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V 
“ThERMALLY STIMULATE D DISCHARGE CURRENT ANALYSIS OF EPOXY RESINS”

INTRODUCTION

For over two decades , thermosetting resins based on polyepoxides have

been put to practical use (1,2). Their advantages include reasonable cost

for such attractive properties as high mechanical strength , high chemical

resistance , and high temperature stability. A great many chemical variations

on the epoxy resin systems can be achieved by different chemical structures

being used (3). In virtually all cases , the resin system is created in which

two different components , one containing epoxide functional groups and another

containing base functional groups , are physically mixed together (4). Sub-

sequently, a step—wise polymerization reaction will occur at rates depending

upon temperature and continuing until some state of cure is reached (5). One

or more of the reactants in most practical systems has a functionality greater

than 2, and as a consequence, polymerization builds toward an infinite net—

work of chain segments as the reaction goes toward completion.

Curing of these resin systems results in the reacting mass being able

to retain the shape of the vessel in which it has been placed (5). The

ability to retain shape either is established by the formation of an infinite

network of chain segments (gelation) or is the result of vitrification at the

temperature at which it is being cured. A conspicuous problem in conjunction

with curing epoxy resins is the rather pronounced heat of the polymerization

reaction. This heat may give rise to a temperature build—up within the re—

acting mass, so great care must be taken to prevent this exothermic effect

from causing local chemical degradation within the material and from creating

gradients in residual stress due to local differences in cure history (6).

Such residual stresses may have measurable effects on the mechanical behavior

of the material, either from the standpoint that they are additive to externally
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applied stresses and thereby cause premature failure, or they change the

character of molecular mobility sufficient, for example, to depress micro—

plasticity that might provide some measure of toughness to these materials.

Systems which have vitrified may undergo further polymerization reactions

when heated to higher temperatures. It is common practice in curing practical

epoxy systems to subject them to a “poetcure”, which involves an additional

Increment of time (usually an excess of an hour) at elevated temperatures.

The possible existence of other chemical effects (7,8) associated with “post—

cure” have not been thoroughly documented, but two conspicuous effects are

notable: 1) the specimen yellows almost always during “poe tcure”, indicating

additional, non—network building reactions, and 2) the development of high

temperature stability in these materials.

The recent advent of superior epoxy resin formulations (9) has expanded

the use of such resins in fiber—reinforced composites. This, in turn, has

permitted the evolution of new kinds of composite engineering materials for

advanced structural applications, including high—performance aircraft (10).

The correspondingly more severe service requirements of such applications 
V

raises new questions about the behavior of the epoxy resin itself in such

composite materials. This includes stability of the resin, adhesion of the

resin to reinforcing fibers, and crack initiation and propagation character-

istics. The research described in this report focuses on one of these ad-

vanced epoxy resin systems, tetraglycidyl—4,4’ —diaminodiphenylmethane (TGDDN)

epoxy cured with 4,4’—diaminodiphenyl sulfone (DDS) (11). Although some of

its usual mechanical properties are known, many uninvestigated effects may

exist with these materials. Therefore, it was regarded as important that

-* such aspects as mechanically active relaxation processes be characterized.

A relatively new method, Thermally Stimulated Discharge Current analysis

(TSDC) (12,31) was thought possibly to be unusually effective in investigation 

~~~~~II-~LL.I ~~~~~~~~
~.



of relaxation processes, because it is unusually sensitive to small effects

and because it is extremely capable of resolving individual relaxation

processes from each other (14,15). The particular merit of characterizing

relaxation processes lies in the notion that certain mechanical effects, in-

cluding yielding, frac turing, or work—hardening , may be intimately related

to the existence of molecular mobility (16—19). It should be noted that this

idea has been advanced, in part, on the basis of work done in our own labora-

tories using the TSDC method.

~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~
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EXPERI~~NTAL

The TGDDM/DDS system studied was supplied to us via the McDonnell Air-

craft Co., McDonnell Douglas Corp., St. Louis, MO. Characterization of the

chemical make—up of these resins has been reported elsewhere (9). The 4
ingredients were already mixed together at the time they were received, and

they have been continuously stored below —44°C. Individual specimens are

made by the following procedure. A portion of the uncured resin is heated

to 120°C for 10 m m .  under a mechanical pump vacuum. Next, material is

poured onto a polished Teflon plate which had been preheated to the desired

curing temperature. A second highly—polished Teflon plate (also pre—heated)

is pressed against the material. Spacers are also placed between the two

Teflon plates to serve as a means of controlling the thickness of the result-

ing epoxy resin specimen. Thicknesses In the range of .03 me to 1 me can be

obtained. Curing is done In an oven for times and temperature, prescribed

in the experiments. Subsequently, the cured specimens may be r.mov.d by

gently separating the Teflon plates.

- 
V 

Investigations have also coasenced on a second kind of epoxy resin

system: diglycidyl ether of bispheno]. A (DCEBA) cured with dt. thylen. t n —

amine (DETA). DGEBA was resin DER 332 from Dow Cbemjcal Company , with an

epoxy equivalent weight of 172—176. DETA was obtained from Fisher Scientific

Company. DGEBA is vacuum degassed at 60°C and , af ter cooling at room tea—

perature, mixed with a stoichiometric amount of DETh. Th. mixture is cast

onto sheets of polyvinyl chloride , which had been previously cleaned with

Isopropanol.

TSDC analyses were done with a Toyo—Seiki Electret Thermal Analyzer

(obtained through the At las Electric Devices Company , Chicago , TL). Specimens

used for these experiments were between 2 and 3 cm in diameter and had thick—

___________ 
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nesses in the range of .03 to 1 me. Gold metal was vacuum evaporated onto

th. top and bottom surfaces of these specimens. Thermogr~~~ were obtained

0at heating rates of 2 C per minute.

Differential scanning calorimetry was performed with a Perkin Elmer

Model riSC—ta; thermograms were either obtained isothermally or at heating

rates of 1°C p.r minute. Tensile testing is done using an Inetron Model

TT—C—L, on specimens fabricated in accordance with ASTM test method D638—lla ;

type V geometry was utilized. Test specimens were cut from sheets of resin

of thicknesses near I. me. Surfaces were very lightly abraided in the axial

direction with 600—grit emery paper. Specimens were strained at a rate of

5 x lO~~ min~~. For Resin A cured 4 hours at 150°C, stress at failure is in

the range 13,000 psi, strain is 0.08, and elastic modulus for 1Z offset strain

is about 1.9 x 10~ psi. The Infrared spectroscopy was done using the Fourier

Transform Infrared Instrument, Nicolet Model 7199. Absorbance was measured

as the area under each of the peaks with their baseline const ructed as a chord

tangent to the sides of the peak.

I
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RESULTS AND DISCUSSIONS
I’

Extent of cure in epoxy resin is often established through infrared

spectroscopy (19,21), and such has proved to be a useful msthod for the

research reported here. Figure 1 shows a - typical inf rared spectrum obtained

f rom uu~ured material. - Absorbance at 800 cui1 was taken to be an internal

thickness band ; abeorbance at 910 cm~~ is assigned to th. epoxy group (22 ,23).

Figure 2 is an infrared spectrum taken after partial cure. Changes in several

peaks are seen , and the chemical results of cure can be seen in. Table I. It

-is seen in Table I that the standard formulation , Resin A, achieves a cure

level on order of 932. An excess of curing agent, Resin B, permits the extent

of cure, when Judged by consumption of epoxide group, to go essentially to

completIon. Since one expects many chain ends simply to be capped by curing

agent residues (24), the aacromolecuiar network may not be any more extensive V

than for the case of the standard formulation. Interestingly, the resin

containing an excess of epoxide (Resin F) appears to cure at least as complete-

ly as the standard formulation resin (Resin A). There is also some suggestion

in Resin F spectra that the longer cure times are associated with a decrease

in ester linkage concentration. These ester groups are in a second epoxide

constituent, whose concentration is small . This may suggest that chemical

damage is occurring during extended curing. In fact, It Is seen from the

spectroacopy data that the polymerization reaction itself changes very little

with cure time carried beyond several hours. Further work along these lines

is anticipated, but implications of this observation on post—curing treat-

ments may be significant.

Calorimetry is also known to be an informative method for use in monitor-

ing the state of cure of an epoxy resin (25,26). Figure 3 is a thermogram of

Resin B which had been previously given an incomplete cure at 120°C. The

4
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first run reveals a typical exothermic reaction, indicating the resumption

of curing reactions as temperature is elevated. The second run shows that

exothermic reactions over the previously scanned temperature range are now

absent. One can detect a slight offset in the thermogram in the temperature

range centered at 220°C. This is taken to be possible evidence for the

glass—rubber transition of this material. Isothermal calorimetry results,

an example of which is shown in Figure 4 , provide an independent determination

of the extent of polymerization as a function of time. One notes imeediately

in Figure 4 that there is difficulty in obtaining the initial stages of the

reaction, as they coincide with the very strong instrumental transient that

persists for the first 1.2 sin. Nevertheless, subtraction of a first run

from a second run permits identification of the exothermic reaction itself,

as It occurs during the moments following placement of the sample into the

instrument. Figure 5 has been constructed by using the isothermal calori-

metric method on batch A epoxy resin cured at two lower temperatures. The

fraction converted has been based on consumption of epoxy groups, as deter-

mined from infrared spectrophotometry. It is seen that both curves rise

asymptotically to conversion levels that are themselves incomplete, and this

is ~aken to mean simply that vitrification is occurring prior to gelation.

When this resin is cured at higher temperatures, such as 180°C, the percent

conversion of epoxy groups rises to values as were reported in Table I. It

has been determined that these incompletely cured resins will indeed exhibit

an :xotherm when they are scanned calorimetrically from room temperature to

300 C, as was illustrated by Figure 3.

One of the primary experimental methods of this r ssarch program concerns

V Thermally Stimulated Discharge (TSDC) analysis oC the .poxy resins (27 ,28) .

Part of the experimental work concerns an idealized kind of epoxy resin :

DGEBA cured with DETA at room temperature. Figures 6 and 7 show TSDC thermo—

—V - — -  
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grams obtained f rom these materials over the temperature ranges from liquid

nit rogen to room temperature and from room temperature to slightly above

200°C. These data reveal that a wealth of information will, eventually be

obtained from thorough TSDC analysis of such simple epoxy resins, but much

of our initial research has actually focused on the Hercules formulations.

Thus, the rest of this report will concern itself with that line of materials.

Further , data p-e.3ented here will be limited to TSDC over the temperature

range of l0O—3OO~IC. It is within this temperature range that the so—called

8 relaxation process occurs.

Previous work has attributed relaxations in this temperature range to

motions associated with small parts of the polymer molecules, such as

motional freedom of side groups or crackshaft motions of methylene sequences

in polymer backbone (29). Because there are dipolar parts of these molecules,

dielectric detection of effects occurring at the repeat unit size—scale is

possible. It appears that the TSDC analysis of these epoxy resins in this

temperature range is also detecting a dielectric effect, as the electro-

static charging (30) of specimens results in discharge currents whose integral

(the total stored charge) is directly proportional to initial polarizing

voltage, E .  The linear relationship in question is shown in Figure 8;

polarizing voltages above about 30 Ky/cm begin to evidence saturation effects.

All experiments, therefore, involved polarizing voltages in this linear range,

and we conclude that data shown in all subsequent figures arise from a kind

of volume polarization effect which is most likely associated with some small

amount of preferred orientation of dipolar parts of the molecules achieved

during the initial poling stage of an experiment.

The standard formulation of the Hercules resins, Resin A, has been

studied as functions of curing condition. Specimens cured incompletely at

140°C give rise to TSDC thermograms of the kind shown in Figure 9. There is

-1
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a considerable amount of structure in these thermograms, and the time effects

of curing can be seen clearly to have its effect on the thermograms . Of V

particular note is the lack of any obvious correlation between peaks seen in

material cured for 1.5 hours and 5 hours . Brief curing at different tempera-

tures gives rise to effects seen in Figure 10. In this case, there does appear

to be a systematic change tha t can be detected , even though the extent of cure

is significantly larger for the higher temperatures involved. In addition,

there is a larger amount of charge stored in specimens cured at the highest

temperature, 181°C. It is, of course, the primary challenge in analyzing

these thermograms of assigning specific molecular processes to the individual

parts of the discharge process. An example of such assignments was made by

Ochi and Shimbo (31,32) , who proposed a crankshaft motion in flexible back-

bone segments , based on their observation that many epoxy resins , both with

and without phenyl moities in their chains , exhibited B relaxations in this

same temperature range (120—220°K) .

It is not presently possible to define exact ly how many individual con-

tributions there are to this data “envelope”, but use of the “partial heat—

ing” method (see refa . 14 , 15 and 17) of discharge analysis does permit a

first approach toward the complete understanding desired. The “partial

heating” method involves the sequential heating of an initially polarized

specimen to progressively higher temperatures, and the discharge current

obtained in the earliest stages of each of the heating stages Is taken to

be directly proportional to the rate at which discharging is occurring. Making

a plo t of lii 1, where I is discharge curren t , versus reciprocal temperature

creates a linear relationship from whose slope an activation energy can be

obtained. Then , plotting these activation energies versus the temperature

at which the slope was measured yields the result seen in Figure 11, One notes

_ _ _ _ _ _  _  V -V 
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the general increase in activation ener gy as temperatu re is in creased , but

one further  notes that there are certaIn rangec ~~ temperature over which

the activation energy is fairly constant.  For the particular case of Resin
0 0 0A , such temperature ranges are 115—140 K , 165—185 K , and 185—215 K. V

Similar analyses have been performed for epoxy res ins B and E , and

typical data can be foun d in Figures 12—17. In these cases , the formulations

were cured more or less fully , using curing temperature of 181°C and times

of 2 or 12 hours. Again , it is seen that TSDC analysis does reveal changes

in the dielectric characteristics of these materials . One thing to note

immedIately is that the activation energy plateaus are approximately at the

same activation energy value for each of the three resins in question . The

plateau in the temperature range 120—l50 °K is fairly insensitive to formula-

tion , but the upper two activation energy p lat eaus , especially the one in

the temperature range 200—23 0 °K is affected in more cases . It is anticipated

that a more complete cur ing reaction simply means bot~ a higher molecular

weight and a more completely developed inacromolecular network . When making

a direct comparison of the three materials cured under the same condition ,

181°C for 12 hours , one obtains the data observed in Figure 16. Again , it

is seen th at the general character o f the thermogram is the same in each case ,

but looking at the activation energy spectra , as seen in Figure 17 , reveals

some distinct d i f ferences. Specifically , the activation energy plateau in

the temperature range l50—l80°K is particularly sensitive to formulation . We

will , therefore , anticipate in fu ture  research that  thie may be a part icular ly

signal ef f ect on which correlations of mechanical proper ties may su ccessf u lly

be made . 

V ~~~~~~~~~~~~ 
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Summary

1. Extent of curing reaction in epoxy resins can be monitored via a

combination of infrared spectroscopy and calorimetry. No significant

additional polymerization reaction is detected during prolonged curing ,

but preliminary data suggest the possible existence of some chemical

degradation effects.

2. TSDC analysis of cured epoxy resins has been studied , to date , primarily

in the temperature range , lOO—300°K. The broad B peak exhibits con-

siderable “structure”, and it promises to prove rich in information

related to polarization and relaxation processes in these epoxy resins.

3. Temperature dependence of a mean activation energy calculated from the

discharging processes reveals several temperature ranges in which a

single molecular relaxation event is probably occurring. It is recognized

(33) that the task of assigning specific molecular motions to such

activation energy spectra is difficult. However, there is a rational

approach to making the analysis, and the scientific significance seems

sufficiently important to strive to have it done successfully.

- . ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ 
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I
Table I

INFRARED ANALYSIS OF 3501—6 EPOXY RESINS

Our ID Formulation Cure time ~ 181° C % Conversion
A Standard 0 0

2 93
8 94

12 94
20 93

B 10% excess in DDS 0 0
2 92
4 . 88
8 100

E 20% deficit in DDS (not analyzed)

F 207. excess of 0 0
one epoxide 2 86

4 90
8 92

12 93
20 93

L~~V ~~~~~~~~~~~~~~
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Figure Captions

FIgure 1. Infrared spectrum of epoxy Resin A, degassed at 140°C for 10

minutes. This is the standard formulation of Hercules 3506—1

essentially without any curing reaction.

Figure 2. Epoxy Resin A , prepared as in Figure 1, cured at 158°C for 5 hours.

Adsorbance at 910 cm~~ is assigned to the epoxide group, and ad—

sorban ce at about 800 cm~~ is assigned to the aromatic moieties.

This aromatic band is taken as the internal thickness band. Ad—

sorb ance at about 1700 cm 1 is assigned to the carbonyl groups ,

but is was not used as an internal thickness band because it was

found to be a function of extent of cure .

Figure 3. Thermograms obtained from Resin B using the Differential Scanning

Calorimeter . The epoxy resin had Initially been incompletely

cured at 120°C for 4 hours . Calorimeter scan rate was 10°C per

minute . The first run thermogram reveals a strong exothermic

V effect indicating additional curing reactions occurring during

the experiment. The second run thermogram lacks such an exotherm

and instead reveals a small baseline shift in the temperature : 1

range 495°K , suggestive of the glass—rubber transition. It is

not clear whether the up—sweep of the baseline at the highest

temperatures of these calorimetry runs is evidence for additional

chemical reactions occurring in the upper temperature ranges.

Figure 4. Isothermal calorimeter runs obtained from epoxy Resin E held at

160°C. Tha first run curve corresponds to the instrumental out—

put when uncured resin is placed in the preheated instrumen t

stage . Second run curve is a duplicate of the first run, using

the specimen that had been employed in the firat run. Assuming
V 

- the second run curve could serve as a “baseline”, taking into

- 
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account all of the instrumental transient which existed in the

f irst run , then a difference between the first and second run is

simply the exothermic effec t which occurs during this isothermal

calorimetry experiment.

Figure 5. Integrating the data in the difference curve of Figure 4, permits

construction of this plot of extent of cure versus curing time.

Extent of cure has been based on independent infrared absorption

experiments from the same specimens used in the calorimetry ex-

periments. These data are obtained from epoxy Resin A.

Figure 6. Thermally Stimulated Discharge Current (TSDC) thermogram of the

epoxy resin system, DCEBA cured with DETA at room temperature.

The broad and structured discharge maximum observed in the tern—

perature range , l20°IC—250°K , is taken as the B relaxation peak .

Figure 7. TSDC thermogram for the same resin as in Figure 6 obtained over

the temperature range from room temperature to 180°C. Note the

higher poling temperature used in this experiment as opposed to

Figure 6.
V 

Figure 8. Integrating the B discharge peaks yields the stored charge

which is released over the temperature range of the B peak . It

is seen in this figure to be a linear function of the electrical

field used for polarizing the sample.

Figure 9. TSDC thermogram obtained from epoxy Resin A cured at 140°C for

1½ hours and 5 hours .

Figure 10. TSDC thermogram obtained from epoxy Resin A cured for a short

interval at 140 , 158, and 181°C. It is seen that an increase in

the curing temperature leads to an increase in the l lO—l80°K

portion of the B peak. -;

I

V 

V - - -I
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Figure 11. The temperature—dependence of activation energy for epoxy Resin

A, as studied in Figure 10.

Figure 12. TSDC thermogram of epoxy Resin B cured at 181°C for 2 hours and

12 hours.

Figure 13. The temperature—dependence of activation energy through the B

L peak region for epoxy Resin B, as studied in Figure 12.

Figure 14. TSDC thermogram of epoxy Resin E cured for two different inter-

vals of time at 181°C.

Figure 15. Temperature—dependence of activation energy through the B re—

laxation range for epoxy Resin E , as studied in Figure 14.

Figure 16. TSDC thermograms from the different epoxy resins all cured at the

same condition, 181°C for 12 hours. It is seen that the 170—180°K

region of the B peak is strongest in that resin system (Resin A)

which most completely reacts to make a macromolecular network . - V

Figure 17. Temperature—dependence of activation energies through the B peak

region f or each of the epoxy resins of Figure 16.
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