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A study has  been made concerning the effect  of dibutylphthalate and thiocol p l a s t i e i z e r s  in 
va r ious  concent ra t ions  on the s t ruc tu re  as  well  as  the the rmophys ica l  and the mechan ica l  
p r o p e r t i e s  of g rade  t~D-5 epoxy res in .  It is shown that the ent i re  complex  of analyzed 
the rmophys ica l  p r o p e r t i e s  changes apprec iably ,  depending on the kind and on the concen-  
t ra t ion  of the p l a s t i c i ze r .  Conclusions a r e  drawn per ta in ing  to the m e c h a n i s m  of epoxy 
r e s i n  p las t i c iza t ion  by these two addit ives at va r ious  concent ra t ion  leve ls .  

Epoxy res ins  a re  now used increas ing ly  in the mos t  d ive r se  s e c t o r s  of the nat ional  economy.  In pure  
fo rm,  however ,  the i r  appl icabi l i ty  is l a rge ly  l imited by the i r  cons iderab le  b r i t t l eness  and low ra te  of s t r e s s  
relaxat ion,  which a re  due to s t rong in t e rmo lecu l a r  f o r ce s  and r igid chains in the s t e r e o - l a t t i c e  f o rmed  du r -  
ing hardening [1, 2]. For  this reason ,  some  p l a s t i c i z e r  is,  as a rule ,  a n e c e s s a r y  ingredient  of all  epoxy 
compounds used in p rac t i ce  [1-4]. The p r e s e n c e  of a p l a s t i c i z e r  tends to e l iminate  the said d rawbacks .  
By the p r o p e r  se lec t ion  of addit ives,  it b eco mes  poss ib le  to achieve in epoxy r e s i n  compounds any p l a s t i -  
c iza t ion  mode known in p o l y m e r s :  i n t e r s t ruc tu ra l ,  molecu la r ,  or  hybr id  [5]. Depending on the p l a s t i c i z a -  
t ion mechan i sm,  the s t r u c t u r e  of an epoxy r e s in  changes in a d i f ferent  manne r  and, accordingly,  i ts  ent i re  
complex  of phys icomeehan ica l  p r o p e r t i e s .  

Epoxy r e s i n s  a re  mos t  commonly  p las t i c ized  with dibutylphthalate (DBP) and with l ow-molec u l a r  
polysulf ide rubb e r s  (thiocols) [3, 4]. At p r e s e n t  the va r ious  p r o p e r t i e s  of epoxy compounds with DBP and 
thiocols  a re  known r a t h e r  thoroughly, but the m e c h a n i s m  of epoxy r e s in  p las t i c iza t ion  with these addit ives 
is not yet  en t i r e ly  unders tood.  While mos t  authors  agree  that the p las t i c iza t ion  of epoxy r e s in  with DBP is 
i n t e r s t r u c t u r a l  in nature  [1, 3, 6], it is somewhat  difficult  to explain this m e c h a n i s m  in the case  of thio-  
cols .  According to [6], for  instance,  thiocols do not f o r m  chemica l  bonds with the r e s in  or  the numb er  of 
such bonds is too sma l l  to produce  a s t e r e o s t r u c t u r e ,  and the p las t ic iz ing  act ion of these addit ives is  due 
only to reduced i n t e r m o l e c u l a r  fo rces  between unbonded segmen t s  of neighboring m a c r o m o l e e u t e s .  This  
is the explanat ion which the authors  of [6] offer  for  the apprec iab le  de te r io ra t ion  of the mos t  e s sen t i a l  
p r o p e r t i e s  of hardened epoxy r e s ins  with the said type of addi t ives .  Meanwhile, data  a r e  given in [3, 4] 
which indicate an i m p r o v e m e n t  in some  phys icomechan ica l  p r o p e r t i e s  of epoxy-thiocol  compounds.  It has 
been shown in [7] that thioeols  combine  with epoxy res ins  r a t h e r  eas i ly  in any propor t ion .  Since it has  not 
been poss ib le  to s epa ra t e  the or ig inal  products  f r o m  the i r  mix tu re  by any known se lec t ive  solvent ,  hence 
the authors  of [7] conclude that epoxy res in  groups  in te rac t  with the m e r c a p t a n  groups  of the thiocol and 
f o r m  an epoxy- th iocol  copo lymer .  However ,  as the authors  have pointed out here ,  such an in te rac t ion  
could not be conf i rmed  by any phys ica l  method.  In a l a t e r  study the s a m e  authors  have a t t empted  to d i s -  
cove r  a chemica l  in te rac t ion  between epoxy r e s in s  and thiocols by the method of nuc lea r  magnet ic  r e s o -  
nance.  Even  this method has  not yielded an answer  to the p rob l em.  An NMR line was obtained c h a r a c -  
t e r i s t i c  of two-component  s y s t e m s .  The authors  of [7, 8] explain such a d ivergence  between the r e su l t s  
of chemica l  ana lys i s  and phys ica l  tes t ing methods by the fact  that, while thiocols in te rac t  with epoxy 
r e s in s ,  only v e r y  few links a r e  fo rmed  as a r e su l t  and they cannot be detected owing to the low sens i t iv i ty  
of the phys ica l  methods .  

This  b r i e f  s u rvey  br ings  out some  ambigui t ies  in the avai lable  data per ta in ing  to the p r o p e r t i e s  of 
epoxy r e s i n s  and the m e c h a n i s m  of the i r  p las t i c iza t ion  with thiocols .  Fo r  this reason ,  a fu r the r  study of 
this p r o b l e m  is v e r y  impor tan t .  

P.  G. Tychina  State Insti tute of Pedagogy,  Uman.  A. M. Gor ' k i i  Insti tute of Pedagogy,  Kiev.  
T r a n s l a t e d  f r o m  Inzhene rno-F iz i chesk i i  Zhurnal,  Vol. 24, No. 3, pp. 499-506, March,  1973. Original  
a r t i c l e  submit ted  Apri l  7, 1972. 

�9 1975 PlenumPublishing Corporation, 227 West 17th Street, New York, N. Y. 10011. No part of  this publication may be reproduced, 
stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying, microfilming, 
recording or otherwise, without written permission of  the publisher. A copy of  this article is available from the publisher for $15.00. 

359 



Fig. 1. Electron microphotographs of etched specimen 
sections: pure ED-5 (1), ED-5 + thioeol 3 weight parts (2), 5 
weight parts (3), 7 weight parts (4), 10 weight parts (5), 15 weight 
parts (6), 30 weight parts (7), 25 weight parts (8), 30 
weight parts (9), pure t~D-5 (10), pure ]~D-5 (11), t~D-5 
+ DBP 10 weight parts (12), 15 weight parts (13), 20weight 
parts (14). Magnification • (1-9), x23,000 (10-14). 

360 



/ 
t850 r...~ ~ t,a 

I000 ~ 17 t+ 
~550 f,Z 

~500 I,O 

o, e i  . 

~176 Io eo o Io 2o kplas~ _ 

Fig. 2. Specific heat Cp (J/kg. ~ (a}, thermal 
conductivity ~ (W/m" ~ (b), thermal duffusivity 
a (m2/sec)  (c), mic roha rdness  ( kg f /mm 2) (d) of 
ED-5 epoxy res in ,  as functions of the thiocol (1) 
and the DBP (2) concentra t ion kplast  (weight 
par t s ) .  

filled epoxy compounds.  According to this study, 

It has been emphasized in [8] that implantation 
of rubber,  which fo rms  flexible e ross l inks ,  will im-  
prove the e las t ic i ty  of a sys t em while insignificantly 
reducing its s t rength.  Moreover ,  the final p r o p e r -  
t ies  of the s t ruc tured  products  are  then de te rmined  
by the d ivers i ty  of s t ruc tu re s  of the copolymers  r e -  
sulting f rom such an implantation.  This  la t ter  c i r -  
cumstance  indicates that methods of s t ruc tu ra l  analy-  
sis  may yield some informat ion about the mechanism 
of po lymer  plas t ic izat ion by one or another  additive. 

The authors  have studied the effect  of var ious 
thiocol and DBP quantities on the epoxy r e s in  s t r u c -  
ture,  by analyzing the e lec t ron  microphotographs  of 
etched pa t te rns  on p las t ic ized  specimens  and by 
mic rohardness  tes ts ,  it has been shown in [9] that 
e l ec t ron  mic roscopy  yields a wealth of information,  
if s imultaneously other  p rope r t i e s  of these sys tems  
a re  examined.  Upon the reques t  by the authors  of 
[9], we studied the thermophys ica l  p roper t i e s  of 

the resu l t s  of thermophysica l  measu remen t s  co r r e l a t e  
c losely  with the resu l t s  of e lec t ron  mic roscope  measu remen t s  as well as with the resu l t s  of mechanical  
and other  measu remen t s  made on aid filled epoxy compounds. For  this reason,  in o rde r  to es tabl ish  the 
applicabil i ty of physical  methods t o o u r  problem, we not only examined the s t ruc tu re s  of plas t ic ized epoxy 
compounds but at the same t ime also measu red  the complex of thermophysica l  p roper t i e s :  the specif ic  heat 
(cp), the the rmal  conductivity (~), the thermal  diffusivity (a), and the glass t rans i t ion t empera tu re  (TG). 
W~ have found, fu r the rmore ,  that data on the thermophys ica l  p roper t i e s  of epoxy compounds are  of grea t  
p rac t i ca l  importance in the i r  own right, inasmuch as they lead to ce r ta in  conclusions concerning the mech-  
anism by which thiocols and DBP plas t ic ize  epoxy res ins .  

In our  study we used the same grade t~D-5 epoxy resin,  grade P~PA hardener ,  thiocol and DBP 
p las t i c i ze r s  as in [10, 11]. The specimens  were p repared  and hardened by themethod shown in [10-12] .  
The etched sect ions on specimens  were  photographed f rom r e v e r s e  repl icas  through a model  UEMV-100V 
e lec t ron  mic roscope .  The t empera tu re  dependence and the concentra t ion dependence of the thermophysica i  
p rope r t i e s  were measu red  as follows: the specif ic  heat ep by the method in [13], the t he rma l  conductivity 
by the methods in [12, 14], and the the rmal  diffusivity a by the method in [15]. The hardness  of the tes t  
ma te r i a l s  was measu red  on a model pMT-3  mic roha rdness  t e s t e r .  The measu remen t  e r r o r  did not ex-  
ceed 5% for  ~, 3~c for  ep and a. 

E l ec t ron  microphotographs  of the ED-5 + thiocol sys tem are  shown in Fig. 1. The p ic tures  indicate 
that under a • magnificat ion the supe rmolecu la r  s t ruc tu re  of pure ED-5 r e s in  cannot be reso lved .  A 
gradual  inc rease  in the thiocol concentra t ion resu l t s  in a buildup of the s t ruc tu ra l  po lymer  components,  
until  with 7-10 weight par t s  of thiocol .the globular epoxy res in  s t ruc tu re  becomes  dist inct ly vis ible .  This  
ag rees  with the conclusions made in [7, 8] concerning the inc reased  f lexibil i ty and mobil i ty of chains in 
such sys t ems .  The higher  f lexibil i ty and the correspondingly  h igher  mobili ty of epoxy res in  chains resul t  
f rom the format ion  of more  flexible c ross l inks  during the in terac t ion  between functional groups of thiocol 
and epoxy res in  according to the scheme suggested in [8]. A higher  mobili ty of chains, according to [5], 
is in turn n e c e s s a r y  for  the t rans i t ion f rom smal l  monomolecular  to polymolecular  globules of epoxy res in  
and the i r  subsequent agglomerat ion.  All this is brought out on the photographs.  

Thus,  epoxy res in  sys tems  with a thiocol concentra t ion of 10-15 weight par t s  r ep re sen t  as epoxy-  
sulfide copolyrner  with a single s t e reo la t t i ce  and large supermolecu la r  globular format ions .  For  com-  
parison,  p ic ture  10 in Fig. 1 shows an e lec t ron  microphotograph of pure resin,  magnified 23,000 t imes .  
Evidently, the 3000 t imes  magnified globules of epoxy-sulf ide a re  as large as 23,000 t imes  magnified 
globules of pure resin,  i.e.,  epoxy res in  has been plas t ic ized here  by the molecu la r  mechanism.  This  
explains why at low thiocol concentra t ions  one often notes an increase  in the values of some phys icomeeh-  
anical  p roper t i e s  of such sys tems  [3, 4]. As the thiocol concentra t ion in epoxy res in  is fu r the r  increased  
(20 weight par t s  and more) ,  the dist inct  fea tures  of individual globule aggregates  vanish (picture 7 in 
Fig. 1), while the s t ruc tu ra l  components of the po lymer  become separa ted  by whole "micropools~ of thio- 
col (pic tures  8, 9 in Fig. 1). Apparently,  implantation of thioeol into the functional groups is accompanied 
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Fig. 3. Glass t rans i t ion  t e m p e r a -  
ture  T G (OK) of ]~D-5 epoxy resin,  
as a function of the thiocol concen-  
t ra t ion  (1) or  the DBP concen t ra -  
t ion {2). 

by its spreading between the supermolecu la r  po lymer  format ions  
and a consequent weakening of in te rmolecu la r  fo rces  between 
them. The appearance of such a microhe te rogeneous  sys tem r e -  
sults  in intensive dis integrat ion of the spec imen s t ruc ture ,  as the 
e lec t ron  microphotographs  also indicate.  Evidently, in this case  
epoxy r e s in  is p las t ic ized by thiocol according to the hybr id  mech-  
anism.  

This  analysis  applies also to the var ia t ion  of the specif ic  
heat Cp of p las t ic ized sys t ems  with an increase  in the concent ra -  
tion of p la s t i e i ze r s  (Fig. 2a). 

According to Fig.  2a, the specif ic  heat of epoxy res in  s y s -  
tems f i rs t  d e c r e a s e s  slightly, as DBP is added in concentrat ions 
up to 5 weight pa r t s .  A fur ther  inc rease  of the DBP concentrat ion 
resu l t s  in a h igher  specif ic  heat,  as in the case  of epoxy res in  

with thiocol.  Such a change in the specif ic  heat of epoxy res in  sys tems  at low concentra t ions  of DBP indi- 
cates  that p las t ic izat ion he re  is in t e r s t ruc tu ra l .  In hardened epoxy res in  this DBP, being an in t e r s t ruc -  
rural  plast ic iTer ,  i s  unbonded f rom the po lymer  macromolecu les  which fo rm the s te reo la t t i ce  and, as a 
result ,  the main role  of the p las t i c i ze r  is now to overcome spatial  b a r r i e r s ,  i .e. ,  to act as a Hlubricant~ 
[16]. Apparently,  the ce r t a in  mobil i ty thus acquired by the supermolecu la r  s t ruc tu res  causes  thei r  r e -  
packing into an a r rangement  where the mobili ty of macromolecu les  combined into these s t ruc tu re s  con-  
t r ibu tes  tess  to the total  specif ic  heat  Cp. This  ce r t a in  mobili ty acquired by the supermolecu la r  fo rma-  
tions does not compensate  for  the reduct ion in the total mobili ty of macromolecu les ,  however,  which is 
manifes ted in the lower specif ic  heat  Cp of such sys t ems .  

The e l ec t ron  microphotographs  in p ic tures  11-14 (Fig. 1) show etched spec imen sect ions of pure 
r es in  and of r e s in  with DBP.  According to these p ic tures ,  an increase  in the DBP concentra t ion f rom 10 
to 20 weight pa r t s  r e su l t s  in a ndistentionW of globules, their  m e r g e r  and en largement .  It is also evident 
he re  that supe rmolecu la r  s t ruc tu re s  a re  separa ted  by DBP in te r l ayers ,  whose specif ic  heat  contr ibutes  
a l ready  appreciably to the total  specif ic  heat  of the sys t em.  An accumulat ion of DBP in such sys tems,  
with this effect  on the supe rmolecu la r  s t ruc tu re  of epoxy resin,  resu l t s  in a dis integrat ion of the spec i -  
mens  mani fes ted  by a di f ferent  t rend of the specif ic  heat  Cp with increas ing  DBP concentrat ion.  Unlike 
for  epoxy-DBP sys tems ,  the specif ic  heat ve r sus  concentra t ion curve for  epoxy-thiocol  sys tems  r i ses  
over  the en t i re  range of thiocol concentra t ions .  The increase  in the specif ic  heat  at low concentrat ions 
must  be associa ted with the said inc rease  in the mobil i ty of kinetic polymer  chains and in the number  of 
the de g r e e s  of f reedom,  which is at t r ibutable to the penetra t ion of more  flexible thiocol chains into the 
s t e reo la t t i ce  and the resul t ing higher  f lexibil i ty of the la t te r .  At high concentrat ions the specif ic  heat  of 
this thiocol p las t i c i ze r  also contr ibutes  more  to the total specif ic  heat Cp of the sys t em.  According to 
Fig. 2a, the t rend of the specif ic  heat  ve r su s  concentrat ion curve within the range of DBP concentrat ions 
is a lmost  analogous to that curve  for  the epoxy + thiocol sys tem.  At 20 weight par t s  of DBP (picture 14 
in Fig. 1) this co r re sponds  to the d isappearance  of any dist inct  o rde red  epoxy r e s in  s t ruc tu re  and to the 
max imum dis in tegra t ion of spec imens .  Evidently,  at high concentrat ions of DBP its plast icizing effect  on 
epoxy res in  does not d i f fer  in any way f rom the plast icizing effect  of thiocol on epoxy res in .  

These  data obtained by e lec t ron  microscopy  and specif ic  heat (Cp) measu remen t s  are  augmented by 
the resu l t s  of the rmal  conductivity (~) and the rmal  diffusivity (a) measu remen t s .  As can be seen in 
Fig. 2b, c, at low concentrat ions of e i ther  p las t ic izer ,  the conditions of heat  t r ans fe r  in the po lymer  
improve .  In sys t ems  with thiocol this can be explained by a higher  segmental  mobility of macrochains ,  
due to the i r  h igher  flexibil i ty [17]. The reason  for  the higher  thermal  conductivity and the rmal  diffusivity 
in epoxy res in  sys t ems  with DBP is, apparently,  the reduced thermal  contact r e s i s t ance  at the in te r faces  
between supermolecu la r  s t ruc tu re s .  Located between epoxy res in  globules, the thin DBP in te r layers  act 
as ncontaet  lubr icat ion w between the l a t t e r  and thus improve the conditions of heat  t r a n s f e r  within the 
spec imens .  A fu r the r  inc rease  in the concentra t ion of e i ther  p las t ic ize r  reduces  the the rmal  conductivity 
and the the rmal  diffusivity, which ag rees  with the e lec t ron  microscope  measu remen t s  indicating a signifi-  
cant d is integrat ion of spec imen  s t ruc tu re s  when the concentra t ion of p la s t i c i ze r s  is high. 

Thus, the resu l t s  of e l ec t ron  microscope  and thermophysica l  measu remen t s  indicate that within the 
low-concent ra t ion  range (up to 10% volume) there  occurs  molecu la r  p las t ic izat ion in epoxy res in  sys tems  
with thiocol and in t e r s t ruc tu ra l  p las t ic izat ion in epoxy r e s in  sys tems  with DBP.  Within the h igh-concen-  
t ra t ion  range both additives plas t ic ize  epoxy res in  by a s imi la r  hybrid mechanism (inasmuch as DBP does 
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not i n t e r ac t  with res in ,  the t e r m  ~hybrid p las t ic iza t ion-  should be  i n t e rp re t ed  he re  as a pure iy  externa l  
effect  of DBP pene t ra t ion  into and subsequent  d is in tegra t ion  of the upper  l aye r s  of globules) .  

This  is also conf i rmed  by the m i c r o h a r d n e s s  t e s t s  (Fig. 2d). At low thiocol concent ra t ions  in epoxy 
res in  the m i c r o h a r d n e s s  of the s y s t e m  v a r i e s  little, indicating a chemica l  in terac t ion  between the compo-  
nents with a fo rmat ion  of a single s t rong  s t e reo la t t i ce .  The addition of DBP to epoxy- r e s in  in even sma l l  
quanti t ies  r esu l t s  in a gradual  d e c r e a s e  in the spec imen  ha rdness .  This  conf i rms  that p las t ic iza t ion  of 
epoxy r e s in  by DBP is i n t e r s t ruc tu ra l .  The la t ter ,  located between s u p e r m o l e c u l a r  fo rmat ions  of e p o x y  
res in ,  weakens the bonds between them and, there fore ,  the lower  ha rdnes s  has  to do with an ea sy  b r e a k -  
down of contacts  between globules and a subsequent  weakening of the ent i re  s y s t e m  due to the shea r  de fo r -  
mat ion  caused by pene t ra t ion  of the indenter  during a ha rdness  test .  The fu r the r  t rend of these cu rves  
co r respond ing  to s y s t e m s  with p l a s t i c i z e r s  indicates  that the effect  of DBP and of thiocoi on the m i c r o h a r d -  
hess  of epoxy res in  is a lmos t  the s a m e .  

The hypotheses  concerning the said p las t i c iza t ion  m e c h a n i s m  a r e  conf i rmed  also  by curves  of the 
g lass  t rans i t ion  t e m p e r a t u r e  T G as a function of the p l a s t i c i ze r  concent ra t ion  (Fig. 3), this t e m p e r a t u r e  
being defined as the m e a n  t e m p e r a t u r e  over  the range of fas t  r i s ing  speci f ic  heat  on the cp (T)cu rve  [18]. As 
the p l a s t i c i z e r  concentra t ion  i nc r ea se s ,  T G shif ts  toward lower  t e m p e r a t u r e s  in both c a s e s  but o therwise  
the t rend of the TG(q~) cu rves  for  DBP and thiocol r e s p e c t i v e l y  is not the s a m e .  F o r  thiocol, this lowering 
of the T G point within the range  up to 15% volume of p l a s t i c i z e r  is desc r ibed  by the equation AT G = 1.3qL 
with AT G denoting the drop  of T G and q~ denoting the volume f rac t ion  of thiocol.  Fo r  DBP this lowering 
of the T G point is m o r e  signif icant  and, within concentra t ions  up to 10% volume,  is r e la ted  to the m o l a r  
f r ac t ion  of p l a s t i c i ze r  n according  to the equat ion AT G = 100n. At high concent ra t ions  of both thioeol and 
DBP the t rend of the T G point is s i m i l a r  and desc r ibed  by the s ame  equation AT G = 0.25c 2. This  te l ls  that 
the p las t ic iza t ion  m e c h a n i s m  is in this case  the s a m e .  At high concent ra t ions  of thioeol in the s y s t e m  
there  f o r m s  an excess  of it which has  not r eac ted  with the r e s in  and, the re fo re ,  behaves  like DBP in s o m e -  
what lowering the g lass  t rans i t ion  t e m p e r a t u r e  T G and somewhat  ra i s ing  the specif ic  heat  Cp. 

Thus,  our  study has  demons t r a t ed  the feas ib i l i ty  of de te rmin ing  what the m e c h a n i s m  of po lymer  
p las t i c iza t ion  is by the rmophys ica l  methods;  it has been  shown he re  that no single answer  can be given 
concerning the m e c h a n i s m  of epoxy r e s in  p las t ic iza t ion  by any one additive, unless  the concent ra t ion  of 
the l a t t e r  in the given p o l y m e r  is a lso  specif ied;  it has  been  found that at p l a s t i c i z e r  concent ra t ions  in 
epoxy r e s in  up to 10%, the p las t ic iza t ion  is mo lecu l a r  in the case  of thiocol and i n t e r s t r u c t u r a l  in the case  
of DBP.  At higher  concentra t ions  of these p l a s t i c i z e r s  in epoxy r e s in  the p las t ic iza t ion  m e c h a n i s m  is a 
hybr id  one. 
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volume concent ra t ion  of p l a s t i c i ze r ;  
m o l a r  concent ra t ion  of p l a s t i c i z e r .  
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