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A DIELECTRIC STUDY OF THE TIME-TEMPERATURE-TRANSFORMATION (TTT)
DIAGRAM OF DGEBA EPOXY RESINS CURED WITH DDS

Norman F. Sheppard, Jr., Nichael C.W. Coln
and Stephen D. Senturia

Department of Electrical Engineering and Computer Science
and Center for Materials Science and Eaginmeering
Hassachusetts Iastitute of Technology., Cambridge, MA 02139

Abstzaet

Nicrodielectrometry aad dif-
ferential scanning calorimetzy have
been used to study the isothermal
eure of EPON 8325 with dismimodi-
phenylsulfone (DDS). The results
are compared with published tor-
sional brsid analysis (TBA) studies
of tke same system usismg a time-
tempezature—transformation diagraa.
The dielectric measuremeats were
made at temperatures betweea 100°C
sad 220°C uwsing measurement freo-
quencies between 0.1 Hx aad 10,000
Hs. The DSC was operated iz an
isothermal mode to determinme exteant
of comversion at temperatures be-
tween 137°C and 177°C. Two mechan-
isms of charge transport are re-
spoasible for the observed dielec-
tzic zesponse; an ionic conductiv-
ity early ia cure that dscreases as
the resctioa proceeds, and s Debye
type dipole relsxation later ia
eute. The time to reach 60% con-
vezsion determined by DSC corre-
1ates with the TBA gelstion loss
posk, as would be expected from the
Flezy theozy of gelation, dut there
is 30 elear dielectric "event” at
60% eomversion. The peak in
dielestric loss faotor identified
with the dipole relazation corre-
1ates with the TBA vitrification
loss peak.
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Keywords: MNicrodielectrometry,
dielectric cure monitoring, time-
temperature~transformation (TTIT)
diagram, DGEBA/DDS

1. INTRODUCTION

Dielectric methods for moni-
toring the cure of spoxy resias
bave been established for nearly 25
years, dating back to the piomeer-
iag work of Delmonte [1] and War-
field and Petree [2]. Dramatic
changes in the dielectric proper—
ties of the material accompany the
transformation of the resin from a
viscous liquid to s brittle solid.
The simplicity of dielectric meas-
urements have led to wide use both
in materials analysis and process
control [3,4,5]. A recent develop-
ment in the field has beexn the
technique called Microdiselectro-
metry, which utilizes a miniature
integrated circuit semsor to per-
form the dielectric measurement
[6,7). The small size of the
probe, the oan—-chip temperature sen—
sor, and the wide measuroment fre-
quency range make Microdielectro-
metry a promising altermative to
conventional parallel-plate dielec-
tzic measurements for process con-
trol applications.
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This paper addresses the in~
terpretation of dielectzic dats
obtained during the cure of epoxy
zesins ia terms of the physical
changes taking place duriag oure.
The nature of the changes caz de
desczibed with the asid of the time~
temperatuze-transformation (or TIT)
disgram for thermosets, developed
by Gillkam [8]. The TIT diagraa
desorides the state of a resis
undergoing isothermal oure as a
fusetion of cure time and the iso-
thermal cure tsmperature. The gen—
eralized TIT diagram ia Figure 1
shows four identifiable states of
the curiag material: liquid, gelled
zubber, uagelled glass, sad gelled
glass. At cuce temperatures be-
twsea the glass tramsition tempera~-
ture at gelation, T__ ., and the
sltimate glass t:anuun tempesa-
tuze of the fully oured materisl,
T ,» ouring proceeds fzom the
1!:::14 state to & gelled rubber,
and finally to s gelled glass.
Gelation is the transformation of
the liquid to a rubbery gel. Fur—
ther curidg ia the rubdbery gel

‘state increases the crossliank den—

sity of the nmetwork wmutil the glass
tzansition temperaturze of the
gelled rubber zeaches the curing
temperature, at whick poiat vitrei-
fication, i.e., the formatioa of a
gelled glasg, occurs.

The objeotive of this work is
to ezamise dielectric measurements
ia the eontext of the TIT diagram
with the goal of obtaiaing a better
uadorstandiag of the physical mech-
asisms underlyiag the dielectric
zesponss. The system chosezn for
staly was a low molecular weight
DGEBA resin, Shell EPON 825, cured
with diaminodiphenylsulfone (DDS).
The TIT disgram for this systea has
beea pudlished by Eans and Gillham
(9] dased on torsional braid asaly-
sis (TBA). The isothermal cure was
stedied usiag Microdielectrometsy
over the temperature range 100°C to
320°C, asad the Xkimetics of the
ehomical resction were studied us-
iag 4ifferential scanaing calori-

setey (DSC) over the raasge 137°C to

177¢°C.

-,

UNGELLED GLASS
LOG TIME

Fig. 1. Generslized Time-Tempera-
tare-Teansformation diagram showinag
states of thermosetting resins as s
fuaction of cure time at isothermal
cure temperatures. After Gillkham
(s].

2. EXPERIMENTAL

2.1 Yatezisls

The EPON 825 resin was ob-
tained from New England Resins and
Pigmeats, the diaminodipheaylsul~
fone curing ageat from Dr. Gary
Hagnauer at the Army Materials and
Mechanics Research Center in Water—
town, MA. The resiz mixture was
prepazed in a § gram batch by nelt-
ing together thé resin and the
curisg agent uatil the curing agent
was dissolved. The mixture was kept
tefrigerated until use, No evi-
dence of reprecipitation of the DDS
was observed.

2.2 Miozodielsctzometsy

Two types of Microdielectro-
metry sensorss were used ia this
work. MNost of the results were
obtained using the sensor descrided
in Reference 7, which incorporates,
an oa—chip semiconductor diode
thermometer for comdined dielec-
tzic/temperature measurements.
Some aeasurements were made with
modified sensor in a flat nptog
"zidboa” package. A photomicro-
gtaph of the modified seasor
mouated ia its package is shown in
Figuze 2. The packaged seasor is
0.5 mm thick, $ =m wide and 50 ca

.
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Fig. 2. Photomicrograph of micro-

dielectrometer chip showing close-
up sensor chip in flexible Kap—
toa® “ribboa” psckage.

long. This new sensor/package com-
binstion has been used for mneat
resin studies and for cure monitor—
ing in laminates. The seasors wecre
prepared by heating them on a hot
plate to approxzimately 50°C aand
placing s small sample of the resin
miztuce (typically 20 mg) on the
sensor electrodes. Rapid melting
snd flow produced good coatact
between the resin mixture and the
electrodes.

The instrumentation used for
the Microdielectrometry measuce~
meats has been significantly im
proved over that descrided previ-
ously [6,7]. The Hewlett-Packard
3575A Gain/Phase Meter used for
saslyzing the sensor response has
been replaced by s Foucier Traas-
form Digital Corzelator of our own
desiga. Vith the correlator, the
secessidble frequency range of the
seasurement is extended to 0.005 -~
10,000 Hz and the sensitivity is
sigaificantly improved comparzed to
that achievadle with the EP3S75A.

Loss factors as low as 0.01 can now
be measured, corresponding in typi-
cal cured resins to tan delta
values on the order of 0.003,

In the isothermal cure experi-
ments reported here, the semsor and
socket assembly were placed into an
oven preheated to the cure tempera-—
ture. The sample teaperature, 2as
neasured by the on-chip temperature
sensor, came to equilibrium in
approximately 3 mizutes. The
dielectric permittivity, loss fac—
tor, and temperature wers tien
monitored for the duratiom of the
cure. An inert atmospkere was
maintained by flowing dry nitrogen
through the sockst assembly.

2.3 Diffezential Seamaias
Calorimpetsy

A Perkin-Elmer DSC-II differ-
ential scanning calorimeter (DSC)
was operated in an iscthermal mode
to measure sxtent of coaversicn
versus ocure time at cure tempera-
tures in the range 137°C to 177°C.
The heat flow output signal was
messured by a digital voltmeter
intesfaced to an HPSS calculator,
which stored the data on cassette
for later processing. The tempera-
ture scale was calibrated usiag the
melting points of indium and lead,
and the snthalpy was calibrated
using an indium standazd. Hermet-
ically sealed aluminum sample pans
were used. The sample sizes were
in the range of 5 to 15 mg. The
sample was placed in the cell at
77°C and then heated to the desired
temperature at 160°C/min. The re-
action exothers was followed to
apparent completion. The area
uader the exotherm was taken to be
the heat of conmversiona at that
temperature.

The curing of an epoxy resin
at temperatures below the ultimate
T_ does not insure complete reac-
t!on. To obtain exteat of coaver-
sion from an isothermal cure below
the ultimate T_, the total heat of
reaction of th’ fully cured resia
must be known. This is obtained by
dynamically scanning the tempera-
ture at a slow rate to insure com—
plete conversioa. The total heat
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of reaction was obtained from a
zamped cucze at a rate of 2.5°C/min
from 80°C to 300°C. This expeci-
aeat yielded a total heat of reac—
tion of 99.5 cal/g, which is 99.2
kJ/mol (23.7 keal/mol), comsistent
with results reported ian the liter—
ature for similar epoxzy systems
[11]. Degree of coaversion as a
function of time at each isothermal
curs temperature was obtained from
pazrtial integration of the reaction
ezotherm, normalized by the total
heat of resctioa.
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Fig. 3. Nierodielectrometry results
of euze of EPON 825/DDS at 100°C.
Neasuczemeat frequencies 0.1, 1, 10,
100, 1000, 10000 Bz,
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3.1 Miczgodjelectropecsy

Figures 3a, 3b and 3c show the
dielectric loss factor, e&”, the
dielectric permittivity, ¢’, and
the loss tangeat (or tan delta),
which is the ratio ¢"/&g’, for the
cure of EPON 825/DDS at 100°C meas~
uzed at frequencies of 0.1, 1, 10,
100, 1000 and 10,000 Hz.

Tae frequeancy dependence of
the loss factor versus time indi-
cates the superposition of two
components, an ionic conductivity
and a dipole relaxation [7]. Early
in cure, &” is inversely propor-
tional to frequency, indicating a
conductivity. The conductivity
decreases approximately exponmenti-
ally with cure time, due to the
increasing viscosity of the resin
as cure proceeds. This decrease is
followed by a peak in &” with an
amplitude of about 2, which occucs
eaxliest at the highest frequancy.
This loss peak is due to the re-
steiction of molscular dipoles in
the crosslinking resin.

The two processes of ioaic
conduction and dipole relazation
are also evideat in the permittiv-
ity versus time plot of figure 3b.
Early in cure, when the loss factor
is lazge (710), the appareat per—
aittivity is extraordinarily large
(>20) due to charge accumulation at
the blocking sensor electrodes. As
the loss factor drops, the blocking
slectrodes are no longer important
and the appareant permittivity
levels off at about 14, a value
consisteant with the polarizability
of the resin. As curing proceeds,
the permittivity them drops to a
final value of approximately 4.
Associated with this drop in ¢’ is
the peak in ", clearly evideant in
Figure 3a.

The data of Figures 3a and 3b
can be combined to yield tan delta
versus time, as in Figure 3c. The
characteristic features of the tan
delta versus time are a first peak
early ia the cure, related to the
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ionie coaductivity aand tke blocking
elestrodes, and & second peak later
ina cure due to dipole relazation.

The use of a wide range of
ssasusenent frequencies helps il-
lustrate the extent to which the
orientational mobility of polar
gzoups in the resin is being re-
stzicted as cure proceeds. At each
successive ¢” peak, the reciprocal
of the frequeasy for that peak
gives a measure of the characteris-
tic time required for a dipole to
ovezcome the viscous drag of the
surrouandiag molecules and orieat
with the elesctric field. From the
time at which the peak is first
observed at 10kHz to the time the
peak is observed at 0.1 Hz, tkis
characterzistic time increases by
five orders of magnitude, from
hundreds of microsecoands to teas of
seconds.

Cuzing experimeats similar to
those illustrated in Figure 3 were
performed over s wvide range of cure
 temperatures. Figures 4a, 4b and
4c show the cure temperature depen-
dences of the loss factor, permit-
tivity and taa delta versus cure
time at s measuremeat frequency of
10 Bzs. The chazacteristic features
resultiag from the icanic coaductiv-
ity sad the dipole relazation mech-
saisas discussed above are apparent
at 211 curs temperatures. As ez~
pected, the iomiec conductivity de—
creases more rapidly with time and
the dipole relazatioa ocours soonsr
st higher cure temperatures, due to
the thermal asotivation of the cur—-
ing reaction.

3.2 Diffezential Scaaning
Salozinetcy

The extent of conversion ver-
sus time results obtained from DSC
are shown ia Figure 5 for cure
temperatuces ranging from 137°C to
177°C. There are three thiangs to
aote about these curves: (1) As
ezpeeted, the rats of geaction
isereases with incressing ecure tem-
pezatuse, dus to the thermal asetiv-
ation of tde curiag sgeaction. (2)
Theze is an iafleetion in the ex-
teat of eoaversion versus time
sarves zeflestiag the autocatalytiec
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Fig. 4. Microdielectzometsry results
of oure of EPON 825/DDS at 10 Hz.
Cuze temperatures of 137, 147, 157,
167, 177, 187¢C.

s) loss factor, ¢” b) permittivity,
s’ ¢) tan delta ¢"/¢’

100 77
80F \
60
40
3 20
0 [] [ (]
0 60 20 180 240
TIME (MNUTES)

Fig. S. Extent of coaversion bdased
on heat of reaction versus cure
time determined using isothermal
DSC masasurement. Cuze tamperatures
137 - 179¢C.
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nature of the epoxy-amine curing
resction [11]. (3) The ultimate
extent of conversion reached de-
creases with decreasing cure tem~
pezature. These results are ro-
lated to the TIT diagram and to the
dielectzic data in the following
ssction.

4. DISCUSSION

The objective of this study
was to relats dielectric measure~-
ments to the time—temperature~
transformation (TIT) diagram, so as
to obtain a better understanding of
the physical processes underlying
the dielectric measurement., The
TIT diagram for the EPON 8$25/DDS
system deterniied using torsiomal
braid analysis (TBA) was reported
by Enns and Gillham [9]. TBA meas-
ures the free 2scillatory decay of
s resin-impregiated glass-fiber
draid in a torsion pendulum. Max-
ima in the dam)iag {logsrithmic
decrement) of the braid are ianter—
preted to indisate the liquid to
zubber transition associated with

- gelation and taie rubber to glass

transition assdciated with vitrifi-
cation of the cesin. Because this
is a dynamaio muasurement, the tiame
of occurence of the loss peak is
frequency depeadent. The TIT dia-
gram indicates the time to reach
the gelation "event” and the time
to reach the vitrification "event”
as & function of the isothermal
cure temperature.

The DSC results provide a way
of verifying that s valid compari-
son can be made between the dielec—
tric measurements made in our 1lad
to the TBA measurements of Eanans and
Gillhaz, which were done on nomin-
slly the same material. According
to the Flory theory of gelation
{12], the gel point of a stoichio-

metric system of difuactionsal mole~

eules reacting with tetrafunctionsl
egosslinkers will gel at an extent
of zeaction of 57.7%. If one as~
sumes that the heat liberated by
the epoxy curing is due oaly to the
gegction of epoxides with amines,
thes the time to zesch a DSC con~-
version of §7.7% should coincide
with the time to rceach gelation.

Pl i

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

Figure 6 shows a TIT diagram of the
time to reach fractiomal conver—
sions of 20%, 40%, 60% and 80%,
taken from Figure 5, superimposed
on the gelation and vitrification
curves determined by Eans aad Gill-
ham {9]. The time to reach 60%
conversion coincides with the time
to reachk gelation. The agreement is
exceptionally good considering the
assunptions made, and confirms that
the systems are aominslly ideatical
and valid comparisons can be made
to the TBA messurements.

250
o B LftR R—>G
w200
gg - A:;}xe»o
=z 150 AASENx

00k o6 60%
E - ¢ 80%

50 ‘ 1 1

| 10 ICO 1000 10CQCO
TIME (MINUTES)

Fig. 6. Time-Temperature-Transfor—
mation diagrem for EPON 825/DDS
system showing time to zsack coz~
versions of 20%, 40%, 60% and 830%h.
Liquid to Rubber (gelatiocn) and
Rubbez to Glass (vitrificatioa)
teansformations from Torsiomal
Braid Analysis results of Enns and
Gillham [9].
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Fig. 7. Time-Teaperatuzre-Transfor-
mation diagram for EPON 825/DDS
system showing time to reach 10,000
Bz and 10 Hz dipole relazation loss
peaks. Liquid to Rubber (gelation)
and Rubber to Glass (vitrificationm)
transformations from Torsional
Braid Analysis results of Enns and
Gillham [9].
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As discussed earlier, the pesk
in the dielectric loss factor at a
fized frequency indicates that the
average dipole relaxzation time has

- zeached a valus equal to the recip—

rooal of the frequency. As curing
proceeds, the peak is observed at
successively lower frequencies, so
the dipole relaxation time is in—-
creasing. ¥e can plot these
"events”, the times to reach given
dipole relaxzation time, on the TIT
diagram. Figure 7 shows a TIT
diagzam of the time to reach the
dipole loss peak at 10,000 Hz and
10 Hz, again superimposed on the
torsional brasid gelation and vitri-
fication ovents [9]. The countours
of constant dipole relaxzation time
appear to parallel the vitrifica-
tion curve of the TBA moasurement.
The vitrification of the resin
occuxrs when the mobility of the
reactive groups in the resin be-.
comes 30 small that the reaction
essentially stops. The dipole re-
lazation time is a measure of the
mobility of the polar groups of the
matrix. It is not surprising thea
that the vitrification eveat corre-
lates with the rapid increase in
the dipole relaxzation time,

In contrast with the corres—
pondance between the dipole peak
and TBA vitrification, there is no
cleax "event” in the dielectric
zesponse corzesponding to TBA gela-
tion. 1In a previous paper (10}
studying the cure of DGEBA with =
phenylene diamine (aPDA), we re-
ported that a pre-gelation dielec-
tric relazation time approached
"infinite” values at gelation, i.e.
values beyond the measurement capa-
bility of the system. In Reference
10, that dielectric relazation time
was attributed to dipole orienta-
tion, Ve now understand that it
agises from the ionic conduction
and blocking electrodes, Further-
more, our improved iastrumemtatioa
20w permits even longer relaxzation
times to be obdserved. Th dats in
this paper do ac suppo- che as-
sigameat of a div..rya.. in the
pro—gelation relaz cion time to
gelation. The crosslinking leading
to the formatioa of s rudbdery gel
does decrease the coaductivity, as
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evidenced in the &” values of Fig-
ures 3a and 4a. However, the cross—
ing of the 60% conversion point,
corresponding to divergence of the
macroscopic shear viscosity at gel-
ation, does mot produce a singular-
ity in conduction properties. The
macroscopic shear viscosity re-
flects the ability of the molecules
to undergo rearrangement over
macroscopic distances, while the
transport of ioms through the -
material requires molecular
rearrangement oaly on the atomic
scale. While the ionic conductiv-
ity decreases with increasing
crosslink density because of an
increase in local or atomic-scale
"microviscosity”, the conductivity
does not cease at gelation.

5. CONCLUSIONS

This study has examined the
curing of a typical epoxy/amine
system with dielectric measurements
nade over the frequency range 0.1
Hz to 10,000 Hz using Microdielec—
trometry. Two mechanisms of charge
transport are evident in the meas-
ured dielectric loss factor, e”,
and permittivity, s’. An &" in-
versely proportional to frequency
and an abnormally large e’ suggest
that an ionic conductivity domi-
nates the response sarly in cure.
Later in cure, s peak in &" concur—-
roent with a fall in ¢’ characteris-—
tic of a Dedbye type relazation
indicates that the modbility of
polar groups in the matrix is
rapidly decreasing. The dielectric
measurements were compared with the
mechanical properties of the resin
determined by torsional braid anal-
ysis [9], by plotting the time to
reach the dipole relaxation loss
peaks as a function of cure temper-
ature Oon a time-temperature~trans-
formation diagram. The cure tem~
pesature dependence of the time to
peak correlates with the "vitrifi-
cation event” observed by TBA,
beocause both events depend on the
mobility of the resin matrix.

There is no evidence of a feature
in the dielectric response which
correlates with the "gelation

event”, because at that stage of

ot
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cure the domipant mode of charge
traasport is iomic coamductionm,
which is a measure of "microviscos-
ity” and not the macroscopic shear
viscosity sensed by TBA.
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