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Effects of vitrification on the isothermal polymerization 
of acrylate blends under radiation

S u m m a ry  —  The radiation-in duced  p olym erization  o f so m e acrylate o lig o ­
m ers w as investigated b y  m eans o f FT-IR spectroscopy applied  to film s of 
v ariou s thickness that w ere cured un der isotherm al con dition s. D ifferent 
types o f o ligom ers, one polyeth ylen eglycol diacrylate (P E G D A ), one p o ly u re­
thane triacrylate (P U R T A ), and one epoxy diacrylate derived  from  bis-p h en ol 
A  (E P D A ) w ere selected for their contrasting netw orks properties, w ith  a low , 
interm ediate, and h igh  of the radiation-cured m aterials, respectively. In 
order to gain  a deeper insight into the effect o f gradual vitrification on the 
reactivity o f the p olym erizable  system s, the con version  —  d ose profiles o f the 
ep oxy  diacrylate w ere recorded at various tem peratures. The dep en d en ce of 
the lim iting con version  on  the p olym erization  tem perature w as exam in ed  
un der various experim ental conditions and com p ared  w ith  the con version  —  
Tv relation, w h ich  w as ded u ced  from  d y n a m ic th erm o-m echan ical analysis. 
T h e correlation betw een  resulting m easu red  in the sam ples at m axim al 
con version  for each curing tem perature w as sh o w n  to be sligh tly  deviating  
from  linearity. A  p h en om en ologica l m o d el o f the reaction kinetics w as sh ow n  
to depict satisfactorily the observed p h otop olym erization  profiles. From  the 
w ell-d eterm in ed  Tg —  conversion  relation, a sem i-m ech an istic kinetic m o d el  
taking into account the gradual vitrification o f the netw ork can be foreseen. 
K e y  w o r d s : d i- and  triacrylates, radiation curing, p o lym erization  kinetics, 
effect o f vitrification, p h en om en ologica l kinetic m o d el.

T h e radiation curing o f acrylate b len ds is n ow  a m a ­
ture tech n ology  fin d in g  n u m ero u s industrial applica­
tions in the fields o f graphic arts, coatings, paints, a d h e­
sives an d  co m p o site  m aterials [1]. R ad iation -in d u ced  
p o ly m e r iz a tio n s  are g en era lly  co n d u cted  u n d er an- 
isotherm al con dition s. From  am o n g  o f the m a n y  factors 
influencing the tem perature o f the m aterials under cur­
ing the fo llo w in g  are w orth  to be m ention ed : radiation  
source, type o f p o lym erization  process, m o n om er con ­
tent and geom etrical characteristics o f the sam ples. The  
ab sorp tion  o f rad iative  en ergy  as w e ll as the strong  
exotherm icity o f the polym erization  can produce strong  
tem perature rise d u rin g  the fast U V -cu rin g  o f coatings
[2]. In the fram e o f our program  on  the electron beam  
(EB) in d u ced  p olym erization  o f acrylate com p ositions  
for h igh  p erform an ce fiber-reinforced com p osites, w e  
are currently d ev elop in g  the m o d els that describe satis­
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factorily the relationship  betw een  process con dition s, 
the m o n om er conversion  (G) and glass transition tem ­
perature (Ts) o f the m aterial being cured [3].

N o t  on ly  is the valu e a ph ysical property o f central 
im portance for the resulting structural m aterials, it is a 
feature of the reacting sy stem  that is gra d u a lly  changing  
u p o n  crosslinking p olym erization  [4]. T h e non trivial 
chain kinetics involves variou s m echanistic steps and  
rate constants that are affected first b y  gelation , and then  
b y  vitrification, apart from  the addition al influence of 
local fields o f tem perature and o f radiation intensity [5].

T h e present investigation w as thus carried out to d e ­
term ine the influence of the operating tem perature on  
the ultim ate con version  reached b y  variou s o ligom er  
sam p les su bm itted  to isotherm al p o lym erization  under  
radiation.

EXPERIMENTAL

M a teria ls

The o ligom ers u sed  in this study, a p o lyeth ylen e g ly ­
col (D P „ =  10) diacrylate [P E G D A  —  Form ula (I)], an  
aliphatic polyether-urethane triacrylate [P U R TA  —  For-
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m u la  (II)] and  b isph enol A  ep oxy  diacrylate [E P D A  —  
Form ula (III)] w ere com m ercial sam ples from  U C B  R ad- 
cure, h avin g  a n u m ber-average m olecular w eigh t o f 600, 
2000 and 5000 g  • m o l"1, respectively. The photoinitiators 
for U V -in d u c e d  p o ly m e r iz a tio n s  w e re  2 -h y d r o x y -2 -  
-m e th y l-l-p h e n y l-p r o p a n -l-o n e  [D arocur 1173 —  For­
m u la  (IV)] and 2 ,2 -d im e th o x y -l,2 -d ip h e n y le th a n -l-o n e  
[Irgacure 651 —  Form ula (V )], u sed as received (Ciba  
Specialities, Sw itzerlan d).

R a d ia tio n  treatm en t

The electron accelerator u sed for EB-curing o f thin 
film s  w a s  CB  150 E lectroC u rtain  gen erator (E n ergy  
Sciences Inc.), operating at 175 kV. The sam p les, coated  
on a flat substrate, w ere d eoxygen ated  in the entrance 
airlock b y  a nitrogen flo w  and then exposed  to the ion iz­
ing radiation u n der a stream  o f gaseou s nitrogen (O 2 

level b elo w  180 p p m ). Thick sam ples w ere cured b y  EB 
w ith  the industrial processor (CIRCE II, 10 M e V  and  
20  k W ) at E A D S -S T  Facility (Saint M ed a rd  en Jalles, 
France). R adiation  d oses w ere controlled b y  cellulose  
triacetate dosim etry  (N issin -H ig h  Voltage C o ., Japan).

U V -in itiated  p olym erization s w ere perform ed w ith  
fluorescent tubes em itting at 254  n m , 312  n m  or 350 n m , 
w ith  an intensity o f 1 m W  • cm "2 m easu red at a distance  
o f 15 cm  a w a y  from  the tubes. For short exposures, the 
irradiations w ere controlled b y  m ean s o f an electronic

shutter. Thin  resin sam p les (ca. 10 p m ) w ere prepared by  
san d w ich in g  a liquid  film  o f a selected o ligom er blend  
betw een  tw o 40  pm -th ick  P E -L D  film s. Thicker sam ples  
w ere prepared in m o ld s  sh ap ed  to form  1  m m -th ick  
plate o f d im en sion s 5 x 4 0  m m . The sam p les to be p o ly ­
m erized  w ere p laced in Linkam  LTS350 tem perature- 
-controlled stage adapted w ith a transparent glass cover  
and w ith gaseou s nitrogen flow.

The experim ental set-u p  w ith  Lin kam  stage a llow s us 
to conduct the p h otop olym erization s at lo w  tem pera­
ture, at least d o w n  to -150  °C . W e  h ave exam in ed , under  
such con dition s, the p h oto p o ly m e rization  of P E G D A , 
w h ich  is k n ow n  to form  rubber-like netw orks, w ith  typi­
cal Ts =  -40  °C , bu t subjected to so m e variations d ep en d ­
ing on the length  o f the polyeth er chain betw een tw o  
acrylate functions [6 ].

E P D A  w as p olym erized  in various sam p le  form s to 
exam ine the effect o f curing tem perature on  m axi­
m al acrylate conversion. Ten pm -thick  resin layers san d­
w ich ed  betw een P E -L D  film s or betw een  N a C l plates 
w ere subjected to 312  nm  p h otop olym erization  under  
strict isotherm al conditions. A n oth er series w as prepared  
b y  curing o f 1  m m -th ick  bars, san d w ich ed  betw een trans­
parent glass plates, w ith  350  nm  light. The conversion  
w as m onitored b y  direct transm ission infrared analysis 
in the case o f thin sam ples, w hereas p o w d ered  sam ples  
obtained from  the thicker U V -cu red  bars w ere analyzed  
in the form  of KBr pellets (see next paragraph).

M e th o d s

Spectroscopic characterization

Infrared spectra w ere recorded w ith  Perkin-E lm er  
FT-IR S ystem -2000 m o d el w ith a con vention al TG S de­

tector and un der dry air pu rgin g. A n a ly ses w ere per­
form ed in the transm ission m o d e , on  N a C l plate coated  
w ith ca. 10 pm -th ick  film s o f the acrylate form u lation  (EB 
irradiation), or p laced betw een P E -L D  film s in a sam ple  
h o ld e r  (U V -c u r in g  o f th in  f i lm s ) . F or 1 m m -th ic k  
U V -cu red  sam p les, 2 w t. %  p o w d er d ispersions in KBr 
pellets w ere prepared, b y  com p ression , for transm ission  
analysis.

Photocalorimetric measurements

D S C  calorim eter u sed to record overall p o ly m eriza ­
tion enthalpy o f acrylate o ligom ers w a s equ ipped  w ith a 
m e rcu ry  la m p  (U N IP A N , m o d e l 6 1 0 M , P ola n d ). A ll  
m e a su r e m e n ts  w ere  p e r fo r m e d  u n d e r  a rg o n  a tm o ­
sphere. Sam ple w eigh t w as equal to 20 m g . U V  light w as  
filtered in order to irradiate selectively  in the w a v e ­
length range of 340— 360 n m . The U V  intensity at the 
sam ple surface w as determ ined b y  a radiom eter R M -21  
(Dr. G roebel, G erm an y) as 0 .014  m W  • cm "2.

Viscoelastic characteristics

Viscoelastic m easu rem ents y ield in g  the storage shear 
m o d u lu s  (E ') and m echanical loss tangent (tg 8 ) w ere
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p erform ed u sin g  Rheom etrics R SA  viscoelastom eter. Ex­
perim ents w ere carried out in a dual cantilever m o d e  at 
a frequency o f 1 H z , at tem perature ran gin g from  20 to 
200 °C  w ith  a p ro gra m m ed  heating rate o f 3 °C  • m in '1.

RESULTS AN D  DISCUSSION 

Nonisothermal radiation-induced polymerization

H ig h -e n erg y  electrons accelerated b y  10 M e V  genera­
tor penetrate organic m aterials over a typical depth  o f 3  
to 4  cm , m a k in g  p ossib le  to cure the fiber-reinforced  
com p osite m atrices b y  free radical or b y  cationic p o ly ­
m erization  [7]. In typical industrial conditions, the pro­
cess starts at roo m  tem perature, hence the nam e "c o ld  
p o ly m e r iz a t i o n "  h a s  c o in e d  fo r  th is n o v e l c u r in g  
m eth od . T h e p olym erization  generally proceeds w ithin  
the treated object in the absen ce o f external therm al 
regulation. A s  a con sequ en ce o f the conversion  of d e p o ­
sited energy into heat and o f the strongly exotherm al 
nature o f p o lym erization  o f acrylate, strong variations of 
tem peratures can be expected , particularly w h en  large 
parts are treated w ith  high  d o se  radiations.

To illustrate the large therm al effects caused b y  the 
su d d e n  p o ly m e r iz a tio n  u p o n  ap p lica tio n  o f 50  k G y  
E B -dose to an epoxy-acrylate sam p le  (E P D A ), a series of 
th erm ocouples w a s placed in parallelepiped alu m in u m  
container filled w ith  about 125 g o f the diluted E P D A  
resin. 10 M e V  and 20  k W  electron beam  w as directed to 
the sa m p le , as sh o w n  in Fig. 1. and the deposited  energy  
w as van ish in g  before total penetration alon g the long  
axis o f the parallelepiped.

The plots in Fig. 2 indicate the tem perature changes  
recorded from  7 th erm ocoup les placed alon g one o f the

Fig. 1. Position of thermocouples in the sample of 125 g EPDA 
resin submitted to 50 kGy EB-irradiation dotted line indicat­
ing the dose energy deposition profile; 1— 7 series of thermo­
couples

Fig. 2. Variations of thermocouple (1— 7) temperature in the 
sample from Fig. 1

m ain  diagonals o f the sam p le . The sharp rise is essen­
tially d u e to the strong exotherm ic effect assign ed  to 
acrylate m o n om ers p olym erization  (ca. 330  kj • m o l '1), 
initiated instantaneously or after a short induction  p e ­
riod , o w in g  to the high  concentration o f free radicals 
readily p roduced  b y  the high  energy beam . Clearly, the 
th erm ocouples n u m bered  4 and 5, p laced  in the front 
half part o f the sam p le  are su bm itted  to the h ighest tem ­
perature, since they are located in a zon e  com b in in g a 
m axim al energy d eposition  and low er heat dissipation. 
In the back part o f the sam p le , the low er energy d ep o si­
tion and  sm aller therm al effects p ro d u c e  a partially  
cured m aterial w ith gel properties. The end o f 150 s -lon g  
irradiation is eviden ced  b y  the break in the tem perature  
line indicating the start poin t o f sam p le  coolin g , as soon  
as the p u lsed  beam  stops and the con version  o f absorbed  
radiation into therm al energy d oes not overw h elm  heat 
dissipation  to the su rrou n d in g m e d iu m .

O b viou sly , the com p lex  kinetics taking place in such  
conditions cannot be an alyzed  w ith ou t a previou s d e ­
tailed stu d y  o f the influence o f the m ain  param eters and  
variables o f the system . W e  con sequ en tly  d ev elop ed  a 
sp ecific  m e th o d o lo g y  b a sed  on  d isco n tin u o u s FT-IR  
m easurem ents for m on itorin g  the direct chem ical effect 
of increm ental EB (or U V ) irradiation on  m o n o m er con ­
version. T h e m eth od  consists in the reconstruction o f the 
progress o f m o n om er con version , in thin film s, as a func­
tion o f cu m ulated  d ose increm ents, applied  un der va ­

rious w e ll-d efin ed  conditions [8 ]. A p p lication  o f frac­
tionated dose is a sim p le  w a y  for m in im izin g  thermal 
effects that m a y  be d etrim en ta l to p ertin en t kinetic  
an a lysis . W e  h a v e  c o n d u cte d  the s im u la tio n s  corre­
sp o n d in g  to the sequential application  o f EB dose incre­
m ents d u rin g a period  o f a g iven  duration , fo llow ed  by  
lon g  rest periods a llo w in g  the sa m p le  to equilibrate with  
the reference tem perature (20 °C ) reaching [9]. For frac­
tionated treatm ents at h igh  d ose rate (D  = 1 1 0  k G y  • s '1), 
the first d ose increm ent o f 10 k G y  fo llo w s the curve  
sim ulated for con tin u ou s irradiation b ey o n d  the point 
w h ere m axim al tem perature is reached (Fig. 3 —  lines a, 
a'). Lim itation o f the tem perature increase w o u ld  require



508 POLIMERY 2004, 49, nr 7—8

Fig. 3. Simulation of temperature vs. irradiation time varia­
tions at mid thickness of 1 0  \im-thick film for continuous (a 
and Ъ) or incremental (a' and V) application of the radiation 
dose rate D : a, a' —  110 kGy ■ s "1; b, b '— 19 kGy ■ s"1 (AHq = 
3 0 0 J -g })

exposure tim es shorter than 2 0  m s that are unrealistic 
w h en  w e  u se the lab accelerator for kinetic investiga­
tions. H ow ever, ap p lyin g  1.7 k G y increm ents by pro­
cessing at low er dose rate (19 k G y • s '1), lim its the tem ­
perature variation to Д Г =  6  °C  at the end o f the first dose  
application. The tem perature rise then decreases and fi­
nally does not exceed 2 °C , after the fifth application of 
the sam e d ose increm ent (Fig. 3 —  lines b, b‘). O n  the 
basis o f these num erical sim u lation s, pertinent process­
ing  param eters can be reco m m en d ed  for considering  
that p o lym erization  takes place under isotherm al con d i­
tions.

Kinetic profiles obtained by discontinuous 
irradiation

A p p ly in g  a sm all d o se  at a tim e, w e have obtained  
inform ative p olym erization  profiles b y  m onitoring dis- 
con tin u ou sly  the sam p le  after each increm ental irradia­
tion, usin g FT-IR spectroscopy. The continuous curves 
d raw n  from  the experim ental points seem  to overlap  
fairly, thus indicating that, at constant d ose rate, the cu­
m u latin g  effect o f a sm all d ose  a d d ed  to the preceding  
effects g ives the sam e result as a single dose w hatever  
the valu e o f the dose increm ent is (single dose or cu m u ­
lated exposure).

W e  h ave perform ed  a com parative stu d y  o f tw o dif­
ferent p repolym ers diluted  w ith m ultifunctional m o n o ­
m ers. The kinetic profiles recorded alon g the EB irradia­
tion o f P U R T A  and o f E P D A  are sh o w n  in the Fig. 4.

U n d er sim ilar processing conditions, the higher reac­
tivity o f P U R T A  blen d  is clearly eviden ced , w ith a m axi­
m u m  con version  degree exceeding 0 .9 , that is reached 
after treatm ent w ith 20 k G y  dose. The initial part o f the 
kinetic profile o f E P D A  blen d  also reveals a steep change  
o f con version  after application of the very first dose in­
crem ents, but, once a conversion  degree o f 0 . 2  is reached,
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Fig. 4. Conversion (G) vs. dose profiles for diluted PURTA (1) 
and diluted EPDA (2) samples submitted to small increments 
ofEB-dose so as to minimize thermal effects
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the profile is strongly flattened d o w n . It is instructive to 
com pare the acrylate content w ith in  the tw o b len ds su b­
m itted  to sim ilar irradiation treatm ents. T h e acrylate 
concentration [C = C ]q is 6  m o l • k g ' 1  and 3 .5  m o l • k g ' 1 in 
the unreacted E P D A  and P U R T A  b len d s, respectively. 
This m eans that at a 60 k G y  dose, the poorly  reactive 
E P D A  sam ple still contains larger a m o u n t o f potentially  
reactive m o n om er functions than P U R T A  sam p le at the 
very begin n ing o f the irradiation.

T h e  cu red  m a teria ls  p resen t larg e  d ifferen c es in 
physical properties. Soft film s w ith ran gin g from  45 to 
50 °C  are obtained from  sim ilar d ilu ted  P U R TA  form u la­

tions [1 0 ], w hereas epoxyacrylates are u sed  for struc­
tural com p osite m aterials w ith h igh  Ts m atrix [4]. W e  
can therefore conclude abou t a strong effect o f vitrifica­
tion  that restricts the m o b ility  o f  active centers and  
m on om ers w ithin  E P D A  blend treated w ith  EB at room  
tem perature.

T h e cu rv es ty p ica lly  exh ibit tw o  rem a rk a b le  d o ­
m ains: a steep initial slop e for liquid  state p o ly m eriza ­
tion that proceeds readily bu t under the control o f the 
initiation and the propagation  o f the system  bein g in ves­
tigated, and at the high  d ose region, a m o n oto n e and  
sm ooth  depen den ce u p on  exposure to radiation that is 
controlled b y  the residual m obility. T h e existence o f dis­
tinct kinetic regim es stresses the interest o f correlating of 
the kinetic profile o f the p olym erization  w ith  the chan­
ges o f netw ork physical properties. A  detailed  stu d y  of 
dose rate effects indeed sh o w ed  that the initial p o lym eri­
zation  rate [1 1 ], (!?,,)/=(), ded u ced  from  these plots exhibi­
ted a linear d epen den ce w ith the squ are root o f the dose  
rate, in g o o d  agreem ent w ith the u su al kinetic m o d el for 
free radical polym erization  [1 2 ] that is initially governed  
b y  relation ( 1 ).
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w here: R;my —  initiation rate, кv —  propagation rate con­
stant, kt —  termination rate constant, [C=C] —  double 
bounds concentration.

D eviation s from  this la w  are observed as soon  as the 
initial slo p e  w eak en s as a consequence o f m obility  re­
striction. From  the lines d raw n  at the high  dose range, 
one obtains u n am b ig u o u sly  a first order d epen den ce of 
the p olym erization  rate on D . This situation corresponds  
to a chain process w ith m on om olecu lar term ination as 
expected in a vitrified m e d iu m  [1 3 ,1 4 ].

Isothermal photopolymerization

Real tim e infrared spectroscopy [15] and photocalori­
m etry [16] are p o w erfu l tools for stu d yin g  the p o ly m eri­
zation  kinetics o f U V -cu rab le  m o n om er blends. H o w ­
ever none o f these techniques a llow  to obtain, from  the 
sa m e sa m p le , so m e  in form ation  abou t the degree o f  
p olym erization  and netw ork properties.

For this reason , w e  h av e  d e v e lo p e d  a m e th o d o lo g y  
to elaborate the sa m p le s  b y  s lo w  p h o to p o ly m e riza tio n  
u n d er strictly  isoth erm al co n d ition s. By u sin g  sm a ll  
initiator con ten ts (u p  to lw t .  % )  an d  p h oto -ex cita tio n  
in a spectral ran ge w h ere  the initiator sh o w s lo w  ab ­
so rp tio n  coeffic ien t (close or a b o v e  g lass cu t-o ff w a v e ­
len g th ), the h eat flu x  liberated b y  the sa m p le  is lim ited  
and sa m p le s  o f  th ickness o f a fe w  m illim eters can be  
cured w ith o u t sign ifican t gra d ien t o f lig h t ab sorp tion . 
T h e sa m p le  can be su b m itted  to d y n a m ica l m ech an ica l 
a n alysis (D M A )  for n etw ork  characterization  an d  to 
FT-IR  for d eterm in ation  o f resid u a l acrylate con cen tra­
tion.

Infrared analysis of PEGDA and EPDA samples

In order to validate the procedure o f isotherm al cur­
ing u n der U V  radiation, w e  h ave recorded the infrared  
spectra o f acrylate blen ds. The decrease in infrared ab­
so rb an ce  at 8 1 0  cm ' 1 characteristic for v in y l g ro u p s  
(Д810), a llow s to perform  the precise m easurem ents from  
the sa m e sa m p le , su bm itted  to cu m ulative U V  irradia­
tion in the tem peratu re-controlled  stage. For P E G D A  
sam p les (Fig. 5a), the fractional conversion  o f acrylate 
functions (G) is s im p ly  calculated from  the absorbance  
ratio, as w ritten in equation (2 ), since the out of plane  
d eform ation  ban d o f the acrylate does not overlap any  
other vibration  ban d .

[acrylate], Л ? 10
G = ' - [ 1  W  (2 )[a c r y l a t e ^  Д810

For E P D A  sa m p les (Fig. 5b), the presence o f an aro­
m atic ab sorp tion  b an d  at 830  cm ' 1 in the spectra re­
quires so m e  correction to be d o n e , as indicated in eq u a­
tion (3).

a)

Fig. 5. FT-IR spectra of PEGDA (a) and EPDA (b) samples 
submitted to 312 nm irradiation as a function of time (1 wt. %  
ofDarocur 1173, 0.5 mW ■ cm"2); maximum irradiation time: 
a) — 50, b) — 1 0 0 0
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Fig. 6 . Comparison of the maximal monomer conversion 
(G max) of EPDA samples (1 wt. %  of Darocur 1173) as a 
function of UV-curing temperature, determined by photocal­
orimetry ( □ )  or by FT-IR analysis ( ■ )
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T h e m a x im a l con version  (Gmnx) m e a su red  for the 
sam p les cured b y  a lon g  U V -lig h t exposure un der iso­
th erm a l co n d itio n s  w a s  s h o w n  to agree fa irly  w ith  
p h o to -c a lo r im e tr ic  m e a su r e m e n ts  p e r fo r m e d  at the  
sa m e tem p eratu re w ith  the sa m e E P D A  form u lation  
(Fig. 6 ).

W e  can expect, in such m o n om er blen ds, a strong in 
fluence o f gelation  on the p olym erization  kinetics, as a 
con sequ en ce o f T rom m sd orff effect. In d i- and triacrylate 
blends w e  h ave u sed  for the present study, gelation oc­
curs at lo w  m o n o m e r conversion  (typically ca. 10 % ). W e  
believe that the overall profiles, recorded w ith a discrete 
n u m ber points at the conversion  G >  0 .1 , are affected by  
gel effect, w ith  lo w  term ination efficiency. This explains  
the particularly h igh  initial p o lym erization  rates o f these  
s y s te m s  c o m p a r e d  w ith  their m o n o fu n c tio n a l a n a ­

logu es.
The kinetic profile o f E P D A  p h otop olym erization  at 

constant tem perature can be varied b y  changing o f the 
n atu re o f p h o to -in itia to r  an d  irradiation  sou rce. A t  
25 °C , u sin g  Irgacure 651 w ith  312 nm  light or D arocur  
1173 w ith  312  and  360 n m  light, w e  observed the curing  
w ithin  variou s tim escales bu t w ith  the sam e lim iting  
con version  Gmax =  0 .3 7 ± 0 .0 2  (Fig. 7). This dem onstrates  
that vitrification exerts its control o f the progress o f p o ­
lym erization  in the different situations, provided  that 
therm al control is effective.

о
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Fig. 7. Conversion (G) vs. time profiles for EPDA photopoly­
merization at 25 °C ; Д —  1 wt. %  of Irgacure 651, 312 nm; 
0  —  1 wt. %  of Darocur 1173, 312 nm; □  —  1 wt. %  of 
Darocur 1173, 360 nm

The profiles recorded at various tem peratures rang­
ing betw een  10 °C  and 90 °C  and the sa m e photoinitiator 
(D arocur 1173), are sh o w n  in Fig. 8 , g iv in g  another evi­
den ce o f the effect o f m ob ility  restrictions that are shifted  
to h igh er con version  levels, as curing tem perature is 
raised.

The con tin u ou s progress o f p o lym erization  as a func­
tion o f p o lym erization  tim e (t) can be described b y  a 
p h e n o m e n o lo g ic a l e q u a tio n  u s in g  the fo rm a lism  o f  
equation  (4) [9] w ith adjustable param eters c-\y.

G(l) -  c\l + C2 -------------- —
cy+c2 (4)

Time, s
Fig. 8 . Time dependence of monomer conversion (G)for EPDA 
oligomer (1 wt. % of Darocur 1173, 360 nm irradiation) as a 
function of curing temperature

w hich appeared to be m ore con venien t than so -called  
auto-catalytic m o d e ls  [16]. Param eter adjustm ent w as  
achieved b y  standard least square procedure. The best 
fitting param eters sh o w n  in Table 1 a llo w  to predict sa­
tisfactorily the conversion  degree o f a sa m p le  subm itted  
to the g iven  curing conditions. It w o u ld  be w orth  exa­
m in in g and qu antifyin g the influences o f initiator con­
centration and o f light intensity on the kinetic profiles. 
From  the data available at present, w e  w ere able to exa­
m in e the influence of tem perature on the initial p o ly ­
m erization  rate [(Rj,)o] usin g A rrhen ius m o d el.

T a b l e  1. Coefficients used for modeling of the polymerization 
profiles in Figure 8, using equation (4)

иО

c i • 105, s'1 -1
С2, S

-1СЗ/ s Initial slope • ю \  s’ 1

10 5.5 0.15 0.055 1.10
30 5.9 0.27 0.033 2.50
50 6.0 0.37 0.050 6.25
70 7.0 0.52 0.100 25.0
90 8.0 0.68 0.150 8.00

The d epen den ce o f ln(R^)o as a function  o f reciprocal 
tem perature a llow ed  us to determ ine an activation ener­
g y  o f 4 5 ± 5  k j ■ m o l"1 that com p ared  w ell w ith  so m e other 
studies on p h otop olym erization  kinetics [17].

A t  am bient tem perature, a con version  degree 0 .5 for 
P E G D A  w as m easu red after 1 s o f exposu re to 312  nm  
light, for the sam p le  containing lw t . %  o f D arocur 1173. 
The m axim al conversion, Gmax = 0 .9  w a s obtained for 
exposures longer than 8  s. This beh avior indeed reveals 
the absence o f m o b ility  restriction d u rin g  the w h o le  
course of the crosslinking p olym erization . By tem pera­
ture decreasing w e  w ere able to reduce the efficiency of 
curing, but, since the m easu rem ents w ere p erform ed un-
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der a m b ien t co n d itio n s , free radicals trap p ed  in the  
glassy  m e d iu m  as so on  as p roduced  b y  photolysis w ere  
sh o w n  to recover their activity u p o n  reheating. A s  a con ­
sequence, the conversions m easu red  for sam ples treated 
for 15 s at curing tem perature Tp0iljm low er than -40  °C  
w ere m u ch  higher than expected from  the reaction in the 
vitrous state. The results in Fig. 9 are therefore deceptive. 
C on version  at lo w  tem perature is believed  to be insig­
nificant, h ypoth etically  m aterialized b y  the dotted line  
in Fig. 9. The observed  conversions very probably result 
fro m  p o st-irra d ia tio n  effects, in v o lv in g  a n u m b er o f

Fig. 9. Dependence of the observed maximal conversion 
r c maxj as a function of curing temperature, for PEGDA oli­
gomer (1 wt. % of Darocur 1173,312 nm irradiation); dotted 
line corresponds with real conversion reached at temperature 
< T g and irradiation time 15 s, arrows —  conversions reached 
as post-effects, vertical dashed line marks the value of Tg = 
-40 °C

trapped free rad ica ls. T h ese free radicals, w h ich  are 
m ore abu n dan t as the exposure tim e is increased, start 
the initiating o f polym erization  as m obility  is recovered  
on reheating (arrow s in Fig. 9). This is one eviden t lim i­
tation o f the m e th o d , com p ared  w ith in situ real tim e 
techniques.

T h e d ep en d en ce o f m axim al conversion as function  
o f curing tem perature, (Tp0\ytn), set betw een 10 °C  and  
120 °C  for E P D A  is sh o w n  in Fig. 10. In depend ently  on  
the photo-initiator nature and content (D arocur 1173 or 
Irgacure 651 from  0.25  to 1 w t. % ) ,  irradiation w a v e ­
length (312 or 360  nm ) and thickness of the sam p le  (from  
ca. 1 0  p m  to 2  m m ), w e  can observe a con tin u ou s varia­
tion o f the lim iting con version  as a function  of 
These results poin t out the effective control o f Tp„iym u n ­
der g iven  experim ental conditions.

Th ese results en cou raged us to further establish ano­
ther correlation betw een  curing tem perature and E P D A
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Fig. 10. Dependence of maximal conversion (G max) as a func­
tion of curing temperature, for EPDA oligomer: A —  10 pm- 
thick PE-LD sandwich, 0.5 wt. %  of Irgacure 651, 312 nm; 
□  — 10 pm-thick, NaCl plates, 1 wt. %  of Darocur 1173,312 
nm; x  —  1 mm-thick, glass sandwich, 0.25 wt. %  of Darocur 
1173,360 nm irradiation

n etw o rk  Tg at the m a x im a l c o n v e rsio n  for v a lu e  of 
Tpolym- The calorim etric determ ination  o f Tg in den sely  
crosslinked acrylate netw orks is generally  difficult and  
inaccurate. W e  preferred to use viscoelastom etric m ea­
surem ents for determ in in g the storage and  loss m o d u li  
E' and E", respectively, as w ell as the loss factor tg 8 . The  
variations o f this latter quantity w ith  tem perature can be  
u sed to determ ine on a  relaxation tem perature, asso­
ciated w ith  the glass transition. A  typical D M A  spec­
tru m , recorded  d u rin g  the first therm al raising from  
10 °C  to 200 °C , is sh o w n  in Fig. П . T h e relaxation spec­
trum  covers a broad range o f tem perature, the w id th  of 
tg 8  peak being as large as 80 °C , w hich  is a typical 
feature o f this class o f m aterial [18]. W e  u sed  the position  
o f tg 8  m a x im u m  to determ ine Ta = T*, valu e. Sim ilar

Fig. 11. Typical DMA spectra o fl mm thick UV-cured EPDA 
sample (0.5 wt. % of Darocur 1173,365 nm irradiation)
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th e r m o -m e c h a n ic a l  sp e c tra  w e re  o b ta in e d  fr o m  a 
n u m ber o f other sam p les, prepared at various curing  
tem peratures.

A s  expected , the m easu red  Tg's w ere sh ow n  to in­
crease w ith  the degree o f con version  o f the sam p les, 
h en ce w ith  the cu rin g  tem peratu re. T h e  decrease in 
chain segm en t m obility  w h en  the tem perature o f an elas­
tom eric p o ly m er approaches Tg from  higher tem pera­
tures T  can be described b y  W illia m s— Landel— Ferry 
(W L F ) m o d e l, as sh o w n  in equation (5):

^  = CXp ф - т«)
c2 + ( r - r j

(5)

w here: Цт, T[jg —  polymer viscosity at temperature Tand Tg, 
respectively; Cj (dimensionless quantity) and C2 C’C) —  nu­
merical parameters.

In the present situation, w e have to adapt the reading  
o f this description, b y  considering that at a g iven  p o ly ­
m erization  tem perature (T), the m obility  o f the chain is 
decreased w ith  the progress o f vitrification that grad u ­
ally shifts the netw ork T,, to higher tem perature.

O n  the basis o f a sim p le  description o f the p h en om e­
non by con siderin g  that m o b ility  restrictions appear at 
the sam e tem perature difference betw een netw ork  Tg 
and w o rk in g  tem perature (T), w e  cou ld  thus expect a 
linear correlation betw een  the data in Fig. 12 [19]. From  
the cu m u lated  results w e  can see from  this p lot that for 
interm ediate con version  degrees, Tg obtained is very  
close to the curing tem perature. There is, how ever, a 
deviation  at lo w  curing tem perature, w hich  seem s to 
p ro d u c e  the n e tw o rk s  s h o w in g  a lig h tly  h igh er Tg, 
w hereas at h igh er curing tem perature, the resulting net­

w ork  Tg is low er than expected from  a linear extrapola­
tion. The lo w  tem perature deviation  is p robab ly  d u e to 
the resu m p tion  o f p o ly m erization  d u rin g  the first heat­
ing  raising at D M A  experim en t. W e  b elieve that the 
high tem perature deviation  is m ore sign ifican t and  re­
ally  characteristic for the n etw ork , as p ro d u ced  at the 
end o f the curing process. A  deeper analysis o f D M A  
data and o f therm al d ep en d en ce  o f the p olym erization  
reaction is continued.

The relations, presented in this paper, betw een curing  
tem perature and final m o n om er con version  p rovid e  us 
w ith valuable inform ation to w ork  ou t a m o d e l for pre­
dicting Ts valu e o f a v o lu m e  elem ent in radiation-cured  
m aterial. The kinetics o f isotherm al p o lym erization  can 
be m o d eled  on the basis o f tw o extrem e kinetic regim es  
observed in the conversion  vs. d ose  plots and from  the 
assu m ption  that a linear com bin ation  o f 2  regim es can  
describe satisfactorily the transition regim e, as written in 
equation (6 ):

R P = M o ( l - G ) / 1* /J. | [ M f ] 0  +  / з ^ , з [ м з * ] 0  ( 6 )

w here: [M] —  monomer concentration; (1 - G) —  mole frac­
tion of unreacted monomer; —  propagation rate constant; 
[M ilo  —  free radical concentration at instant t in first or 
third regime, respectively; fa and fa —  weighting factors [2 0 1 .

D iffu sion  controlled reactions in m aterials placed at 
tem perature close to their glass transitions h ave their 
rate constants fo llo w in g  gen erally  a therm al d ep en d ­
ence conveniently described by W L F  equation. W e n ow  
h ave an interesting set o f data concerning E P D A  to m ake  
a p rogress in this ty p e  o f m o d e lin g , w h ich  a lread y  
proved to be useful for industrial processing param eters 
defining [3— 5].

CONCLUSIONS
2 0 0

150

О

^  100

50

0 ---------------------------------------------------------- --------------------
0 50 100 150 200

7. of-

Fig. 12. Correlation between the glass transition o fl mm-thick 
UV-cured EPDA samples and curing temperature (0.25 wt. 
%  of Darocur 1173, 360 nm irradiation); □  —  Tg values 
roughly satisfying the linear dependence, ■  —  Tg values not 
satisfying the linearity
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The m eth o d  presented in this w ork  can be im p le­
m ented to reproduce the actual p o lym erization  profile of 
U V -initiated p olym erization , indu ced  b y  application of 
increm ental radiation doses. The m eth od  u sed to m o n i­
tor qu antitatively  the chem ical and  p h ysica l changes  
d u rin g  ra d ia tio n -in d u c ed  p o ly m e riza tio n  is effective  
and w ell adapted to investigations o f kinetic behaviors. 
Radiation processing is con firm ed as a p o w erfu l tool for 
p rep arin g  d e n se ly  cro sslin k ed  p o ly m e r s . T h e  estab­
lish e d  re la tio n sh ip s  b e tw e e n  cu rin g  c o n d itio n s , ex­
pressed in term s o f d ose , initiation rate and tem perature  
on the one h an d , and acrylate conversion  and the result­
ing m echanical properties on  the other, perm it signifi­
cant progress in provid in g  w ith the bases for a m o d e l of 
the tem perature and con version  profiles in space and  
tim e seen b y  the cured m aterial. M o d e ls  can be further 
d e v e lo p e d  to d ra w  the m a p  o f resu ltin g  m ech an ical 
properties and to adjust radiation processing conditions  
as the functions o f required use properties. Thanks to 
n ew  m o d elin g  tools, faster and less expen sive analysis
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can be d o n e  for com p lex  geom etry  and m aterial stack­
ing, w ith  U V , EB or X -ray  curing m eth od s.

The d epen den ces o f the polym erization  rate on the 
com p osition  o f the reactive form u lation , d ose  rate and  
tem perature d u rin g the treatm ent are currently investi­
gated in so m e details and w ill be described in a series of 
forthcom in g papers. In particular, the accuracy o f the 
con version  —  d o se  relationship obtained un der w e ll-d e ­
fined conditions authorizes to d ev elop  and to assess the 
m o d els based on m echanistic considerations.

ACKNO WLEDGMENTS
This work was financially supported by the Centre Na­

tional de la Recherche Scientifique, the Conseil Regional Nord 
Pas de Calais and the EU programs ERASMUS and FEDER. 
EADS-ST is gratefully acknowledged for the studentship 
granted to BD.

REFERENCES

1. D avidson R. S.: "Exploring the Science, Technology  
and Applications of U V  and EB C u rin g", Sita Tech­
nology Ltd, London 1999.

2. Seidel J.: "A p p lication s o f electron-beam cu ring", 
Fouassier J. P.: "U V -in itiated  polym erization " in: 
"R adiation Curing in Polym er Science and Techno­
lo g y " (Eds. Fouassier J. P , Rabek J. E), Vol. I, El­
sevier, N e w  York 1993.

3. Boursereau E, Dupillier J. M ., Larnac G ., Roussel D.: 
SAMPE 2000, 45, 2235.

4. Defoort B., Coqueret X ., Larnac G ., Dupillier J. M .: 
SAMPE 2000, 45, 2223.

5. Defoort B., Boursereau F., Dupillier J. M ., Larnac G ., 
Lopitaux G ., Coqueret X .: SAMPE 2 0 0 2 ,4 7 ,6 0 7 .

6 . Litvinov V. M ., Dias A . A .: Macromolecules 2001, 34, 
4051.

7. US pat. 4 789 505 (1984).
8 . Patacz C ., D efoort B., C oqu eret X .: Radiat. Phys. 

Chem. 2000, 5 9 ,329 .
9. Defoort B., Defoort D ., Coqueret X .: Macromol. Theor. 

Simul. 2000, 9, 725.
10. Seto J., N agai T., N oguchi T ,  Arakaw a S., Shibata A ., 

Ishimoto C ,  Miyashita M .: Radiat. Phys. Chem. 1985, 
25, 567.

11. Defoort B., Larnac G ., Coqueret X .: Macromol. Chem. 
Phys. 2001, 45, 3149.

12. Decker C .: Acta Polymer. 1 9 9 4 ,4 5 , 333.
13. Anseth K. S., Bow m an C. N .: ]. Polym. Sci., Part B: 

Polym. Phys. Ed. 1995, 3 3 ,1 7 6 9 .
14. Anseth K. S., Decker C ,  B ow m an C. N .: Macromole­

cules 1995, 28, 4040.
15. Young J. S., Kannurpatti A . R., Bow m an C. N .: Macro­

mol. Chem. Phys. 1 9 9 8 ,1 9 9 ,1 0 4 3 .
16. Racz L. M ., Li L., Abedian B.: }. Polym. Sci., Part B: 

Polym. Phys. Ed. 1 9 9 8 ,3 6 ,2 8 8 7 .
17. O dian G .: "Principles o f Polym erization", 3r ed., 

John W iley &  Sons, N e w  York 1991.
18. Singh A ., Saunders B., Barnard J., Łopata V. J., Kre- 

mers W ., M ac D ougall T. E., C hung M ., Tateishi M .: 
Radiat. Phys. Chem. 1 9 9 6 ,4 8 ,1 5 3 .

19. O'Brien D . J., Mather P. T., W hite S. R.: ]. Composite 
Mater. 2001, 35, 883.

20. Defoort B.: Ph.D. Dissertation, Universite des Scien­
ces et Technologies de Lille (1999).


