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Abstract: This article presents, for the first time, the efficacy and curing depth analysis of
photo-thermal dual polymerization in metal (Fe) polymer composites for 3D printing of a 3-
component (A/B/M) system based on the proposed mechanism of our group, in which the co
initiators A and B are Irgacure-369, and charge-transfer complexes (CTC), respectively; and
the monomer M is filled by Fe. Our formulas show the depth of curing (Zc) is an increasing
function of the light intensity, but a decreasing function of the Fe and photoinitiator
concentrations. Zc is enhanced by the additive [B] which produces extra thermal radical for
polymerization under high temperature. The heat (or temperature) increase in the system has
two components : (i) due to the light absorption of Fe filler, and (ii) heat released from the
exothermic photopolymerization of the monomer. The heat is transported to the additive (or
co-initiator) [B] to produce extra radical R" and enhance the monomer conversion function
(CF). The Fe filler leads to temperature increase, but also limits the light penetration leading
to lower CF and Zc, which could be overcome by the additive initiator [B] in thick polymers.
Optimal Fe for maximal CF and Zc are explored theoretically.

. Keywords: polymerization kinetics; monomer conversion; metal composited; 3 D printing;
additive manufacturing.

1. Introduction

To overcome the poor mechanical properties of pure polymers, metal polymer
composites (MPCs) combine the functionalities of metals and the advantages of polymers
have been proposed. -1 However, MPCs are still suffer some problems such as extremely
poor metal-polymer compatibility, high metal filler content, and functional singularity.[®-1]

Light emitting diodes (LED) photoinitiated polymerization offer many advantages such
as its solvent-free formulation, mild conditions (ambient temperature, without monomer
purification or stabilizers removal etc.), fast reaction rates, and in line with the green
chemistry. 1151 Copper complex photoredox catalyst photocatalyst have been reported by
our group for free radical/cationic hybrid photopolymerization.[*®l Nevertheless, very few
polymeric composite containing metal fillers are prepared by the photopolymerization
process due to the poor light penetration depth which also limits the curing dept. We have
recently reported TMPTA as the model monomer, iron powder as filler and Irgacure 369 (Irg
369) as photoinitiator with the aid of two charge-transfer complexes (CTCs) as dual
thermal/photochemical initiators uisng LED at 405 nm, in which the lack of light penetration
was indirectly overcome with the help of CTC in association with heat release during the
radical photopolymerization.l*8°l In the dual thermal/photo polymerization process, we
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have sucessfully achieved 10 times more dpeth of curing than that of photopolymerization
alone.

In supporting our recent measured data, Bonardi et al [1”l and Ma et al. [*89 this article
will present the kinetics, the conversion profiles features and the depth of curing of a 3-
component (A/B/M) system based on the proposed mechanism of our group.l*®! We will
demonstrate that the conversion function (CF) has two opposite trends in their time profiles
depending on the amount of Fe. This switching feature predicted by our formula is also
justified by our measured data. Analytic formulas for the CF, depth of curing and heat
(temperature) profiles will be derived rigorously.

2. Methods and Modeling Systems
2.1. Photochemical Kinetics

In association with the proposed scheme of our group published in Ma et al % we
propose in Figure 1, a 3-component system (A/B/M) defined by the co initiators [A] and [B]
with monomer (M), in which the initiator [A] is excited to its first-excited state A*, and a
triplet excited state T having a quantum yield (q). The triplet state T interacts with [A] to
produce radical (R) which couple with M for photopolymerization and release heat (H).
Additional heat (H) is produced by the UV light absorption of the filler, iron mixed in the
monomer. Heat is also produced by the light absorption of the iron filled in the monomer.
The heat is transported to the additive (or co-initiator) [B] to produce extra radical R'.
Therefore, the polymerization can be induced by the photo-radical (R) and enhanced by the
thermal-radical (R"). A specific measured system related to Figurel was reported by Ma et al
(19 for a 3-component system of P1/B/M, where PI is the photoinitiator Irgacure 369, B is a
co-initiator of charge-transfer complex (CTC), and the M is the monomer rimethylolpropane
triacrylate (TMPTA), which is filled with filler iron (Fe).

A second example was proposed by our group published in Bonardi et al [*7], in which A
is an absorbing phosphine dye of an infrared light, B is an iodonium salt as the co-initiator,
and BlocBuilder MA is the thermal initiator. The light heating in the system of Ma et al is
due to the light absorption of Fe filler in the monomer TMPTA, whereas it is due to the direct
light absorption of the thermal initiator in the second example. In both systems, the heat (or
temperature increase) in the monomer has two components: the light heater and the heat
released from the exothermic photopolymerization of the monomer.

Dual Photo-Thermal system

\ + A 1 m
Al T | e—) m— Polymer

K
<h
hﬂ—m—*/
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A : Photo-initiator

B: Thermal-initiator LM Polvmer
M: Monomer (TMPTA) [R | e— | "OYTE
filled with Fe K’

Figure 1. The schematics of a dual function system, (A/B/H), The heat (H) can be produced
by the light absorption of the iron filled in the monomer (M) and the heat released by the
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photopolymerization, in which R and R' lead to a photo-thermal dual polymerization (see text
for more details).

The Kinetic equations for our previous systems 2?21 are revised for the new system of
Figurel (A/B/H/M) as follows. We will use the short hand notations for the concentrations:
[A] for photoinitiator Irgacure 369, [B] for the additive CTC, F for the filler iron (in wt%), R
and R' for the photo and thermal radical, respectively.

8 = — bI[A] + REG ()
S = —K(®[B] @
& = bI[A] — (K" + k[A] + k"M + P'[0,])T (3)
% =K[A]T — KMR — P[0,]R — VR? 4)
& =K(9[B] - K'MR’ (5)

In Equation (3) and (4) we have also included the ogygen inhibition effects (OIH), the
P(2)[O2] term with P(z)= Po exp (-Dz), and D is the oxygen diffusion constant. We note that
the OIH reduces the active radical (R) leading to a delayed rising profile of the conversion
efficacy for systems in air. [ P'(z) has the similar z dependence as that of P(z), i.e., near the
sample surface (with small z) has higher OIH than large depth.

In Equation (2) ans (5), k'(t) is the time-dependent decompisition rate of B to produce thermal
radical R', given by an Arhennius formula k'(t)=f exp[-Ed/(rH(t)]; f is the frequency factor
for thermal initiator decomposition and Ed is the activation energy, r is a gas constantant. H
is the heat (or temperature) in the monomer due to two components: (i) the aFl(z,t) term, due
to light absorption of iron filler given by the absorption constant (a), light intensity (1) and
iron concentration (F); and (ii) the heat released from the exothermic photopolymerization of
the monomer (the KMR term), and (iii) the heat transport to the co-initiator, B. Therefore, H
is given by a generalized heat diffusion equation

T = aFI(z,t) + KRM — b'H + cV2H (6)
where b' is the heat transport constant, the last term is the thermal conduction term in depth(z).
The UV light intensity has the depth (z) dependence due to the absorption of PI, [A], and iron
filler (F) given by

SED = —(b[A] +aP)I(z V) )

The monomer (M) conversion rate equation has three components: triplet state (T) direct
coupling,

Under the above quasi-steady-state solutions and for unimolecular case for R, we obtain the
simplified equations (with the thermal conduction term ignored) as follows.

% = — (bI[A] — REG) (8)
=K ®[B] ®)
% = aFl + k[A]T — b'H (10)
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The conversion efficacy (CF) defined by CF=1 - M(t)/Mo, with M(t) given by the
solution of

S = —[k"M + k[A]/(1 + OIH)] T — K[B] (11)
3. Methods and Results

A full numerical simulation is required for the solutions of Equation (9) to (12), which
will be presented elsewhere. We will focus on comprehensive analysis for special features
and the key factors of dual radical enhancement for efficient conversion related to the
measured data of Ma et al ], based on the analytic formulas to be derived as follows.

3.1 Analytic results

In general, Equation (11) and (12) require numerical simulation. For analytic formulas,
we further approximate g=(1-D)/(k[A]), with D(t)=k"M(t)/(k[A]) being the second-order
corection term, such that T=bl(1-D)/(k[A]), Equation (11) and (12) are reduced to

dH

~ = @F +b)I(zt) = b'H - bD(®)I(zt) 12)
% = —[1/(1 + OIH) + (k"/k)M/[A]](1 — D) bi(z,t) —K'(t)[B] (13)

Analytic formulas need further assumption of RGE is taken as a mean reduction factor
(f), such that bI[A]-RGE = f'bI[A] having a value of =0 to 1.0. The first-order solution of
Equation (9) is given by [A]=Ao exp(-dt); with d=bl(z), for f'=1, and I(z,t) assumed to be
time-independent, that is the increase of I(z,t) due to the depletion of [A] is neglected. For
the perfect recycle case, =0, and [A] = Ao is a constant. Using an average of [A(z,t)] over z
and t (defined as A"), we obtain 1(z)=lo exp[-Gz], with G=aF + bA'".

H(z,t)= Ho exp(-b't) + (d'/b")[1-exp(-b't)] - Q(t) (14)

where Ho is the initial value of H(t=0), and d'=(aF+b)I(z)= (aF+b)lo exp[-Gz]. We have also
added a correction factor Q(t)=k"Mo/(kAo) [1-exp(-D't)]D'=qt (for small t), with D'=1+k".
We note that H(t) has a transient state value Ho (1-b't) + (d'-q)t, and a steady state value
(aF+b)1(z)/b'. Moreover, for z>0, d' has an optimal value at F=F*, and it is a decreasing
function of F, for F>F*. This optimal value is due to the competing term (aF) in d'=(aF+b)lo
exp[-(aF+bA")]. Therefore, a higher F>F* and/or A’ leads to less light penetration due to the
absorption factor G=aF+bA' in I(z) =lo exp[-Gz], and also leads to lower heat released
(temperature) in the monomer, H(t).

Using Equation (15) to solve for Equation (10), with appromximated K'(t)=f expl[-
Ed/(rH(t)]=f[1- Ed/(rH(t)]=f[1- (1-Q't)Ed/(rHo)], with Q'=(d'-q)/Ho -b', we obtain

[BI(z.t)= Boexp[-P(t)] (15)
where P(t)=f(P'+0.5P"t)t, with P'= 1- Ed/(rHo), P"= Ed/(rHo)Q".
Using the first-order solution of Equation (14), with D=0OIH=k'(t)=0, and M(t)=Mq exp(-
k"dt) and [A]=Ao exp(-dt), with d=bl, we find the second-order solution (including k'[B]) of
Equation (14) given by

M(t)=Mo -[dt+(K"/k)(Ma/Ag)V(1)] - K' BoV/'(t) (16)
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where V(t)=[1- exp(-st)]/s, with s=(1+k")bl; V'(t)=[1- exp(-fP't)J/(fP"), with P'=1- Ed/(rHo).
Two special cases are analyzed for Equation (17) as follows.

(@) For steady-state: V(t)=1/s, V'(t)=1/(fP'), we obtain the conversion efficacy (CF)
defined by CF=1-M(t)/Mo,

CF(z,0)= bIt/Mo+k"/[(1+k")kAq] + K' Bo/(FP'"Mo) (17.3)

We note CF is proportional to the light dose (It) that this feature is only for the case of
unimolecular termination of the radical R which is proportional to (bl). For the case of
bimolecular 2%, R is proportional to the power of (bl) °°, and the steady-state value of CF is
proportional to (b1)°°.

(b) For transient state, V(t)=V'(t)=t, we obtain the CF
CF(z,t)= b(It)[1/Mo + k"/(kAo)] + k'tBo/Mo. (17.b)

We note that Equation (18) has 3 terms proportional to the light dose E=I(z)t, and initial
concentrations 1/Ao, 1/Mo, and Bo and the absorption constants, b. However CF (for z>0) is a
decreasing function of Fe, since I(z) =lo exp[-(aF+bA")z].

3.2 Depth of Curing (DoC)

As shown by Equation (7) the light intensity is an exponentially decreasing function
of the depth(z) according to a Beer-Lambert law (BLL). However, for the situation of time-
dependent intensity 1(z,t) due to the depletion of the Pl concentration, A(t)=Ao exp(-dt), a
generalized BLL was developed by Lin [20], such that the solution of Equation (8) becomes
I(z,t)=loexp[-Gz], in which G is an average of [A(z,t)] over z and t (defined as A"), given by
G=aF + bA".

A curing depth (Zc) is defined by when the conversion efficacy is higher than a critical
value, CF>C*. Using I(z,t)= lo exp[-Gz], and Equation (18) for CF, we obtain

Zc = In[(SIy)/(C* = S) 1/(aF + bA") (18.a)

where S= bt[1/Mo + k"/(kAo)]; and the enhancement factor, S' = k't(BoHo)/Mo.

We note that Zc is proportional to the light dose lot, but it is a decreasing function of the
effective absorption constant (aF+bA’), with A' being the z and time -averaged PI
concentration [A], given by A'. Equation (19) show that Zc is enhanced by the additive [B]
via S' = k't(BoHo)/Mo, which is proportional to k'BoHo, i.e., the limited light penetration due
to Fe is overcome by the additive CTC, or [B]. Equation (19) shows that Zc is proportional
to In(Slo) under the unimolecular case, with neglected VR? term in Equation (4). For the
bimolecular dominant case (with VR? >>KRM), Equation (19) is revised to 21

Zc = 2In[SI,%*/(C* — S") ]/(aF + bA") (18.b)

We note that more detailed discussion and numerical results of Zc and curing time maybe
found in our previous work. 29221

As shown by Equation (15), when Fe is too high the DoC is too low to create effective
polymerization and it is limited to thin films. For lower Fe of 10% to 30%, the DoC is larger
than the sample thickness and sharp edges are produced. Moreover, high Fe leads to strong
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light absorption and the light dose is smaller than the polymerization threshold at certain
sample depth.

3.3 General features and new findings

As shown by Egs. (9) to (18), the following significant features of the [A]/[B]/M system
which was also proposed by Ma et al [*°). Our modeling has explored the follow general
features, in which some new findings are not yet explored in our previous experiment of Ma
et al %1 but might be justified in our future works.

(i) As shown by Equation (6), the heat (or temperature) increase in the system has two
components: (a) the aF1(z,t) term, due to light absorption of iron filler given by the absorption
constant (a), light intensity (1) and iron concentration (F); and (b) the heat released (the KMR
term) from the exothermic photopolymerization of the monomer.

(if) The solution of heat H(t) given by Equation (14) has two terms which has opposite
trends in their time profiles; the first term is a decaying function, whereas the second term is
an increasing profile. We note that H(t) has a transient state value Ho (1-b't) + d't, and a steady
state value (aF+b)I/b'. Therefore, for F>F*, higher F and/or A" leads to less light penetration
due to the term G=aF+bA' in 1(z) =lo exp[-Gz], and lower heat released (temperature) in the
monomer. This feature of optimalization is valid only for z>0. It does not exist for surface
(with z=0). Numerical simulation will be shown later for this optimal feature.

(iii) As shown by Equation (8) and (12), (14), the monomer conversion has 3
components: (a) from the direct coupling of T and [A], (b) the coupling of photon-radical (R)
with M, and (c) coupling of thermal-radical (R") and M; in which R" is an enhancement radical
produced from the co-initiator, [B], under a high temperature given by the heat function, H(t).
We note that the Fe filler leads to temperature increase, but also limits the light penetration,
leading to lower CF and DoC, which could be overcame by the additive initiator [B] for thick
samples.

(iv) As shown by Equation (17) has terms proportional to the light dose E=It, and initial
concentrations Ao, Ho and the last term of Equation (17), k'Bo/Mo, which is the enhancement
factor in the presence of co-initiator B. Above features are for the case with unimolecular
coupling of KRM term in Equation (4). For the situation of a strong bimolecular termination,
we need to include the coupling of VR? in Equation (4), and leading a CF which is
proportional to the (bl)°® (for transient state); and inverse proportional to (bl)°° at steady-
state, i.e., higher intensity leads to a lower steady-state CF than lower intensity. The
enhancement factor is given by S' = K't(BoHo)/Mo, shown in Egs. (17) and (18). The CF
eanar]]cement in the presence of co-initiator B was also reported experimentaly by Bonardi et
al. 17

(v) As show by Equation (19), the depth of curing (DoC), Zc, is an increasing function
of the light intensity. However, there is an optimal Zc, based on the parameter of (aF+b), i.e.,
there is an optimal value of the iron concentration (F) which can be found mathematically by
taking the derivative of Zc over d', and let it equal 0, which can be also found numerically
[0 This optimal value is due to the competing term in d'=(aF+b)lo exp[-(aF+A")]. The
enhanced Zc is given by S' = K't(BoHo)/Mo. Equation (18) also defines the minimal
enhancement factor (S*) to reach a sample depth of Z’ given by the condition of when
(aF+b)Z’>In (SIo/(C*-S"), or S'> S*, with S*=C*- Sly exp[-(aF+b)Z’], or k't(BoHo)/Mo>C*-
Slo exp[-(aF+b)Z’].

(vi) Our modeling also shows that there is an optimal condition for the initiator Pl
concentration given by d(CF)/dF=0, with CF given by Equation (17), which also requires
numerical stimulation. 2%

3.4 Theoretical predictions and future directions
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Based on our analytic formulas, Equation (14), we show, in Figure 2, the volume (at
z=1.0cm) temperature profiles in the monomer in the absence of Pl (with b=0), with heat
produced by light absorption of Fe only (or b=0). It shows that larger Fe mixed in the
monomer leads to lower temperature profiles deu to the light penetration depth decreases as
shown by I(z,t)=1lo exp(-Gz), with G=aF + bA', which is a strong decreasing function of G.
The saturation is due to the heat transport term, b'H.

Figure 3 shows the temperature profiles (at z=1.0 cm) in the presence of co-initiators,
[A] and [B], with aFlo = (0, 0.1, 0.2) (1/sec), for a fixed blo=10 (1/sec), shown by curves
(1,2,3) which have much higher temperature than the case of pure Fe absorption (with b=0),
curve-4, Curves 1 to 3 also have much faster increasing profiles due to the strong heat
transport term of b'H (with b'=0.035), comparing to the weak coupling curve-4 (with
b'=0.002). The drop of Curves 1 to 3 is due to Q(t)=qt in Eq. (14), with g=1.5 for Figure 3.

Based on our formula, Equation (18), we also show, in Figure 5, the DoC (Zc) as the
function of various parameters. Figure 4(A) shows that Zc is an increasing function of S', the
enhancement factor given by S' = k't(BoHo)/Mo, for a given curing threshold C*=0.4, and
fixed Slp=0.7, aF+bA'=1.0. Figure 5(B) shows that Zc is a decreasing function of the factor
(aF+bA"), Figure 5(C) shows that Zc is an increasing function of Slo, which is proportional
to the light dose tlo, and the coupling constant, b, as shown by Equation (19).

Figure 4 shows the optimal feature for a maximal heat produced by the light absorption
of Fe, based on Equation (14). The optimal feature exists only for z>0, due to the light
intenisty given by I(z,t)=loexp(-Gz), with G=aF + bA', which is a strong decraesing function
of (aF+bA"), for z>0. These features are show in Figure 4, for z=(0, 0.4, 0.5, 0.6) cm.

Based on our modleing predictions described above, we propose to conduct the
following new measurements, whcih are not yet explored in Ref. [24].

(i) CF profiles for various initiator concentrations, Ao and Bo, to justify our predicted
enhancement factor give by S, in Equation (14) and (18).

(if) CF profiles for various light intensity (lo) to justify the steady-state CF scaling law
of (blp)™, with m=1.0 and -0.5;

(iii) curing depth (Zc) for various enhanced factor given by S'=k't(BoHo)/Mo, as shown
by Figureb.

(iv) the optimal feature shown by Figure4, for various aFlo, for a maximal heat produced
by the light absorption of Fe.

Besides the enhancement effects discussed in the present article using an additive of
CTC, there are many other strategies have been reported by our group, including the use of
multi-wavelength light and strategies of reduction the oxygen inhibition.?*28 A critical
review for photopolymerization for 3D bioprinting can be found in Ref. [24].

0 50 100 150 200 250 300
t
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Figure 2. The calculated temperature (at z=1.0 cm) profiles of monomer based on Equation
(15) for various weight concentration of Fe, with aFlo = (0.3, 1.0, 1.6) (1/sec) and b'=0.002
(1/s), in the absence of PI (with b=0), with heat produced by light absorption of Fe only, with
inutial gemperature Ho=20 °C.

200
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Figure 3. Same as Figure 2, but in the presence of co-initiators, [A] and [B]. with aFlo= (0,

0.5, 1.0, 1.5) (1/sec), for Curves 1,2,3 (with blg =10), and Curve-4 in the absence of PI (with
b=0).
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Figure 4. The calculated temperature of monomer versus G =aF + bA' based on Equation
(15) at various sample depth z=(0, 0.4, 0.5, 0.6) cm, for curves (1,2,3,4), at t=200 sec.
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Figure 5. The calculated DoC (Zc) based on Equation (19) for various parameters: (A) for
Zc vs S'with fixed Slp=0.7, aF+bA'=1.0 and C*=0.4; (B) for Zc vs aF+bA’, with fixed S1p=0.5
and S'=0.5; (C) for Zc vs Slo=0.5, with fixed and S'=0.2 and aF+bA'=1.0.

3.5 Analysis of measured data

The measured data are shown in Figure6 of our group, Ma et al ° in which a PI
Irgacure 369 is exposured to a LED at 405 nm (0.11 W cm) for various iron (Fe)
concentrations.

Figure 6 (A) shows the measured conversion profiles of TMPDA for various Fe
concentrations. These profiles can be analyzed by our CF shown in Equation (18), which
shows a typical saturation profile defined by Q'(t)=[1- exp(-b't)]/b" in Equation (17).

Figure 6 (B) shows the measured DoC for various Fe concentrations. These profiles
can be analyzed by our Zc shown in Equation (19), which shows Zc is an increasing function
of the light intensity lo, but a decreasing function of the Fe (F) and PI concentration (A"),
shown by the term (aF+bA"). The DoC is enhanced by the additive [B] via the S function
which is proportional to (bt)[(1/Mo - Aog) + k'Bo/(b'Mo)]. Our measured data had yielded (10
times) thick composites under the same dose using a LED irradiation at 405 nm.

Figure 6 (C) shows the temperature profiles in the absence of PI. They are related to
the Equation (12) and (14) with b=0, but b’>0. This feature is also predicted by our theory as
shown in Figure 2.

Figure 6 (D) shows the temperature profiles for various Fe concentrations. These
profiles can be analyzed by Equation (14), which shows that H(t) has a transient state value
Ho (1-b't) + d't, and a steady state value d'/b', with d'=(aF+b)I(z), with I(z) = lo exp[-Gz].
Therefore, higher F and/or A' leads to less light penetration due to the absorption factor
G=aF+bA', and also leads to a lower heat released (temperature) in the monomer, as shown
by the measure curves of Figure 6 (D). These features are also predicted by our theory as
shown in Figure 3. The CF enhancement in the presence of co-initiator B was also reported
by Bonardi. "]

We found that wt10% and wt30% Fe filler resin can achieve perfect three-dimensional
structure, as shown in Figure 7A and B, with great spatial resolution for the photoproducts in
the presence of the iron fillers. However, when the content of iron keeps up to 50% wt%, the
pattern was not flat and some area under irradiation wasn’t be fabricated (Figure 7C). See
more detailed of measurement method in Ref. [19].
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Figure 6 (A) Measured photopolymerization profiles of TMPTA in laminate (25 pm
thickness) initiated by Irgacure 369 upon exposure to LED@405 nm in the presence of Fe
filler with different contents (wt%); (B) DoC results for the iron filler-based composites
under the irradiation of high power LED@405 nm (0.33 W ¢cm2; 0.67 W cm™2; 1.0 W cm™2);
(C) temperature profiles of TMPTA with various wt% Fe in the absence of Irgacure 369; (D)
temperature profiles of TMPTA with various wt% Fe in the presence of Irgacure 369
(2.5x107° mol g”' TMPTA). After Ma et al. [*¥]

Figure 7. Optical microscopy of the 3D patterns printed from TMPTA containing: (A) 10%
wt%, (B) 30% wt%, and (C) 50% wt% content of iron filler; All printing experiments were
performed with 5.5%10° mol/g CTC(EMIM) in TMPTA. The scale bar is 2000 um. After Ma
et al. 19

4. Conclusions

We have demonstrated theoretically and justified by measured CF profiles of a 3-
component (A/B/M) system based on the proposed mechanism of our group, Ma et al [*°] in
which the co initiators are A, Irgacure 369, and B, charge-transfer complexes (CTC), and the
monomer M is TMPDA. Our formula show the depth of curing (Zc) is an increasing function
of the light intensity, but a decreasing function of the Fe and photoinitiator concentration. Zc
is enhanced by the additive [B] which produces extra thermal radical for polymerization
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under high temperature. The heat (or temperature) increase in the system has two
components: due to light absorption of iron filler, and heat released from the exothermic
photopolymerization of the monomer. The heat is transported to the additive (or co-initiator)
[B] to produce extra radical R' and enhance the monomer conversion function (CF). For small
Fe concentration (F), the CF is given by a decaying function; whereas for large F, it is given
by a time increasing profile, The switching profile from a time decaying one (for small F) to
a time growing profile (for large F) were also shown by the measured curves of Figure 2(D).
This[is]a rather surprising feature predicted by our formula and justified by our measured
data.l*®
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