Cure depth in photopolymerization: Experiments and theory
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The depth of photocuring for a model resin system was investigated as a function of
photoinitiator concentration. Direct measurements of gel thickness were made from
thin films of cross-linked multifunctional methacrylate monomer. The monomer,
2,2-bis{4-[2-hydroxy-3-(methacryloxy)propoxy]phenyl}propawas polymerized in a
solution of trichloroethylene with an ultraviolet laser light source at 325 nm. The
monomer solutions were photocured using varying levels of both photonic energy and
photoinitiator concentration. An optimal photoinitiator concentration that maximized
the gel cure depth was observed. Additionally, two regimes were shown to exist

in which the shrinkage (upon solvent removal) was minimized or maximized. A
model was developed to probe the physics of the system. Good agreement with
experiment was obtained, and the model may be employed to predict both the
existence and location of the optimal photoinitiator concentration and the
corresponding cure depth. The study showed that photoinitiator plays a significant
role in controlling the quality and performance of the formed gel network, with special
regard to thickness of cured layers. This has potential application to fields as diverse
as industrially cured coatings and dental fillings, and more generally, 3-dimensional
rapid prototyping techniques.

I. INTRODUCTION designed 3-dimensional object is replicated as a real solid
structure. The depth of cure determines the thickness of
One method of producing highly cross-linked net-the sections that can be fabricated and therefore the num-
works is through the photoinitiated polymerization of ber of layers required to fabricate an object.
multifunctional monomers. The kinetics of these systems It is the effect of photoinitiator concentration and light
have been studied extensively in recent yé&rSeveral intensity on cure depth that interests us. In a related vein,
parameters are found to influence the final monomerthe formation and curing of dental fillings face similar
to-polymer conversions of these systems, such as tenissues. Typical practice is to apply the dental paste in thin
perature, light intensity, monomer functionality and layers, laboriously curing each layer with a hand-held
reactivity, and photoinitiator concentration. However, thelight source to reduce the amount of residual monomer
roles of these exact same parameters on cure depth, Eschable into the mouth! Some of the dental literature
opposed to overall bond conversion, have not been fulljhave suggested adding more photoinitiator to indirectly
examined. enhance the curing depth by driving the conversion—it
Our interest in these relationships stems from our workvould be desirable to understand the precise effect of
in stereolithography, which is a rapid prototyping tech-doing so®*°
nique for making 3-dimensional polymeric and ceramic In our examination of the cure depths in photopoly-
objects using laser-initiated photopolymerization in so-merization, we have observed that as the photoinitiator
lutions or colloidal suspensioris® In stereolithographic concentration is increased, the cure depth initially in-
fabrication, a computer-aided design representation of areases but then shows a reversal and starts to decrease
complex 3-dimensional object is computationally after reaching a critical, or optimal, photoinitiator con-
“sliced” into a sequence of 2-dimensional sections. Theentration. Thus, the cure depth is maximized for a
stereolithography apparatus (SLA) rasters a laser beaparticular photoinitiator concentration. While the rela-
across the surface of a liquid pool of photocurable resirionship between the cure depth and light intensity is
(Fig. 1). The laser beam polymerizes the surface of thevell-known and has been quantified, the same is not true
resin, replicating the 2-dimensional section. An elevatoof the photoinitiator dependené@&*
platform submerges the cured layer deeper into the resin The fact that the total monomer conversion increases
pool, and the next layer is polymerized. By subsequentlyhroughout the reaction emphasizes the difference in fol-
building each new layer above the preceding layer, théowing the photopolymerization with conversion or other
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similar measures as opposed to isolating the curing deptholymerization is sufficient to form a solid gel net-
of the gel. Standard techniques for the examination of thevork.?*?? The curing depth thus corresponds to a thick-
rate and extent of polymerization in photocurable poly-ness attainable via experimental measurement.

mers, such as Fourier transform infrared spectroscopy In this paper, we present a series of experiments that
(FTIR), are based upon measurement of the degree afemonstrates the existence of a critical photoinitiator
double bond conversion, which is used as an indicator foconcentration for which the curing depth is maximized
the extent of reactiof®*3 Other techniques like photo- for photopolymerizations. We model this behavior by
calorimetry attempt similar evaluations, although thespatially coupling physical phenomena of light attenua-
double bond conversion is obtained from enthalpy meastion and critical conversions for gelation. The model
urements rather than through FTHR*®When photoini-  qualitatively fits the experimentally observed depend-
tiator concentration is varied, photocalorimetry and FTIRence of cure depth on both light intensity and photoini-
give valuable insight into thbulk extent of reaction as a tiator concentration. We show that the model developed
function of photoinitiator concentration. However, they not only supports the concept of a critical photoinitiator
only indirectly track the cure depth. This is due to the factconcentration for which the cure depth is maximized but
that a thin film, coupled with the experimental setup,allows for calculation of the optimal photoinitiator con-
results in an evenly distributed illumination of the samplecentration and maximum curing depth attainable.
surface in the calorimeter trdy.In such cases, the acti-

vation of initiator molecules is uniform, and thus, the

concentration of free radical sites is homogenoudl. EXPERIMENTAL PROCEDURE AND RESULTS
throughout the film. This issue has not been addressed The multifunctional monomer used in this study was

directly becat_Jse _in the t_hin film approximation, only the 2,2-bis{4-[2-hydroxy-3-(methacryloxy)propoxy]phenyl}-
total conversion is considered, propane(Bis-GMA), a commonly employed monomer in
In understanding the curing depth dependence on phqpe gental industry (Fig. 2). Bis-GMA was obtained from
toinitiator concentration, we first define the cure depth a$olysciences, Inc., and was used as received. Photoini-
the depth to which a 3-dimensional gel network istjaiion was induced by an ultraviolet (He—Cd) laser at
formed during photopolymerization. Coupled with this 5 \ayelength of 325 nm. The wavelength of the laser
'deaﬂ'ggh? concept of a critical conversion for gela-goyerns the choice of photoinitiator, and for these ex-
tion. Since photon propagation thrpugh the med'umperiments,2—benzy|—2—N,N—(dimethylamino)—l—(4—
is graded'rather thgn discretized, gel is only' fqrmed Ulnorpholinophenyl)-1-butanon@BMP) was employed
to the point at which the degree of cross-linking and(gjg. 2). DBMP has a molar extinction coefficient of
approximately 23,000 M cm %22 Photoinitiator (PI)
concentration was varied from 0.34 to 99.70 mmol/l
HeCd Laser Lenses Tunable (mM), corresponding to 0.01 to 3.00 weight percent
M_‘ lfi)) Mirror (wt%) of total solution and 0.02 to 5.00 wt% based on
Elevator Bis-GMA monomer weight. These values are compa-
Platform rable to typical industrial formulations.
(immobilized) Trichloroethylene (TCE) was used as a solvent dilu-
ent in a 40/60 weight ratio with Bis-GMA by virtue of
its being a strong solvent with minimal absorption at
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FIG. 1. Modified setup of the stereolithography apparatus. An articu-
lated mirror directs the laser beam across the surface of the liquid
monomer, creating a polymer gel network. Since our interest is in
single layer films, we immobilize the elevator platform. A cylindrical
well is placed on the platform, and the 60/40 weight ratio Bis-GMA/ FIG. 2. Chemical structures foR,2-bis{4-[2-hydroxy-3-
trichloroethylene solution is pipetted inside. A glass coverslide on top(methacryloxy)propoxy]phenyl} propar(8is-GMA) and 2-benzyl-2-
acts as a substrate for gel attachment. The scanning velocity, and,N-(dimethylamino)-1-(4-morpholinophenyl)-1-butanafizBMP).
hence, energy dosage, is input via the stereolithography software. Polymerization was initiated using light at a wavelength of 325 nm.
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325 nm (0.007 M* cm1).?* The solution was allowed to “dry” gel thicknesses. Residual solvent in the air-dried
mix in a sealed vial on a magnetic bar stir plate for asamples was no larger than 11%, as measured by thermal
period of a few days with repeated washings of the wallgravimetric analysis. The “wet"-state cure depth is a
with TCE to ensure homogenization. Excess solvent wameasure of the depth of curing at conversions high
removed by evaporation at room temperature to obtain anough to reach the gelation threshold, whereas the
final 60/40 weight ratio of the monomer/solvent. “dry”-state thickness is an indicator of the total polymeri-
A 3D Systems Model 250 stereolithography apparatugation conversion, or how much polymer is formed. This
was employed for the photopolymerizations. The SLAobserved shrinkage thus provides information on the de-
consists of a fixed wavelength lasing source withgree of cross-linking in the gel and holds implications for
computer-controlled scanning velocity. The 40 mWoptimizing the stereolithography curing process, as
ultraviolet He—Cd laser has a Gaussian half-width ofdiscussed in Sec. IV. Two samples were produced for
125 um.** Our interest here is in single cured layers, soeach concentration of photoinitiator for purposes of
we fixed the elevator position and placed cylindrical consistency.
wells on a platform (Fig. 1). The monomer/solvent solu- The experimental results are shown in Figs. 4 and 5 for
tion was pipetted into the wells and filled up to the rim. the “wet” and “dry” photopolymerized films. The ordi-
A thin glass coverslide was placed on top, in contachate is the gel thickness in millimeters, and the abscissa
with the solution. (The coverslides act as substrates fothe photoinitiator concentration from 0.34 to 5.14 mM,
attachment during the polymerization and facilitatewhich corresponds to 0.02 to 0.25 wt% based on Bis-
measurement of the gel thickness.) GMA monomer weight. The corresponding wt% photo-
Samples were cured by writing a cross-hatched pattermitiator (0.01 to 0.15) based on total weight of solution
(Fig. 3) at three laser exposure levels of 0.931, 1.702, anid shown on the top axis. The three data curves corre-
22.255 J/cri The exposure levels were controlled by spond to the three different laser energy dosages. Solid
varying the laser beam writing speed via the stereolithoglines are calculated from the model developed in the next
raphy software. After polymerization, the glass cover-section for comparison at corresponding energy dosages.
slides were lifted off with the polymerized gel layer Continued “dark” gelation is expected to be minor due to
attached. The thicknesses of the cured gels were themapid oxygen-scavenging of radicdld® However, the
measured (£0.01 mm) with a micrometer in the “wet” effect is likely to be more pronounced at higher energy
state and then flushed with TCE to remove unreactedlosages, and thus the experimental deviation from theory
Bis-GMA monomer. After drying of the solvent over- is greater for the experimental data at 22.255 3/cm
night in a fume hood by evaporation at room tempera- Extended data points were taken for higher photoini-
ture, the sample thicknesses were remeasured to obtdiator concentrations to confirm that the cure depth de-
creases monotonically. In Fig. 6, the data range is
extended to 0.15 M (corresponding to 3 wt% solution and
3 mm 5 wt% Bis-GMA) to more closely approach commercial
) I I ( formulations®?the cure depth continues to decrease and
eventually plateaus. In the following section, a model is

~ ] developed to probe the nonlinear dependence on photo-
/ initiator concentration observed in Figs. 4 and 6.
N

lll. THEORETICAL MODEL FOR

— PHOTOCURING DEPTH
— 1T mm

We develop a model for photocuring depth by begin-
ning with the kinetic equations for polymerizatioh,

\ dM] _
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s
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FIG. 3. Schematic of UV-cured disc. Black lines represent cross- . N .
hatched rastering pattern of the 40 mW laser at 3 dosage levels: 0.93WhereRp is the rate of polymerizatiorR, is the rate of

1.702, and 22.255 J/dnThe laser beam has a wavelength of 325 nm [T€€ _radicql initiati_on' [M] is monomer. concer_ltrat_ion,
and a spot size of 25am. [M]is radical chain concentration, arkg is the kinetic
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FIG. 4. Gel thickness versus photoinitiator concentration in the swol-FIG. 6. Extended data for gel thickness versus photoinitiator concen-
len “wet” state. The three data curves correspond to the three differeritation in the swollen “wet” state. The cure depth decreases monotoni-
laser energy dosage$>( 22.255 J/cry O, 1.702 J/crf A, 0.931 cally as photoinitiator concentration increases without bound. The
Jlen?). Solid lines are calculated from the model for comparison atthree data curves correspond to the three different laser energy dosages
corresponding energy dosages£ 4.2 x 10° M s°-° cm®). Photo- (¢, 22.255 J/ery O, 1.702 Jicrh;, A, 0.931 J/crf). Solid lines are
initiator concentration is given in mmol/I (mM) on the bottom abscissacalculated from the model for comparison at corresponding energy
and as weight percent based on total solution on the top abscissa. Note@sagesd = 4.2 x 10° M s%°cmP9). Photoinitiator concentration is

that the model captures the concavity of the data and the location of thgiven in mmol/l (mM) on the bottom abscissa and as weight percent
optimal photoinitiator concentration. based on total solution on the top abscissa.

rate constant for propagation. Employing the steady-state
approximation (initiation of radicals equals termination),

DBMP (weight %, based on solution) .
R, is found as®
0.00 0.05 0.10 0.15 R \V2
15 Rp = kp[M](z_kt) ’ (3)
wherek, is the kinetic rate constant for termination. For
. bifunctional photoinitiators, the initiation rat&; (Ein-
E steins T3t™), is related to the photonic flux, (Einsteins
£ 1.0 |—2 -1 b
p= ), by
g R =2be[PI]I, @)
g where¢ is the quantum yield of the photoinitiatog,is
O 05 the molar extinction coefficient (M 17, [P1] is the
molar concentration of photoinitiator (M), ard is the
incident photonic flux, or intensity, at depth The pho-
tonic flux at depthe is related to the incident laser inten-
00 - - L sity at the surfacez(= 0) by Beer's Law?"*®
0 1 2 3 4 5 "o
[DBMP] (mM) I, =15 (1077 (5)
FIG. 5. Gel thickness versus photoinitiator concentration in the «gry"and Eq. (4) may thus be written as
state. The three data curves correspond to the three different laser R = Zd)e[PI]IO (10_€[p|]z) . (6)

energy dosagesX(, 22.255 J/crfy O, 1.702 Jicri; A, 0.931 J/crf).

Solid lines are calculated from the model for comparison at corre-gypstituting Eqg. (6) into Eq. (3) allows the following
sponding energy dosages € 4.2 x 10°M s%°cm®9). Photoinitiator e . : }

o =IOy E IR . xpression to be obtained:
concentration is given in mmol/l (mM) on the bottom abscissa, and as

weight percent based on total solution on the top abscissa. At low dM] d)elo[Pl](lO_E[p']z) 172
photoinitiator concentration, the gel network is loosely cross-linked - ——==R_ =k _[M]

and exhibits greater shrinkage upon drying than in the case of high dt P P kt

photoinitiator concentration, where shrinkage is negligible. @)
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Separating variables and integrating with the assumptioRecognizing that the term in the brackets on the left-hand
of no time dependence in the bracketed term on the rightside is comprised of constants of the chemical system and

hand side gives photopolymerization processing conditions, we collect
terms and define variablas® (that contains the photo-
I [Mlo| _ [k belJPII(107"2) 1/2t o chemical parameters),
"tmy) = K -0

o2 k[In(1 - p)I°

The term in parentheses on the left-hand side is simply kp2¢e
the degree of polymerizatioH,

: (14)

and B? (which incorporates the stereolithography proc-

[M], essing parameters).
X. = M . (9)
M] 5 chN,, P,
B = 2, 1/2 (15)
The degree of polymerization is related to the extent of AWg(2)

polymerization.p, by Substituting Egs. (14) and (15) into Eq. (13) allows the

following expression to be obtained:

OLZBZ -

— —€[ Pl

> = [PI(1077%) - (16)
At the gel pointp = p., the critical threshold for gelation. max

This threshold represents a critical conversion at WhiCh.SoIvin Eq. (16) forz

point a gel is formed?®°It therefore corresponds to the g Ea. (16) forz,,

limit of the curing depthgz, in the photocuring process 2 (Emaipﬂl/z)

and is a characteristic of the photochemical syst&nt. Z= 5 302[Pl] n oB

Substitution of Eqs(9) and (10) into Eg. (8) at the gel
point and rearrangement gives Jacobs has presented the “standard design equation”
for stereolithography as

oo 1 0
Xrl_l_p ! (l)

17)

Ky _
{ }[ln(l = po)/t]? = [PI)(10°71%)

k 2 el _ Emax
p delo Cq =Dy In(?c> ’ (18

13

Light intensity and exposure time are determined bywhereCyis the cure depttE,,is the energy dosage per
the laser power and laser scanning speed, respective;g.irea’Ec represents a “critical” energy dosage, dbglis

They are coupled to the maximum energy exposure pdfi€ “depth of penetration” of the laser beam into the

unit area, denote,, ., in the stereolithography litera- Solution, which is inversely proportional to the molar

ture, which is related (for a linearly translating Gaussiar€Xtinction coefficient and concentration of photoinitia-

laser beam) to the power of the lasBy, Gaussian half- tor-" This empirical equation has been used in the lit-

width of the beam\,, and scanning velocitys, by eraturé to analyze experimental data on cure depth
versus laser writing speed to determibg and the

2\v2 p, chN,, empirical constanE.. These values are then used to de-

Enax = (—) AV, = ( N )Iot , (12)  termine the layer thickness of each layer for stereolitho-

0%s graphic fabrication. Since the equation is not derived

wherec is the speed of lighth is Planck’s constanty,, from photopolymerization 'c'h'emlstry, It suggests no
dependence oE. on photoinitiator concentration and

is Avogadro's number, and is the wavelength of the does not predict a maximum in the cure depth curve with
laser. The exposure time is the time taken by the scan- P b

ning laser beam to pass over a point on the surface: respect to photoinitiator concentration, which is the

Lo . " thrust of our contribution. RecognizirmyasC4 and com-
2W,/Vs. Substituting into Eq. (11) fdry andt, and elimi- . d
nat(i)ngsv using qu (12) ?hfa fc))IIO\;)ving expression is paring Egs. (17) an_d (18), we maI_<e th_e correspondence
obtaineds' ' ' between the equations: the logarithmic dependence on

Emax arises in both cases, ar, is inversely propor-
tional toe and [PI] as

I

kiln(1 - p)PchN, P |/ 1 o
kpzd)e)\woz(zﬂ-)lxz }(E 2) = [PI](10 )

max 13 D, (=) 2.303[PI] (19
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However, we find that the empirically derived “constant” V. COMPARISON BETWEEN EXPERIMENT
term E; is actually inversely dependent on the photo-AND THEORY

initiator concentration to the one-half power, as writ- The model above suggests the existence of a criti-

ten below: cal photoinitiator concentration for which the curing
op depth of the gel is maximized. Consideration of the
Ec<=>[T]1/2 : (20)  3-dimensional map of the curing topology thus sheds

light on the shapes of the curing profiles at varying en-
Thus, itisa andp that remain characteristic constants forergy dosage levels shown in Figs. 4 and 6. As energy
a given photochemical system and processing conditiongosage varies, the location of the optimal photoinitiator
and notE.. concentration shifts to the left and skews the apex of the
Interestingly, the model predicts a maximum in thecure depth versus photoinitiator concentration curve.
cure depth versus photoinitiator concentration. Taking We know all of the parameters that defifg# in

the derivative ofz, with respect to [PI], Eq. (15). We do not have values for the critical extent of
-1/2 polymerization ) for gelation, the quantum yieldb]
dz. = 1 ( op \Ema*[Pl] for the photoinitiator at 325 nm, and reaction rate con-
dPI] = 2.30[P\E,_[P]*2) oB stants k andk,) which comprisex® in Eq. (14). There-
2 E ol PITY? fore we usea as a single fitting parameter to match
) 30%[PIP ( ) ' (21) experimental data. The nonlinear experimental depend-
: [PI] af e
ence of cure depth on laser dosage and photoinitiator
Setting to zero and solving for [P1] yields concentration is a relatively stringent test of the basic
2.718:2p2 form of the_ model (Eg. 17), given that a single fitting
Plleritical = ———5— - (22)  parameter is used.
max Often, the depth of cure is taken synonymously with

Note that as the energy dosage increases, the location Bfe¢ conversion, or extent of reaction. Literature shows
the maximum critical photoinitiator concentration non-an increase in monomer-to-polymer conversion with
linearly shifts toward lower photoinitiator concentration.
Furthermore, substitution of Eq. (22) into Eq. (17) yields
that the depth of cure at the optimal photoinitiator con-

centration, [Pl],iicar May be written as 257
Emax2 | |
e 6 25Ga?p? 3 207 . ]

Therefore, the theoretical model not only predicts theg
existence of a photoinitiator concentration that maxi-E 15
mizes the depth of cure but predicts the maximum ge£
thickness as well.
A 3-dimensional map of the curing space as given byp 1.0
the model is shown in graphical form in Fig. 7. The gray 3
mesh lines correspond to discretized photoinitiator con
centration and energy dosage values, and for any give ~
energy dosage, the figure exhibits a maximum cure dept AR
at a specific photoinitiator concentration. Furthermore, a: g L \ ) |
the energy dosage increases, the optimal photoinitiatc
concentration decreases, in accordance with Eq. (22 .
The magnitude of the maximum cure depth at a giver 6,3 -
energy dosage is obtained from Eq. (23). Note that only 87 e? €
the region enclosed by the mesh lines represents phys {DBMP] (mM)
cally realizable cure space. Mathematically, the blacksic. 7 surface topology of the curing space. Photoinitiator concen-
contour lines mark the boundary beyond which solutionsration is plotted on the abscissa for emphasis, with energy dosage
of Eq. (17) incur complex values. Experimentally (as con-along the ordinateo( = 4.2 x 10°M s>°cm™). Cure depth is shown
firmed in the previous section and shown in Figs. 4—6)UPward in thezdirection. Note that cure depth increases exponentially
this corresponds to regions in which critical Conversionqas energy increases, while cure depth increases initially with increas-
. . ng photoinitiator concentration, obtains a maximum, and then pla-
are not obtained, and a coherent gel network is thus Ungaus. The black contour lines mark the boundary of physically
able to form. realizable cure space.

Dep!

3

w2
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increasing photoinitiator concentration; it is often im- Earlier literature examining the dependence of the
plied that the cure depth follows conversidt®*®In-  curve depth on photoinitiator concentration was moti-
creasing the concentration of photoinitiator results invated by the idea of a crossover point or invariant curves
more radical initiation and, therefore, more double bondor which existed a critical energy dosage and cure depth,
conversion. However, as photoinitiator concentration isdenoted asE* and C%.*>333*Equations may then be
raised, the penetration depth of the photons decreases. dierived, given photoinitiator concentration for at least
the thin film approximation, the length scale of the me-one known set of values fdd, andE,, for solutions of
dium is less than the penetration depth of light. Whernvarying photoinitiator concentration. The derivations
light attenuation is significant, however, the thin film of these equations and their assumptions are shown in the
assumption is invalid and the medium acts semi-Appendix, since they have not been reported elsewhere
infinitely; the penetration distance of the photons be-and are nontrivial. The equations (misprinted in Bernhard
comes less than the depth of the medium. Free radicalt al., 1993) are as follows:
initiation thus decreases with depth, and raising photo- Pl
initiator concentration results in localization of the free [PI], {m]
radical initiation closer to the surface. Since cure depth B = Ecl(ﬁ)
decreases with increasing photoinitiator concentration, at 2
some point increasing photoinitiator concentration yieldstnd
asmallercuring depth. At the other extreme, if the pho- [PI], [PI],
toinitiator concentration is too low, then the conversion Ci= DPl([PI] ey ) In[[PI] ] ; (25)
to polymer will be too low to form a gel. So the cure 1 2 2
depth goes to zero as photoinitiator concentration apwhere the subscripts refer to two formulations of differ-
proaches zero. Clearly, there must be an intermediatiédg photoinitiator concentration. Special note should be
“optimal” concentration. taken that these equations do not in fact suggest that the
With reference to Figs. 4 and 5, another feature eviphotosensivity curves will be invariant as suggested in
dent from the data is that the shrinkage upon dryinglacobg:® Nor do they result in a single, constant invari-
decreases dramatically with increasing photoinitiatorant crossover point as suggested in Berntetrel 3334
concentration. In the case of “low” photoinitiator con- Rather, they simply represent the mathematical intersec-
centration, the concentration of photoinitiator moleculestion of two lines with differingD,,. The idea of a cross-
is such that only a small fraction of the photons areover point is misleading because this point shifts
absorbed. Thus, the penetration of light is greater than in
the case of “high” photoinitiator concentration. Further-
more, because the concentration of photoinitiatol
molecules is low, the free radical concentration is sub-
sequently lower as well. This results in a loosely cross-
linked gel being formed, suggesting that, upon drying,
the gel should shrink dramatically, as is the case show Intensity Intensity
in the data at low photoinitiator concentration as sche:
matized in Fig. 8. O »)
At “high” photoinitiator concentrations, photon ab- .8 %
sorption is greater, and the penetration depth of the lase = =
is smaller. The free radical concentration is thus localizec
near the surface of the resin, which results in a tightly A 4
cross-linked, thin, cured profile. The data show that
shrinkage in this regime decreases as the photoinitiatc
concentration increases. The degree of shrinkage (usual wet dry wet dry

measured inversely as the swell ratio) is an importan
aspect of the curing process, because it affects th
final dimensions of the cured sample. The minimum e

(24)

cure depth in stereolithography is defined by the
finite step size of the elevator platform. Therefore, largel
curing depths in the wet state facilitate lamination ) (b)

O.f layers a.md mu.St be yvelghed against Cor]Sldera"l_:lG. 8. Representation of gel curing profiles. In (a), laser penetrates
F'Ons of Sh”_nkage In the T'nal manUfaf:tured prodgc’g. Itdeeply but only lightly cross-links the gel. In (b), free radical initiation
is thus desired to minimize swell ratio and maximizeijs |ocalized in upper portion of the solution, resulting in a thin but
cure depth. tightly cross-linked gel that undergoes little shrinkage upon drying.
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according to the two solutions being compared, and thus Our model for the photopolymerization includes the

this model does not adequately account for the photoinikinetic steps of initiation, propagation, and termination

tiator dependence. and also the critical degree of conversion to reach the gel
In Figs. 4—6, the solid lines shown are calculated frompoint. The phenomena of oxygen quenching of radicals,

the theoretical model for comparison with experimentalpolymerization autoacceleration, and detailed predictions

results. Strong agreement is shown qualitatively, with theof monomer functionality on the gel point have not been

model accurately following the concavity of the curve for incorporated into the modél2°29-32:353%ytyre ex-

the three energy levels studied. In addition, the experiperiments to determine the remaining chemical kinetic

mental data confirm that there exists a region whergarameters o&? would allow an assessment of the sig-

gelation does not occur, as evidenced by the continuedificance of these other phenomena that have not been

formation of gel at high energy dosage levels, whereas, ahcluded and would serve as a great complement to

low energy levels, the gel thickness drops to zero. For éhe model.

given energy dosage, the model closely predicts both the

location of the optimal photoinitiator concentration

along the abscissa, as well as the magnitude of the
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APPENDIX: DERIVATION OF INVARIANT Ecl
EQS. (24) AND (25) and solving, Eq. (24) is obtained.
The equation for cure depth in stereolithography as [ [PI]1 }
written in Jacobs f&® E -E [P\ [P - (P12 (A7)
max = Fea) [PIl,
cC.=D In<Emax> _ (A1) If Eq. (Al) is recalled, the second invariant Eq. (25) is
d P E. obtained through substitution.
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