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Abstract

Photolithography allows the fabrication of a solid polymer object through paigatgon of a monomer
resin by means of a laser source guided according to the data of comjuedrdesign. However,
one drawback of this method is the inaccuracy of the dimensions of the obgéatisd to the shrinkage
phenomenon which depends on the polymerization, on the laser flux ane osdtl sweeping procedure.
In this paper, the deformation of an isolated voxel (elementary volume) oxal interacting with its
neighbor is described. This simulation is based on a kinetic model that takesctdant the gel effect
and a model of volumetric variation due to the difference of the length of thd$between the monomer
and polymer molecules.
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1 Introduction

The techniques of fast prototyping nowadays [1] meet a large industicakess for the fabrication of pro-
totype objects [2, 3]. Among them, photolithography [4, 5] which is basezpace photopolymerization
of a monomer resin [6] is a process that suffers from drawbacks asicirinkage and aging [7]. The
shrinkage is related to the liquid-solid transformation and induces a contraiftibe irradiated volume.
This contraction is not homogeneous and consequently gives rise toahstmesses which themselves
provoke a deformation of the final object. To remedy to that problem, two megatins of research
have been studied. The first one consists in acting on the material by ussmavith a low shrinkage
[8, 9, 10], a resin charged by a rigid material or a powder suspensiadiquid resin [11]. In the sec-
ond manner, the system is directly influenced and especially new motivdingf five layers are used
[12, 13] in order to reduce the deformations. This latter solution needsidherstanding of the kinetics
of shrinkage and deformation. In this study, the deformation of an isolabesl elementary volume) or
a voxel interacting with its neighbor is described. A model of the photopoligaigon reaction taking
into account the gel effect and a quantitative model based on the psem@uto describe the volumetric
shrinkage of the polymer constitute the total model used in the simulation.

*e-mail: corriou@ensic.inpl-nancy.fr



2 Modd of the polymerization kinetics

During a photopolymerization, the variation of the irradiated volume followsmgidal curve when the
resin is irradiated by a light of convenient photonic energy (Fig. 1). dbimposed of three zones:

- the first one, where the volume varies slowly, corresponds to the $tidmt oeaction, consumption of
the inhibitors, creation of active sites ...,

- the second one, where the volume varies rapidly, is linked to the polymerizati medium which
is still liquid,

- the third one, where the volume is nearly constant, corresponds to theladtia which leads to a
material strictly insoluble in the liquid resin.

The kinetics of such a reaction can be schematically represented agetrdive following mechanism
[14, 15, 16]

photochemical initiation A+ hv 1a9 R’ Q)
propagation of "type 1" R+ M- Py AVy (2)
P +M-EL P AV )

P +pP o An (4)

propagation of "'type 2" P, + P| 2, Py AVy (5)
P+ M2 P AW (6)

P+ PP AV ©)

P +P 2P AW 8)

P +P2p AW 9)

propagation of "‘type 3" P+ M P AW (10)
termination Pi+P N A (11)
P+P AN AW (12)

P+P BN AW (13)

It is assumed that the chemical reactivity of the macroradicals (having the samber of active
sites) is practically the same whatever the chain length, i.e. they are kineticaligenaible.

In all the stages of "type 1" propagation, the macroradicals have a siciijle aenter. We consider
that the reaction constants are equatioFor the stages of "type 2" propagation, the macroradicals have
two active centers and consequently, they are more reactive than thtgeedl”. Their kinetic constants
ko are equal and arbitrarily fixed a0k, . In the stages of "type 3" propagation, the macroradicals have
more than two active centers and the kinetic constarg similarly taken ad00k-.

2.1 Kinetic modd

The kinetic model corresponding to the previous reaction mechanism is cahfay the following
differential equations
d[R’]

L = Lo -k [R][M] (14)



=

A — ko (R7)[M] — b [P [M] — o [P5) [M] — s [P5] [M] (15)
AP — gy () () = a0k [P — ko [P) (5] (16)
W2 = by [P — 2o [P]] (5] — 5 ko (3] (17)
ULl — ey (P11 [P) + ko (B3 — 2 s [P (18)

2.1.1 Kinetic constants of thereactions

The considered model takes into account the gel effect, i.e. the confihihg reactive species in the
reacting medium and consequently the limitation of the conversion rate. Aneayganetic constant
equal to

ki kp .
i = =1,2,3 19
ki +kp ! (19)
has been used for each reaction stage whgi®a kinetic propagation constant following Arrhenius law
k; = kO i 20
Pexp () (20)
andkp a term for the diffusion of molecules in the medium [17]
T
kp =2.210° — (21)
n

with T temperature of the medium (KR gas constant (J.mol.K—1), E; propagation activation energy
(J.mol 1), n viscosity of the medium (Pa.s).

At the beginning of the reticulating photopolymerization reaction, the systenuiisll{gnore or less
viscous according to its nature), then it transforms itself into a transierdtgt and finally, in a rapid
way, into a dense solid. An approximate expression of the medium viscogifyyiiich takes into
account the change of state: liquid gel — solid, is

with y the conversion rate of the monomer apg the final conversion rate.

Experimentally, the conversion rate for a diacrylic monomer does not ex@@®r 70% due to the
capturing of the macroradicals which can no more react. Wheands towards 0.6, the viscosity tends
towards a very large value (fixed as a finite value in the model simulatidrRa.s ). Whem is expressed
with respect to the number of monomer units(¢) remaining at time in the reaction medium, it gives

1 = 1o €Xp {/\ <xml( by xml( to)ﬂ (23)

with 9 = 1073 Pa.s,) is a constant such that = 10° Pa.s wheny = 0.6 andz,, (o) is the initial
number of monomer units.

=" exp(

2.1.2 Relation between theintensity of the absorbed light and the depth of polymerization
The intensityl; transmitted through an absorbing medium follows Beer-Lambert law
Ii(z) = Iy exp(—excz) (24)

with I intensity of the incident fluxs, extinction coefficient at wavelengty ¢ concentration in absorb-
ing species and thickness of the medium.



The light intensity absorbed by an elementary layer of thickdesst depthz is
I, .(dz) = —dI;(z) = exclp exp(—excz)dz (25)

If an elementary volume (voxel) which is a square parallelepiped is suledividon,,., layers of
thicknessAz (Fig. 1) and if the absorption is supposed to be homogeneous in eachtleyabsorbed
flux in thent" layer is

Ips = Iy {exp[—erc(n — 1) Az] —exp [—excn Az]} (26)

In order to eliminate the factdk) c) related to the initiator, a transmission ratg,.,s equal to the
ratio between the incident intensity and that transmitted at degpthith z, total thickness of the sample
is defined

Tz, trans — I—O = eXP(—GA CZO) (27)
with |
20 = — H(Tez;\t:zns) = Nmazx Az (28)

from which the intensity absorbed by a layeresults

n
Iabs = IO {exp |:

Nmax

in(7trane)| = exp | (7 )|} (29)

Nmax

with Iy and . in E.mnm2.s7! (E : Einstein).

2.2 Simulation results

The numerical data [14] have been used for simulation are given in Table 1

Table 1: Numerical data for simulation

Zom(to) = 200 Tz trams = 0.01
In=310""E.mnr2s! | ¢ =0.5mol.E"!
lo=1mm K =8.710° Lmol~t.s7!
20 = 0.5 mm E, =4.7J.mol!

Nmaz = 10 R =8.314 J.mol . K1

The results, presented on Figure 2, show the variation of the monomeersamv with respect to
time for the different layers. It can be noticed that these layers havdlarion all the more pronounced
as the layer is close to the free surface of the resin, which is consistenplyitfics laws. On the other
side, each curve has a sigmoidal shape: the reaction of the molecules iatdlvgvbeginning than it
becomes faster due to the reticulation of the medium (several sites aré atiireit decreases because
of the macroradicals which are enclosed.

3 Modd of thevolumetric variation

The transformation monomer-polymer is accompanied by a decrease ofatimied volume or volu-
metric shrinkage which follows a sigmoidal curve (Fig. 3). The model desdiby Fig. 1 has been used
to represent it.



3.1 Volumetric model

The principal of the simulation model is the following: a variation of the elememnaiyme is associated

to each stage of the kinetic model given by equations (1) to (13), this variddpends on the size
of the reacting molecules. A small volumetric variatiddly is associated to the conversion of the
monomer molecules, a large volumetric variatitwir; is associated to the macroradicals having a single
active center, and a larger volumetric variatiddd; is associated to the macroradicals having more
than one active center (the volumetric variation due to reticulation increagieshe number of active
centers). The volumetric variation for each reaction stage is determinedfiildweing manner: the time
derivative of the volume times the sum of the concentrations of the diffeeawtive species figuring in
the equation of the reaction stage is equal to the product of the rate oftdgat sy the elementary
volumetric variation. This calculation results in

stage () (M9 = ki (R [M] Vo (30)
stage (2)  ~[M] " = ki [P{][M] AVo (31)
Stage (3) (1Bl —2[P{) G = k[P AW (32)
stage (4) [P} = ki [Pi][F5] AV; (33)
stage (5)  ~[M] =k [P})[M] AVo (34)
Stage (6) —ﬂﬂ%g:kﬂgPA% (35)
stage (7)  ([P;]— [Pi] ~ [P3) 5 = o [Pf] (B3] Ao (36)
stage ®)  (1P}]—2(Pi) 5 = s (B2 AV (37)
stage 9) (MU = ks [P} [M] AVo (38)
Stage (10) —zwﬂ%g:kﬂHFAW] (39)
Stage (11) —2[P;] ‘%/ = ko [P5]? AV, (40)
Stage (12) —2[P;] % = k3 [P AV, (41)
The total volumetric variation results
4%: mmmwwmﬂmA%+ﬂ%%%aAm+humAm+@umm@
+MUQAWH—Pfﬂﬁg%LmA%+5§%%%ﬂA% (42)

ks [P AVo + 5 [P AV + B2 [R5 AV, + 3 [P AV
Let us assume that the elementary volumetric variatidis and AV, are proportional ta\V; as
AVy =1 AVy and: AV, = AT (43)

whereS; andg; are coefficients estimated by an optimization procedure so as to minimize the deviatio
between the simulated curvésV//V = f(t¢) and the experimental data. The analytical expression of
AV, can be obtained in the following manner: as the final volurig, of the polymerized sample is
known, it is possible to define a shrinkage ratg,,. such that

Vfin — Vo = —maz Vo (44)
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with Vj initial volume of the monomer. At timeg the volume of the sample is
tdv
V() :/ Y+ Vi (45)
o dx

such that, at the end of reaction at tirhg,, the volumetric variation is given by equation (44). The
following approximation of the integral can be performed

AV
YN (—> Ating & —0tmaz Vo (46)
—" At ),

with i such that; = iAt;,;, Aty the time integration step ang;,, = N At;,;. The relative volumetric
variation can be formulated for intervgl, ¢; + At;,,¢] as

AV

(E) = —fo(t:) AVo — fi(t:) AV1 — fa(ts) AV = =[fo(ts) + B1 f1(ts) + B2 f2(t:)] AVo - (47)

wherefy(t;), f1(t;) and fo(t;) depend on the concentrations of the active species of the medium at time
ti. The total volumetric variation results

N AV tfin
2 (TJ Aty = =AVo Atine Y [fo(t:) + B1 fi(ti) + B2 fa(ti)] (48)
=0 ¢ t;=0
hence .
AVy =~ o Qmaz V0 (49)
Atine Y [fo(ts) + B f1(ts) + B2 fa(t:)]
t;=0

Thus the value oAV} depends on two experimental parameilgranda,,,.. and on both parameters of
the volumetric variations; and/s.

3.2 Simulation results

The relative volumetric variation with respect to time is represented on Fig(fox 4, = 85 = 1) and
Figure 5 (forp; = 10 andBy = 100). The choice of the values ¢f andg; is arbitrary and its objective

is to study the effect of these parameters on the volumetric shrinkage.uhherical data are the same

as those used in section 2.3 with,.., = 0.15. The curves have the same shape in both cases but the
volumetric decrease is more important in the second case. Indeed, ordydes (equations (30), (31),
(34), (38) and (39)) among the twelve composing the kinetic model lead taaion AV} (due to a
transformation of the monomer) and moreover, as the reaction progrédss@sonomer is consumed.

4 Moded of avortex defor mation

4.1 Description of the geometrical simulation

Assume that the laser ray has a square cross section of side 1 mm andighaeripendicular to the
monomer surface. Thus the polymerized voxel has a cross section of?lamina depthy. In the
simulation model, the voxel is divided intg,,,,. layers of thicknesd\z att = 0 (Fig. 6), the evolution
of the thickness of each layer is calculated from the volumetric variatiorepted on Fig. 4. Itis
assumed that each layer can freely slip with respect to the other. Atttiemch layem is described
by its lengthi(n, ) and its thickness(n,t). The linear shrinkage coefficieat (n,t) of the n' layer
at timet is defined byl(n,t) = k,(n,t)ly ande(n,t) = k.(n,t)Az, thus the volume(n, t) of the nt"
layer is

v(n,t) = e(n,t)1%(n,t) = k3(n,t) 12 Az (50)
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Being given that the initial volume, of a layer att = 0 is: vo = I3 Az, then the linear shrinkage
coefficientk, (n, t) is

1
o (n, 1) = (”(“’t)) 3 (51)
Vo
and the depth of the layeris
z(n,t) = Ze(i, t) (52)

=1
with zo = z(nmaz, 0) = Nmaa Az .
The set of equations describing the layeat timet is

l(n,t) = k.(n,t)ly
A1) = 520 S k(irt) (53)
=1

1=

e(n,t) = ky(n,t) Az

The origin of the vertical axis Oz is the free surface of the resin and tiseGwis oriented downwards.
It is assumed that the top of the voxel remaing at 0, thus the shrinkage occurs fer> 0. If the
polymerization is independent of any physical constraint (such astgfavces), the description of the
deformation of the voxel section is relatively simple. In the present simulati@noxel is assumed to
adhere to the reactor wall.

4.2 Simulation results

The numerical data used in the simulation of the volumetric variation of a voxglglpolymerization
are gathered in Tab. 2 wherst is the time of irradiation of a voxel.

Table 2: Numerical data for the volumetric variation

lp =1mm 20 = 0.5 mm

Az =0.05mm| nyee = 10

At=0.1s Omaz = 0.15

Totrans = 0.01 | Ip =3 1077 E.mnr2.s71

The deformation of the right half-part of the voxel has been simulatedesgetformation is symmet-
rical with respect to its axis. On Fig. 7, the deformation of a voxel after Ortadiation is represented
during polymerization. It appears that the voxel shrinks with respectedthizontal and vertical di-
rections, inducing a decrease of its length and thickness. This decseasee important for the layers
closer to the surface which absorb more laser flux (according to Bambkrt law).

5 Modd of an element of two voxels

5.1 Description of the deformation of two adjacent voxels

At time ¢ = 0, the laser light starts the sweeping of the first voxel on the surface afetfin. The
sweeping of a line of polymer is described by Fig. &t is the irradiation time for a voxel. The first
irradiated voxel is the one adhering to the reactor wall, then at each pAripthe adjacent voxel is
irradiated to produce the line formed by, voxels.



From timet = 0 tot = At, the first voxel starts shrinking and deforming itself as indicated at the

previous section. Attime= At, the angle between the layer and the vertical;igFig. 9). This angle is
negative as the chosen positive direction is clockwise. Theén=aft, the irradiation of the second voxel
starts. It is assumed that this second voxel starts shrinking independétitlyfirst one, and a fictitious
angleas is defined (Fig. 10) between the left side of the first layer of the secorel with vertical if it
shrinks freely; again only one side is concerned as the shrinkagaisiadgo be symmetrical. However,
the second voxel follows the deformation of the first one and has its olumetric variation. The global
deformation of the second voxel is characterized by the amgleetween its first layer and horizontal

ag = ag + o (54)

the second voxel deformates itself upwardsvif < 0 and downwards ity, > 0 (Fig. 11). Let us
calculate the angle,(1,t) of the first layer of the second voxel with horizontal at time

ag(1,t) = ai1(1,t) + aa(1,t — At) (55)

with a4 (1, ¢) related to the first voxel, such that

tan(aq (1,t)) = ‘—l(i’t) _ l(2’t)’

2e(1,1t)
wherel(1,t) andi(2,t) are the lengths of the first and second laye($, ) is the thickness of the first
layer at timet. The value ofx, derives from the following equation

I(i,t — At) — 1(2,t — At) ‘
2e(1,t — At)
These hypotheses, i.e. the deformation of the second voxel follows ftiia dirst one and the angle
o Of the first layer of the second voxel with horizontal influences the dldeformation of the second
voxel, require that each voxel remains sufficiently flexible to be able toviollee deformation of the

adjacent voxel, but simultaneously sufficiently solid to deformate itself asghesobject. Thus, any
voxel must remain viscous during all the simulation of the deformation of the eleme

(56)

tan(ae(l,t — At)) = ‘ (57)

5.2 Simulation results

The deformation of an element formed by two adjacent voxels was simulatedh&itame numerical
data as Tab. 2 and a sweeping veloeity= 10 mm.s™!. Fig. 11 represents the result of that simulation

at different times. A value ofv,,.. (0.15) larger than the experimental value (0.10) [14] was used to

amplify the deformations and emphasize the behavior of a voxel during pabatien.

It can be noticed that the deformation of the bar is the result of the defomsatioeach voxel as
well as of the interaction between both of them. This makes the accumulation aéfibrenations in an
irradiated line clear, which is in agreement with the experimental result foyrj8, 19]. It shows that
the use of a single line by segmentation of the swept lines improves the finabstagesbeam produced
by photolithography.

The method used to simulate the deformation of two adjacent voxels can belgesteto analyze
the deformation of a beam formed byox voxels. The shrinkage of thg + 1)t voxel is delayed by
At (sweeping time for one voxel) with respect to that of the previous adjaweed with respect to the
sweeping. Therefore the data describing the vaxell at timet are the same as those of the voxkel
at timet — At. Thus, to record the deformation at timef a beam ofn,.,, voxels, it suffices only to
have the data describing one voxel at successive timeBi,,, — 1)At, ..., t — At, t. The variation of
the profile of the beam with respect to time is characterized by the propagétiorertical deformation,
related to angley,, in the sweeping direction. The voxels that are deformed at a given time sfan
again at the following times. If the beam is assumed to remain sufficiently sdtinds up again totally
by itself when time progresses. However, the polymer becomes more rigid withatichéhe relaxation
of the beam becomes less obvious.



6 Conclusion

In this paper, a model of simulation of the behavior of an elementary volume némer during pho-
topolymerization has been developed. First, a kinetic model of the photopabatien reaction takes
into account the variation of viscosity of the medium. This model has beentasgel/elop the final
model dedicated to the simulation of the volumetric shrinkage of each voxekeTimulations show
the importance of the gel effect and the difference of behavior of thetaet before and after the gel
point. The simulations performed by means of a geometrical model allow usdadlukethe deformation
of an isolated voxel or of a voxel interacting with its neighbor. This simple mdestribes the relaxation
of a line swept by a laser and demonstrates that the deformation accumukdfesiitstime. The results
of that simulation are in agreement with the experimental observations comgéhe deformation of a
beam: the alternate sweeping avoids the propagation of the deformation (ynefifiect) and minimizes
the interaction between the irradiated elements, i.e. the internal stresse®thaharated.

Nomenclature

c monomer concentration ( mol)

e(n,t)  thickness of layer n at time t (m)

E propagation activation energy (J.mo)

I, intensity of the absorbed flux (E.mm.s™1)

I transmitted intensity (E.mnt.s™ 1)

Iy intensity of the incident flux (E.mm?.s™1)

k1, ko, k3 kinetic constant (fimol~!.s71)

kp diffusion constant of molecules fhmol~'.s1)

0 initial length of one voxel (m)
l(n,t) length of layem at timet (m)

M monomer

n number of a layer

P polymer

T number of free radicals at time
R radical

R gas constant (J.mol.K~1)
v(n,t)  volume of a layer (%)

Vs sweeping velocity (m:s!)

Vv volume of the voxel (1)

t time (s)

Totrans ~ rANSMission rate

T temperature (K)

z thickness of the voxel at timi(m)

z(n,t)  thickness of layen at timet (m)

Greek symbols

Omaz maximum shrinkage rate
a1,a9  angles between the layer 1 with vertical respectively for voxels 1 and)2 (r

Qg global angle of deformation (rd)

ar(n,t) linear shrinkage coefficient

€x extinction coefficient at wavelength | fmol—!)
n viscosity (Pa.s)



10) quantum yield of radical creation

At irradiation time of one voxel (s)
Atint integration step (s)

Az thickness of a layer (m)
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Conversion rate

n=10

(o] 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Time (s)

Figure 1. Conversion rate of the monomer with respect to time for the diffdegrers (indexed by
increasing» with respect to depth)
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n — 1 } A=
72 — 2

T2

72 — Tlrrax

Figure 2: Division of the irradiated volume into a finite number of layers {;)
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\ Volumetric variation

zone |l

—

Irradiation time

Figure 3: Volumetric variation with respect to the irradiation time
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AVN

0.1r
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Figure 4. Relative volumetric variation with respect to time with= 5, = 1
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Figure 7: Visualization of the deformation of a voxel after 0.1 s of irradiation
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Figure 9: Deformation of the first voxel
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Figure 10: Result of the deformation with respect to the global angle

21



t=0.22s
o
0.2 =
0.4
o 012 014 0‘.6
o T \
0.2 E :
ca
o 012 014 0‘.6 018 ) 1‘2 114 1‘.6 1‘.8
t=0.31s
o T - - - - - - = = =
\\
|
0.2 E Y
0.4
o 012 014 0‘.6 018 :‘L l‘.2 114 1‘.6 1‘.8 é
Figure 11: Visualization of the deformation of two adjacent voxels
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