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ABSTRACT:

We herein describe a set of rheological measurements that were carried out in order to characterize the solidi-
fication of photopolymers. The solidification depends on the length of time of exposure to UV light, and the
intensity of that light, which reduces with distance from the irradiative surface. Liquid prepolymer was solidi-
fied inside the gap of a parallel disk rheometer by irradiation of the prepolymer with UV light through a fixed
quartz disk. The rheological time-dependent changes were measured and analyzed for both unidirectional and
oscillatory shear. The results were compared with those obtained by direct measurement in the absence of shear.
When the thickness of the sample was less than 0.1 mm, the analysis for unidirectional shear flow yielded a rea-
sonable agreement for both critical exposure and solidified depth. When the thickness was greater than o.1mm,
the application of unidirectional shear delayed the start of the solidification but then caused it to occur more
rapidly. This dependence of the solidification on the thickness of the sample was more significant for dispersed
systems of nanotubes and for dynamic measurements made under oscillatory shear. The increase in viscosity
due to photopolymerization was also estimated, and its effect was discussed.

ZUSAMMENFASSUNG:

Wir beschreiben eine Reihe von rheologischen Messungen, die durchgefiihrt wurden, um die Verfestigung von
Photopolymeren zu charakterisieren. Die Verfestigung hangt von der Zeit, in der die Probe der UV-Strahlung
ausgesetzt ist, und der Lichtintensitat ab, die mit dem Abstand von der Strahlungsquelle abnimmt. Das fliissi-
ge Prepolymer wurde durch die Bestrahlung des Prepolymers durch eine feste Quartzscheibe im Spalt eines
parallelen Platten-Rheometers verfestigt. Die zeitabhingigen rheologischen Anderungen wurden gemessen
und analysiert sowohl fiir Scherung mit konstanter Schergeschwindigkeit als auch fiir oszillatorische Scherung.
Die Resultate wurden mit denen verglichen, die durch direkte Messung ohne Scherstrémung gewonnen wur-
den. Wenn die Probendicke kleiner als 0.1 mm ist, fiihrt die Analyse der Ergebnisse fiir eine stationare Scher-
strémung zu einer guten Ubereinstimmung sowohl fiir die kritische Bestrahlung als auch fiir die Verfesti-
gungstiefe. Wenndie Probendicke gréRerals 0.1mmist, verzégert die Anwendungeiner Scherung mit konstanter
Schergeschwindigkeit den Beginn der Verfestigung, fiihrt danach jedoch zu einer beschleunigten Verfestigung.
Diese Abhdngigkeit der Verfestigung von der Probendicke war fiir disperse Systeme mit Kohlenstoffnanorér-
chen bedeutend bei dynamischen Messungen unter oszillatorischer Scherung. Die Zunahme der Viskositat auf-
grund der Photopolymerisation wurde ebenfalls abgeschatzt und der Effekt diskutiert.

RESUME:

Nous décrivons ici un ensemble de mesures rhéologiques qui ont été faites dans le but de caractériser la solidi-
fication de photopolymeéres. La solidification dépend de la durée d’exposition a la lumiére UV et de I'intensité
de cette lumiére qui diminue avec la distance calculée depuis la surface irradiante. Un liquide pré-polymérique
a été solidifié a I'intérieur de I'entrefer d’'un rhéométre équipé de disques paralléles en irradiant le pré-polymeé-
re avec une lumiére UV a travers un disque de quartz. Les changements rhéologiques au cours du temps ont été
mesurés et analysés en cisaillement oscillatoire et continue. Les résultats ont été comparés avec ceux obtenus
par mesure directe en I'absence de cisaillement. Lorsque I’épaisseur de I’échantillon est inférieure a 0.1 mm,
I’analyse en cisaillement continu conduit a un accord raisonnable pour I'exposition critique et la profondeur de
solidification. LorsqueI'épaisseurest supérieured o.1mm,'applicationd’uncisaillement continuretarde le début
de la solidification mais ensuite induit une solidification plus rapide. Cette dépendance de la solidification avec
I’épaisseur de I'échantillon est plus importante pour les systémes dispersés de nanotubes et pour les mesures
dynamiques effectuées avec un cisaillement oscillatoire. L'augmentation de la viscosité associée a la photopo-
lymérisation a aussi été estimée et son effet est discuté.
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1 INTRODUCTION

A photopolymer is composed of a monomer, an
oligomer and a photoinitiator, and is generally
solidified by ultraviolet (UV) light. The photoso-
lidification of a prepolymer has a number of
advantages in that it is fairly rapid and requires
less energy than a thermal process, does not
entail the use of organic solvents, and may be
applied to a selected area by means of a masking
technique 1, 2]. Photopolymers have been wide-
ly used in coating, printing and adhesives, and so
on. These solidification characteristics are influ-
enced by the presence of dispersed particles in
the photopolymer. These insoluble additives are
used to improve the properties of the pho-
topolymer, including its mechanical strength
and conductivity of heat or electricity. Bauer and
Menhert[3] investigated the effect of nano-sized
particles of silica on the properties of UV-curable
acrylate, for example. They found that the addi-
tion of nanosilica improved the resistance of the
acrylate coat to scratching and abrasion. Addi-
tives such as glass powder and carbon may also
be used asfillers for the polymer composite. Such
additives include carbon nanotubes (CNTSs),
which are well known to be an attractive mater-
ial following their discovery by lijima [4]. The
mechanical, electrical,and rheological properties
of the polymer and the CNT composites were
reviewed by Moniruzzaman and Winey [s5]. In
order to optimize and control the solidification
process of the dispersed system, it is important
to clarify the influence of dispersion of these par-
ticles on the solidification.

In any material, the intensity of light i(x) is
reduced with depth x by absorption. The trans-
mittance T may be expressed in terms of the ratio
i(x)/1, where [_is the intensity of the light irradiat-
ed from the surface of the material. The ab-
sorbance A is defined as A = - In(i(x)//), and is pro-
portional to the depth of penetration x. This
relationship is called Beer-Lambert law, and the
intensity i(x) at a given point in material is given by

i(x):ls/exp(x/Dp) 0

where a constant D, is a depth of penetration,,
and represents the depth at which the irradiance
becomes 1/e times that at the surface. Pho-
topolymers are subject to the Beer-Lambert law.
In addition, solidification due to photopolymer-

ization begins above a critical level of exposure
E_,whichrepresentstheenergylevelat which the
photopolymer changes from a liquid to a solid.
The UV light is absorbed by the polymer. The
exposure e(x,t) in the polymer is given by i(x)t at
time t, and decreases with penetration depth x
as

e(x.t)=1,t/exp(x/D,) @)

The solidified depth h(t) is that depth x at which
e(x,t) reachesthevalue E,. By assuming that e(x,t)
=E,x=h,and/t=E inEquation 2,the depth may
be represented by the working curve Equation 1

h=D,In(E,[E,) 3)

E, is the exposure at the surface of the polymer.
The process of solidification is therefore charac-
terized by the constants £ and D,

There arethree methods of measurement of
the constants E_and D,. These are (1) by direct
measurement, (2) usingatechnique based onthe
detection of a chemical reaction, and (3) by a rhe-
ological method. The direct method is the sim-
plest of these methods. In it, the liquid prepoly-
mer is exposed to UV light. After exposure, the
liquid phase is removed manually, and the thick-
ness hoftheremainingsolidified polymeris mea-
sured. This measurement is repeated across a
range of exposure, and a curve of h is plotted as
a function of In( E)). The extrapolation of this
semi-logarithmic plot crosses thelineh =0 atE,,
and the gradient yields the value of D,. This
method is commonly used, by virtue of its sim-
plicity. However, the removal of the liquid phase
must be done manually, and careful measure-
ment is therefore necessary to determine the
precise thickness of the solidified polymer.

In the second chemical method, the kinetics
of the reaction are measured using differential
scanning calorimetry (DSC) or real-time infrared
spectroscopy (RTIR). Photo-DSC detects the heat
of a reaction, and is used to analyze the photo-
initiated reactions. RTIR is used to measure the
absorption of different IR frequencies by a sam-
ple. Different functional groups absorb different
characteristic frequencies of IR radiation, there-
by allowing RTIR analysis to be used to determine
the conversion of the selected functional group
by means of real time spectroscopy. Castell et al.
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[6] applied both these methods together with a
rheological method, and showed that they were
complementary in the characterization of pho-
topolymerization.

The third method measures the changes in
the rheological properties induced by solidifica-
tion. In this method, a shear flow is produced
between two parallel plates. UV light is irradiat-
ed fromone plateintothe prepolymer. Above the
critical level of exposure, gelation begins on the
irradiation surface, causing the photopolymer to
become divided into a solid and a remaining lig-
uid layer. The thickness of the liquid layer
reduces, and the apparent viscosity increases,
with increasing exposure time. Watanabe et al.
[7] studied the rheological behavior of epoxy
acrylate prepolymer during UV curing. They
developed an oscillating plate rheometer, in
which a shear flow was produced in the space
between a fixed plate and a linearly oscillating
one. UV irradiation of the prepolymer increased
its dynamic viscosity. Using this rheometer,
Otsubo et al. [8, 9] discussed the influence of
sample thickness and non-homogeneous gela-
tion on the dynamic viscosity. Khan et al. [10, 11]
installed a UV light system into a rotating
rheometer and irradiated UV light from one side
of the parallel disks. After various exposure
times, they extinguished the UV light and mea-
sured the dynamic moduli G’ and G”. Chiou et al.
[12] used the same apparatus with Fourier trans-
form mechanical spectroscopy, and measured
the dynamic moduli in real time during solidifi-
cation. In order to monitor a fast curable polymer
system, Lee et al. [13] measured the strain-stress
response, which was sampled at a rate of 200
points per second in a parallel plate rheometer.
The wave forms thus obtained were analyzed to
yield the time-dependence of the dynamic mod-
uli.Schmidtetal.[14] increased the sampling rate
of this method to 1000 points/s, and enabled to
monitor the faster curable systems. Some com-
mercial rheometers now include optional UV
irradiation equipment. Thus, rheological mea-
surement is a practical tool for the investigation
of the solidification of photopolymers. However,
all studies apart from that of Otsubo et al. [9]
have assumed homogeneous gelation over the
whole of the material. As suggested by Equation
3, solidification begins from the light irradiation
surfaceandtherheological propertiesdependon
the distance from the surface.
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We herein discuss a method of characteri-
zation that considers the co-existence of liquid
and solid layers during solidification. UV light
penetrates the liquid prepolymer, thereby start-
ing the process of photopolymerization from the
irradiation surface. The solidification is not only
time-dependent but also dependent on the
depth of light penetration. These solidification
characteristics were investigated for both unidi-
rectional and oscillatory shear. Since the rate of
solidification was fairly rapid, the initial pre-gel
state was assumed to turn to the post-gel state
instantaneously. The effects of shear, sample
thickness, and suspended nanotubes were inves-
tigated, and the results were compared with
those obtained by direct measurement. The
influence of increasing viscosity prior to solidifi-
cation was also estimated and discussed.

2 EXPERIMENTAL METHODS

2.1 MATERIALS AND RHEOLOGICAL CHARAC-
TERIZATION

The photopolymer used in our experiments was
a pale yellow prepolymer (Afit UAP-75). Its main
components were 2.2 bis 4-(acryloxy diethoxy)
phenyl,tricylodecane dimethanol diacrylate,and
a thickener. The photoinitiator was a mixture of
Igracure 184 and 819, the concentration of which
was1%. Thefiller was composed of single-walled
carbon nanotubes (CNTs), supplied by Nikkiso
Co., Ltd. The diameter and the length of the nan-
otubes were typically 2 nm and a few microns,
respectively. These CNTs were produced by a
Direct Injection Pyrolytic Synthesis, which is a
type of Chemical Vapor Deposition method.
CNTs in the form of bukypaper were initially dis-
persed in acetone using an ultrasonicator (Bran-
son Sonifier 150) for 12 hours. In order to prevent
the evaporation of the acetone, the temperature
was maintained at between o and 4°C by means
of a temperature control bath during ultrasoni-
cation. The sonicated CNTs were dried in a con-
vection oven at 70°C, and then mixed with the
prepolymerforone hour. Prepolymers with CNTs
of 0.05 and 0.1 wt% were prepared for the mea-
surements.

The steady shear and dynamic complex vis-
cosities were measured using a cone and a plate
rheometer (Thermo Haake RS 600). The cone
diameter was 20 mm and the gap angle was 1°.
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The dynamic measurement was carried out
under a control stress mode of 5 Pa.

2.2 DIRECT MEASUREMENT OF SOLIDIFICATION
CHARACTERISTICS

The liquid prepolymer was put on a quartz glass
plate, through which UV light (Sumita LS-165 UV)
wasirradiated,asshowninFigure1ia. The UV light
was UVA, and the peak wave length was 365 nm.
The surface intensity /, of the UV light was mea-
sured at the glass surface. Since the presence of
oxygen in the prepolymer inhibits the pho-
topolymerization, its diffusion from the air into
the prepolymer through the open surface may
suppress the solidification. This possibility was
investigated by covering the prepolymer with a
plate, as shownin Figure1b. Inthis case, the open
surface was limited to the small gap. After an
exposure time t the irradiation was stopped, and
the liquid part was removed using a spatula, as
shown in Figure 1c. The thickness h of the solid
part was then measured. This process was
repeated for a number of different exposure
times. Surface exposure E, was obtained using
E, = surface light intensity /. x exposure time t,
and a working curve of h against In(E,) was then
plotted. The gradient of the semi-logarithmic
plot yielded the depth of penetration D, from
Equation 3, and the extrapolation of the curve to
h = o yielded the critical exposure E .

2.3 RHEOLOGICAL MEASUREMENT OF SOLIDIFI-
CATION CHARACTERISTICS

The unidirectional shear and dynamic complex
viscosities were measured using a parallel disk
rheometer (Thermo Haake RS 600), as shown in
Figure 2,in which UV light was irradiated into the

Steady and oscillatory rotation

j Rnrfm ng disk

UV light

liquid prepolymer through a light guide made of
quartz glass fibers. The rotating aluminum disk
was disposable. In order to study the influence of
the sample thickness on solidification, the exper-
iments were conducted for a disk gap of 0.025 to
0.4 mm. The temperature was maintained at a
constant 25°C. A pre-shear of 5 s was applied to
ensure the stabilization of the sample prior to
irradiation with UV light. Above the critical expo-
sure E,, solidification began from the quartz glass
surface, and the thickness of the solid layer on
the glass plate gradually increased.

The depth dependence of the solidification
was caused by that of the reduction of the trans-
mitted light, as given by Equations 1and 2. This
dependence on depth is somewhat at odds with
the homogeneity of chemical gelation. Homoge-
neous gelation has previously been investigated
rheologically through measurements of dynam-
icviscoelasticity, from which a gel point has been
predicted. Tung and Dynes [15] and Winter [16,17]
proposed rheological methods of detection of
the gel point. As discussed in our introduction,
gelation of photopolymers was investigated
usingthe samerheological methods asforhomo-
geneous gelation. However, the same method-
ology is not appropriate for photosolidification.
Analternativeapproachisintroduced hereinthat
is based on the following assumptions:

B The photopolymer is divided into two layers
of liquid and viscoelastic solid between the
parallel disks. The thickness of each layer
varies during solidification.

B In the unidirectional measurement of shear,
the viscous property of the liquid layer does
not change prior to solidification, and the vis-
cosity of the initial prepolymer is preserved.

B In dynamic complex measurement, the val-
ues of the moduli G’,and G”, of the initial lig-
uid layer, and of the moduli G’,and G”_ of the
solidified layer, are preserved during solidifi-
cation.
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Figure 1 (left):

Direct measurement of
solidification characteristics.
The prepolymer surface was
open in (a) and covered with
a disk in (b) in order to mini-
mize contact with oxygen.
After UV light was extin-
guished in (c), the upper lig-
uid prepolymer was
removed using a spatula,
and the thickness of the
solidified photopolymer was
measured.

Figure 2:
Solidification in the parallel
disk rheometer.



The first of the foregoing assumptions is consis-
tent with the process of the photo-solidification.
The second assumption accounts for the rapid
change from liquid to solid, because photopoly-
merization is generally faster than other kinds of
chemical gelation. However, there is a possibili-
ty that exposure of the prepolymer to lightin the
region of E, may induce a non-negligible increase
inviscosity. The usefulness and limitations of the
foregoing assumptions are discussed in the next
section.

In the case of unidirectional shear, the char-
acterization may be formulated as follows:
Step I: Shear rate y (M): In this step the shear
ratey isdefinedtobe afunction ofthe moment
M at the rim of the disk. The shear rate y is
Rw/H, where R is the radius of the disk, w is the
angularvelocity,and His the distance between
the disks. First, we measure M as a function of
the shearratey, such that the inverse function
of M(y) is obtained as follows

y=7(M) (@)

At this stage, a rheological model of the liquid
prepolymer is not necessary. However, if the
rheological modelis known, we candeduce the
shear rate y =y (M) to be a function of M. In a
parallel disk viscometer, the torque moment M
is

2nR3 v, .
> Ja T,

R
M= 27rj T,r*dr=
° (s)

where 7, and y are the shear stress and shear
rate at the radial coordinate r. The parallel disk
rheometer can be used to measure a non-New-
tonianviscous property[18].Inthe case of New-
tonian fluid, T = r7y, and M(y)= nR3ny /2 from
Equation 5. Then

¥(M)=—2

7R (6)

Step II: Solidified depth h: For an angular veloc-
ity w and a surface light intensity /, continuous
UV irradiation increases the exposure in the
photopolymer. The light intensity in the pho-
topolymer is highest at the irradiation surface,
at which the exposure approaches the critical
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exposure E_ prior to the start of solidification.
The depth of prepolymerthat has been exposed
to E, increases with time. This process of solidi-
fication reduces the thickness of the liquid lay-
er and increases both the shear rate y and the
torque moment, M.Boththe measured moment
M and Equation 4 provide the value of y, which
is equal to Rw/(H-h) at the rim of the disk. Thus,
the solidified depth h is obtained from

h

H  y(MH
(M) o)

In the case of a Newtonian fluid, the moment

M, at the start of exposure to UV is defined by

M, = (7R3n/2)(Rw/H) and from Equations 6 and

7

ﬁ—"_
H M (8)

Step llI: Critical exposure E, and depth of pen-
etration D : The solidified depth h is plotted as
afunction of the exposure E_. The critical expo-
sure E_is determined by the appearance of an
increasein hthatsignifies the start of the solid-
ification. The gradient of the curve of h against
In (E/E,) gives the depth of penetration D, as
defined by Equation 3.

The measurementwas performed under the
controlled shear rate mode of the software of the
rheometer. The initial shear rate was 100 s™. This
operational mode sets a constant angular disk
velocity. Once critical exposure has been ob-
tained in the solidification measurements, the
shear rate is further increased, as discussed
above. Measurements were ceased when the
shear stress reached 127 kPa. For the dynamic
complex measurements, the characterization as
formulated as follows.

Step I: Complex moduli: The apparent moduli
G’,,and G”, were measured under a constant
angular frequency w. The incidence of UV irra-
diation increased the moduli above the critical
level of exposure. These increases in the mod-
uli are caused by an increase in the fraction of
the solid layer, which has larger moduli than
the liquid layer. The moduli G’, and G”, are
defined as the moduli &’,, and G”, before UV
irradiation, and the moduli G’; and G” are
defined as the moduli &', and G”,, after full
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solidification. Moduli with the subscripts [ and
scorrespond tothose of theliquid and solid lay-
ers, respectively.

Step Il: Solidified depth h: The apparent mod-
uli &’,, and G”,, obtained from the rheometer
are approximated by linear combinations of
the moduli of the liquid and solid layers as fol-
lows.

G'asz’,H—_h+G’S£
H H (9)
G", =G",—H"h+c;"sﬁ
v H H

(10)

By assuming that G’, << G’; and G”, << G”, the
storage moduli and loss moduli give the solid-
ified depth h as follows.

£~G’ap_cll

H Gs (,”)
or

ﬂNGnap_Gnl

H G s (12)

Step lll: The critical exposure E, and the depth
of penetration D were obtained in the same
way as for Step Ill for the case of unidirection-
al shear mentioned above. The measurements
were performed under a controlled stress
mode of 50 Pa, and the oscillatory frequency
was fixed at 1 Hz.

3 EXPERIMENTAL RESULTS AND
DISCUSSION

3.1 RHEOLOGICAL CHARACTERISTICS

The rheological characteristics were measured
using a cone and a plate rheometer, as men-
tioned in Section 2.1. Figure 3a shows the shear

10°
CNT concenlralion (wl %)
oo
< (03
&kl

10" 10 ] 10 10
o (rads )

viscosity 7 as a function of shear rate. The pre-
polymer shows weak shear thinning, and dis-
persed systemsdemonstrateanincreaseinshear
thinning with concentration. Newtonian pla-
teaus appear at shear rates lower than 15" and
higher than 102 s In order to express this shear
thinning property of CNT dispersions, Khar-
chenko et al. [19] and Rahatekar et al. [20] used
Carreau and Cross models, respectively. Ma et al.
[21] applied a Fokker-Planck based orientation
model for dispersed CNTs, and described the
shear thinning viscosity and linear viscoelastici-
ty of the dispersed system. In the present study,
the viscosity curves in Figure 3a are fitted by the
Carreau model

M, 1.,

{1+()‘//C)2}"

n=n,+
(13)

where 1, is the limiting viscosity at zero shear
rate, and n7_ is the limiting viscosity at an infinite
shear rate. Cand n are the model constants. The
constants used in the curves of Figure 3a are
shown in Table 1. The Carreau model fitted the
experimental results rather betterthan the Cross
model.

The complex viscosity n* is shown in Figure
3b, together with the Carreau model curves for
steady shear viscosities 7. The prepolymer obeys
the Cox-Merz rule in that the complex viscosity
of the prepolymer showed a good correlation
with the shear viscosity. The dispersed systems,
however, showed more significant shear thin-
ning in the dynamic measurements. This failure
of the Cox-Merz rule was observed by Kinloch et

o i Steady shear
CNT concentration .
Carrean model

(wi%)
i N [ "

0 4.41 310 3.03 1.03

05 el 320 3.03 0.48
0.1 13.1 326 303 0.41
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Figure 3:

Viscous properties of pre-
polymer and CNT dispersed
systems. (a) Steady shear
viscosity as a function of
shear rates. (b) Complex vis-
cosity as a function of fre-
quency. The Carreau model
curves were fitted using
steady shear viscosity.

Table 1:

Model constants obtained
from steady shear measure-
ments.
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Figure 4 (left above):

Storage modulus G’ and loss
modulus G” as a function of
frequency for prepolymer
and CNT dispersed systems.

Figure 5 (right above):
Solidified photopolymer
under a steady shear flow
between two parallel disks.
The CNT concentrations are
(a) o wt%, (b) 0.05 wt% and
(c) 0.1wt%. The gap
between the disks was 0.1
mm.

Figure 6 (left below):
Solidified depth measured
by the direct method. The
UV light intensity was 200
uWrsemsa.

Figure 7 (right below):
Influence of shear rate on
the time-dependent
increase in torque moment.
The distance between the
disks H was 0.3 mm and the
UV light intensity was 100
uW/cm>. The sample used
was a prepolymer without
CNT.

B (mm)

L0 0.5 0.0 0.5 1.0 L5 20 25

In L—"_(mJ.-'cm:j

al. [22] and Fan and Advani [23] for CNT disper-
sions. Figure 4 shows the storage modulus G’,
and the loss modulus G”, for both the prepoly-
mer and CNT dispersions. Whilst the addition of
CNTs into the prepolymer significantly increases
G’, there is only a modest increase in G”. These
changes in G’ and G” are consistent with results
obtained previously by Pdtschke et al. [24] and
Ma et al. [21] for CNT dispersions.

Ma et al. [25] observed microscopic aggre-
gate structures of CNTs in a shear flow for dis-
persion of untreated CNTs . By contrast, how-
ever, they observed a uniform dispersion for
treated CNTs. In the present study, the dis-
persed systems that solidified under a unidirec-
tional shear flow showed a uniform dispersion
(see Figure 5), and the aggregate structures
were not observed. The viscoelastic properties
of CNT dispersed systems have been investi-
gated by a number of different researchers. As
discussed by Fan and Advani [23] the properties
depend on the method of dispersion, the aspect
ratio of the CNTs, the concentration, and the
interaction between the CNTs. As mentioned
above, the dispersed systems described herein
have rheological properties thatarein common
with some other reported results, and are con-
sidered to have characteristics that are rheo-
logically normal.
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3.2 DIRECT MEASUREMENTS OF SOLIDIFICATION
CHARACTERISTICS

Figure 6 shows the solidified depth h that was
measured for the photopolymer and CNT disper-
sions. The sample surface was either open to the
air, or covered with a disk. The thickness of the
covered sample was adjusted to 0.3 or 0.5 mm.
Oxygen was allowed to diffuse into the prepoly-
mer through the open surface, thereby sup-
pressing photopolymerization. However, the
solidification was not influenced by the differ-
ence in the area of contact between the sample
andair. We may thereforeignore the effect of the
oxygen in the air in our experiments. The solidi-
fication depth h increases linearly against In(E)),
and therefore obeys Equation 3. The gradient of
the curve gives the depth of penetration D, and
extrapolation to h = o gives the critical exposure
E. The dispersion of CNTs increases E, and
decreases D, due to the suppression of the pen-
etration of light.

3.3 RHEOLOGICAL MEASUREMENTS OF SOLIDI-
FICATION CHARACTERISTICS

3.3.1 Time-dependent rheological behavior

We first investigated the influence of shear rate
on solidification for unidirectional shear flow. In
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this section, all rheological measurements were
carried out using a parallel plate geometry, as
mentioned in Section 2.3. Three initial shear rates
of 10, 50, and 100 s were applied in the solidifi-
cation experiments. Figure 7 shows the time-
dependent increase in the non-dimensionalized
moment M/M_, which is related to h/H by Equa-
tion8.Thetimet=ocorrespondstotheincidence
of UV light, and the pre-shear began five seconds
before t = 0. Measurements were made up to a
shear stress of 127 kPa and then stopped, in order
to prevent overload of the sensor, as described in
Section 2.3. Measurements at higher shear rates
reached this limit earlier than those with a low-
er shear rate. Figure 7 shows that the shear rate
influenced neither the critical exposure time, nor
the ensuinginitial increase in torque moment. In
the present study, an initial shear rate of 100 s
was applied to the measurements for unidirec-
tional shear. As shown in Figure 3a, the effect of
shear thinning on viscosity was approximately
negligible at this shear rate.

Figure 8a shows the apparent viscosity 5, as
a function of surface exposure E (t) for the pho-
topolymer without CNTs. The disk distance H was
varied in the range 0.025 - 0.4 mm. The surface
exposure was E(t) = Ixt where UV irradiation
began at t = 0. Since the surface light intensity /,
was constant, Figure 8 shows the time-dependent
change in apparent viscosity. Photoinitiated poly-
merization is generally influenced by not only the
exposure but also the light intensity [26 - 28]. The

light intensity was kept constant hereafter, and
thus we considered only the change of exposure
due to the increase in time. The influence of the
lightintensity is out of scope in this study. The vis-
cosity measurements were obtained from the
rheometer software, which assumed that the
material had a constant thickness H throughout
the measurements. Before UV irradiation, the vis-
cosity of the prepolymer was approximately n_ at
the shear rate of 100 s. The apparent viscosity
increases after the start of solidification, at the
critical exposure. Figure 8a indicates that this crit-
ical exposure is constant for small gaps in the
range 0.025 to 0.1 mm. By contrast, for gaps larg-
erthan 0.1 mm, critical exposure increases with H.
This dependence of critical exposure on H was
more noticeable for the dispersed system of CNTs,
asshownin Figures 8b and c. When the gap Hwas
larger than 0.1 mm, the increase in viscosity was
initially gradual, but then became rapid.

Figure 9 show the values of G’, and G”_,
obtained from the dynamic measurements, as
functions of E(t). The initial liquid prepolymer
had a higher loss modulus G”,, than storage
modulus G’,, and exposure increased G’,, more
significantly than G”, . These time-dependent
changesinthestorageandloss modulihave been
investigated for homogeneous gelation by a
number of different researchers. Tung and Dynes
[15] proposed a definition of the chemical gel
point to be the time of modulus crossover G’ =
G”. Winter and Chambon [16] and Winter [17]
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Figure 8 (above):
Non-dimensionalized
changes in apparent viscosi-
ty as a function of exposure
E.. The change in the expo-
sure E_ = | xt was equivalent
to the change in t, because
the light intensity | was
maintained at a constant
200 uW/cma.

Figure 9: Variation of stor-
age modulus G’ and loss
modulus G” with exposure
E.. The light intensity I_was
maintained at a constant
200 uW/cm>.
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Figure 10:

Variation of solidified depth
h for unidirectional shear.
The CNT concentration was
0 % in (a), 0.05 % in (b), and
0.1%in (c).

showed that the dynamic moduli follow a pow-
er law at the gel point. These rheological meth-
ods for the detection of the gel point were
applied to photopolymers by Chiou et al. [12] and
Lee et al. [13]. The moduli in Figure g indicate a
similar crossover of G’ and G” However, it
remains unclear whether the detection of the gel
point for homogeneous gelation may also be
applied to depth-dependent gelation. Otsubo et
al. [8, 9] investigated the influence of sample
thickness in the range 0.004 - 0.2 mm by means
of an oscillating plate rheometer. It can be seen
that the moduli in Figure g shift to higher expo-
sure with increasing H. Otsubo et al. [8, 9]
observed a similar shift in dynamic viscosity. In
our case, the dispersed systems showed a more
significant shift to higher exposures.

3.3.2 Solidified depth h and critical exposure Ec

In the calculation of solidified depth h, the func-
tion y (M) and the complex moduli must be giv-
en for Equations 7, 11, and 12. The function y (M)
may be obtained as the inverse function of M(y),
which is calculated from Equation 5. As men-
tionedin Section 3.1,both the prepolymerandthe
dispersed systems obey the Carreau model of
Equation 13. Since 7, =77y, in Equation 5, the Car-
reau model gives

M<7>=”RZ"”[””‘ZL"”° 5] e
T et

Although the function y (M) is not expressed
explicitly, y may be calculated numerically by

(14)
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inserting the given value of M on the left hand
side of the above equation. In the unidirectional
shear experiments, the initial shear rate was 100
s and the shear rate increased with solidified
depth. In this range of shear rates, the viscosity
was approximately n = n_ as shown in Figure 3a.
The prepolymer that included the dispersed sys-
tems could therefore be assumed to be a New-
tonian fluid with a constant viscosity n_, and
Equation 8 was applied to calculate the solidified
depth h.

Figure 10 shows the calculated h as a func-
tion of In(E) with the results of the direct mea-
surements. At the end of the measurements, the
rheometer automatically stopped the rotation of
the disk because of the excess of moment above
the prefixed upper limit. This corresponds to the
change in h in Figure 10 from an increase to a
plateau. The prepolymer without CNTs showed a
solidification that was quite rapid compared
with the dispersed systems. As shown in Figure
103, a low value of H of up to 0.1 mm gives rea-
sonable agreement with the solidified depth h
that was obtained by direct measurement. On
the other hand, when H was above 0.1 mm, the
critical exposure increased, and there was also a
faster increase in h.

In the dispersed systems, the increase in the
solidified depth h could be divided into two
stages, namely an initially slow solidification fol-
lowed by a more rapid solidification, as shown in
Figures 10b and c. These two stages correspond
to the slow and fast increase of 77, shown in Fig-
ures 8b and c. The initially low solidification rate
was significant for the CNT dispersion of 0.1 %,
where an increase in solidified depth h was
slowed down by an increase in gap width H. By
contrast, the increasing rate of the second faster
solidification was approximately independent of
both H and the concentration of CNT.

Theinitial gradualincreaseinn,,shownin Fig-
ures 8b and c was partially caused by the non-
dimensionalization of viscosity in the vertical axis.
In other words, if we assume a Newtonian fluid,
the measured moment was initially M, =
(7R /2)(Rw/H) and then M = (nR3n, /2)(Rw/H).
From these moments and Equation 8 the non-
dimensionalized shearviscositywasn,,/n ,=M/M,
=1/(1-h/H) = 1+ h/H for small h/H. In addition, h
was proportional to In(E,) as indicated by Equation
3. Thus, the plot of 5,/ against E indicates a
slower increase for larger values of H. However,



this influence of H cannot explain the significant
deviation from the results of direct measurement
as shown in Figures 1ob and c. In contrast with the
rheological results, the direct measurement
method did not indicate any influence of H on
solidification, as shown in Figure 6. It is therefore
suggested that the effect of H in the rheological
measurements may be caused by flow shear.
Figure 11 shows the solidified depth h calcu-
lated from Equation 11. Equation 1 is related to
the changeinthe storage modulus from G’ to G’
The results, which were calculated from the loss
modulus of Equation12,indicate almost the same
asthose shown in Figure 11. These findings on the
storage modulus are therefore discussed here.
The most significant part of Figure 11 is the
increase in the critical exposure. The total expo-
sures for full solidification are not significantly
different from the results of the direct measure-
ments, but Figure 11 indicates a delay of the start
of solidification in all cases. This delay corre-
sponds to the initial gradual increase in G’
shown in Figure 9. The initial gradual increase in
1, appears similarly in Figure 8, but the calculat-
ed h in Figure 10 does not show the significant
increase in critical exposure shown in Figure 11.
This difference is caused by the difference
between Equations 8 and 11. The increase Ahin h
may be approximated by AM/M_ in Equation 8
and by AG’, /G’ in Equation 1. That is, Equation
8 predicts Ah to be caused by an increase in
moment fromtheinitialmoment M. By contrast,
Equation 11 predicts Ah to be the ratio of the mod-
ulusincrease G’ - G', to the final modulus G’_. In
other words, Equation 8 uses the change of the
shear rate in the liquid layer due to the growth of
the solid layer, and Equation 11 uses the change
of the material constant. The first , shear rate,
method uses a simple shear flow, and it would
therefore be possible to improve the precision of
the measurement for the characteristics of solid-
ification. The disadvantage of the first method is
that the measurements must be stopped before
full solidification occurs because of the diver-
gence in viscosity. The second, material constant,
method can be applied up to the end of full solid-
ification,and the changesintheviscoelasticprop-
erties provide useful information about the
material. However, in this second method, a more
precise technique would be necessary for simul-
taneous characterization of the non-homoge-
neous solidification and the viscoelasticity.

h (mm)

100 100
= Unidirectional shear

=

E, [m.l;’cm"'_}
E_(ml/cm’)

Rheological method
0— H=0,025 mm
o— H=0.05 mm
—&— 11=0.075 mm
7— =01 mm
—+— H=0.2 mm
—— H=0.3 mm
—o— H=0.4 mm
—— Direcl method

0 0.05 0.1 0 0.05
CNT concentration (wit%a}

The critical exposure E,, defined to be the
exposure at which hincreases in Figures 10 or 11,
was plotted as a function of CNT concentration
in Figures 12a and b. Figure 12a shows E_for the
unidirectional shear flow. Anincrease in the con-
centration of CNTs lowers transparency, as
shown in Figure 5, and increases E_. The rheolog-
ical and direct methods give reasonable agree-
ment on the critical exposure for a small gap of
H=0.025-0.1mm. For a gap largerthan o.1mm,
the rheological method gives higher values of E,
than direct measurement. The higher exposure
E_obtained foralarge His correlated with the ini-
tial gradual increase in h shown in Figure 10. Fig-
ure12bshowsE fortheoscillatory shearflow. The
critical exposure E_ obtained by the rheological
method is significantly higher than that ob-
tained from the direct measurement, as sug-
gested by Figure 11. Asimilar dependence of E_on
H was observed by Otsubo et al. [9]. They devel-
oped an oscillating plate rheometer with a plate
distance of H = 0.004 to 0.2 mm, and measured
the dynamic viscosity under UV exposure. The
dependence of E, on H that we observe here is
therefore considered to be a general characteris-
tic of the rheological measurement of pho-
topolymerization.
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Figure 11 (above):
Variation of the solidified
depth h for the dynamic
measurements. The CNT
concentration was o % in
(a), 0.05 % in (b), and 0.1%
in (c).

Figure 12:
Critical exposure as a func-
tion of CNT concentration.
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Figure 13 (left):

Solidified depth h as a func-
tion of In(E/E ) for unidirec-
tional shear. The CNT con-
centration was 0 % in (a),
0.05 % in (b), and 0.1 % in

(c).

Figure 14:

Evolution of the solidified
depth h near the glass sur-
face for unidirectional
shear. The CNT concentra-
tion was o %.

Another characteristic parameter of solidifi-
cation is the depth of penetration D,, which is
obtained from the gradient of Figures 13 to 15. In
direct measurement, the solidified depth his pro-
portional to In(E/E,), as shown in Figure 6. For
unidirectional shear flow without CNTs (Figure
13a), the rheological results for h up to 0.1 mm
agree with the results from direct measurement.
The results for h up to 0.15 mm are plotted in Fig-
ure 14. When the calculated h is higher than o.1
mm, the rheological results show a higher solid-
ified depth h than that found by direct measure-
ment. Two possible reasons for this higher value
of h are (1) the flow shear speeds up the pho-
topolymerization reaction, which then enlarges
the increase in h and (2) the increase in viscosity
prior to solidification causes an overestimate of
h. The second viscosity increase, which was
neglectedinthe calculationof hhere,isdiscussed
in Section 3.5. The dispersed systems show, in Fig-
ures 13b and ¢, that the increase in h is divided
into two stages from an initial gradual solidifi-
cation to a subsequent rapid solidification.

In Figure 15 the solidified depth h obtained
from the dynamic measurements is plotted as a
function of In(E,/E ). The results shown in Figure
11 were shifted by In(E)) in Figure 15. The shifted
data were collapsed into a curve, the gradient of
which is more or less independent of CNT con-
centration. The influence of the concentration
appears to affect only E_as shown in Figure 12b.
Because this difference from the direct mea-
surements was caused by shear flow, it is sug-
gested that shear flow influences the reaction
kinetics of the photopolymer. Khan [11] investi-
gated the effect of shear on the gelation of pho-
topolymers, and inferred from dynamic mea-
surements that gelation was enhanced by shear.
In our dispersed system, the initial rate of solidi-
fication was reduced, as mentioned above. CNTs
are generally supposed to align their axes along
the direction of shear, as observed by Pujari et al.
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[29] and to suppress the penetration of light. On
the other hand, the alignment of CNTs has no
effect in the direct measurement of h. Because
CNTs were the only dispersant to be used in our
study, the use of particles of the other shapes
could yield useful data for further discussion.

3.4 RHEOMETER SAMPLING DURATION

Because the solidification of the prepolymer was
completed over a short time, our time-depen-
dent rheological measurements had to be per-
formed at a suitably fast sampling rate. This
requirement was especially critical in the case of
a small gap because the solidification was com-
pleted in a very short time. The appropriate sam-
pling rate and duration may be deduced from the
solidification characteristics of the photopoly-
mer. The characteristic parameters for solidifica-
tion are the critical exposure E_and the depth of
penetration D,. Thecritical exposure £_=/xT_was
obtained by measuringthe critical exposure time
T, which was determined within the resolution
of the sampling duration AT of the rheometer. In
symbols E_+ AE, = | x(T, + AT) and

£ TE (15)

In order to obtain a precise value for E,, the sur-
face light intensity I/, or AT must be suitably
small. The depth of penetration D, is obtained
fromEquation3andD,+AD,=HxIn EC/IS(TfiAT)}
where T, is the solidification time for a pho-
topolymer of thickness H. Thus

AD AT
D—”:—In[1+T—]
P f (16)

where T, is given by T, = (Ec/ls)exp(H/Dp) from
Equation 3. In order to obtain a precise value of
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D,, I, or AT must be suitably small. A large value
of H is also preferable in that this could help to
reduce the error. However, in order to obtain the
same results as from direct measurement, H
should be less than 0.1 mm, as found from the
measurements of unidirectional shear. When
unidirectional flow was applied to the pho-
topolymer without CNTs in this study, assuming
AT=0.08s,T=01mm,/ =0.2mW/cm?E =03
mJ/cmz?, and Dp = 0.29 mm, the estimated errors
were AE /E =5%and AD,/D, =4 %. These errors
are insignificant. However, the influence of sam-
pling duration is severe in the dynamic mea-
surements because AT =15 (1Hz). The estimated
errors were AE /E, = 67 % and ADp/Dp ~ 39 %.
Therefore, either a shorter sampling duration, or
a special customization, as applied by Schmidt et
al. [14], is necessary when carrying out dynamic
measurements. It should be noted that these
errors could not explain the significant deviation
from direct measurement seen in Figure 1.

3.5 VISCOSITY INCREASE BEFORE SOLIDIFICATION

Because the rate of photopolymerization is so
fast, the pre-gel state was assumed to turn into
the post-gel state instantaneously. The increase
in viscosity prior to solidification was therefore
neglected, and the initial viscosity was assumed
to be preserved until solidification took place.
This assumption of constant viscosity could
introduce an element of disagreement in the
results between the rheological and direct mea-
surements. A more general analysis could also
explainthisdisagreement.Here, we estimate the
viscosity increase prior to solidification, and dis-
cuss its influence on the solidified depth h. As
mentioned in the previous section, the dynamic
measurements indicate more complicated solid-
ification characteristics than the direct measure-
ments do. For this reason, the viscosity increase
isdiscussed only for unidirectional shear.n addi-
tion,our measurements are limited tothe torque

X
Rotating upper disk
H
h(t) .
Cured™. j(x) ~ ~e(x,0)=i(x)xt
o |polymer " & "~. B
Fixed glass plate ie, 1
K 1T
UV light
moment, from which it is difficult to obtain the | Figure 15 (left):
two unknowns of viscosity increase and solid lay- | Solidified depth h as a func-
er thickness. The approximate determination of | tion of In(E/E ) for the

these unknowns may be possible by utilizing the
characteristics of homogeneous solidification.
Forhomogeneous chemical gelation, some stud-
ies have revealed a time-dependent change in
viscosity. Apicella et al. [30] developed a single
generalized relationship n/n, = g(t/t,) for epoxy
resinin atemperature range of 50-180°C, where
1, is the initial viscosity at a time t,, and t, is the
critical time, at which an almost unlimited vis-
cosity increase occurs in a parallel disk viscome-
ter. The photopolymerization is dominated by
exposure rather than time. We assume that a
similar generalized relationship may pertaindur-
ing photopolymerization, and that time t/t, may
be replaced by exposure e(x,t)/E,. The viscosity is
assumed as follows

n(xt) :g(E(X’f)J (e(x,t)<E,)

m, E

2

(17)

E, is the critical exposure that causes an almost
unlimited viscosity increase, 1, is the initial viscosi-
ty fore(x,t) < E, and E, is the exposure at which the
viscosity increases. The effect of shear thinning in
Equationi3is neglected.Figure16 showsaschemat-
ic representation of the changes in light intensity,
exposure, and viscosity in the gap between the par-
allel disks. The constant viscosity assumed in Sec-
tion 2.3 corresponds to g =1. The case for g #1is dis-
cussed for the flow shown in Figure 16.

The flow between the parallel disks is
axisymmetric, and the ratio of the disk distance
Htothediskradius Ris much less than1. The con-
tinuity equation for this axisymmetric flow

1_8(rv, ) +ai—
r or ox (18)
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dynamic measurements.
The CNT concentration was
o0 %in (a), 0.05 % in (b), and
0.1%in (c).

Figure 16:

Depth-dependent changes
in the light intensity i, expo-
sure e, and viscosity 1.



suggests that the order of v, is (H/R)xv, and that
v, is therefore negligible in comparison with v,.
The continuity equation with v, = o gives v, = o.
From v, = v, = 0, the equation of motion may be
reduced as follows

0 v | d(v
a["(x't)a—xg}"(’('t)&{’5(7"]}“’
(19)

The inertial terms are neglected because of very
small Reynolds number, the order of which is 10°
4to0103. The following analysis includes integra-
tion and differentiation with respect to x, but not
to t. Here, we separate the variables for a solu-
tion of v,

v, =rwf(%)

The boundary conditions are defined as follows

(20)

atx=h"*
atx=H

v,=0, f=0
v,=ro, f=1

(21)

The solidified depth h* is zero if the surface expo-
sure E(t) = It at x = o is lower than the critical
exposure E,. By integrating Equation 19 with
respect to x, the function f may be obtained as
follows

/ ’(%)zg(f?(:f)/fz)/ I g(e(:');)/ E) (22)

I eare)/ Vo) @3

The torque moment on the disk is given by

_nR*am, [ v dx
M== /Jh'g(e(x,t)/Ez)

where the wall shear rate is calculated on the
upper disk from

v, _rw g,
(5] koo

(24)
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By assuming that {(x,t) = e(x,t)/E,
4 .

M:nR wn,/Jg(h,t) dg
2Dp G(H,t) gg(g)

where, h* = o for E(t) less than E,. In the simple
caseofg=1,i.e., theviscosityis constantandfixed
at 5, the moment s

(26)

_ nR'am, M,
~2(H-h*) 1-h*/H

(27)

and is reduced to Equation 8 where h* = h.

The exposure e(x,t) decreases with penetra-
tion depth x and increases with time t, as given
by Equation 2. However, there is no means of
identifying the function g(e(x,t)/E,) from the
measurement of torque moment. Otsubo et al.
[9] discussed the effect of H when using an oscil-
lating plate rheometer, and suggested that the
viscosity increase may be homogeneous in a
sample thickness of less than 10 um. This homo-
geneity of the viscosity may be explained in
terms ofthe homogeneity of the exposure. When
the gapis very small compared with D, the expo-
sure e(x,t) = ISt/exp(x/Dp) is more or less inde-
pendent of the depth x. For example, a change in
xfromoto25um correspondstoachangeine(x,t)
of /t to 1.09 [t where D, is assumed to be 0.29
mm (from Figure 6). L.t is equal to the surface
exposure E (t), and thus g(e(x,t)/E,) = g(E(t)/E,)
for a small gap. From this homogeneity for a
small gap, we can predict g(e(x,t)/E,) as suggest-
ed by Otsubo et al. [9]. In other words, the func-
tion g(E (t)/E,) is determined from the results of
a small gap and E(t)/E, in the obtained function
g(E(t)/E,) is then replaced by e(x,t)/E,. We apply
this approach to predict the viscosity increase
gle(x,t)/E,) for the prepoplymer without CNTs.
The viscosity increase for H = 25 um is shown in
Figure 8a from which the viscosity increase may
be approximated by

g(g)=—"

1+€—¢g"

(¢<1)
(28)

where,{=E (t)/E,.The constantseand n, obtained
from Figure 8a, are 0.01and 7, respectively. If £ (t)
=E, and therefore { =1, then /5, = g(1) =1/ >>1.



If E(t) < E, then n/n, = 1. The constant n is related
to the magnitude of the range of {in which the
viscosity increases. If n is large, the prepolymer
increases in viscosity within a narrow range of £
and is therefore rapidly solidified. In the next
step, {is defined as e(x,t)/E, instead of E (t)/E,and
Equations 26 and 28 are used to give the moment
as follows

M:M (1+s)(H—h*)—L(€(h*’t)nﬂ—G(H't)nﬂ)

sz { n+1 } (29)
Thus
h*—H(1—A:/Tj—A

(30)
where
Dp * p\M1 n+1

A=W(§(h't) ~(H.t) ) )

The first term in the denominator of Equation
29 is approximately H - h* because of € << 1, and
indicates the liquid layer thickness. The second
andthirdtermsinthe denominatorindicate the
contribution of increasing viscosity that occurs
in the liquid layer from x = h* to x = H. Equation
31 includes the unknown values of solidified
depth h* in {(h*,t) and depth of penetration D,,.
However, the exposure e(h*,t) is E, and so {(h*,t)
=1. If E(t) is lower than E,, h* = 0, and {(h*, t) =
E(t)/E,. The depth of penetration D, cannot be
obtained because h* is unknown in Equation 3.
The solidified depth h obtained from Equation
8istherefore used as the first approximation of
h*, thereby enabling D, and A to be obtained in
order that h* may be calculated. As mentioned
above, a large value of n in Equation 28 results
in arapid viscosity increase in a narrow range of
¢, and gives a small value for A in Equation 31.
The method of characterization proposed in
Section 2.3 corresponds to this limiting case of
n >>1and A = o. In Figure 10a, the solidified
depth h* calculated from Equation 30 is plotted
with h calculated from Equation 8. The correc-
tion A is approximately 10 % of H. This modest
degree of correction suggests that the rheolog-
ical method in Section 2.3 can provide a reason-
able set of values for the characterization of
solidification.

The influence of shear on photopolymeriza-
tion is important not only in rheological mea-
surements, but also in applications such as coat-
ing. Further research must therefore be carried
outin ordertoimprove our understanding of the
influence of shear on the photopolymerization
reaction. Improvements, such as a combination
with optical measurement, would make the rhe-
ological method more useful for the characteri-
zation of photopolymers.

3 CONCLUSIONS

The critical exposure E,_ and the rate of change of
solidified depth h were obtained from the results
of rheological and direct measurements. In the
analysis of solidification under unidirectional
shearflowthere were reasonable agreementson
E_and hwithdirect measurementwhenthe sam-
ple thickness in the rheometer H was less than
0.1 mm. For H larger than 0.1 mm, the rheologi-
cal method gave a higher critical exposure and a
faster increase in h than direct measurement. In
other words, when H was greater than 0.1 mm
unidirectional shear initially delayed the start of
the solidification and then caused it to occur
more rapidly. This influence of H on solidification
was more significant in dispersed systems of
CNTs. On the other hand, for all values of H,
dynamic measurements under oscillatory shear
showed a significant difference in critical expo-
sure and solidified depth from those values
obtained by direct measurement.
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