoxy polymer is a
heterogeneous system, and its Kkinetic equations
include the activation energy and pre-exponent
parameters which are not constant values [41]. In the
systems, there exists the exchange of free valence
between various active centers and there is the inter-
molecular transfer of kinetic chains of oxidation and
degradation. The macromolecular nature and specific
features of the network structure create restrictions for
the redistribution of energy between active centers and
Vol. 63
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and the same composition filled with polyetherimide and PSF

Stage of thermo- Cure mode Parameters of thermo-oxidative degradation
oxidative degradation T, °C time, h AT, °C o, % E,, kJ/mol A,s7!
ED-20 + DADPS

| 160—180—200 2—4-2 356—380 0.5—-4.0 430 103!
180 12 401—-410 5-29 330 1023

200 12 412—-424 7-22 361 103!

I1 160—180—200 2—4-2 380—412 4.0-29.2 250 10"
180 12 410—430 30-50 270 1083

200 12 425—-449 22—-62 254 1019

I 160—180—200 2—4-2 412—444 29.1-78.0 157 10!
180 12 429—438 52—-72 165 1010

200 12 449—459 62—-97 176 1012

v 160—180—200 2—4-2 449—-459 80—-97 94 10°
180 12 438—450 72—-90 96 103

200 12 — — - —

ED-20 + DADPS + polyetherimide

| 160—180—200 2—4-2 360—368 1.8—4.5 360 1026
180 12 360—368 1.5-4.5 300 10%°

200 12 412—420 7.0-22.0 361 10%°

11 160—180—200 2—4-2 368—384 4.5—14.5 244.5 107
180 12 368—377 4.5—-14.5 180.5 101

200 12 420—428 22.0-49.0 292.0 1019

I 160—180—200 2—4-2 384—400 14.5-37.0 222 10
180 12 377388 14.5-37.0 100 108

200 12 428—438 50.0-97.5 213 105

v 160—180—200 2—4-2 400—424 37.0-97.0 166 1010
180 12 388—428 58—80 70 10°

200 12 — — - —
ED-20 + DADPS + PSF

I 160—180—200 2—4-2 380—400 3.0-13.3 273 1019
180 12 380—400 3.0-16.0 341 10?7

200 12 406—418 10.0-35.2 423 1030

I 160—180—200 2—4-2 400—420 13.0—42.0 180 105
180 12 400—420 13.3—42.5 218 1013

200 12 412—426 35.0—56.0 231 107

I 160—180—200 2—4-2 420—440 42.5—-88.0 157 1010
180 12 418—426 42.5—-88.0 160 1083

200 12 420—440 56.0—88.0 178.5 1012

v 160—180—200 2—4-2 438—448 88.0—-97.0 62.5 104
180 12 438—448 88.0—-97.0 62.5 104

200 12 438—448 85.0-97.0 70.0 10°
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reactive functional groups. As a result, the distribution
of reactive centers over kinetic parameters appears.
For such systems, the kinetic curve C(7) is determined
as an integral:

k
[RHI( = [ G(k,0f (k)dk,
0

where f(k) is the function of distribution over rate con-
stants and G(k, ?) is the system of ordinary differential
equations of the first order modeling the kinetics for
individual kinetic ensembles.

To analyze the kinetic curves and to derive the dis-
tribution of kinetic parameters, we proposed a system
of integral equations modeling the polychronic pro-
cess:

k
[RH,]() = IGl(k’t)fi(k)dk’
0

k
[RH,1() = [ G,(k, 1)/, (k)AK,
0

Instead of each of the integrals, we may write their
sum:

k
[RH,1(r) = Y G, (k,0)f;(k)dk
0

in the differential form with respect to time

dIRH,| _ z":d@(kf,
dt =~ dt

where d[RH;]/dt is the rate of the jth reaction and
dAH,/dtis a part of the equation modeling degradation
of the jth component of the epoxy composition.

In accordance with this model, the heat balance
equation may be written as

[RHj]dT/dt = [RH,|AH, Aexp(—E,/RT) f(o,)
+ [RH,]|AH,Aexp(—E,/RT) f(0) + ...
= [RH;|AH;Aexp(—E;/RT) f(a;)) — os/V(T — Ty).
The consumption of reactants [RH,], [RH,], ...,
[RH;] may be represented in the form of a relative
value, the conversion of component ¢.. The consump-

tion of reactants may be described by the following
equations:

—do, /dt = Aexp(—E, /RT) f(a,),
—do,/dt = AzeXP(_Eaz/RT) f(a),

D (k)Aki,

—do,,/dt = Aexp(—E,,;/RT) f(at,).

A change in the temperature of the medium may be
written as

POLYMER SCIENCE, SERIES B

T, =T, + Pt

The initial conditionsare T=T7,=T,and o,, =, =... =
o, =0atr=0; AH,is the thermal effect of the jth reac-
tion; E,;is the activation energy of the jth reactant; 4; is
the Arrhenius pre-exponent for the jth reaction or the
frequency factor; o, 0., ... 0 is the conversion of frac-
tion 1, 2, 3, ... of the jth reactant over time #;, and ots is
the heat transfer coefficient. The values of parameters
with index j refer to reactions 1, 2, 3, ..., /.

On the kinetic curves of heat release obtained for
each sample, individual regions (stages) were isolated.
The task of determining the temperature interval
introduced in the heat balance equation was solved by
the Tikhonov method [42]. For the isolated regions,
the dependences of the rate of change in conversion on
time and temperature were obtained and the values of
E,;and frequency factor 4; were calculated. The calcu-
lation results are summarized in Table 4. The calcu-
lated values of a., E,;, and A4; characterizing each com-
ponent (fraction) of the epoxy composition which
participates in reaction in accordance with its local
structure describe the process of breakage of bonds
with different activity with respect to oxygen and its
mechanism and make the corresponding contribution
to the overall process. Accordingly, the number of
fractions and their parameters vary with the sample
structure and filler nature. The number of fractions is
consistent with a set of reactions that can occur in the
sample. An analysis of the values of F, and A charac-
terizing each fraction makes it possible to state that the
thermo-oxidative degradation of the tested composi-
tions may include three or more sequential processes
depending on the sample. The main contribution to
the thermo-oxidative degradation of all samples is
provided by the breakage of C—C bonds of the epoxy
binder. For example, the degradation of the initial
ED-20 + DADPS sample having the dense network
(cured at 200°C) occurs via three stages, while the
degradation of the samples having the loose network
proceeds via four stages. The first fraction, which can
include up to 30% broken chains, makes itself evident
in the temperature range of 350—420°C with E, =
330 + 50 kJ/mol and A ~ 102>, The second fraction,
accounting for 30—50% polymer, has lower values of
E, =270+ 20kJ/mol and A= 10"-18, and, finally, the
third fraction (o0 = 50—80%) and the fourth fraction
(o= 80—97%) correspond to E, = 175 + 20 at 4 =
10"-12 and 85 + 15 kJ/mol at A = 10°~8. The values of
oxidation parameters of the first fraction indicate that
the process taking place at this stage may be attributed
to polymer degradation initiated by macroradicals
[38]. The accumulation of overstressed chains and the
breakage of weak bonds resulting in the generation of
macroradicals may occur in the induction period.

In the temperature range of 350—400°C, the reac-
tion of isomerization of the epoxy group to the car-
bonyl one which is accompanied by the exothermic
Vol. 63
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effect may proceed; the value of E, for this reaction is
214 kJ/mol [38]. The same stage of the process may be
related to the breakage of active bonds in stacks
between chains localized in the network and inter-
chain bonds capable of breakage with an activation
energy of 185—223 kJ/mol [38]. According to parame-
ters of the fourth stage, this value is due to the radical
chain process of the thermo-oxidative degradation of
chains of the cured epoxy resin. This process has the
activation energy in the range from ~92 to 120 kJ/mol
[38]. It should be noted that, during thermal oxidation
through intermediate radicals, the transfer of the
kinetic chain either to the aliphatic bond in interjunc-
tion chains or via the reaction of intramolecular sub-
stitution in the aromatic ring occurs. The higher values
of E, and pre-exponent of different fractions can
apparently be explained by a high density of the net-
work and a low segmental mobility of interjunction
chains. The values of these parameters show that pro-
cesses with the participation of intermediate radicals
can take place which ensure the transfer of kinetic oxi-
dation chains to C—C bonds of the aromatic unit or
interjunction aliphatic chains.

For the filled samples, the nature of a change in the
kinetic parameters on passage from one fraction to
another during thermo-oxidative degradation and
intervals within which the values of E, and 4 change
are similar to those of unmodified epoxyamine poly-
mers. This finding evidently indicates that the process
of destruction of the epoxy matrix predominates. The
observed changes in parameters E, and 4 may be
related to the rate of oxygen supply or free valence
transfer by radicals of the epoxy matrix to active cen-
ters or functional bonds of fillers. The filler may also
change the process parameters owing to the participa-
tion of radicals in inhibition of the chain process in the
case of polyetherimide or its initiation in the case
of PSF.

The density of the epoxy polymer may change as a
result of localization of the filler between junctions of
the formed network. Since cure of the epoxy binder in
the presence of polyetherimide leads to the formation
of labile physical bonds, the junctions of the formed
network become protected from stress which may
appear in it. This leads to the predominant breakage of
bonds in interjunction bridges and the transition of the
degradation process to the chain oxidation of aliphatic
bonds. The localization of the polyetherimide filler
between network junctions increases the density of the
polymer and the diffusion coefficient increases; as a
consequence, the negative activation energy for the
second—fourth fractions of the polymer somewhat
increases; i.e., the rate of the process decreases
(Table 4).

In the sample containing PSF, the latter decom-
poses into radicals and initiates their generation in the
epoxy matrix during the induction period of thermal
oxidation and thus shortens it. Since the system is
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compatible, the kinetically controlled reactions of the
breakage of C—C bonds rapidly transform into the
chain oxidation process most likely of more mobile
aliphatic regions of interjunction chains. The initia-
tion of degradation can occur owing to the decompo-
sition of hydroperoxides accumulated during the ther-
mal oxidation of C—H bonds of aliphatic regions in
interjunction bridges. Therefore, the negative activa-
tion energy decreases sharply, which indicates an
increase in the rate of the process.

During thermal oxidation through intermediate
radicals, the transfer of kinetic chains appears either to
the aliphatic bond in interjunction chains or via the
reaction of intramolecular substitution in the aromatic
nucleus. The transfer of kinetic chains is accompanied
by the appearance of weak bonds accelerating the
breakdown of chains [38]. To gain more detailed
insight into the effect of fillers on the mechanism of
thermal oxidation of the epoxyamine polymer, it is
necessary to ascertain reactions which can take place
in the tested samples of epoxyamine compositions
with polyetherimide and PSF filers. With this aim in
view, the composition of nonvolatile products of their
oxidation was studied.

Nonvolatile Oxidation Products

IR spectroscopy was used to study the composition
of nonvolatile products accumulating in the composi-
tion film samples during thermal oxidation under iso-
thermal conditions. Epoxy-, carbonyl-, and hydroxyl-
containing compounds were chosen as the main prod-
ucts. The composition of these products was assessed
from the intensities of bands at 915, 1725, and
3450 cm~! corresponding to the vibrations of epoxy,
>C=0, and OH groups, respectively. For each sam-
ple, the change in the content of individual groups and
in the ratios between them was estimated as a function
of the time of oxidation. An analysis of the obtained
data showed that there are differences in the composi-
tion of the products at the quantitative level and in the
kinetics of change in their content during the process
(Table 5). It is seen that the composition of the prod-
ucts is affected by the filler nature and network struc-
ture. There is a sharp difference between the samples
with dense and loose networks. For example, in oxida-
tion of the initial epoxyamine composition with the
dense network (cured at 200°C for 12 h), the concen-
trations of OH and epoxy groups monotonically
decrease and after 24 h drop by ~2 and 3 times, respec-
tively, while the concentration of >C=0 groups
increases by 4.4 times during oxidation for the first
12 h and remains unchanged at a deeper oxidation. For
the loose sample cured at 180°C, the content of OH
and epoxy groups decreases by a factor of 1.4 over 24 h
and the content of carboxyl-containing groups grows
by a factor of 17.5 for the first 12 h and then remains
invariable. For the sample cured in the stepwise mode,
the content of OH groups decreases by a factor of



382

SHIBRYAEVA et al.

Table 5. Content of oxidation products at 180°C for compositions based on ED-20 and DADPS with polyetherimide and

PSF fillers (IR data)
Cure mode Nonvolatile degradation products |Ratios between contents of functional groups
Oxidation
T °C time. | time, h  [P34s0/Disao| Diras /Disao| Dois /Disao | D>c=o/ | D>c=of Depoy/ | Dic-o/
’ ’ (—OH) (>C=0) | (epoxide) | Dop— Depoxy Deopoxide Do
ED-20 + DADPS

160—180—200 | 2—4—2 0 8.1 2 1.1 0.25 0.14 1.0 1.0
12 6.7 3.6 1.0 0.54 0.15 0.90 1.80
24 6.7 7.9 0.7 1.18 0.10 0.64 3.95

180 12 0 9.8 0.4 1.4 0.041 0.14 1.0 1.0

12 9.0 7.0 1.1 0.78 0.12 0.80 17.5

24 7.0 7.0 1.0 1.0 0.14 0.70 17.5

200 (oxidation | 12 0 11.0 2.6 2.2 0.24 0.20 1.0 1.0
at 200°C) 12 7.9 11.5 1.0 1.45 0.13 0.45 4.42
24 5.3 11.5 0.7 2.17 0.13 0.32 4.42

ED-20 + DADPS + polyetherimide

160—180—200 |2—4—-2 0 9.0 3.7 1.5 0.41 0.17 1.0 1.0
12 7.5 4.4 1.4 0.59 0.19 0.93 1.20
24 5.5 6.0 1.3 1.09 0.24 0.87 1.62

180 2—4-2 0 5.4 3.2 0.6 0.59 0.11 1.0 1.0
12 3.5 4.2 0.5 1.20 0.14 0.83 1.30
24 2.8 6.6 0.4 2.36 0.14 0.67 2.10

200 (oxidation |2—4—2 0 5.5 4.3 1.1 0.78 0.20 1.0 1.0
at 200°C) 12 4.6 4.7 1.0 1.02 0.22 0.90 1.09
24 4.8 0.8 1.12 0.19 0.73 1.12

ED-20 + DADPS + PSF

160—180—200 |2—4—2 0 11.5 1.0 2.3 0.09 0.20 1.0 1.0
12 9.0 2.5 1.4 0.28 0.16 0.61 2.50
24 3.7 5.3 1.0 1.43 0.27 0.43 5.30

180 2—4-2 0 7.8 2.0 1.6 0.26 0.21 1.0 1.0
12 5.5 3.0 1.0 0.55 0.18 0.62 1.50
24 4.6 3.8 0.5 0.83 0.11 0.31 1.90

200 (oxidation |2—4—2 0 2.7 1.2 1.4 0.44 0.52 1.0 1.0
at 200°C) 12 2.5 2.0 1.3 0.80 0.52 0.93 1.67
24 2.5 2.8 0.6 1.12 0.24 0.43 2.30

DY denotes the initial content of functional groups.

1.2 for the first 12 h and the content of epoxy groups
monotonically decreases by a factor of ~1.6 for 24 h. In
this case, the content of >C=0 groups monotonically
increases by a factor of 4.

The introduction of modifiers affects the mecha-
nism of the process. The composition of the products
changes more slowly during oxidation. Oxidation of

POLYMER SCIENCE, SERIES B

the ED-20 + DADPS + polyetherimide sample hav-
ing the dense network (cured at 200°C) for 24 h leads
to a decrease in the content of OH and epoxy groups
by ~1.3 times and in the content of >C=0 groups by
1.1 times. For the samples with the loose structure
cured at 180°C and in the stepwise mode upon oxida-
tion for 24 h, the content of OH groups decreases by
Vol. 63
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1.6—1.9 times and the content of epoxy groups
decreases by 1.1—1.5 times, while the content of
>C=0 groups increases by 1.6—2.0 times.

For the ED-20 + DADPS + PSF sample with the
dense network structure after oxidation for 24 h, the
content of hydroxyl groups remains almost unchanged
and the content of epoxy groups decreases, while the
content of >C=0 groups increases by 2.3 times
(Table 5). For the samples with the loose network, the
change in the composition of the products is more dis-
tinct. After oxidation for 24 h for the samples cured at
180°C and in the stepwise mode, respectively, the con-
tent of OH groups decreases by 1.7 and 3.1 times, the
content of epoxy groups decreases by 3.2 and
2.3 times, and the content of carbonyl groups grows by
1.9 and 5.3 times.

From the above data we can draw the following
conclusions.

First, for all the epoxyamine samples with an
increase in the degree of the process, the content of
hydroxyl and epoxy groups decreases, while the con-
tent of carbonyl groups increases. The most pro-
nounced change in the concentration of >C=0
groups is observed for the sample with the loose net-
work, while the most pronounced change in the con-
centration of epoxy and hydroxyl groups is detected for
the sample with the dense network (Table 5).

Second, it is clear that the ratio between the con-
centrations of functional groups changes with the
degree of the thermo-oxidative process, which may
indicate that the mechanism of degradation reactions
changes.

Using the ratios between various functional groups
which were obtained for all the tested samples
(Table 5), the main types of reactions able to proceed
in the tested samples of the epoxy polymer during
thermal oxidation in the isothermal regime were dis-
tinguished.

This is above all a decrease in the content of epoxy
groups and an increase in the content of carbonyl
groups related to the isomerization of epoxy groups to
carboxyl ones.

The accumulation of OH and >C=0 groups corre-
sponds to the development of the radical chain process
of thermal oxidation and thermo-oxidative degrada-
tion through hydroperoxide, as is typical of polyole-
fins. This process is apparently localized in interjunc-
tion units.

Finally, reduction in the concentration of epoxy
and OH groups corresponds to the breakage of C—C
bonds in the radical chain transfer of kinetic chains by
radicals resulting from the decomposition of hydrop-
eroxide.

According to a change in the ratio of various func-
tional groups in the tested samples, it may be stated
that the degree of cure considerably influences the
mechanism of reactions. For incompletely cured sam-
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ples, thermal oxidation and thermo-oxidative degra-
dation prevail. This effect is observed in the case of the
samples cured in the stepwise mode and at 180°C. For
the samples with the dense network (cured at 200°C,
12 h) the thermo-oxidative degradation is slowed
down and the processes of breakage of C—C bonds
predominate.

The introduction of nanofillers in the epoxyamine
composition changes the composition of functional
groups, the rate of their accumulation, and the ratio
between their concentrations in the oxidized samples.
This finding indicates that the mechanism of the
thermo-oxidative process changes.

Asis clear from Table 5, the modification of ED-20 +
DADPS changes differently the rate of consumption
of OH groups and the rate of accumulation of >C=0
groups. For the samples with the dense network which
were cured at 200°C, the concentration of OH groups
changes weakly for the sample with polyetherimide
and remains almost the same for the sample with PSF.
Given this, the rate of accumulation of >C=0 groups
for the sample containing PSF is higher compared
with polyetherimide. Modification of the epoxyamine
polymer increases the ratio between the content of
>C=0 and OH groups and decreases the rate of con-
sumption of hydroxyl-containing groups.

For the samples with the dense network which were
cured at 200°C and contain polyetherimide and PSF,
the rate of consumption of OH groups and the rate of
accumulation of >CO groups are lower compared with
the unfilled sample.

For the samples with the loose network which were
cured at 180°C, the ratios [>C=0]/[>C=0], after oxi-
dation for 24 h for the samples modified with PSF and
polyetherimide increase by 1.90 and 2.06 times,
respectively, against 17.5 times for the unmodified
sample. At the same time, the ratios [OH]/[OH],
decrease by 1.9 and 1.7 times, respectively, against a
ratio of 1.4 for the unmodified sample. According to
these data, it can be inferred that modification of the
epoxyamine polymer changes the mechanism of the
process of transfer of kinetic chains during its thermal
oxidation. A change in the ratio between the content of
[>C=0] and [OH] groups during the thermo-oxida-
tive degradation of modified samples may indicate
that the process occurring by the radical chain mech-
anism predominates in which the intramolecular
transfer of kinetic oxidation chains most likely pro-
ceeds within interjunction aliphatic bridges.
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