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Light energy
Light dose
[PI]
Temperature
O2, H2O

Conversion state
Gelation
Vitrification

Durability
Cost
Environmental impact

PROCESS

STRUCTURE

PROPERTY

PERFORMANCE

Thermal properties (Tg, CTE)
Mechanical properties (hardness, 
adhesion)
Optical properties (transparency)
Dimension (thickness, pattern)
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Name Abbreviation Wavelength Energy per Notes/alternative names
range [nm] photon  [eV]

Ultraviolet UV 400 – 100 3.10 – 12.4 
Ultraviolet A UVA 400 – 315 3.10 – 3.94 long wave, black light
Ultraviolet B UVB 315 – 280 3.94 – 4.43 medium wave
Ultraviolet C UVC 280 – 100 4.43 – 12.4 short wave, germicidal

Near Ultraviolet NUV 400 – 300 3.10 – 4.13 visible to birds, insects and fish
Middle Ultraviolet MUV 300 – 200 4.13 – 6.20 
Far Ultraviolet FUV 200 – 122 6.20 – 10.16 
Hydrogen Lyman-alpha H Lyman-α 122 – 121 10.16– 10.25 
Extreme Ultraviolet EUV 121 – 10 10.25 – 124 
Vacuum Ultraviolet VUV 200 – 10 6.20 – 124

ULTRAVIOLET

[Source: ISO 21348 Process for Determining Solar Irradiances]

 
E =

hc
λ

E Photon energy
λ wavelength
c speed of light in vacuum (299,792,458 m/s)
h Plank constant (6.6261×10−34 J s = 4.1356×10−15 eV s)
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Edison lightbulb
October 22, 1879
lasted 13.5 hours
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Incandescent light bulb consisting of a tungsten filament surrounded by 
halogen gases.

Work at wavelengths between 400 and 500 nm (in fact the lamps emit
white light, so to produce the blue light required for curing, unwanted 
portions of the spectrum are filtered out. Because the light spectrum of the 
lamp is limited only by filter, all possible portions of the spectrum are 
available if required).

Drawbacks:

HALOGEN LAMPS
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Quartz tungsten halogen lamp

- low energy performance
- wastes a great deal of radiation since

use of the filter
- generation of high temperatures
- loss of lamp power
- needs for a filter and a ventilating fan
- requires considerable maintenance



Clear fused quartz tubing in which a halogen gas is enclosed. When a 
direct current is applied through two electrodes to generate an arc, the gas 
is discharged and light is emitted. The output of the lamp depends on the 
pressure and type of gas used. The most common gases are Hg and Xe.

• 370 and 450 nm (low spectrum)
• 430 and 500 nm (high spectrum)
• ‘Low pressure’ (< 1 bar):  fluorescent lamps 
• ‘Medium pressure’ ( ~ 1 bar)
• ‘High pressure’ (1 bar – 10 kbar): Hg lamps

The disatvantages of plasma arc-light are:
- low energy performance
- operate at high temperature
- need filters and ventilating fan
- high cost

ARC LIGHT
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HPK 125W Mercury Lamps from Heraeus Noblelight

ARC LIGHT
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Lasers offer the prospect of an 
excitation source of exceeding high 
intensity compared to classical light 
sources. Their output is available in 
both UV and visible wavelengths.

This light is produced by stimulation 
of excited atoms, which, to stabilize, 
tend to release energy in the form of 
electromagnetic radiation. They do 
so at a wavelength that will depend 
on the material used (e.g. argon 
produces blue light). These high-
intensity lamps work over a very 
limited range of wavelengths and do 
not require filters; however, they are 
very expensive.

LASER
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Deep UV laser spectrum



LASER

Weber, Marvin J. Handbook of laser wavelengths, CRC Press, 1999
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LED lamps comprise 2 semiconductor crystals, 
one type “n” and the other type “p,” each 
having a different electron density. When an 
electrical current passes through these crystals, 
energy produced at the “np” junction is 
released in the form of light at a wavelength 
determined by the crystals used. Light is thus 
emitted at a specific wavelength, and no filters 
are required; however, the formation 
mechanism is limited.

LIGHT EMITTING DIODES

- offer high-energy performance, since all emitted light is useful
- do not generate high temperatures
- do not require filters or ventilating fans
- ensure constant effectiveness, with no drop-off in intensity and a long life 
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Semiconductor materials: Diamond (235 nm)
Boron nitride (215 nm)
Aluminium nitride (AlN) (210 nm)
…

LIGHT EMITTING DIODES

Courtesy Center for Quantum Devices, 
Northwestern U
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ACCESSORIES

(liquid) light guide

collimator

filters

lightmeter



Static arrangement. The cured material 
is placed in an exposure frame and 
then exposed to UV irradiation of the 
appropriate wavelength and intensity 
in a fixed geometrical position. The 
exposure time is varied to ensure the 
substance receives sufficient energy to 
cause a successful cure.

ARRANGEMENT

Dynamic arrangement. It is usually carried out 
with conveyor-type systems using tubular UV 
lamps. In a typical industrial photocuring device 
a web or chain type conveyor travels in the 
direction of the UV lamps. A system of mirrors 
is provided from all sides of a web or under the 
conveyor chain so that a product or small 
object subjected to photocuring is cured 
without rotating a part. 
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The amount of radiation reaching a given point in the material will depend on 
several factors:

• Lamp output intensity governed by lamp power rating and lightguide diameter

• Distance from light source to material, due to absorption in the air and 
collimation (1/r2).

• Presence of elements between light source and target material. The amount 
of light absorbed by intervening elements will vary according to the thickness 
and optical behavior of the elements concerned.

• Exposure time. Since lamp energy output is the product of intensity multiplied 
by exposure time, the same energy can be consumed at high or low intensity, 
as the exposure time is adjusted to maximize energy efficiency.

• Curing depth. Light is gradually absorbed within the working material, so that 
for any given target depth, the amount of energy required will be equal to the 
product of the intensity reaching that point and the duration of exposure.

ILLUMINATION FACTORS

15



In photopolymerizable formulations only the first reaction step, which is the 
production of an initiating species, is a photochemical reaction. The 
polymerization itself is exclusively a thermal chain reaction. This chain process 
amplifies the first photochemical event by a factor of several hundreds and 
explains in part why photopolymerization is very efficient and therefore an 
industrially acceptable process. 

UV-radiation <–> photoinitiator

WHAT AND HOW PHOTOPOLYMERIZATION
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INFLUENCE OF LIGHT ENERGY
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INFLUENCE OF LIGHT ENERGY



Ln aI

  
α t1, I1( ) =α t0 , I0( )⇔ t1 =

t0

aI
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α t1, I1( ) =α t0 , I0( )⇔ t1 =

t0

aI
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INFLUENCE OF LIGHT ENERGY

Dalle Vacche, Leterrier et al, Polymer (2010)

  k = k0 ⋅ I
β

Radiation dose equivalence: 
Property = f(t·I) ?

b = β è Property = f(t·Ib)

  

dα
dt

= k I;T( ) f α( )⇒ dα
f α( )

= k I;T( )dt

 aI = aoI b

21



AUTOACCELERATED MODEL
In free-radical systems:
power law intensity dependence for rate 
constant k

weak intensity dependence of the conversion 
at vitrification αv
(polymerization shrinkage lags behind 
conversion)
Reaction order exponent n and autocatalytic 
exponent m are independent of intensity

β < 0.5 primary radical termination, i.e. 
reaction of an initiator radical with a polymer 
radical
β = 0.5 indicates second order termination, 
i.e. reaction of two polymer radicals
β = 1 indicates first order termination, i.e. 
trapping of the radical end in the forming 
network or recombination with oxygen. 
For 0.5 < β < 1 first order and second order 
termination happen in parallel. 55

β = 0.42

!"
!# = %(') 1 − "

"+ '
, "
"+ '

-

INFLUENCE OF LIGHT ENERGY



TIME-INTENSITY-TRANSFORMATION DIAGRAMS

Processing maps with 
combined information 
from photo DSC and 
photorheology

Infra-red spectroscopy in-
situ in the rheometer
would be useful! 

DPH
A

Lee et al., Polymer J (2003)
Corcione et al., Polymer (2005)
Schmidt et al. JAPS (2007)

gelation
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Singh, Leterrier et al, Surf Coat Technol (2009)

INFLUENCE OF PHOTOINITIATOR

PI1: Irgacure 819
phenyl bis (2,4,6-
trimethyl benzoyl)
phosphine oxide 
derivative 
recommended for clear 
coat applications and 
which enables thick 
sections to be cured

MPMS: γ-methacryloxypropyl triethoxysilane
VTS: vinyl trimethoxysilane

PI2: Irgacure 369
2-Benzyl-2-dimethylamino-
1-(4-morpholinophenyl)-
butanone-1
contains a tertiary amine, 
which should catalyze the 
silane-oxide surface 
interactions 

MPMS

VTS

24

[PI] 2% ; 20 mW/cm2 ; 50 °C



 74

hundreds nm, the UV-light intensity, hence the conversion state, was homogenous 

through-out the coating thickness. To this end, the Beer-Lambert law was used: 

 
> @ )1()( 3.2 zPIm

o
eeIzI ��                          Equation 3.1 

 

Where Io is the intensity of incident UV light, I(z) is the intensity at depth z,  me is the 

molar extinction coefficient and [PI] is the concentration of photoinitiator. With a typical 

value of me (74 L.mol-1.cm-1) [3] and at 4% photoinitiator concentration, less than 

1/1000 of the light is absorbed in a 500 nm thick coating. 

 

                  
       PI-1           PI-2 

 

Figure 3.4 Absorption spectra in Acetonitrile of PI-1 and PI-2 (in Acetonitrile). 

 
From Figure 3.4 it is clear that the dissociation ranges of PI-1 and PI-2 are suitable for 

both available UV lamps (UV-DSC and UV curing chamber). Chemically, PI-1 is a 

phosphine oxide derivative whereas PI-2 contains a tertiary amine. Amines act as 

catalysts in silane-oxide surface interactions [4, 5], therefore PI-2 was expected to have a 

higher efficiency than PI-1. However, PI-1 is recommended for clear coat applications 

and enables thick sections to be cured.   

 

In this report, the thermally curable silane/SiOx/PET composite films with SiOx 

thickness hc (10 or 50 nm) obtained at a concentration of x wt.% of silane in ethanol will 

be referred as x%silane/SiOx-hc/PET. The UV-curable silane/SiOx/PET composite films 
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Broer et al, Polymer (1991)
Barner-Kowollik et al., Chapter 4 in Handbook of Radical Polymerization, Matyjaszewski and Davis, Eds. (2002)

INFLUENCE OF TEMPERATURE

  
k T( ) = k0 ⋅exp −

Ea

RT
#
$
%

&
'
(   

Ea =
1
2

Ei + Ep −
1
2

Et

Kinetics of photoinitiated polymerization of dimethacrylates." D. J. Broer et el. 

Table 2 Apparent overall activation energy (kJ mol- l )  of photopolymerization in the distinguishable temperature regions at Rp"" and at 30 and 
40% conversion 

LT region MT region HT region 

Monomer Rp"  30% 40% Rp" 30% 40% R~ ''~ 30% 40% 

1 10 14 30 = -- 16 --22 --22 --57 --64 --59 
2 40-- 116 = -" _o --21 0 22 --52 --62 --54 
3 10 29 33 10 29 33 --100 = --130 = --160 ° 

"In this temperature region no linear Arrhenius plot was obtained; indicated data are estimations and depend largely on the temperature limits 
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Figure 3 Conversion Z at R~"' as a function of the polymerization 
temperature. The numbers in the figure correspond to the monomers 
presented in Figure I 
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Figure 4 Arrhenius plots of Rp =" of the diacrylates 1 (A) and 2 (©) 
and the methacrylate 3 ( n )  

145°C, there is a transition in the Arrhenius plots of the 
two acrylates, showing a faster decrease of Rp "x with 
increasing temperature. Ep becomes highly negative with 
values of about -60kJmo1-1 .  In the case of the 
dimethacrylate, Rp ax starts to decrease above 160°C with 
Ep ~< --  100 kJ mol- 1 .  

Photopolymerization in the HT region 
The highest temperature region, above 145°C for 1 and 

2 and 160°C for 3, is characterized by a decreasing 
polymerization rate and end conversions with increasing 
temperature. Above 210°C the rate approaches zero and 
polymerization seems to be close to its ceiling tempera- 
ture. Although this is the case for both the diacrylates 
and the dimethacrylate, the shapes of the polymerization 
curves differ considerably at these high temperatures, as 
is demonstrated in Figure 5. At 180°C the rate curve of 
3 is still dominated by the autoacceleration peak at the 
reaction onset, whereas 1 and 2 form an apparent steady 
state during which Rp decreases gradually with time. For 
monomer 2, a plot of Rp versus the remaining double 
bond concentration results in a linear curve over a broad 
concentration range, as shown in Figure 6 for different 
temperatures in the relevant range. Assuming that there 
is no topological hindrance at such low conversions, 
extrapolation to Rp = 0 should yield the equilibrium 
monomer concentration r M l e q  related to the reaction 
temperature T by 

AH ° AS ° 
ln[M]=q - (2) 

RT R 
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I 

30 60 

Time (s) 

Figure 5 Isothermal d.s.c, traces of the photopolymerization of the 
diacrylates 1 and 2 and the dimethacrylate 3 at 180°C 
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Ei for thermal initiators ~ 120-150 kJ/mol
Ei for photoinitiation process ~ 0 kJ/mol
Ep for monomers ~ 20-40 kJ/mol
Et ~ 4-10 kJ/mol

Ea for thermal polymerization ~ 80 kJ/mol
(reaction rate x 2-3/10 K)

Ea for photopolymerization ~ 20 kJ/mol
(reaction rate x 1.2-1.3/10 K)



explain the observed differences in the final degree of
conversion.

Therefore, non-equilibrium conditions, in which the one to
one relation between degree of cure and free volume is no
longer valid, are likely to occur. In fact, as reported by
Kloosterboer [26], the chemical reaction is responsible of the
free volume reduction,which is responsible for the diffusion of
reacting species. For very fast polymerisation reaction, the rate
of volume shrinkage cannot follow the rate of chemical
conversion. As a consequence, at each time, an excess free
volume exists, which is responsible of a rate of reaction higher
than the rate of reaction which would be observed under
equilibrium conditions, particularly in the diffusion controlled
regime [5]. This effect is dependent on the rate of chemical
conversion, determining at each time the equilibrium free
volume, and the rate of increase of the bulk modulus,
determining the free volume relaxation time [27].

In order to test that a delayed free volume relaxation with
respect to chemical conversion occurs, DSC results were
compared with TMA results obtained at the same
temperature under the same irradiation intensity. The DSC
signal is representative of the rate of chemical conversion,
whereas the TMA signal is an indication of the free volume
reduction. As reported in Fig. 3 the TMA conversion,
calculated as the difference between the initial sample
thickness and the sample thickness at time t, follows the
DSC conversion only in the initial stages of reaction.
Because of the very low bulk modulus of the material at this

stage of reaction, the relaxation time of the free volume is
low enough to ensure that at each time the free volume is at
the equilibrium condition, determined from the chemical
conversion. As the cure time increases, and the polymer
goes through gelation, the increase of the bulk modulus
involves an increase of the relaxation time of the free
volume, which is no longer capable to follow the chemical
conversion. For very long times, when the chemical
conversion is virtually completed, the volume of the
material is continuously decreasing towards the equilibrium
value corresponding to the degree of conversion attained
during photocuring.

The results reported in Fig. 3 show that for the fast
reacting SL5170 resin, which is actually composed of a
mixture of diglycidyl ether, cyclo-epoxy and vinyl ether, the
free volume relaxation time scale is higher than the time
scale of reaction, thus leading to an excess free volume
which is responsible of an increased conversion as
irradiation intensity increases.

Accordingly, temperature and irradiation intensity have
the same effect on the polymerization reaction, both leading
to higher rate of reaction and final degree of conversion.

5. Time–temperature and time-irradiation intensity
shifting

Experimental curves obtained at different temperatures

Fig. 1. Experimental degree of reaction at 2.48 W/m2 and 40 8C (,) 50 8C (B), and 70 8C (r).

Table 1
Maximum degree of reaction, shift factors in the kinetic and diffusion controlled regime and degree of reaction determining vitrification at different

photopolymerization temperatures and 2.48 W/m2

Temperature (K) amax atT avitk atTd avitd

303 0.72 1.61 0.47 1 –

313 0.77 1.56 0.49 0.97 0.50
323 0.83 1.32 0.53 0.95 0.54

333 0.85 1.12 0.65 0.77 0.65

343 0.89 1 – 0.76 0.69

C.E. Corcione et al. / Polymer 46 (2005) 8018–80278022

0.25 mW/cm2

Corcione et al, Polymer (2005)
Singh, Leterrier et al, Surf Coat Technol (2009)

INFLUENCE OF TEMPERATURE
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kinetic 
regime

diffusion regime

at which the shifted curves in Fig. 5 diverge from the
reference one (6.33 W/m2) is reported in Table 2 and
marked in Fig. 5. As for the time–temperature shift, it was
not possible to determine the value of avitk for the curve
obtained at the higher irradiation intensity, used as
reference. Comparing the results reported in Figs. 4 and 5
it can be observed that, even in this case, the curve shifting
provides good results in the initial stages of reaction. The
value of avitk (Table 2) at which each curve diverges from
the master curve increases with irradiation intensity.

The different pattern of the shifted curves observed in
Figs. 4 and 5 after avitk is due to the different regimes
encountered during photocuring. In the initial stages under
the kinetic control, Eq. (9) can well represent the reaction
mechanism and the time–temperature and time–intensity
superposition can be applied according to Eq. (11). At
higher curing times avitk marks the limit afterwards the
reaction becomes mainly diffusion controlled [11,20] as a
consequence of the transition of the growing network to the

glassy state. The results reported in Figs. 4 and 5 show that
in correspondence with vitrification the rate reaction of
reaction decreases but it is not actually zero. This is
consistent with reported observations on curing reactions of
thermoset materials, showing that the actual propagation
rate constant can be higher than zero even after vitrification
[10,28–30]. The continuous polymerisation reaction taking
place after vitrification can be better detected by looking at
the TMA results reported in Fig. 3, showing that with an
irradiation intensity of 3.44 W/m2 the vitrification does not
mark a sudden zeroing of the free volume reduction.
According to the results reported in Table 2 vitrification is
observed for aZ0.69, corresponding to a photopolymeriza-
tion reaction of 330 s. On the TMA curve it can be observed
that at about 330 s the rate of volume reduction decreases
but does not reach zero. This indicates that both chemical
conversion and volume shrinkage continue even after the
onset of vitrification.

For aOavit, it can be assumed that the rate of reaction is

Fig. 3. Degree of chemical conversion at 30 8C and 3.44 W/m2 determined from DSC analysis (—) and volume reduction determined from TMA (- - -).

 
 
  

Fig. 4. Degree of reaction vs. reduced time at 2.48 W/m2 and different temperatures, 70 8C (,) 50 8C (B) and 40 8C (r). The dashed lines represent the limit of

the kinetic regime for the curves at 40 8C and 50 8C.

C.E. Corcione et al. / Polymer 46 (2005) 8018–80278024

vitrification
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OXYGEN INHIBITION

Oxygen inhibition occurs in the case of free-radical cure when dissolved oxygen reacts 
with the growing polymer radical resulting in the formation of a relatively inactive 
peroxy radical, and a significant slow down of the rate of propagation.

 

 134

5.2.2 Process influences on conversion of UV-curable silanes 

The conversion state of  MPMS and VTS with PI-2 was investigated with systematically 

changing the following key parameters, while keeping the other constant:  

 

a) Photoinitiator concentration (%) 

b) Power of UV source (mW/cm2) 

c) Temperature 

d) Environment (oxygen/nitrogen) 

 

The results for MPMS and VTS are depicted in Figure 5.6 and Figure 5.7 respectively. 
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Figure 5.6 Influence of (a) photo-initiator concentration, (b) power of the UV source, (c) 

temperature, and (d) environment, on conversion of MPMS. 

MethacrylsilaneSolutions
• Cure under N2
• Use protective layer (wax, cover 

foil, inorganic fillers and additives 
which can bloom to the surface)

• Increase concentration of 
photoinitiator 

• Increasing functionality
• Increasing cure temperature (to 

reduce the solubility of oxygen) 
• Use thiolene chemistry

Singh, PhD thesis, EPFL (2007)
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MOISTURE

Cationic polymerization is 
retarded by water (either 
dissolved in the monomer, or 
through permeation of ambient 
water vapor) due to hydrolysis 
reactions.

(the addition of low levels of 
water to a formulation may 
actually accelerate the rate of 
cationic polymerization by chain 
transfer)

Figure 4. DPC of Silicone vinyl ether in dry and moist
air.
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 related to air flow rates. It is clear from the data presented
here that vinyl ethers have the potential to give very fast
cure under ambient cure conditions even with a less potent
catalyst. The inhibiting effects of water vapor in humid
conditions can lead to serious reductions in cure rates in
vinyl ethers. The extent to which this can be overcome will
depend on the water solubility of the coating, the water
permeability of your coating, the concentration of cationic
centers generated, and the monomer functionality level.

There are mechanical means by which a coating
can be dried on a coating line other than inerting. A
common drying device is the IR heater. Thermal aging of
epoxy can coatings is employed to give the system
sufficient mobility to cure to a higher extent. This is
different from using ovens to dry the air in contact with the
coating as proposed here. In figure 5 we see the effect of
relative humidity on the cure speed of a silicone vinyl ether
/triflate coating system.  The inhibition in cure seen in the
laboratory environment (see figures 1 and 3) is clearly seen
on this coating, using both 600 and 1200 watts/in fusion
H bulbs. In table 5 we see the results of an experiment on
the same system fitted with an IR heater and an air
circulating systems. The IR heater, positioned before the
UV light box, provided a “dry zone” prior to irradiation.
The efficiency of the IR drier could be increased by
increasing the power output to the heating elements. Run
speeds comparable to those observed at 10 to 20 % RH
could by obtained with this simple drying device. The
approximately 12 inch “dry zone” created by the IR driers
differed in the extent to which they increased the
temperature of the substrate.  Using radiant driers required
much higher IR source temperature to achieve

Figure 5. Cure Speed as a function of ambient
humidity.
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the same level of cure speed as a forced air IR lamp
combination. The IR driers with blown air were far more
effective at increasing cure speed and caused minimal
heating of potentially thermally sensitive plastic substrates.
These experiments combined with those in the laboratory,
show the key to fast cure is managing the environmental
water vapor. The high gas permeability is the key feature in
the inhibition of cure mechanism in silicone vinyl ether
coatings. Another obvious means of controlling water is
nitrogen inerting. In Electron Beam curing the silicone
vinyl ether/triflate system exhibited the fast cure you
would expect for a low moisture environment.

Conclusion

The effect of ambient moisture on the rate of
cationic polymerization is dependent on the monomer type
and concentration, the coating permeability, coating
thickness, and water concentration. The extent of these
changes have been measured in both epoxy and vinyl ether
monomers and silicone copolymers. Cationic cured
silicone coating present a unique situation in that they
combine very high water vapor permeability with high
surface area. In epoxy system the role of water is
concentration dependent and varies between chain transfer
and chain termination. In vinyl ethers the role of water
appears to be more of a chain terminator. The rapid
inhibition can be effectively negated with mechanical
drying devices such as IR driers or by blanketing with a dry
gas.
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Tg −Tg
0

Tg
0 =

ε∞ ε0 − c∞ c0( )α
1− 1− c∞ c0( )α

DiBenedetto (1969)

Nielsen, Macromol. Sci., Rev. Macromol. Chem. (1969)
Hale, Macosko, Bair, Macromolecules (1991) 

ε : lattice energy
c : segmental mobility 

Tg −Tg
0

Tg
∞ −Tg

0 =
λα

1− 1−λ( )α
; λ =

ΔCp
∞

ΔCp
0

Pascault & Williams (1990)

2620 Hale et al. 

As mentioned in the Introduction, a modified form of 
DiBenedetto's equation'3 (eq 1) has been widely used in 
the literature to fit Tg versus conversion data.2633929 The 
modification consists of using conversion [ instead of cross- 
link density x and Tgo (Tg at  [ = 0) instead of Tgu. The 
best fit of this modified form of eq 1 to our data is shown 
in Figure 18. As in the previous case, a good overall fit is 
obtained, but the Tg values a t  high conversions are un- 
derpredicted by -20 "C. On the other hand, if we use the 
unmodified DiBenedetto equation (eq l), and take into 
account the variation of Tgu with conversion through eq 
10, an excellent fit is obtained. This is conceptually the 
same approach as that of Stutz and co-workersZ4 although 
there are three differences: (i) instead of using eq 10, these 
researchers employed an equation based on Fox-Flory's 
relation (eq 61, (ii) their cross-link density is based on 
total number of junction points rather than on elastically 
effective cross-links, and (iii) they have reduced the number 
of parameters by assuming that C,/CO, the ratio of 
segmental mobilities between the cross-linked and the un- 
cross-linked system, is zero. Their equation is 

Tg = (Tg,  - ki(1- [))[I + kz (Xc/( l -  X,))] (17) 
where Tg.. is the reference true backbone glass tempera- 
ture, k l  a constant characterizing the influence of end 
groups on Tg,  k2 another constant characterizing the 
influence of cross-links, and X, the cross-link density. Any 
junction with a functionality of three or higher is considered 
to be a cross-link, and the higher functional cross-links 
are weighted more heavily than the lower functional cross- 
links. In our chemical system the number of junctions is 
proportional to the conversion if we assume that all the 
groups are equally reactive. At  full conversion, every 
f-functional monomeric unit will have f-2 trifunctional 
junctions (Figure 13b). Dividing the number of junctions 
in an epoxy-novolac repeat unit a t  full conversion by the 
number of segments in this repeat unit yields a value of 
0.128 (for our particular chemical system), which is the 
proportionality constant between X, and [ (Le., X, = 
0.1285). 

Figure 19 shows a least-squares fit of eq 17 to our data 
using Tg.., kl,  and kz as adjustable parameters. This 
equation fails to fit accurately the data a t  very high as well 
as very low conversions. 

An equation very similar in form to DiBenedetto's had 
been derived earlier by Fox and Loshaek" using free 
volume arguments. This equation can be expressed a s s  

Tg = Tgu + aX/(l-  bX) (18) 
where a and b are constants. Unfortunately this equation 
has been overlooked in the literature, since most research- 
ers have used its simplified (though less general) version 

(19) 
which holds only for high molecular weights of the linear 
chains and low cross-link density. 

The "forgotten" Fox and Loshaek equation (eq 18) fits 
our data very well with a = 2.26, b = 1.23, and with eq 13 
to evaluate Tgu. The fit is indistinguishable from that 
shown in Figure 8. 

On the basis of entropic considerations applied to a 
model of the thermosetting polymer consisting of a random 
mixture of a fully reacted network with the initial 
monomers, Pascault and Williams have derived the 
following equation:*3 

Tg = Tg, + aX 

Macromolecules, Vol. 24, No. 9, 1991 

where X = PCpl/AC,, the subindex 0 represents the un- 
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Figure 19. Stutz's2' equation (eq 17) fit to our data, with Tg. 
= 337 K,  kl = 39.3, k2 = 2.37. 
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Figure 20. Pascault and Williams'= equation (eq 21) fit to our 
data. 

reacted system ([ = 0), and the subindex 1 represents the 
fully reacted network ([ = 1). If the values of ACm, ACp,, 
Tgo, and Tgl are known, no adjustable parameters are 
required. 

Since full conversion could not be achieved with our 
system, Tgl and ACp, are not known. Although one could 
obtain these values from extrapolation from Figures 8 and 
9, this was not attempted, since our objective was to test 
the predictive capabilities of this equation with the 
minimum possible amount of experimental data. Instead 
of using hypothetical data from a fully reacted network, 
we used data from the polymer with the highest conversion 
we could measure, [M = 0.78. Assuming that the polymer 
at  any conversion can be modeled as a random mixture of 
this [M = 0.78 polymer with monomer, then eq 20 can be 
restated as 

(Tg - T,)/(TgM - TgJ = A ' t ' / [ l -  (1 - A')['] (21) 
where 5' = [/[M, A' = ACPM/ACW, the subindex M 
represents the polymer with the highest measured con- 
version, and the subindex 0 represents the unreacted 
material. 

Using the experimental values Tgo = 33 "C, [M = 0.78, 
TgM = 173 O C ,  AC, = 0.1 cal/g O C ,  ACpM = 0.03 cal/g OC, 
one can construct the curve shown in Figure 20. Although 
the fit is not as good as that obtained with eq 11, it is still 
reasonable, in particular if one bears in mind that it was 
not necessary to (i) use adjustable parameters, (ii) take 
experimental data from model monofunctional com- 
pounds, or (iii) make statistical calculations assuming a 
particular model for the network buildup. It should be 
kept in mind, however, that the goodness of the fit is due 
in part to the fact that the curve is forced to pass through 
TgM. (All the other fits we have shown here are "free fits", 
where the curves were not forced to pass through Tm.) 

Macromolecules, Vol. 24, No. 9, 1991 Tg as a Function of Conversion in Epoxy-Novolac Systems 2619 
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Figure 16. Glass transition as a function of cross-link density 
for Charlesworth's data.21 The continuous lines were calculated 
by using eq 5 with the following parameters (K2 and 9, 
respectively: DGEBA-BZ-AN 2.11,21.95; DGEBA-BA-OD 0.98, 
21.21; DBEBD-BA-OD 0.80,16.18; where DGEBA = diglycidyl 
ether of bisphenol A, BZ = benzidine, AN = aniline, BA = n-bu- 
tylamine, OD = 1,8octyldiamine, and DGEBD = diglycidyl ether 
of butanediol. 

obvious break at  the gel point, despite the fact that eq 11 
contains a term that starts growing a t  the gel point. 

Another possible explanation for not observing a break 
a t  the gel point is the fact that in the foregoing analysis 
we have assumed that the behavior of the experimentally 
measured Tg parallels that of the thermodynamic glass 
transition TZ (at which the configurational entropy is 
zer03~). According to the Adam-Gibbs theory,45 the 
thermodynamic glass transition TZ is related to a coop- 
erative region comprising the whole sample. Since after 
the gel point a new mechanism to restrict entropy is 
operative (namely, the formation of elastically effective 
cross-links), one would expect to see a change in the 
behavior of Tz immediately after the gel point. The fact 
that such behavior is not observed in our Tg data may be 
due to the fact that the experimentally observed Tg is a 
relaxational phenomenon associated with a relatively small 
number of segments and therefore is not sensitive to ge- 
lation. 

It is noteworthy that the plot of ACp (a true thermo- 
dynamic property) versus conversion (Figure 9) shows 
approximately constant values below the gel point (25 ?6 ), 
and a decrease thereafter. Since ACp has been shown to 
be intimately related to configurational terms,85 its de- 
crease after the gel point is consistent with the expected 
drop in configurational entropy as effective cross-links 
are formed. Nevertheless, more work is needed to prove 
that this is not a fortuitous situation. 

Application to  Other  Systems. Our model fits 
Charlesworth's experimental data21 adequately (Figure 
16). These data had been obtained from completely 
reacted epoxy-amine systems, in which the cross-link 
density had been varied by changing the ratios of cleverly 
chosen reacting species. Equation 11 can also be used to 
fit successfully Feger's data,29 which consist of a hydroxyl- 
terminated poly(propy1ene oxide) cross-linked with a tri- 
functional isocyanate. The gel conversion of this system 
is -0.71. The pregel region can be described by eq 10, 
with l/Tgo = 0.0049 and k = 6.118 X lo4. In the postgel 
region, the influence of the cross-links can be taken into 
consideration by using eq 11. Since the molecular weight 
between cross-links is not too small, the correction for 
non-Gaussian behavior can be ignored, so W = 0 in eq 11. 
A value for KZ of 2.096 gives a very good fit of eq 11 to the 
data of Feger and MacKnight (Figure 17). 

In principle, eq 11 could also be applied to nonstoichi- 
ometric systems. In this case T, would be a function of 
the stoichiometric imbalance, and 5 should be the con- 
version of the limiting reagent. The stoichiometric 
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Figure 17. Glass transition data from Feger and co-workersas 
for a system consisting of a,w-dihydroxypolypropylene oxide and 
a trifunctional isocyanate. The continuous line was calculated 
by using eq 11. 
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Figure 18. Havlicek and Dusek'se equation (eq 16) fit to our 
data with Tal = 504 K and C = 5.QX LO-' (continuoice !ine). The 
dashed line is DiBenedetto's13 equation (eq 1) fit to our data by 
using conversion instead of cross-link density x and Tm instead 
of To", with c , / q  = 0.55 and c=/Q = 0.31. 

imbalance would also alter the cross-link density X. It is 
expected that the constants KZ and \k would not vary with 
the stoichiometry, but so far there is no experimental 
evidence to support this. 

Even though eq 11 allows us to obtain good empirical 
fits to other data from the this 
equation in its present form is not strictly correct for 
partially reacted epoxy-amine systems. In this case eq 10 
is no longer valid, since now we have three different kinds 
of chain ends: epoxides, primary amines, and secondary 
amines. Equation 10 would now become 

Vg" = l/Th - kIE, - k25z (15) 
where 51 would be the overall conversion of epoxides, and 
52 the conversion of primary amines. Therefore, comparing 
with eq 10, a new constant needs to be introduced. 
Although this extra constant would certainly enable us to 
fit the data, we would rather see kl  and kz values in eq 15 
independently obtained from model compounds and then 
use these values in combination with eq 5 to describe cross- 
linking systems. The data presently available in the 
literature are not abundant enough to allow this. 

Comparison wi th  Othe r  Tg versus Conversion 
Relationships. Havlicek and Duseks have used the 
following empirical equation to fit data reported in the 
literature: 

l/Tg = (1 - E)/Th + S/Tgl + Ct(1- f )  (16) 
where Tgl is the glass transition temperature a t  full 
conversion (5 = 1) and Cis an adjustable parameter. Figure 
18 shows the best fit of eq 16 to our data using Tgl and C 
as adjustable parameters. Although the fit is in general 
good, it fails to predict the very sharp upturn in T, at  high 
conversions. 

STRUCTURE – PROPERTY: GLASS TRANSITION

Photopolymerization of dental composites: A. Maffezzoli et al. 1225 
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Figure 7 Glass transition temperature as a function of the 
degree of reaction. 

are related to a Ts. In Figure 7 a linear relationship 
between Ts and CJI is clearly depicted: 

Tg =p+qcr (10) 

where p and q are two fitting parameters (Table 2). In 
Figure 7 the T,s of unreacted (T,, = -51°C) and fully 
cured resin (T,,,, = 108” C) are also included. 

While curing at about 35°C a maximum of 0.55 is 
obtained for the degree of reaction (Figure 2) and a 
corresponding Tg of about 48” C is developed (Figure 7). 
These results indicate that, under isothermal 
conditions, a fully cured material cannot be obtained 
while applying these materials in dental cavities. Low 
Tg values may adversely affect the physical and mechan- 
ical properties and the environmental resistance of the 
dental composite. The apparent disagreement between 
the good practical results displayed by the studied 
composite, and in general by all the photopolymeriz- 
able dental composites, and the results of this analysis 
can be explained taking into account that non-isother- 
mal cure conditions may occur while applying these 
restorative materials. Finally, it should be noted that in 
order to obtain isothermal conditions, the DSC experi- 
ments were performed on very thin samples 
(thicknesses of about 0.2 mm), whereas during practical 
applications of these composites in dental restorations, 
layers of 1-2 mm are usually applied. 

NON-ISOTHERMAL BEHAVIOUR 

The exothermic nature of the polymerization reaction is 
reflected by heat generation in the material during cure. 
For thick restoration not all the heat can be dissipated 
fast enough to maintain isothermal conditions. The 
material properties and the polymerization conditions 
determine whether the highest temperature is in the 
core, at the skin or at some intermediate position in 
the composite thickness. The temperature inside the 
material can be calculated by solving an energy 
balance coupled with an appropriate expression for 
the cure kinetics’2.‘3. 

The non-isothermal cure behaviour of the dental 
composite studied is determined by introducing the 
following assumptions. 

The calculations are restricted to the flat plane 
geometry shown in Figure 8. If the composite 
thickness is small compared with the other two 
dimensions only heat conduction in the transverse 
direction (x axis) can be considered. Although this 
assumption simplifies calculations, it represents a 
limit to the practical application of the simulation 
to geometries characterized by a ratio between the 
thickness and the diameter of the restoration of less 
than 0.1. 
The thermal effects associated with light exposure 
on the composite surface are neglected. 
The effects of light absorption through the 
composite thickness on the photopolymerization 
kinetics are neglected. 
Thermal conductivity k, = 0.24 W m-l Km’ and 
density p = 1.5 g cme3 are adopted as typical values 
for reinforced thermosetting resins20*2’. An average 
value of specific heat, C, = 1.26 Jg-’ Km’, is 
measured by DSC between 30 and 60” C. 

With these assumptions the energy balance takes the 
form: 

p C,, h’T/i3t = k, d’ T/ax2 + p dQ/dt (11) 

where dQldt is the rate of heat generation by the 
chemical reactions and is defined as follows: 

dQ/dt = Qtot da/dt (12) 

where the rate of reaction daldt is given by Equation 6. 
In order to simulate the curing process while 

applying these materials in a restoration, the initial 
conditions are set as (Figure 8) t = 0, c( = 0 and T = T,. 
These conditions state that a constant temperature, T,, 
is imposed before light exposure (at time t = 0). The 
boundary conditions are set as (Figure 8): 

1 light guide 

T=T, 

Figure 8 Sketch of the geometry used for cure simulation. 

Biomaterials 1994, Vol. 15 No. 15 

Maffezzoli, Biomaterials (1994)

Cognard (2000)
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S/() *5) 8"*" %2 !< "' " 2&/(*$%/ %2 (%/!)#'$%/ K"N A"'
%1*"$/)8> 2#)) !%0&+) *5)%#= A"' &')8 *% ,#)8$(* *5) !< %2
*5) +%/%+)# "/8 *5) (%+,0)*)0= (&#)8 K$-)-> "! 4-CN ,%0=6
+)#- 35) )@&"*$%/ &')8 2%# *5) (&#!) B* A"' T4RUV

!< !
!+!<+ " "!,!<,", # !+!<+#"

!+"+ " "!,", # !+"+#"
"4#

A5)#) "+ $' *5) ',)($B( !%0&+) %2 *5) +%/%+)# KC-MMM (+EW
<NX " , $' *5) ',)($B( !%0&+) %2 *5) ,%0=+)# KC-MEG (+EW<NX
!+ KC-CCCG!H#4N "/8 ! , KC-CCCCFG!H

#4N "#) *5) 8$22)#)/()
$/ *5) *5)#+"0 )?,"/'$%/ (%)2B($)/*' 1)*A))/ *5) 0$@&$8 "/8
*5) <0"''= '*"*) 2%# *5) +%/%+)# "/8 ,%0=+)#> #)',)(*$!)0=-
35) ,#)8$(*)8 !"0&) 2%# *5) !< %2 *5) +%/%+)# K!<+N $' 4C!H
"/8 *5) ,%0=+)# $' K!<,N EDC!H- .+,#)''$!)0=> *5) )?,)#$6
+)/*"0 8"*" B* *5) /%/60$/)"# 2#)) !%0&+) *5)%#= (&#!) A)00
K#! C-LMN-

!" #$%&'%%$()

;' $00&'*#"*)8 1= Q$<- DK"N> *5) /)"#6.7 *)(5/$@&) $' "
(%/!)/$)/* A"= *% +%/$*%# *5) ,%0=+)#$Y"*$%/ #"*) "/8
8%&10) 1%/8 (%/!)#'$%/ %2 *5$(Z K4 ++N ,5%*%(&#)8 #)'$/
',)($+)/'- [$/() )$<5* '("/' ,)# ',)(*#&+ "/8 " #)'%0&*$%/
%2 R (+#4 A)#) &')8 *% (%00)(* *5) #"*) 8"*"> *5) *$+)

#)'%0&*$%/ A"' D-E '- 35$' *$+) '("0) $' +%#) *5"/ "8)@&"*)
2%# %&# ,&#,%')' '$/() *5) ,%0=+)#$Y"*$%/ *"Z)' %!)# 4CC '-
\%A)!)#> $2 2"'*)# (&#$/< #"*)' A)#) &')8> +%8$B("*$%/' *%
*5) ",,"#"*&' A%&08 1) /))8)8 *% $+,#%!) *5) '$</"0 "/8
"00%A 2%# <#)"*)# *)+,%#"0 #)'%0&*$%/ %2 *5) 8"*"- ]= $/(#)"'6
$/< *5) /&+1)# %2 '("/' ,)# ',)(*#&+ *% ^R 1)2%#) "/8 "2*)#
*5) ,%0=+)#$Y"*$%/> A) A)#) "10) *% %1*"$/ @&$*) ,#)($')
!"0&)' 2%# *5) B/"0 (%/!)#'$%/' %2 *5)') +"*)#$"0'- ;'
<$!)/ $/ 3"10) 4> *5) '*"/8"#8 8)!$"*$%/ %2 *5) (%/!)#'$%/
+)"'&#)+)/*' A"' %/0= !4-E_-

./ "88$*$%/ *% ,#%!$8$/< "/ "((&#"*) +)"'&#) %2 *5)
(%/!)#'$%/> *5) /)"#6.7 *)(5/$@&) 2"($0$*"*)' (%&,0$/< *5)
Z$/)*$( "/8 +)(5"/$("0 "/"0='$'- :$86.7 "/8 9[H '*&8$)'
,#%!$8) !"0&"10) Z$/)*$( $/2%#+"*$%/X 5%A)!)#> 8&) *% *5)$#
',"*$"0 #)'*#$(*$%/'> *5$(Z)# ',)($+)/' *5"* "#) &')2&0 2%#
%*5)# *=,)' %2 "/"0='$' K$-)- +)(5"/$("0 *)'*$/<> )?*#"(*$%/>
)*(-N ("/ /%* 1) "/"0=Y)8 #)"8$0= $/ *5) +$86.7- 35)#)2%#)>
1= &'$/< /)"#6.7 ',)(*#%'(%,=> %/) $' "10) *% +%/$*%# *5)
,%0=+)#$Y"*$%/ #"*) %2 *5$(Z)# ',)($+)/' "/8 ("/ )"'$0=

$%&% $'()** )+ ,*% - .)/+,* 0,+)12,*3 45 678849 :8;<:44GCM

3"10) 4
`$/)*$( "/8 +)(5"/$("0 ,#%,)#*$)' %2 FGWDG 1$'6a:;W3ba9:;- [*"/8"#8 8)!$"*$%/ %2 +)"'&#)+)/*'V (%/!)#'$%/! 4-E_> !< ! C-^!H K/! DN

H&#) *)+,)#"*&#) K!HN :"?$+&+ #"*) K'#4N H%/!)#'$%/ "* 0$<5* %22 K_N Q$/"0 (%/!)#'$%/ K_N !< K!HN !< K!HN FC!H (&#)"

4C C-CCCG DE-M R4-G R^-M RG-D
DC C-CC4 E^-D GD-R GD-R G4-G
EF C-CCD RM-R GR-4 ^D-F GL-L
GC C-CCEG GF-R GF-E ^R-^ ^E-D
FC C-CC^ ^M-G ^L-D LC-M c

" H&#)8 "* FC!H *% +"*(5 *5) B/"0 (%/!)#'$%/' K!C-G_N #),%#*)8 "* *5) %*5)# *)+,)#"*&#)'- ;00 A)#) (&#)8 A$*5 4C +dW(+D $/*)/'$*= IJ 0$<5* "/8 C-4 A*_
e93 $/$2)#*)#-

Q$<- R- a0"'' *#"/'$*$%/ *)+,)#"*&#) K!<N !' (%/!)#'$%/ 2%# FGWDG 1$'6a:;W
3ba9:; A$*5 C-4 A*_ e93 (&#)8 1= IJ 0$<5* $/*)/'$*$)' %2 K!N C-CGc
4 +dW(+D> KeN MCC +dW(+D> K"N 4C +dW(+D "/8 FC!H> K#N G +dW(+D

"/8 K"N 4C +dW(+D A$*5 (&#) *)+,)#"*&#)' %2 4C> DC> EF "/8 GC!H K*)#+6
$/"0 (%/!)#'$%/' "* *5%') (&#) *)+,)#"*&#)'N> "/8 K$N !$'$10) 0$<5* (&#)8
A$*5 Hf6"+$/) $/$*$"*%# '='*)+- 35) 2#)) !%0&+) (&#!) B* KccN <$!)/ $/
b@- K4N $' "0'% '5%A/-

!"#$%&' (&#) *)+,)#"*&#)'- .* ("/ "0'%1) '))/ 2#%+3"10) 4 *5"*
*5) #)'&0*' 2#%+ *5) /)"#6.7 "/8 9:; *)'*$/< "#) !)#= #),)"6
*"10)> $/8$("*$/< *5"* *5) )?,)#$+)/*"0 )##%# $/ *5) +)"'&#)8
!"0&)' $' @&$*) 0%A-

./ *5$' '*&8=> A) A)#) "0'% $/*)#)'*)8 $/ 8)*)#+$/$/<
A5)*5)# ',)($+)/' (&#)8 "* 8$22)#)/* *)+,)#"*&#)' 1&* *%
'$+$0"# B/"0 (%/!)#'$%/' )?5$1$*)8 '$+$0"# +)(5"/$("0 ,#%,6
)#*$)'- 3% +"*(5 *5) B/"0 (%/!)#'$%/' %2 *5) ',)($+)/'
(&#)8 "* 4C> DC> EF "/8 GC!H> 8$22)#)/* IJ $##"8$"*$%/
*$+)' KEL> MG> 44C "/8 4GC ' #)',)(*$!)0=N A)#) &')8 A$*5
" (&#$/< *)+,)#"*&#) %2 FC!H *% #)"(5 )"(5 8)'$#)8 B/"0
(%/!)#'$%/- 35) 0"'* (%0&+/ %2 3"10) 4 <$!)' *5) +)"'&#)8
!<O' 2%# *5) P+"*(5$/<O ',)($+)/' (&#)8 "* FC!H-

./ "88$*$%/ *% '*&8=$/< *5) )22)(* %2 (&#) *)+,)#"*&#) %/
*5) +)(5"/$("0 ,#%,)#*$)' %2 8)/*"0 #)'$/'> A) "0'% $/!)'*$6
<"*)8 *5) )22)(* %2 0$<5* '%&#() "/8 $/*)/'$*=- ;' '5%A/ $/
Q$<- R> 8$22)#)/* 0$<5* '%&#()' KIJ %# !$'$10) 0$<5*N "/8 0$<5*
$/*)/'$*$)' A)#) &')8 "/8 *5) !<O' %2 *5) (&#)8 ,%0=+)#' "' "
2&/(*$%/ %2 B/"0 8%&10) 1%/8 (%/!)#'$%/ A)#) 8)*)#+$/)8-
S/() *5) 8"*" %2 !< "' " 2&/(*$%/ %2 (%/!)#'$%/ K"N A"'
%1*"$/)8> 2#)) !%0&+) *5)%#= A"' &')8 *% ,#)8$(* *5) !< %2
*5) +%/%+)# "/8 *5) (%+,0)*)0= (&#)8 K$-)-> "! 4-CN ,%0=6
+)#- 35) )@&"*$%/ &')8 2%# *5) (&#!) B* A"' T4RUV

!< !
!+!<+ " "!,!<,", # !+!<+#"

!+"+ " "!,", # !+"+#"
"4#

A5)#) "+ $' *5) ',)($B( !%0&+) %2 *5) +%/%+)# KC-MMM (+EW
<NX " , $' *5) ',)($B( !%0&+) %2 *5) ,%0=+)# KC-MEG (+EW<NX
!+ KC-CCCG!H#4N "/8 ! , KC-CCCCFG!H

#4N "#) *5) 8$22)#)/()
$/ *5) *5)#+"0 )?,"/'$%/ (%)2B($)/*' 1)*A))/ *5) 0$@&$8 "/8
*5) <0"''= '*"*) 2%# *5) +%/%+)# "/8 ,%0=+)#> #)',)(*$!)0=-
35) ,#)8$(*)8 !"0&) 2%# *5) !< %2 *5) +%/%+)# K!<+N $' 4C!H
"/8 *5) ,%0=+)# $' K!<,N EDC!H- .+,#)''$!)0=> *5) )?,)#$6
+)/*"0 8"*" B* *5) /%/60$/)"# 2#)) !%0&+) *5)%#= (&#!) A)00
K#! C-LMN-

!" #$%&'%%$()

;' $00&'*#"*)8 1= Q$<- DK"N> *5) /)"#6.7 *)(5/$@&) $' "
(%/!)/$)/* A"= *% +%/$*%# *5) ,%0=+)#$Y"*$%/ #"*) "/8
8%&10) 1%/8 (%/!)#'$%/ %2 *5$(Z K4 ++N ,5%*%(&#)8 #)'$/
',)($+)/'- [$/() )$<5* '("/' ,)# ',)(*#&+ "/8 " #)'%0&*$%/
%2 R (+#4 A)#) &')8 *% (%00)(* *5) #"*) 8"*"> *5) *$+)

#)'%0&*$%/ A"' D-E '- 35$' *$+) '("0) $' +%#) *5"/ "8)@&"*)
2%# %&# ,&#,%')' '$/() *5) ,%0=+)#$Y"*$%/ *"Z)' %!)# 4CC '-
\%A)!)#> $2 2"'*)# (&#$/< #"*)' A)#) &')8> +%8$B("*$%/' *%
*5) ",,"#"*&' A%&08 1) /))8)8 *% $+,#%!) *5) '$</"0 "/8
"00%A 2%# <#)"*)# *)+,%#"0 #)'%0&*$%/ %2 *5) 8"*"- ]= $/(#)"'6
$/< *5) /&+1)# %2 '("/' ,)# ',)(*#&+ *% ^R 1)2%#) "/8 "2*)#
*5) ,%0=+)#$Y"*$%/> A) A)#) "10) *% %1*"$/ @&$*) ,#)($')
!"0&)' 2%# *5) B/"0 (%/!)#'$%/' %2 *5)') +"*)#$"0'- ;'
<$!)/ $/ 3"10) 4> *5) '*"/8"#8 8)!$"*$%/ %2 *5) (%/!)#'$%/
+)"'&#)+)/*' A"' %/0= !4-E_-

./ "88$*$%/ *% ,#%!$8$/< "/ "((&#"*) +)"'&#) %2 *5)
(%/!)#'$%/> *5) /)"#6.7 *)(5/$@&) 2"($0$*"*)' (%&,0$/< *5)
Z$/)*$( "/8 +)(5"/$("0 "/"0='$'- :$86.7 "/8 9[H '*&8$)'
,#%!$8) !"0&"10) Z$/)*$( $/2%#+"*$%/X 5%A)!)#> 8&) *% *5)$#
',"*$"0 #)'*#$(*$%/'> *5$(Z)# ',)($+)/' *5"* "#) &')2&0 2%#
%*5)# *=,)' %2 "/"0='$' K$-)- +)(5"/$("0 *)'*$/<> )?*#"(*$%/>
)*(-N ("/ /%* 1) "/"0=Y)8 #)"8$0= $/ *5) +$86.7- 35)#)2%#)>
1= &'$/< /)"#6.7 ',)(*#%'(%,=> %/) $' "10) *% +%/$*%# *5)
,%0=+)#$Y"*$%/ #"*) %2 *5$(Z)# ',)($+)/' "/8 ("/ )"'$0=

$%&% $'()** )+ ,*% - .)/+,* 0,+)12,*3 45 678849 :8;<:44GCM

3"10) 4
`$/)*$( "/8 +)(5"/$("0 ,#%,)#*$)' %2 FGWDG 1$'6a:;W3ba9:;- [*"/8"#8 8)!$"*$%/ %2 +)"'&#)+)/*'V (%/!)#'$%/! 4-E_> !< ! C-^!H K/! DN

H&#) *)+,)#"*&#) K!HN :"?$+&+ #"*) K'#4N H%/!)#'$%/ "* 0$<5* %22 K_N Q$/"0 (%/!)#'$%/ K_N !< K!HN !< K!HN FC!H (&#)"

4C C-CCCG DE-M R4-G R^-M RG-D
DC C-CC4 E^-D GD-R GD-R G4-G
EF C-CCD RM-R GR-4 ^D-F GL-L
GC C-CCEG GF-R GF-E ^R-^ ^E-D
FC C-CC^ ^M-G ^L-D LC-M c

" H&#)8 "* FC!H *% +"*(5 *5) B/"0 (%/!)#'$%/' K!C-G_N #),%#*)8 "* *5) %*5)# *)+,)#"*&#)'- ;00 A)#) (&#)8 A$*5 4C +dW(+D $/*)/'$*= IJ 0$<5* "/8 C-4 A*_
e93 $/$2)#*)#-

Q$<- R- a0"'' *#"/'$*$%/ *)+,)#"*&#) K!<N !' (%/!)#'$%/ 2%# FGWDG 1$'6a:;W
3ba9:; A$*5 C-4 A*_ e93 (&#)8 1= IJ 0$<5* $/*)/'$*$)' %2 K!N C-CGc
4 +dW(+D> KeN MCC +dW(+D> K"N 4C +dW(+D "/8 FC!H> K#N G +dW(+D

"/8 K"N 4C +dW(+D A$*5 (&#) *)+,)#"*&#)' %2 4C> DC> EF "/8 GC!H K*)#+6
$/"0 (%/!)#'$%/' "* *5%') (&#) *)+,)#"*&#)'N> "/8 K$N !$'$10) 0$<5* (&#)8
A$*5 Hf6"+$/) $/$*$"*%# '='*)+- 35) 2#)) !%0&+) (&#!) B* KccN <$!)/ $/
b@- K4N $' "0'% '5%A/-

X

!"#$%&' (&#) *)+,)#"*&#)'- .* ("/ "0'%1) '))/ 2#%+3"10) 4 *5"*
*5) #)'&0*' 2#%+ *5) /)"#6.7 "/8 9:; *)'*$/< "#) !)#= #),)"6
*"10)> $/8$("*$/< *5"* *5) )?,)#$+)/*"0 )##%# $/ *5) +)"'&#)8
!"0&)' $' @&$*) 0%A-

./ *5$' '*&8=> A) A)#) "0'% $/*)#)'*)8 $/ 8)*)#+$/$/<
A5)*5)# ',)($+)/' (&#)8 "* 8$22)#)/* *)+,)#"*&#)' 1&* *%
'$+$0"# B/"0 (%/!)#'$%/' )?5$1$*)8 '$+$0"# +)(5"/$("0 ,#%,6
)#*$)'- 3% +"*(5 *5) B/"0 (%/!)#'$%/' %2 *5) ',)($+)/'
(&#)8 "* 4C> DC> EF "/8 GC!H> 8$22)#)/* IJ $##"8$"*$%/
*$+)' KEL> MG> 44C "/8 4GC ' #)',)(*$!)0=N A)#) &')8 A$*5
" (&#$/< *)+,)#"*&#) %2 FC!H *% #)"(5 )"(5 8)'$#)8 B/"0
(%/!)#'$%/- 35) 0"'* (%0&+/ %2 3"10) 4 <$!)' *5) +)"'&#)8
!<O' 2%# *5) P+"*(5$/<O ',)($+)/' (&#)8 "* FC!H-

./ "88$*$%/ *% '*&8=$/< *5) )22)(* %2 (&#) *)+,)#"*&#) %/
*5) +)(5"/$("0 ,#%,)#*$)' %2 8)/*"0 #)'$/'> A) "0'% $/!)'*$6
<"*)8 *5) )22)(* %2 0$<5* '%&#() "/8 $/*)/'$*=- ;' '5%A/ $/
Q$<- R> 8$22)#)/* 0$<5* '%&#()' KIJ %# !$'$10) 0$<5*N "/8 0$<5*
$/*)/'$*$)' A)#) &')8 "/8 *5) !<O' %2 *5) (&#)8 ,%0=+)#' "' "
2&/(*$%/ %2 B/"0 8%&10) 1%/8 (%/!)#'$%/ A)#) 8)*)#+$/)8-
S/() *5) 8"*" %2 !< "' " 2&/(*$%/ %2 (%/!)#'$%/ K"N A"'
%1*"$/)8> 2#)) !%0&+) *5)%#= A"' &')8 *% ,#)8$(* *5) !< %2
*5) +%/%+)# "/8 *5) (%+,0)*)0= (&#)8 K$-)-> "! 4-CN ,%0=6
+)#- 35) )@&"*$%/ &')8 2%# *5) (&#!) B* A"' T4RUV

!< !
!+!<+ " "!,!<,", # !+!<+#"

!+"+ " "!,", # !+"+#"
"4#

A5)#) "+ $' *5) ',)($B( !%0&+) %2 *5) +%/%+)# KC-MMM (+EW
<NX " , $' *5) ',)($B( !%0&+) %2 *5) ,%0=+)# KC-MEG (+EW<NX
!+ KC-CCCG!H#4N "/8 ! , KC-CCCCFG!H

#4N "#) *5) 8$22)#)/()
$/ *5) *5)#+"0 )?,"/'$%/ (%)2B($)/*' 1)*A))/ *5) 0$@&$8 "/8
*5) <0"''= '*"*) 2%# *5) +%/%+)# "/8 ,%0=+)#> #)',)(*$!)0=-
35) ,#)8$(*)8 !"0&) 2%# *5) !< %2 *5) +%/%+)# K!<+N $' 4C!H
"/8 *5) ,%0=+)# $' K!<,N EDC!H- .+,#)''$!)0=> *5) )?,)#$6
+)/*"0 8"*" B* *5) /%/60$/)"# 2#)) !%0&+) *5)%#= (&#!) A)00
K#! C-LMN-

!" #$%&'%%$()

;' $00&'*#"*)8 1= Q$<- DK"N> *5) /)"#6.7 *)(5/$@&) $' "
(%/!)/$)/* A"= *% +%/$*%# *5) ,%0=+)#$Y"*$%/ #"*) "/8
8%&10) 1%/8 (%/!)#'$%/ %2 *5$(Z K4 ++N ,5%*%(&#)8 #)'$/
',)($+)/'- [$/() )$<5* '("/' ,)# ',)(*#&+ "/8 " #)'%0&*$%/
%2 R (+#4 A)#) &')8 *% (%00)(* *5) #"*) 8"*"> *5) *$+)

#)'%0&*$%/ A"' D-E '- 35$' *$+) '("0) $' +%#) *5"/ "8)@&"*)
2%# %&# ,&#,%')' '$/() *5) ,%0=+)#$Y"*$%/ *"Z)' %!)# 4CC '-
\%A)!)#> $2 2"'*)# (&#$/< #"*)' A)#) &')8> +%8$B("*$%/' *%
*5) ",,"#"*&' A%&08 1) /))8)8 *% $+,#%!) *5) '$</"0 "/8
"00%A 2%# <#)"*)# *)+,%#"0 #)'%0&*$%/ %2 *5) 8"*"- ]= $/(#)"'6
$/< *5) /&+1)# %2 '("/' ,)# ',)(*#&+ *% ^R 1)2%#) "/8 "2*)#
*5) ,%0=+)#$Y"*$%/> A) A)#) "10) *% %1*"$/ @&$*) ,#)($')
!"0&)' 2%# *5) B/"0 (%/!)#'$%/' %2 *5)') +"*)#$"0'- ;'
<$!)/ $/ 3"10) 4> *5) '*"/8"#8 8)!$"*$%/ %2 *5) (%/!)#'$%/
+)"'&#)+)/*' A"' %/0= !4-E_-

./ "88$*$%/ *% ,#%!$8$/< "/ "((&#"*) +)"'&#) %2 *5)
(%/!)#'$%/> *5) /)"#6.7 *)(5/$@&) 2"($0$*"*)' (%&,0$/< *5)
Z$/)*$( "/8 +)(5"/$("0 "/"0='$'- :$86.7 "/8 9[H '*&8$)'
,#%!$8) !"0&"10) Z$/)*$( $/2%#+"*$%/X 5%A)!)#> 8&) *% *5)$#
',"*$"0 #)'*#$(*$%/'> *5$(Z)# ',)($+)/' *5"* "#) &')2&0 2%#
%*5)# *=,)' %2 "/"0='$' K$-)- +)(5"/$("0 *)'*$/<> )?*#"(*$%/>
)*(-N ("/ /%* 1) "/"0=Y)8 #)"8$0= $/ *5) +$86.7- 35)#)2%#)>
1= &'$/< /)"#6.7 ',)(*#%'(%,=> %/) $' "10) *% +%/$*%# *5)
,%0=+)#$Y"*$%/ #"*) %2 *5$(Z)# ',)($+)/' "/8 ("/ )"'$0=

$%&% $'()** )+ ,*% - .)/+,* 0,+)12,*3 45 678849 :8;<:44GCM

3"10) 4
`$/)*$( "/8 +)(5"/$("0 ,#%,)#*$)' %2 FGWDG 1$'6a:;W3ba9:;- [*"/8"#8 8)!$"*$%/ %2 +)"'&#)+)/*'V (%/!)#'$%/! 4-E_> !< ! C-^!H K/! DN

H&#) *)+,)#"*&#) K!HN :"?$+&+ #"*) K'#4N H%/!)#'$%/ "* 0$<5* %22 K_N Q$/"0 (%/!)#'$%/ K_N !< K!HN !< K!HN FC!H (&#)"

4C C-CCCG DE-M R4-G R^-M RG-D
DC C-CC4 E^-D GD-R GD-R G4-G
EF C-CCD RM-R GR-4 ^D-F GL-L
GC C-CCEG GF-R GF-E ^R-^ ^E-D
FC C-CC^ ^M-G ^L-D LC-M c

" H&#)8 "* FC!H *% +"*(5 *5) B/"0 (%/!)#'$%/' K!C-G_N #),%#*)8 "* *5) %*5)# *)+,)#"*&#)'- ;00 A)#) (&#)8 A$*5 4C +dW(+D $/*)/'$*= IJ 0$<5* "/8 C-4 A*_
e93 $/$2)#*)#-

Q$<- R- a0"'' *#"/'$*$%/ *)+,)#"*&#) K!<N !' (%/!)#'$%/ 2%# FGWDG 1$'6a:;W
3ba9:; A$*5 C-4 A*_ e93 (&#)8 1= IJ 0$<5* $/*)/'$*$)' %2 K!N C-CGc
4 +dW(+D> KeN MCC +dW(+D> K"N 4C +dW(+D "/8 FC!H> K#N G +dW(+D

"/8 K"N 4C +dW(+D A$*5 (&#) *)+,)#"*&#)' %2 4C> DC> EF "/8 GC!H K*)#+6
$/"0 (%/!)#'$%/' "* *5%') (&#) *)+,)#"*&#)'N> "/8 K$N !$'$10) 0$<5* (&#)8
A$*5 Hf6"+$/) $/$*$"*%# '='*)+- 35) 2#)) !%0&+) (&#!) B* KccN <$!)/ $/
b@- K4N $' "0'% '5%A/-

Lovell et al., Dental Materials 17 (2001) 504-511 

Tg



CROSSLINK DENSITY ξ

Barszczewska-Rybarek, Gibas, Kurcok, Polymer (2000) Richards et al, Chemical Engineering Science (2009)

n ~ crosslinker
molecular weight

  
E = 3NkT =

3ρAξ
Mn

kT

 
ξ =

2α −1
α

E : elastic modulus @ T > Tg
ρ : density
Mn : molecular weight monomer
A : Avogadro’s number

Conversion of diacrylates

Cognard (2000)
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Table 4. Comparison of thermal expansion coefficients of 76% crosslinked systems with different 
crosslinked clusters (CLTE value ×10-5/ºC) 

 
50% cluster 

crosslink density 
59% cluster 

crosslink density 
69% cluster 

crosslink density 

Above Tg 17.3(±0.48) 11.7(±0.43) 14.3(±0.49) 

Below Tg 7.0(±0.19) 5.7(±0.21) 7.7(±0.22) 

 

 

Figure 10.Coefficients of linear thermal expansion vs. overall crosslink density. 

The CLTE data is plotted against R in Figure 11. Above Tg, there is a considerable amount of scatter in 
the data, and there is no clear influence of R on the CLTE. Below Tg, the scatter in the data is reduced and 
it appears that there may be a slight increase in the CLTE for increases in R. This would indicate that as 
more crosslinks are confined to the individual clusters, the overall molecular mobility of the system 
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Figure 12. Young’s and Shear moduli vs. overall crosslink density. 
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Figure 5-19 Evolution of the magnitude of the shear modulus for the three acrylates cured at 20 

mW/cm2 as a function of conversion. The points mark vitrification onset and the arrowheads 

illustrate that the reaction is not completed. 

 

5.4 Time-Intensity-Transformation Diagrams 

The conversion data and modeled iso-conversion curves are combined with 

gelation and vitrification in the form of time-intensity-transformation diagrams 

depicted in Figure 5-20 to Figure 5-22, for DPHA, Acrylated Boltorn H20, and 

Acrylated Polyether HBP, respectively. The iso-conversion curves were only plotted 

up to vitrification, since the autocatalytic model only was able to follow the measured 

conversion profile up to this point, as discussed in the precedent Chapter. It is clear 

that intensity has a considerable influence on conversion [25], and that the intensity 

dependence of conversion and vitrification is different, as represented by the different 

slopes of iso-conversion and the vitrification lines. For very low intensities, it is 

expected, that high conversions, can not be reached, even at very long exposure times, 

due to the absent excess volume effect, which was found for higher intensities [26]. 

For very high intensities, the iso-conversion lines should become vertical, since there 

is a maximum intensity, beyond which the reaction does not accelerate further [25].  

For all three materials it is also obvious that vitrification was shifted to higher 

conversions for higher intensities. The implication of the shift in vitrification on 

internal stress is discussed in the following Chapter. 

 

Schmidt, PhD thesis (EPFL 2006)
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G = NkT = ρAξ
Mn

kT

vitrification

1
1−n

Young’s modulus

shear modulus
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IMPACT OF UV INTENSITY ON INTERNAL STRESS

vitrification

Combination of bending 
and calorimetry data 
OBTAINED UNDER THE 
SAME CONDITIONS 
(intensity, atmosphere)

UV 
intensity 
(mW/cm2)

Bowman and coworkers, Dental Mater (2004)
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approaching the instrument resolution of the
tensometer (ca. 0.01 MPa). The low shrinkage
stress level is mostly associated with the system’s
low elastic modulus when the network evolution has
passed the gelation stage but prior to the vitrifica-
tion stage; therefore, a significant amount of
shrinkage stress is not generated. Furthermore,
the stress generated can be partially relieved at
this stage of polymerization, thus only a small
amount of overall stress was observed.

More importantly, shrinkage stress relaxation
phenomena were observed for samples cured with
very short irradiation time. Specimens cured for 2 s
exhibit larger ability to relax stress compared to
those cured for 3 s, due to the relatively lower
double bond conversion they reached. It should be
kept in mind that the measured macroscopic shrink-
age stress is actually a competition between the
stress generation and stress relaxation. In addition,
the material’s ability to generate and relax stress
strongly depends on the system’s viscoelastic
properties at various stages of polymerization.

To gain a further understanding of the shrinkage
stress development and relaxation behavior,
the final shrinkage stress vs. final conversion of
sample irradiated for 2, 3, 6, and 10 s were plotted
on the same graph with the continuous shrinkage
stress development as a function of conversion for
the 60 s cured sample (Fig. 4). Very interestingly,
for systems in which a considerable amount of
shrinkage stress has been relieved (2 and 3 s
irradiation), the final shrinkage stress is much
lower than the corresponding stress values for the
same conversions of sample cured for 60 s. For
example, the final conversion obtained for 2 and

3 s curing are 40.8G1.6 and 53.8G1.7%, respect-
ively, with the final shrinkage stress developed
being 0.03G0.01 and 0.11G0.03 MPa. Whereas for
the samples exposed for 60 s, the shrinkage stress
at 40.8 and 53.8% conversion are 0.20G0.06 and
0.41G0.10 MPa, respectively. However, for
samples irradiated for 6 s where no significant
amount of stress relaxation occurs, the final stress
and conversion values almost overlap onto the
continuous curve of shrinkage stress evolution as a
function of conversion for the 60 s cured sample.
The final stress and conversion achieved for 10 s
cured system are also close to the regime of the
stress development curve of the 60 s-cured system.

The stress relaxation inside a polymer can be
caused by either physical or chemical phenomena.
Sperling [26] has grouped the primary reasons
causing the stress relaxation into five general
categories: chain scission due to oxidative degra-
dation and hydrolysis, bond interchange within
chain portions, viscous flow prior to gelation,
relaxation of trapped entanglements in elastomeric
networks, and molecular relaxation near the glass
transition temperature. For the stress relaxation
behavior observed in the samples irradiated for 2
and 3 s, the major reasons are the viscous flow prior
to gelation and polymer chain relaxation while the
cross-linked network is still in the pre-vitrification
stage.

The samples irradiated for 6, 10, and 60 s
displayed very little shrinkage stress relaxation
capability. When the cross-linked network’s cross-
linking density and elastic modulus increase dra-
matically during the vitrification stage, the polymer
network’s ability to relieve the stress through chain
relaxation became significantly restricted. Accord-
ing to literature, the molecular motion in the liquid
and rubbery states involve 10–50 carbon atoms,
whereas the molecular motion in the glassy state is
restricted to vibrations, rotations, and motions by
relatively short segments of the chains [26]. The
determination of the polymer relaxation behavior
has been investigated by Curro et al. [27–29]. It was
found that, for a fixed temperature, the extent and
ability of molecular motion in the glassy state
depends on the free volume. The time dependence
of the free volume in the glassy state is established
and the shift in viscoelastic relaxation times can be
predicted [27].

For viscoelastic materials, several models have
been developed to characterize the creep and
stress relaxation behaviors, such as the Maxwell
model, Kelvin (Voigt) model, and four-element
model [26]. Springs (to represent the elastic
behavior) and dashpots (to represent the viscous
behavior) are frequently used in these models.

Figure 4 Compare the final shrinkage stress value as a
function of the final double bond conversion of Bis-
GMA/TEGDMA (70/30 by wt; Initiator: CQ 0.3 wt%; EDAB
0.8 wt%) filled with 30 wt% silanized barium glass cured
for 2 s (%), 3 s (;), 6 s (:), 10 s (C) with the continuous
shrinkage stress development as a function of conversion
of the system cured for 60 s (- -).

H. Lu et al.984

Schmidt et al., Rheol Acta (2007)
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VOLUME EVOLUTION DURING CURING

• When the polymer starts to cure, 
the volume relaxation is able to 
follow the conversion up to the 
point A, where the material 
vitrifies.

• The material cured at a higher 
intensity I2 will reach higher 
conversion and Tg due to 
enhanced mobility



Curing at a low intensity:
• earlier vitrification, hence earlier 

stress build-up
• limited final conversion and 

limited internal stress
• additional viscoelastic stress 

relaxation

Curing at a high intensity:
• later vitrification, hence later 

stress build-up
• higher final conversion, hence 

higher internal stresses

Bowman and coworkers, Dental Mater (2004)
Schmidt et al., Rheol Acta (2007) 38
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SUMMARY

• Process–structure relations
– Time-intensity superposition with power law scaling (invalidates the 

radiation dose equivalence principle)
– Time-temperature superposition with Arrhenius scaling up to 

vitrification
– Activation energy for photopolymerization ~ 20 kJ/mol                        

(vs. ~ 80 kJ/mol for thermal polymerization)
– Oxygen inhibition in free radical systems and moisture uptake in 

cationic systems!
– Conversion behavior predictable for any intensity and temperature 

with autocatalytic model
– Time-intensity-transformation as process map

• Structure–property relations
– Crosslink density controls thermal and mechanical properties
– Stress develops in the vitreous state 
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