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Die lec t r ic  measurements covering a wide frequency range 
provide one of the few pract ical  methods for  monitoring 
the cure of thermosets (epoxy, etc. )  using re la t i ve ly  
non-intrusive sensors. The measurements form the basis 
of a manufacturing control cycle, in the autoclave, 
provided the rheological state of the thermoset can be 
related to the d ie lec t r i c  constant (E') and loss factor  
(tan 6). The present paper concerns fur ther  investigations 
in our laboratory of the correlat ion between mechanical 
and d ie lec t r i c  behaviour during cure ( I ) .  

Theory 

A. D i e l e c t r i c  

When a v o l t a g e  is a p p l i e d  across an i n s u l a t i n g  m a t e r i a l ,  

such as a polymer or  o rgan i c  l i q u i d ,  p o l a r i z a t i o n  occurs  in 

t h r e e  ways of  impor tance in the p resen t  work.  The p o l a r i z a t i o n  

produces a n e a r l y  p r o p o r t i o n a l  d i e l e c t r i c  cons tan t  d e s c r i b e d  

a p p r o x i m a t e l y  by the C l a u s i u s - M o s o t t i  equa t i on  ( 2 ) .  

E'(Total)  = E'(atomic) + E ' (d ipo la r )  + E'(space charge) 

The term ~' (a tomic )  has a va lue  always around 2 and is  due 

to charge p e r t u r b a t i o n  w i t h i n  atoms and bonds. The d i p o l a r  

pa r t  of  E' g i ves  r i s e  to the  " r e l a x a t i o n "  behav iou r  of  p o l a r  

mo lecu les  when the  f r equency  of a p p l i e d  f i e l d  matches the 

mo lecu la r  d i p o l e  r e - o r i e n t a t i o n  f r e q u e n c y .  I t  is t h i s  d i p o l e  

o r i e n t a t i o n  term t h a t  is absent  below a p o l y m e r ' s  Tg and 

p resen t  we l l  above Tg. I t  adds up to 3 to the d i e l e c t r i c  

cons tan t  t o t a l .  The space charge term is absent  in pure s i n g l e  

phase o rgan ic  systems.  However, the rmosets  are f a r  from pure 

and indeed u s u a l l y  have c a t a l y s t ,  cure p romote rs ,  added. 

l o n i c  charges are thus p u l l e d  th rough  a m a t e r i a l  in the  
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f l u i d  s t a t e ,  but are immob i l i sed  in the g lassy  s t a t e .  The 

pseudo d i e l e c t r i c  cons tan t  r e s u l t i n g  from sepa ra t i on  of these 

charges can be v a s t ,  in the o rder  of 100 's .  

From the above b r i e f  resum6, i t  is  apparant  t h a t  when space 

charge p o l a r i z a t i o n  is  p resen t ,  i t  overwhelms the d i p o l e  term, 

which is  the best  mo lecu la r  probe. By the very  d i f f u s i o n a l  

na ture  of  the space charge p o l a r i z a t i o n ,  i t s  magnitude is  

reduced by measuring at h igher  f r e q u e n c i e s .  D i p o l a r  e f f e c t s  

on the o the r  hand s h i f t  l o c a t i o n  w i th  f r equency ,  but do not 

drop in magni tude.  

The schemat ic change in E, and tan6  expected dur ing  an 

i so the rma l  p o l y m e r i z a t i o n  of  a thermoset  is  shown in the lower 

p a r t  of  F igure  I .  The f requency  of measurement is  assumed to 

be high enough t h a t  the d i p o l a r  process ( tan 6 loss peak) is  

observed as the m a t e r i a l  is  t rans fo rmed from a f l u i d  i n to  an 

immobi le g l a s s .  This  can be regarded as e q u i v a l e n t  to a Tg 

change produced by chemical  change w i th  t ime .  When Tg passes 

the i so the rma l  r e a c t i o n  t empera tu re ,  the system becomesg lassy  

and f u r t h e r  cure at  t h i s  tempera tu re  is  m in ima l .  

B. Mechanical  

Also shown in F igure I are the schematic dynamic mechanical  

p r o p e r t y  changes expected dur ing  the same i so the rma l  cure.  

These are more s t r a i g h t  fo rward  to i n t e r p r e t .  The m a t e r i a l  

i s  i n i t i a l l y  a f l u i d  in a m i l d l y  v i s c o e l a s t i c  s t a t e ,  w i th  very  

low modulus ( E ' ) .  As the c r o s s - l i n k i n g  r e a c t i o n  progresses 

a gel i s  f i r s t  formed and under i dea l  c o n d i t i o n s  (3) a tan 6 

peak is  observed as the polymer molecules are reduced in 

m o b i l i t y  by the g e l l i n g  process.  The main event  in mechanical  

p r o p e r t y  change is  the la rge  ( f a c t o r  of  1,000) modulus change 

as Tg is  d r i v e n  up through the r e a c t i o n  tempera tu re  by the 

c r o s s - l i n k i n g  process.  The mechanical  measurements do not 

sense the i o n i c  m i g r a t i o n  which g ives  r i s e  to space charge 

e f f e c t s  in the d i e l e c t r i c  case. 

Mechanical  changes are r e l a t i v e l y  easy to study in the 

l a b o r a t o r y ,  but as ye t  a s a t i s f a c t o r y  remote sensor has not 

been dev ised f o r  mechanical  measurements. 



WETTON et a l . :  COMPARISON OF DYNAMIC MECHANICAL... 471 

DYNAMIC MFCHt,~{CAL 

GELAu CHEMICAL VITRIFICATION 
T MATRIX 

DIELECTRIC 

CURE T[~E'" ) 
~'~.~.  "l $chematlc chaaO6s In Dynamic Mocanlcnt ~nd Dielectric data 

cturlnQ 15o~,ormo! ~poxy curo. 

Exper imen ta l  

Labo ra to ry  comparisons were made of dynamic mechanical  and 

d i e l e c t r i c  data dur ing  cure.  For the mechanical  case, the 

Polymer L a b o r a t o r i e s  Dynamic Mechanical  Thermal Analyser(DMTA) 

was u t i l i s e d  in the shear mode. Rapid i so the rma l  tempera tu re  

r i s e  was se l ec ted  on s o f t w a r e ,  so t h a t  the i so the rma l  o p e r a t -  

ing tempera tu re  was always achieved w i t h i n  3 m inu tes .  Cure 

t ime was recorded from the p o i n t  of a q u i s i t i o n  of the i so -  

thermal  t empe ra tu re .  

The shear mode of c lamping w i th  the DMTA measured the epoxy 

d i r e c t l y  w i th  no added suppor t .  This r e q u i r e d  the use of the 

DMTA power head p r o v i d i n g  14N maximum f o r c e .  A shear p l a t e  was 

clamped in the DMTA d r i v e  and l i q u i d  epoxy p laced above and 

below t h i s ,  between c lamping s tuds ,  to g ive  the shear sandwich 

geometry ,  as shown in f i g u r e  2. 
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Ca) Cb) 

Fig'. 2 Clamping arrangements for cure studies. 
(a) Shear head arranqement for the DMTA 
(b)'Para!lel plate electrode arrangement for the DE~'A 

D i e l e c t r i c  measurements were pe r fo rmed  on a f u l l y  a u t o m a t i c  

sys tem,  the  P L - D i e l e c t r i c  Thermal  A n a l y s e r ( D E T A ) .  The same 

epoxy r e s i n  systems which were employed in the  DMTA measure-  

ments were measured as d i sc  samples ,  a p p r o x i m a t e l y  Imm in 

t h i c k n e s s  between p a r a l l e l  p l a t e  e l e c t r o d e s  of  the  DETA. In 

o r d e r  to  a l l o w  remova l  of  the  sample a f t e r  c u r e , t h e  e l e c t r o d e s  

were c o m p l e t e l y  covered in t h i n  a l um in ium f o i l  p r i o r  to  i n -  

s e r t i o n  of  the  sample ( F i g u r e  2 ) .  The e l e c t r o d e s  were locked 

a t  the  r e q u i r e d  sample gap and any c o n t r a c t i o n  of  the  epoxy 

was taken up by movement of  the  a lum in ium f o i l .  The same i s o -  

t h e r m a l  t e m p e r a t u r e  c o n t r o l  c o n d i t i o n s  were employed as in the 

DMTA, w i t h  t e m p e r a t u r e  r i s e  aga in  be ing ach ieved  in 3 m inu tes  

or l e s s .  

R e s u l % s  and D i s c u s s i o n  

The c r o s s - l i n k i n g  w i t h  t ime  in epoxy systems is  u s u a l l y  v i a  

d iam ine  r e a c t i o n  w i t h  t e r m i n a l  epox ide  groups on the  p re -  

p o l y m e r .  The e f f e c t  o f  t h i s  is  to  p r o g r e s s i v e l y  reduce mo lec -  

u l a r  mot ion  u n t i l  the  system becomes ' g l a s s y '  a t  the r e a c t i o n  

t e m p e r a t u r e .  

The b e h a v i o u r  is  c l e a r l y  i l l u s t r a t e d  i n  F i g u r e  3, showing 

DMTA measurements in the  shear  mode on A r a l d i t e  ' R a p i d '  a t  

40~ The modulus (G ' )  i n c r e a s e s  w i t h  t ime  to g l a s s y  l e v e l s  

and d u r i n g  t h i s  c h e m i c a l l y  d r i v e n  v i t r i f i c a t i o n  tan and 
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t he  l oss  modu lus  (G")  e x h i b i t  maxima as e x p e c t e d .  The l o s s  

peak p o s i t i o n s  as a f u n c t i o n  o f  m e a s u r i n g  f r e q u e n c y  are shown 

in  T a b l e  I .  

TABLE I 

F requency  Tan 6 peak t i m e  

( m e c h a n i c a l )  

G" peak t i m e  

100Hz 40 m i n s .  72 m ins .  

10 57 108 

I 82 159 

0.1 120 210 

A f e a t u r e  o f  any r e l a x a t i o n  measurement  o f  Tg phenomena, i s  

i t s  f r e q u e n c y  dependence .  The h i g h e s t  f r e q u e n c i e s  sense a 

v i t r i f i c a t i o n  p rocess  at  s h o r t e r  cu re  t i m e s  because the  r a t e  

o f  m o l e c u l a r  mo t i on  i s  g r a d u a l l y  b e i n g  reduced  by t he  c r o s s -  

l i n k i n g  p r o c e s s .  The d i f f e r e n c e  in  l o ss  peak l o c a t i o n  between 

tan  6 and l oss  modu lus  i s  seen in  a l l  r e l a x a t i o n  measure-  

men ts .  The d i f f e r e n c e  i s  g r e a t e r ,  t he  b r o a d e r  t he  r e l a x a t i o n  

t i m e  spec t rum f o r  m o l e c u l a r  m o t i o n .  The t i m e s  f o r  maxima in  

G" compared to  maxima in  tan  6 bear  a c o n s t a n t  r a t i o  ( 1 . 8 )  

i n  t h e s e  r e s u l t s  so any r e l a t i o n s h i p  between m o l e c u l a r  m o t i o n  

and cu re  t i m e  w i l l  be the  same w h i c h e v e r  p a r a m e t e r  i s  chosen .  

F i g u r e  4 shows p l o t s  o f  in  f v e r s u s  In t f o r  t he  da ta  in  

F i g u r e  3. Both G" and tan  ~ l oss  peaks g i v e  the  same depend-  

ence .  On the  same graph we have p l o t t e d  d i e l e c t r i c  r e s u l t s  

wh i ch  w i l l  be r e f e r r e d  to  i n  d e t a i l  l a t e r ,  bu t  t h e s e  are at  

a l o w e r  t e m p e r a t u r e .  

T u r n i n g  a t t e n t i o n  now to  t h e  d i e l e c t r i c  t h e r m a l  a n a l y s i s  

r e s u l t s  (DETA),  i t  must be remembered t h a t  t h e s e  measurements  

o p e r a t e  i n  a h i g h e r  f r e q u e n c y  range t han  the  DMTA. From what  

we have seen in  t he  m e c h a n i c a l  d a t a ,  h i g h e r  f r e q u e n c i e s  
d e t e c t  s h o r t e r  t i m e s  to  v i t r i f i c a t i o n  ( t a n  ~ peak p o s i t i o n )  

d u r i n g  c u r e .  T h i s  t r e n d  is  c o n t i n u e d  f o r  t he  DETA measure -  

men ts .  F i g u r e  5 g i v e s  the  d i e l e c t r i c  tan  6 at  f r e q u e n c i e s  

f rom 500 Hz to  10kHz f o r  t he  same A r a l d i t e  Rapid epoxy  as 
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used in the DMTA work. The measurement tempera tu re  of 20~ 

was chosen because good sepa ra t i on  of the i o n i c  c o n d u c t i v i t y  

and polymer chain r e l a x a t i o n  e f f e c t s  are ach ieved .  The loss 

peaks occur ing  at log t va lues between I and 2 are due to 

polymer chain v i t r i f i c a t i o n  and i t  is  t h i s  reg ion  which is  

d i r e c t l y  analogous to the DMTA data .  Thus in F igure  4 the 

d i e l e c t r i c  peak p o s i t i o n s  at  20~ are a l s o  ~hown. When a l l o w -  

ance is  made f o r  the lower tempera tu re  the DETA peaks occur 

at  somewhat s h o r t e r  cure t imes than p r e d i c t e d  from the DMTA 

data .  At h igher  t empe ra tu res ,  the low f requency ,  i o n i c  e f f e c t s  

p r o g r e s s i v e l y  swamp the mo lecu la r  r e l a x a t i o n  peaks. F igures 

6 & 7 shows data f o r  the same A r a l d i t e  Rapid at  40~ The 

background c o n d u c t i v i t y  loss in the low cure reg ion  ( s h o r t  

t imes )  has skewed the loss peak l o c a t i o n s  f o r  t h i s  system. 

The dashed l i n e  g ives  the p r e d i c t e d  p o s i t i o n  of the d i e l e c -  

t r i c  loss p o s i t i o n s .  In f a c t  the s lope of  the l i n e  is  re -  

versed ,  which makes d e t a i l e d  c o r r e l a t i o n  by these p l o t s  d i f f i -  

c u l t .  D e t a i l e d  comparisons of mechanical  and d i e l e c t r i c  loss 

l o c a t i o n s  needs a n a l y s i s  of the d i e l e c t r i c  data in the f r e -  

quency plane to a l l ow  s u b t r a c t i o n  of the c o n d u c t i v i t y  l osses .  

This a n a l y s i s  has been performed by Kranbuehl et  al ( 4 ) .  

A problem of more genera l  s i g n i f i c a n c e  is  t h a t  of s e l e c t i o n  

of the most a p p r o p r i a t e  measuring f requency  to access cure.  

I t  is  c l e a r  from a l l  the data presented t h a t  lower ing  the 

measurement f requency  de tec ts  a longer  t ime f o r  v i t r i f i c a t i o n  

at  the cure t empera tu re .  I t  must be remembered t h a t  when an 

epoxy m a t e r i a l  is  cooled from any reasonab le  cure s t a t e  i t  

w i l l  be g lassy  at  room tempera tu re ,  but t h a t  i t s  modulus and 

Tg l o c a t i o n  w i l l  i nc rease  w i th  cure t i m e .  There fo re  i t  is  a 

ma t te r  f o r  the measurement f requency  dur ing~cure  to be chosen 

so t h a t  the cure t ime detec ted g ives  a s u i t a b l e  f i n a l  p roduc t .  

I t  seems f a i r l y  c l e a r  t h a t  high f r e q u e n c i e s  >100Hz w i l l  be 

assess ing cure at  too e a r l y  a t i m e .  I t  seems l i k e l y  t h a t  

f r e q u e n c i e s  of IHz or below w i l l  be needed to g ive  s e n s i b l e  

c o r r e l a t i o n  w i th  good per formance.  D i e l e c t r i c  loss measure- 

ments, however, w i l l  need e x t r a p o l l a t i n g  to these lower f r e -  

quenc ies ,  from measurements at  h igher  f r e q u e n c i e s .  D i e l e c t r i c  

data below 10Hz in these systems becomes g r o s s l y  d i s t o r t e d  
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the space charge e f f e c t s ,  but a lso by ac tua l  

charge at the e l e c t r o d e s .  
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Remote Sensors 

F r i n g e  f i e l d  d i e l e c t r i c  measurements are q u a n t i t a t i v e l y  

p r a c t i c a b l e  w i t h  i n t e r d i t i t a t i n g  e l e c t r o d e s  e tched onto an 

i n e r t  m a t e r i a l  such as "Kapton"  (DuPont Co.)  or a c e r a m i c .  

A t y p i c a l  c o n s t r u c t i o n  i s  shown in  F i g u r e  8. The whole d e v i c e  

measures 10mm x 12mm and has f i n e  leads  l e a d i n g  f rom i t .  The 

a i r  c a p a c i t a n c e  o f  t h i s  d e v i c e  is  100pF which g i v e s  v e r y  good 

accu racy  when t h i s  i s  b u r i e d  in the  c u r i n g  epoxy .  At the end 

of  cure the  leads  are cut  and the  d e v i c e  i s  l e f t  in  the  cured 

sys tem.  There i s  a l s o  the  p o t e n t i a l  f o r  l e a v i n g  the leads  

a c c e s s i b l e  to  measure the m a t e r i a l ' s  age ing c h a r a c t e r i s t i c s  

ove r  p ro longed  t i m e s .  

To 8r[dg~ 
Heasur~m~nt" 

6', fan 6 

C - -  

rRTERDIGITATtNG ELECTRODE REMOTESENSORS 

Fig. 8 Remote sensor for in situ 
dielectric cure monitoring. Sensor - 
area a~proximately isq.cm., thickness .05cm. 

C o n c l u s i o n s  

The d e t e c t i o n  of  cure t ime  v i a  the v i t r i f i c a t i o n  loss  peak 

p o s i t i o n  in dynamic mechan ica l  measurement depends on the 

measurement f r e q u e n c y  v i a  a l i n e a r  r e l a t i o n s h i p  between In f 

and In t .  High f r e q u e n c i e s  d e t e c t  s h o r t e r  cure t i m e s .  

D i e l e c t r i c  r e s u l t s  c o r r e l a t e  q u i t e  w e l l  w i t h  mechan ica l  

da ta  a t  low t e m p e r a t u r e s ,  but  a t  h i g h e r ,  more r e a l i s t i c  

cure t e m p e r a t u r e s ,  the  m o l e c u l a r  r e l a x a t i o n  is  swamped by 

c o n d u c t i v i t y  l o s s e s .  Remote senso rs ,  coup led  w i t h  good f r e -  

quency p lane  data  a n a l y s i s ,  shou ld  y i e l d  the  c h a r a c t e r i z a t i o n  

r e q u i r e d  f o r  p rope r  cure p rocess  c o n t r o l .  
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Zusammenfassung - Dielektrische Messungen Gber einem 

weiten Frequenzbereich stellen die eine ~ethode dar, um 

unter Anwendung verh~ltnismkssig nicht-intrusiver FGhler 

die Aushartung yon Duroplasten /Epoxid usw./ verfolgen zu 

kSnnen. Die Messungen bilden die Grundlage f~r einen Ferti- 

gungs~berwachungskreis des Autoklaven, d~ der rheologische 

Zustand des Duroplast mit der Dielektrizitatskonstanten 

/~/ und dem dielektrischen Verlustfaktor /tanoO/ in Ver- 

binding gebracht werden kann. Vorliegende Arbeit berichtet 

Gber weitere Untersuchungen unseres Laboratoriums Gber den 

Zusammenhang zwischen mechanischem und dielektrischen Ver- 

haltens wAhrend der Aush~rt~ng. 

Pes~Me - ~He~eKTpHqecx~e ~3MepeH~, npoBo~HM~e B mHpoEo~ 06- 

~aCTK qaCTOT, npeAOTaBX~DT O~HH HS npaxTHqecxHx MeT0~0B KOHT-- 

p0x~ upo~ecca OTBep~AeHHH TepM0peaKTHBHI~X CM0~ / Hanp. SnOK-- 

CH~H0~ CMO~M H ~p. /. TaKHe KsMepeHH~ C03~a~T 00HOBy Np0Hs-- 

BO~CTBeHHOFO KOHTp0~BHOF0 ~HK~a B aBTOK~aBe HpH yC~OBHKt eC~K 

peo~orHqecKoe C0CTOHHHe M0~eT onpe~ex~T~CH COOTH0meHHeM Me~y 

~XeETpHqecK0~ KOHCTaHT0~ /~'/ H K0S~r ,0Tep~ / tsn~/ 

Hpe~CTaB~eHHaH CTaTbH KacaeTcH ~a~BHe~mHx Hcc~e~0BaHH~ K0ppe- 

~ Mez~y MeXaHHqeCKHM H ~Kg~eETpHqeOKHM u0Be~eHHeM B ~po- 

~ecce OTBep~eHHH. 


