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Abstract

The photopolymerization of suspensions of ceramic powders in monomer solutions is the fundamental step for forming techniques where a liquid
suspension is solidified with UV light. The photopolymerization behavior is determined by the properties of the monomer and photoinitiator and by
the transport of photons in the suspension. Photon transport in suspensions involves scattering from the particle and absorption by photoinitiators
and inert dyes. The photopolymerization behavior is related to the formulation of the suspensions. Proper formulations are discussed for several
applications. Techniques for characterization include cure depth measurements, photocalorimetry, and photorheology.
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1. Introduction

Photopolymerizable ceramics find application in photoim-
ageable LTCC systems,1 patterned substrates,>> dental resins,*
the shaping of ceramics by layered manufacturing techniques>-°
for macroscopic objects’-8 and microfabrication.®!° Photopoly-
merizable suspensions consist of ceramic particles dispersed
in a polymerizable medium, which can be aqueous or non-
aqueous!!~13 with photoinitiators added to cause polymerization
of the medium upon illumination. It is essentially photo-
gelcasting, so the principles are the same as ordinary gelcasting:
powders are dispersed in a high solid loading to prepare
a fluid suspension that can be solidified by the gelation of
the medium, combined with the well-known techniques of
photopolymerization. '

2. Shaping with photopolymerizable suspensions

Single layers can be patterned by exposing the liquid photo-
suspension through a mask or with a maskless device as is done
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with commercial photoimageable thick films. An example of a
patterned single layer is shown in Fig. 1, which is a 100-pm thick
layer of silica patterned with a maskless exposure unit used in
the printing industry. The solid areas were exposed, converting
the fluid suspension to a solid green body. After patterning the
still-fluid uncured photosuspension was rinsed away to define a
pattern of holes.

Three-dimensional objects are made from many thin layers,
with each layer having the pattern defined by a CAD design,
with the exposure of each layer accomplished with a scanning
laser!> for stereolithography or maskless pattern.'® Fig. 2 is
a section of a silica investment casting mold fabricated from
the novel method of Large Area Maskless Photopolymeriza-
tion (LAMP),!7 where each layer is rapidly patterned by UV
exposure in the pattern of a bitmap defined by a spatial light
modulator. The bitmap for each layer is obtained by slicing the
native CAD design. After exposing a layer, a thin (100 pm) fresh
layer of photosuspension is deposited, and the bitmap for the
next layer is patterned. The process is repeated for hundreds or
thousands of layers to complete the “build”, which is the shaped
object of ceramic-filled photopolymer, immersed in the uncured
liquid photosuspension. After completion of the “build”, the
photopolymerized object is separated from the uncured liquid
to yield a ceramic green body, consisting of ~60 vol% ceramic
powder in a photopolymer binder. The ~40vol% polymer is
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Fig. 2. Sub-millimeter features on a 40-mm tall silica ceramic component built
by Large Area Maskless Photopolymerization.

removed by pyrolysis in a binder burnout step, and the ceramic is
sintered using conventional methods. Similar builds can be con-
ducted using a commercial stereolithography apparatus, where
the patterning of each layer is accomplished by laser scanning.
The pattern for the layer is defined as a sequence of border vec-
tors defining the perimeter of the cured region and fill vectors,
curing the inside of the perimeters. In this case the design is
converted from its native CAD to an .STL file, which is sub-
sequently sliced and converted to files that command the laser
vector scans. Fig. 3 is a silica investment-casting core made
by stereolithography. The stereolithography method is roughly
similar to LAMP, although is expected to be significantly faster
and capable of finer detail. This paper concerns these shap-
ing methods, with emphasis on formulating and characterizing
photopolymerizable suspensions.

3. Formulating photopolymerizable suspensions

As this process is photo-gelcasting, the suspensions have
similar requirements. The suspension is solidified with relatively

Fig. 3. Silica ceramic component built by stereolithography.

little shrinkage, so the green density of the shaped green body is
determined by the volume fraction of ceramic powder @ in the
suspension. Thus suspensions must have a ceramic loading @
~60vo0l%, and maintaining sufficiently low viscosity for con-
venient flow requires the use of an effective colloidal dispersant.
As with all ceramic colloids, the choice of dispersant depends on
the properties of the dispersed ceramic and the liquid medium.
Aqueous photosuspensions often use acrylamide-based
monomers similar to ordinary gelcasting, and the dispersants
are similar, with similar colloidal behavior. Non-aqueous
photosuspensions are often based on the less viscous acrylate
monomer, such as difunctional hexane diol-diacrylate. It is in
fact quite easy to disperse most oxides in acrylate monomers
using commercial dispersants to achieve suspensions that appear
to be quite well dispersed. These suspensions can be nearly New-
tonian, with the relation between reduced viscosity and @ can be
fit!8 to the Krieger—Dougherty Equation, suggesting that the vis-
cosity involves simple hydrodynamic flow rather than colloidal
flocculation.

The novel aspect is the photopolymerization itself, which
involves the use of photo-active components. These photo-
active components include the following: (1) a photoinitiator,
which is a dye that decomposes to form free radicals upon
absorption of a UV photon, thereby initiating polymerization
reactions; (2) inert dyes, which absorb photons without form-
ing free radicals; and (3) inhibitors, which react with free
radicals to inhibit polymerization. The transport of photons
in a turbid suspension is strongly affected by light scatter-
ing, which can be moderated by the refractive index of the
suspension. The combination of scattering and photoactive com-
ponents determines the photopolymerization properties of the
suspension, and the distance beneath the surface to which
the polymerization reaction can occur (depth of cure) for a
given exposure energy dose. The relation between the depth



J.W. Halloran et al. / Journal of the European Ceramic Society 31 (2011) 2613-2619 2615

0.4
60 vol% A

1 sio,
T 03- ¢
L
- |
oy 4
g 02
o |
=

B
© 014
0 T |||I|||l T ||’||||I T |||||||I LELBLBLRLLL
1 10 100 1000 10000
E (mJ/cm?)

Fig. 4. Cure depth vs. energy dose for three 60 vol% silica suspensions in acry-
late monomers, illustrating the effect of the concentration of the photoactive
components. Data are measured values, the lines are from Eq. (2). Photosus-
pension A has 0.5 wt% Irgacure 184 ketone photoinitiator and no inert dye;
photosuspension B has 3 wt% ketone photoinitiator and 0.15 wt% Tinuvin 171
inert dye; photosuspension C has 4 wt% Irgacure 184 ketone photoinitiator and
no inert dye.

of cure, Cy, and the energy dose, E, is described by the Jacobs

Equation!?:

C D,1 E 1)
= n —_—
d p E,
where each formulation has a particular value for the critical
energy dose E,, in joules per unit area, required for photopoly-
merization, and a “depth of penetration” or sensitivity parameter
Dy.

3.1. Relation of cure depth to energy dose

The relation between cure depth and energy dose is com-
monly displayed as a semi-log plot of cure depth vs. log(E), as
in Fig. 4, where D, is the slope and E, is the intercept on the
energy dose axis. Recently predictive models were proposed'”
to describe D), and E. in terms of the composition and properties
of the photoactive components, the ceramic particle loading, and
the scattering power of the particles. For UV-transparent ceram-
ics these expressions can be combined to relate the cure depth
to the energy dose by:

1
Ulse + (1 — ®)(cpep + cpep)

Cy(E) =
hv 1
(111 E—In [(I—CD)Q(VQQ + J/DCD)EPCP]) 2)

Here the volume fraction of ceramic is @, and the light scat-
tering is quantified by a scattering length?%-2122 [g.. Absorption
by the photoinitiator, which creates free radicals for photopoly-
merization, is quantified by cpep which is the product of the
concentration (cp) and extinction coefficient (¢p) for the pho-
toinitiator. Absorption by inert dyes, which absorb photons
without creating free radicals, is quantified by the product cpep.
The role of polymerization inhibitors is quantified by the con-
centration of inhibitors (Q) and the number of radicals consumed

per inhibitor (Q), where £2 is the quantum yield for photo gen-
eration. Usually the monomer only contains a small amount
of inhibitors, sufficient to prevent dark reaction, so typically
v0Q< <ypcp. Each of the terms in Eq. (2) can be inde-
pendently evaluated by analysis of cure depth measurements,
or by direct spectrophotometry, as presented in more detail
elsewhere.?3*

The ceramic has two roles: it attenuates the UV light by
scattering through the /g, term and it dilutes the photoactive
medium through the (1 — @) term. The photoinitiator attenuates
the UV by absorption, while generating free radicals that cause
the polymerization reaction. The inert dyes attenuate the UV
by absorption without creating free radicals, and the inhibitors
remove some of the free radicals before they can cause reaction.

3.2. Influence of the optical properties of the photoactive
components

The importance of the photoactive components is illustrated
in Fig. 4, which shows the cure depth vs. energy dose for
three 60 vol% silica suspensions in the diacrylate monomers,
cured with a 355nm UV laser. These suspensions have dif-
ferent concentrations of photoactive components. The data
points are the measured values of cure depths for the three
different formulations. The lines through the data are calcu-
lated from the model with Eq. (2). The parameters used in
the Eq. (2) lines are?3: ¢p=189 L/(mole-cm) for the molar
extinction coefficient of the photoinitiator, ep =25,600 L/(mole-
cm) for the molar extinction coefficient of the inert dye, with
lsc=0.116cm for the scattering length. The values for the
inhibitor parameters are24: (hv/$2)(yoQ + vpep)lep =1.25 (ml-
mol)/(L-cm?) and (h/2)(yplep) = 1465 mJ/cm?.

These three formulations behave quite differently. Line A
in Fig. 4 is for a suspension with 0.5 wt% of Irgacure 184, a
ketone photoinitiator. This suspension has a sensitivity D, of
1010 wm and a critical energy dose E. of 18.0 mJ/cm?. For this
case achieving a cure depth Cy; of 0.05cm requires an energy
dose of only 30mJ/cm?. The cure depth is much lower for a
suspension shown by Line B in Fig. 4, which is formulated
with higher photoinitiator concentration (3%) and includes a
0.15% of an intensely absorbing inert dye (Tinuvin 171). To
achieve a 0.05 cm cure depth for suspension B, the dose must
be 300 mJ/cm?, since the Jacobs parameters are quite different,
with D), of 188 wm and an E, of 25.2 ml/cm?.

The cure depth C; must be at least equal to the thickness
that is to be cured. The appropriate values for the D), and E,.
depend upon the requirements. A large D, and small E. are
appropriate for curing thick single layers with low energy dose.
For such a case, dyes are to be avoided and the concentration
of photoinitiator is chosen for the desired balance of sensitivity
and critical energy. This is illustrated by the suspension shown
in Line C in Fig. 4, which is similar to the Line A suspen-
sion, but with a higher concentration of the photoinitiator, 4%.
This causes the slope to be smaller (D, of 435 um) and the
intercept to be smaller (E, ~2 ml/cm?), compared to the formu-
lation with less photoinitiator in Line A. For cure depths thinner
than 0.15 cm, suspension C with 4% photoinitiator requires a
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smaller energy dose than suspension A with 0.5% photoinitia-
tor. If thicker cure depths are desired, suspension A with 0.5%
photoinitiator requires a smaller energy dose.

However, energy dose is not the only concern for formulating
a photopolymerizable suspension. When building with multiple
layers for rapid prototyping, the cure depth C; must be accu-
rately matched to the layer thickness A. Typically, C4 should be
equal to the layer thickness plus a certain amount of over cure
(OC) to assist in bonding of the layers: C;= A + OC. If the cure
depth is too large, C4 > A + OC, there will be undesirable “print-
through” which will reduce the accuracy of the build. Typically
the over cure should be about 10-35% of the layer thickness
to avoid print-through while also avoiding delamination. Small
cure depth could be achieved with small energy dose if the D), is
large, but it could also be achieved with a larger energy dose if
the D, is smaller. For laser stereolithography, where the object
is a series of layers about 100 wm thick, a small D,, is preferred,
since the laser beam power is not perfectly stable. The power
of a typical UV laser fluctuates® about 3-5% during a scan.
This power fluctuation causes an energy dose fluctuation SE at
particular locations, resulting in a local cure depth fluctuation
8Cy ~ (Dp/E)SE. For a photosuspension with a high sensitivity,
like Line A of Fig. 4, a 5% variation in laser power can resultin a
variation of cure depth of about 50 wm, while a lower sensitivity
photosuspension like Line B would only have about a 10 pm
variation in cure depth. So a photosuspension with a smaller D),
is preferred for builds with thin layers, such as those used to
achieve high resolution features.

Smaller D), is also improves lateral (x—y) resolution. Depend-
ing on the exposure technique, the edges of fine features are
defined by hard masks, by maskless systems, or by laser scan-
ning. In all these cases, lateral spreading of the UV beam in
the photosuspension degrades the sharpness of the edge. Side
scattering is a prominent cause of lateral spreading for pho-
tosuspensions, since the ceramic particles often have a higher
refractive index than the suspension medium, as expressed by
the refractive index contrast An. The scattering contribution to
lateral spreading depends upon refractive index contrast and the
D, Better spatial resolution is expected when the attenuation
from scattering is smaller then attenuation from absorption. For-
mulations with a small, absorption-dominated D), such as Line
B in Fig. 4, are favored for higher resolution.

3.3. Influence of the optical properties of ceramic

For a given set of photoactive dyes and photoinitiators, the
cure depth at any energy dose depends on the refractive index
contrast An. Griffith*® measured the cure depth of a series of
50vol% silica suspensions in an aqueous photosuspensions,
cured with a 351 nm Ar-ion UV laser. The refractive index
of the solutions depended upon the concentration of monomer
(acrylamide and methylene bisacrylamide) in the water, and
the presence of ethylene glycol. Fig. 5 shows that the cure
depth at a constant dose of 1500 mJ/cm? varies linearly with the
1/(An)?. For UV-transparent ceramics, those with low refractive
index, such as fused silica (n=1.45), quartz (n=1.56) or alu-
mina (n=1.70) have a relatively small refractive index contrast

800
. 50 vol% SiO2
700 - in aqueous solutions

Cure depth (um)

(An)?

Fig. 5. Cure depth at constant UV dose of 1500 mJ/cm? for 50vol% silica
suspensions in a solution of water, ethylene gycol, acrylamide and methy-
lene bisacrylamide, showing the effect of refractive index contrast between the
powder and the liquid.

with diacrylates like hexane diol diacrylate (n=1.457) or aque-
ous acrylamide solutions (1.382 for 70% water). High refractive
index UV-transparent ceramics like zircon (n=2.00) or zirco-
nia (n=2.20) require a large energy dose for a significant cure
depth.

Many ceramics are UV-transparent, but there are prominent
examples such as SiC, TiO, and the titanates, where the UV
absorption edge occurs at energies smaller than the UV photons.
For ceramics that absorb UV, the extinction coefficient of the
ceramic itself at the UV wavelengths has to be considered, so
the denominator of Eq. (2) has to be changed from:

1
— + (1 — ®@)(cpep + cpep)
lSc
which is the form appropriate for transparent ceramics to include
the absorption of a ceramic as:

i + Ppcerécer + (1 — P)(cpep + cpep)

Here the term &, is the extinction coefficient of the ceramic
at the UV wavelengths of the source. The concentration of the
ceramic in the suspension (in g/cm?), is @ pr, the product of the
volume fraction of the ceramic and its density. Monomers such
as hexane dioldiacrylate are quite transparent for wavelengths
longer than 360 nm, but similar terms could be added if the
monomers have significant absorption.

3.4. Influence of the UV source

The appropriate values for the extinction coefficients have
to be evaluated for the particular UV source. Each source has
its particular emission spectrum, and absorbance (the product
of concentration and extinction coefficient (ce)) of the pho-
toactive components is a strong function of wavelength. Fig. 6
is an example of the absorption spectra of the photoinitiator
Irgacure 184 and inert dye Tinuvin 171. These photoactive
agents are designed to absorb over a particular range of wave-
lengths and typically have quite complicated absorption spectra.
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Fig. 6. Comparison of the absorption spectra of the ketone photoinitiator
Irgacure 184 and the UV absorber dye Tinuvin 171 with the emission spec-
trum of the mercury vapor lamp in a PhotoDSC apparatus. Note that the dye and
photoinitiator are sensitive to the 335 nm and 365 nm lines, but insensitive to the
405 nm and 431 nm lines. The 355 nm laser emission is shown as a dashed line.

The emission spectra of UV sources vary widely, from sin-
gle wavelengths in lasers to multiple emission lines in lamp
sources. For single emission line sources, the extinction coef-
ficient that appears in Eq. (2) is simply the value of ¢ at the
laser wavelength. For multi-line spectra, such as the mercury
vapor lamp spectrum shown in Fig. 6, the appropriate extinc-
tion coefficient should be found by convoluting the absorption
spectrum with the emission spectrum. For the example of Fig. 6,
this involves the absorbance at the 335 nm line multiplied by the
relative intensity of the 335 line combined with the absorbance
at the 365 nm line multiplied by the relative intensity of the 365
line. The emission lines at 405 and 435 nm play no role, since
they are not absorbed. With the convoluted extinction coeffi-
cient, it is possible to compare curing behavior for different UV
sources.

4. Characterizing photopolymerizable suspensions
4.1. Cure depth measurements

The most direct characterization of the photopolymerization
behavior is through measurement of the cured depth as a func-
tion of energy dose, to obtain data like Fig. 4. This can be done
by exposing a thick layer of liquid photosuspension to known
doses of UV energy, removing the solidified layer, and measur-
ing the C; with a micrometer. Alternately, one could program
a stereolithography or LAMP apparatus to deliver a series of
doses in a test pattern. Reliable measurements require careful
technique for rinsing the uncured photosuspension and measur-
ing the thickness of the cured layer. This involves measurements
on thin layers of rather soft green ceramics, so reproducibil-
ity of the Cy is typically about £5%. Layered manufacturing
applications typically use layers on the order of 100 pm thick,
but these are too thin and fragile to measure the C; directly.
Instead larger energy doses are used to produce C; values in
the range of 0.05-0.5 cm, where the thickness can be measured
more easily. Thus the working parameter for ~100 wm layers,

E(C4=100 p.m) is obtained by extrapolation of a regression line
on a semilog plot. A modest amount of scatter in the cure depth
values C; + 6Cy can lead to considerable uncertainty in the slope
of the regression line slope D, and intercept In(E,), resulting
in uncertainty in the values for the photosuspension parame-
ters sensitivity D), &= D), and critical energy In E. £ 5 In E.. The
error range in the In E. makes the linear error limits on the crit-
ical energy quite uneven, as E. + SE.(upper limit) — §E.(lower
limit).

4.2. Calorimetry and spectroscopy

Polymerization reactions are exothermic and the reaction
enthalpy is usually well known, so reaction kinetics can be eas-
ily characterized by differential scanning calorimetery?’ (DSC).
For photopolymerization, the DSC is modified for the photoDSC
technique”® to illuminate a thin sample, ideally thinner than D,
so the cure reaction is uniform through the thickness, and mea-
suring the enthalpy as a function of time during illumination. The
behavior of unfilled monomers like diacrylates is well known,??
and ceramic-filled monomers behave similarly.3%-3? The thermal
heat output is measured as a function of time during illumination
with a known UV power. Thermal heat is converted to polymer-
ization rate, R,, using the known enthalpy of polymerization,
which is integrated to give the extent of reaction, «, as a percent
of conversion of the C=C bonds. [llumination time is converted
to energy dose to display R, vs. dose and « vs. dose. Fig. 7 shows
photoDSC results for a 60 vol% silica suspension with no UV
absorber dye as a plot of polymerization rate and extent of reac-
tion vs. dose for two concentrations of photoinitiator, showing
the typical behavior for autocatalytic free radical polymeriza-
tions. Notice that the reaction occurs at smaller energy doses
at higher photoinitiator concentration, as the UV photons cre-
ate more free radicals. Also note that only about 80% of the
C=C bonds are reacted during photopolymerization as radicals
are “frozen” in the gel.! PhotoDSC can be complemented by
infrared spectroscopy. Real time FTIR is a convenient characteri-
zation method to follow the polymerization by the disappearance
of the C=C IR bands,** which can be also applied to ceramics.>*

4.3. Rheometry

Photopolymerization can also be characterized by chemorhe-
ology, using photorheometry. For this, one of the plates of a
parallel plate rheometer is transparent and illuminated with a
well-characterized UV source. A thin sample (again thinner than
Dp)isexposed to aknow UV intensity, and the dynamic viscosity
is measured as a function of time during illumination. Poly-
merization kinetics>> can be inferred from the photorheological
behavior. Fig. 8 shows photorheometry data for a 60 vol% sil-
ica suspension in a diacrylate, as a plot of torque for oscillatory
excitation in the linear range as a function of time for three levels
of intensity. Further details are reported elsewhere.® Typically
there is an induction period, followed by rapid increase in torque
as the suspension gels. In this case for the diacrylate monomers,
the differences in the rise of torque vs. time scales simply with
UV intensity, as would be expected if the UV dose required for
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Fig. 7. Characterization of photopolymerization by photo DSC showing faster
polymerization of a 60 vol% suspension of silica in acrylate monomers with
4 wt% Irgacure 184 ketone photoinitiator vs. 0.5 wt% as polymerization rate (A,
top) and extent of reaction (B, bottom).

curing is independent of intensity. In other cases, such as glycol
dimethacrylate monomers, which have slower polymerization
kinetics, the cure dose varies significantly with intensity, with
smaller cure doses required for lower intensities.

Diacrylate + 60 vol% SiO,

Log Stress (-)

T rrrrrm

0 T l"llllll ey
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Fig. 8. Photorheology of diacrylate suspension (60 vol% SiO;) with 2% pho-
toinitiator showning oscillatory torque as a function of illumination time at 3
different light intensities 4.4, 13.5 and 22.2 mW/cm?.

5. Conclusions

The formulation of photopolymerizable suspensions changes
the behavior by acombination of absorption, scattering, and inhi-
bition. The ceramic particles dilute the photoactive components
in the monomer solution that absorb UV, but also limit UV pen-
etration by scattering to a degree dependent on the refractive
index contrast. The photoinitiators attenuate the UV by absorp-
tion, while producing free radicals for polymerization. Inert
dyes cause further absorption, but do not produce free radicals.
Inhibitors remove free radicals. The relationship between energy
dose and cure depth can be adjusted in predictable ways through
the formulation. The photopolymerization behavior can be char-
acterized by direct cure depth measurements, by calorimetry, and
by photorheology.
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