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Calorimetric study on relaxation
characteristics of epoxy polymers
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It is proposed a method for identifying the set of relaxation characteristics of glass
epoxy polymers, which allows to separate the vitrification process from the glass overlay
processes of different nature (post-curing). Using the example of bisphenol epoxy resin
ED-16 a method of determining the optimal amount of curing agent is developed, which
achieves the maximum degree of conversion of epoxy groups. The proposed method allows
to determine the degree of conversion of the epoxy composition even at the final stages of
the reaction and in the final compositions.
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IIpennoxxen mMeron oIpefesieHNs KOMILJIEKCA PEJAKCAIIMOHHBIX XAPAKTEPHUCTUK CTEKJOBA-
HUA SIOKCUIHBIX IIOJUMEPOB, KOTOPBIN IIO3BOJSAET OTAEIUTH IPOIECC CTEKJIOBAHMUS OT HAJO-
JKeHHSA IIPOIeCCOB HHOU mpupoxabl (moorBepixgenusda). Ha mnpumepe SHOKCHUIHON IHAHOBON
cvoabl OJ1-16 paspaGorTan crmocol ompeneeHHUSA OITHMAJIBHOIO KOJUYECTBA OTBEPIUTEN,
KOTOPHI# ofecIieunBaeT JOCTHUKEHNE MAKCHMAJIbHOM CTEIeHN KOHBEPCUU SMOKCHUIHBIX IPYIIM.
IIpennosxeHHBIII METOM IIOSBOJSAET OIPEIESATh CTEIEeHb KOHBEPCHUH SIIOKCHUIHON KOMIIOSH I
Ja)ke HA KOHEUHBIX CTAAUAX PEAKIUNW U B I'OTOBBIX KOMIIOSHUIIUAX.

PenakcaliitHi xapaKTepHCTHKH €NOKCHIHUX IIOJiMepiB 3a JaHHMH KAJOPHMETPHYHHMX
nocraigmens. O.C.Tynvoucenrosa, T.I.Ciuxap, JI.K.Auvescvruii, A.M.IITym.

3anpoIIOHOBAHO METO/ BU3HAUEHHS KOMILIEKCY PeJaKCallilHNX XapaKTEePUCTUK CKJIYBaH-
HA €IIOKCUAHUX MHOJiMepiB, SKMH J03BOJAE BiLJOKPEMUTU IIPOIlEC CKJIYBAHHSA BiJ HaKJIaZeHHS
nportecis inmoi npuponu (gooreepakenus). Ha npuriani emorcunaoi giamosoi cmosuu EJI-16
pos3pobieHo crocié BH3HAUEHHSA OITHMAJIBHOI KIJIBKOCTI oTBepmKyBavua, AKHII sabesmeuye
IOCATHEHHS MaKCHMAJBLHOI'O CTYIIEHS KOHBepCii emoKCHMIHUX rpyld. 3allpOIOHOBAHHUN METO[
IO3BOJIAE€ BUSHAYATHU CTYIiHb KOHBepcil emoKcHIHOI KOMIIO3UIil HABITL Ha KiHIIEBUX cTamidax
peakrii i B roroBUX KOMMIO3UIIiAX.

© 2017 — STC "Institute for Single Crystals”

1. Introduction

Traditionally, relaxation characteristics
of polymers are determined by method of
relaxation spectrometry proposed by
G.M.Bartenev [1-3]. In our work it is justi-
fied the use of calorimetric method as a
more informative express method for deter-
mining the complex of relaxation charac-
teristics exactly for glass transition [4-6].

Investigation of the glass transition re-
laxation characteristics (activation energy
U, and pre-exponential factor B,) of epoxy
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polymers with temperature — frequency
measurements [1, 2] demonstrates the suffi-
ciently high dependence of activation en-
ergy upon temperature and accordingly the
low value of pre-exponential factor.

Such state witnesses a complex character
of the epoxy polymers glass transition and
needs the separate study of it’s peculiari-
ties. Firstly, difficulties can arise because
of stoichiometrical misbalance of the oli-
gomer and curing agent when unresolved
(excess) reactionable component groups
exist. In this case the resulting glass transi-
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Fig. 1. Temperature dependences of specific
heat characteristic glass transition range of

epoxy polymers: I — fully cured composi-
tion; 2 — appearance of exothermic peak of
after-curing process; 3 — result of imposing

peak of after-curing process on process of
glass transition. ATal — glass transition in-
terval that corresponds to fully cured compo-
sition; ATo2 — spaced glass transition is ob-
served as a result of the imposition of after-
curing process.

tion process consists of different parts de-
pending of cross-linking level and hence
glass transition temperature. Opposite situ-
ation appears when the glass transition
overlaps with different nature processes,
particularly, such as curing process [7]. Re-
alization of these processes with repeatively
heating provokes an after-curing peak ap-
pearance, which overlaps with a jump of
heat capacity in the glass transition process
on the curve of heat capacity dependence
upon temperature (Fig. 1).

Study of the epoxy polymer glass transi-
tion process and using the calorimetric
method of experimental relaxation charac-
teristics complex determination for the
glass transition process is the aim of this
work.

2. Theory and experimental
results

In the first case the processes overlap-
ping makes temperature range of the glass
transition wider, but in the second case, it
makes that range shorter. So, it should be
considered the experimental sensitives to such
difficulties. Thus it is expedient to use for the
glass transition characteristics complex deter-
mination the method based on experimentally
obtained temperature range [4—7].

This complex comprises: activation en-
ergy U,, kinetic unit self oscillation fre-
quency B, glass transition temperature T,
glass transition cooperative level w, seg-
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Fig. 2. Dependences of glass transition tem-
perature (I) and edge components of activa-
tion energy (2, 3) of ED-16 + MA(C,) +
DA(0.5) composition upon amount of curing
agent C,.

ment cooperative activation energy U, .oop
for edge components of glass transition (1,
2 indexes) and the most probable glass tran-
sition temperature (without index). Listed
characteristics were obtained with equations
from [3-5]:

B,=T,-1.6-10714, 1)
Ay, ATy, (2)
AT,o AT, (3
AT o = 2Ty — — =N,
o2 ( 2 2 quocz
2RTZ (4)
Uy, = ,
AT,
4v, RT? (5)
U(XCOO = eqR a’
P q
2AT v (6)
® = o eq,
q
AT, AT (7
T, = —Hn—*
2 T2¢B,
where T; — temperature of glass transition
jump begining, T, — temperature of glass

transition jump end, Veqg — equal frequency,
9-1073 Hz (frequency equal to current tem-
perature scanning speed).

The object of the study was epoxy di-
anous resin ED-16. Maleic anhydrith (MA)
was used as a curing agent. Diaminanilin
was used as a modifier in ratio of 0.5 mass
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Table 1. Values of glass transition relaxation characteristics complex of ED-16 (100) + MA(C,) +
DA(0,5) based system

C,, mass |B_ ,-10'2,| B ,-10'2,| Ug,, Uyas Ugs Wy (O U coop 10 | Yt coop 22
parts s s kdJ/mol | kdJ/mol | kd/mol kdJ/mol J/mol
23,5 5,4 5,7 87 93 90 8.0 8.4 690 780
25 5.5 5.7 89 94 91 8.1 8.4 718 790
27.5 5.6 5.8 92 94 93 8.3 8.6 767 804
30 5.8 6.0 95 98 97 8.6 8.9 819 868
33 6.0 6.1 97 100 99 8.8 9.0 853 900
38 6.1 6.2 100 101 100 9.0 9.1 902 921
42.5 6.0 6.2 98 101 100 8.8 9.1 863 920
45 5.9 6.2 94 101 99 8.7 9.1 823 917

Table 2. Experimental and calculated characteristics of glass transition range and conversion
level characteristics of UP-643 + IMTHPA system

Mode Ty, K AT s K| Tt cater K| ATy = AT,y K| 0, % K, %
1. Not cured 250 16.6 258 0.5 -
2. 353 K, 0.25 h 252 16.7 260 4.0 -
3.3853 K, 0.56h 260 17.2 269 5.0 -
4. 353 K, 1.5 h. 268 17.7 277 5.5 11 -
5. 363 K, 2.75 h. 284 18.8 293 6.0 4 -
6. 3563 K, 3.25 h. 298 19.7 308 6.6 62 -
7. 393 K, 1 h. 313 20.6 323 7.0 75 -
8. 853 K, 5 h. 340 22.8 351 7.5 81 -
9. 353K, 3h. +373K, 1 h. 342 22.5 353 10.5 90 53
10. 353 K, 10 h. 348 22.9 360 8.9 92 61
11. 373 K, 3 h. 360 23.6 372 6.1 - 74
12. 393 K, 6 h. 374 24.5 386 5.5 - 78
138. 473 K, 1 h. 378 24.8 390 5.0 - 80
14. 393 K, 3 h. + 453 K, 2 h. 381 25 395 4.5 - 83
15. 473 K, 2 h. 383 25.1 395 4.0 - 84
16. 473 K, 3 h. 384 25.1 396 3.0 - 86
17. 473 K, 6 h. 385 25.2 397 0.5 - 98
18. 473 K, 12 h. 385 25.2 397 0.5 - 98

parts of the modifier to 100 mass parts of
ED-16.

Dependence of glass transition temperature
upon amount of curing agent presented in Fig.
2. Also respective dependence of Uy .4, 1.2 1S
presented there. The relaxation charac-
teristics complex of listed systems presented
in Table 1 obtained from equations (1)—(7).
T, and T9 were experimentally obtained
from the calorimetric curves.

Investigation on dependence of composi-
tions properties upon curing agent amount
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was performed to develop a method for de-
termining the curing agent optimal amount.
The optimal amount of the curing agent
provides the reaching of maximum conver-
sion level [8] during curing mode at 473K
for 12 h. Different temperature and time
modes allows the obtaining of samples with
excess or shortage of appropriate reactive
groups, e. a. the samples of systems with
different content of segments for future
studying.

675



0.8.Tulzhenkova et al. / Calorimetric study on ...

Table 3. Relaxation characteristics of UP-643 + IMTHPA system

Mode U, kdJ/mol Ba.1012, s o) Uq coopr ¥d/mol
1. Not cured 66.6 4.1 6.2 413
2. 853 K, 0.25 h. 67.2 4.2 6.2 417
3. 353 K, 0,5 h. 69.8 4.8 6.4 447
4. 353 K, 1.5 h. 72.0 4.4 6.6 475
5. 858 K, 2.75 h. 76.0 4.7 7.0 432
6. 353 K, 8.25 h. 80.2 4.9 7.3 585
7. 393 K, 1 h. 84.0 5.2 7.7 647
8. 353 K, 5 h. 91.6 5.6 8.3 760
9. 353 K, 8 h. +373 K 1 h. 92.2 5.6 8.4
10. 353 K, 10 h. 94.2 5.8 8.5 800
11. 373 K, 3 h. 97.4 6.0 8.8 857
12. 393 K, 6 h. 100 6.2 9.1 919
13. 473 K, 1 h. 102 6.2 9.2 938
14. 393 K, 3 h. + 453 K, 2 h. 103 6.3 9.3 958
15. 473 K, 2 h. 104 6.3 9.3 967
16. 473 K, 3 h. 104 6.3 9.4 978
17. 473 K, 6 h. 104 6.4 9.4 978
18. 473 K, 12 h. 104 6.4 9.4 978

The second group of samples, in which
the object of research was the system of
UP-643+IMTHPA (isomethyltetrahydro-
phthalic anhydride), was obtained with the
optimal ratio of resin and curing agent, but
with the different curing modes. This al-
lows the obtaining of the samples with dif-
ferent solidification level and different in-
tensity of after-curing process under re-
peated heating. The experimentally obtained
and calculated characteristics of the glass
transition range, the values of conversion
level and calculation factor K are presented
in Table 2.

Table 8 presents the relaxation charac-
teristics complex of respective samples, cal-
culated using equations (1)—(7) and data of
Table 2.

It was obtained two groups of the sam-
ples. One of them is related to system with
slow change of amount of uninvolved reac-
tive groups with no involving opportunity
under repeated heating, e. a. exfoliation of
the system depending on segment contents
is modeled. The second group of the samples
is related to system with optimized quantity
of reactive groups, but with change of
after-curing process, different intensity of
the after-curing processes and overlapping
with the glass transition process is modeled.
We can consider that such point of view
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allow us to detach the glass transition proc-
ess and its components, neglecting the over-
lapping of other processes.

3. Discussion

Table 1 and Fig. 2 data allow the obtain-
ing of the optimal ratio of resin to curing
agent using T, behavior or changes of
Uq coop 1,2+ Traditional methods allow to do
this when T, reaches the maximum (curve I
in Fig. 1). In suggested method the optimal-
ity responds to the maximum approaching
Ug, coop 1 10 Ug cogp 2 (curves 2, 3 in Fig. 2)
and reaching them to the maximum. Equal-
ity of C, in the both methods justifies
applicability of suggested method. It is nec-
essary to note that difference between Copt
and Cg,;.;, is considerably big (38 and
40 mass parts, respectively). This tells
about experimental correction of value C,
for obtaining high quality products made of
epoxy resins. Suggested method provides
more information and allows observing of
dynamics of system segment contents het-
erogeneity change. And even more, it is
shows unattainability of the full system ho-
mogeneity even with C, ;.

About second group of the samples UP-
643+IMTHPA we can mention that analysis
of the obtained results allow us to suggest

Functional materials, 24, 4, 2017



0.8.Tulzhenkova et al. / Calorimetric study on ...

the calorimetric method for epoxy composi-
tions conversion level estimation.

In Table 2 the conversion level o and K
factor are compared. The conversion level
o was obtained with traditional method
using the following equation:

AHy - AH
o0=—"r— 100%,
AH,

where AH — enthalpy of after-curing process
of sample; AH, — enthalpy of resin and
curing agent mixture, taken at once after
mixing. K factor can by derivate using
equation:

AT
K=—%%C.100%.
ATcalc

This equation is based on fact that ATexp
is deformed by overlapping of the after-curing
peak and AT, is not. Thus more intensive
after-curing peak produces the smaller
value of ATexp. That is why the value of K
factor corresponds to changes of the conver-
sion level. It is evident that o and K factors
have different destinations. In the begin-
ning o can quite efficiently describe the
conversion level, but K factor can effi-
ciently describe the ending of this process.
It is practically important, as estimation of
conversion level in the ending phase allow
evaluating the completion level of the reac-
tion, quality of the compiled products made
of epoxy resins. Introduction and using of
calculated K factor is more important be-
cause of any method among the methods of
epoxy polymers curing process kinetics in-
vestigation, which are widely used in tech-
niques (ultrasonic, infra-red spectrometry,
titration of detached samples) can not allow
to evaluate the conversion level in the end-
ing phases of reaction.

4. Conclusions

Thus, the new method has been sug-
gested for determination of the complex of
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epoxy polymers glass transition relaxation
characteristics. This method can free the
glass transition from overlapping with proc-
esses of other nature. Also it can help to
obtain the components of the complex glass
transition process in heterogeneous system
with segment contents.

Suggested calorimetric method is based
on experimental investigation of epoxy
polymer heat capacity. This is universal
method, as it allows to:

— determine the relaxation charac-
teristics (activation energy U, and pre-expo-
nential factor B);

— investigate the samples of completed
production and control the curing process
from the beginning to the end;

— determine the optimal ratio of resin to
curing agent in epoxy composition;

— obtain the conversion level of epoxy
composition in the ending phases of reaction
and in completed products.
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