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Abstract

In this paper, a kinetic model able to predictélielution of the through-thickness degree of cdre o
ultraviolet (UV) cured composites has been devalagad validated. The kinetic model, which is based
on the autocatalytic model, depends on the temyreraff the composite and the absorbed intensithéy
photoinitiators. This intensity is calculated bya@ptical model divided into discrete values of
wavelength. As a result, the kinetic model considee main factors of UV curing: the resin,
reinforcement and thickness of the composite; thlent UV light spectrum; the absorbance range of
photoinitiators and its consumption during the pipatymerisation. The main values of the model can b
obtained by spectrometry and measuring the elemsistance of the composite during the whole UV

curing process.

Keywords: A. Polymer-matrix composites (PMCs); B. Cure habar; B. Optical properties;
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Nomenclature

initial absorbance of the photoinitiator
system at a specific wavelength

absorbance due to the resin and the
reinforcement at a specific wavelength

absorbance at a specific wavelength

concentration of the photoinitiator system

incident intensity (W/rf)

incident intensity at a specific wavelength
(W/m?)

transmitted intensity through the cured
composite at a specific wavelength (Wym

transmitted intensity (W/f

transmitted intensity at a specific
wavelength (W/rf)

absorbed intensity by the photoinitiator
system (W/rf)

rate constant §

temperature dependent kinetics constant

attenuation coefficient at a specific
wavelength (mn)

autocatalytic exponent

reaction order

T

t

z

Znax

temperature (°C)

exposure time (s)

depth from the exposed surface (mm)
total thickness of the composite (mm)
curing degree

constant exponent df

molar extinction coefficient of the
photoinitiator system at a fixed
concentration and wavelength (nn

molar extinction coefficient of the
photoinitiator system at a specific
wavelength (M mm™)

wavelength (nm)

constant ofk, (s%)

photoinitiator consumption variable™{s

constant ofk, (mmi%)

constant ofd (mm?)

variable of @ (s%)

constant ofw (M?/W s)




1. Introduction

Ultraviolet (UV) curing process has been provefea promising method to cure composites by several
authors [1-4]. The low cost of equipment and tlve émergy consumption of this technology [1] have
made UV curing one of the most popular alternatist-curing methods to the conventional thermal
curing approach. In fact, some potential compasgufacturing processes are currently combined with
this technology, such as braiding [5], infusion, [@litomated fibre placement [7], pultrusion [3,&8]
additive manufacturing [10,11]. The free radicalyprerisation is the most common chemical process in
UV curing and it can be divided into three stagpisiation, propagation and ending [1,12,13]. le th
initiation stage, the photoinitiator starts theisgmreaction through the transformation of the ggeaf the
UV light into chemical energy to produce free radid14]. In the propagation stage, these freecedsli

are bonded with monomers until a chain terminaisooccurred in the ending stage by bimolecular
reaction between radicals (coupling), or by tranefean atom from one chain to another
(disproportionation) [1,13]. Thus, only the init@t stage is sensitive to the UV light, whereas
propagation and ending are thermally driven [12tually, during the UV curing process, the three
stages are given simultaneously as the light csogethickness of the composite from the exposdiet
non-exposed surface. This means that when someiphiaitors have not been activated yet, the

propagation and ending stages have already startbd parts closer to the exposed surface.

The three main factors affecting the UV curing tie functional requirements of the composite, the U
source and the formulation of the photocurable mti. The first one determines the resin, the
thickness and the reinforcement of the compogitéhis way, the type of resin, the reinforcement
architecture, the thickness of the composite aedilite volume fraction determine the not time-
dependent attenuation of the UV lighb]. The UV source determines the emitting speuntand the
intensity. The LED technology has been proved tmbee efficient to cure composites than conventiona
arc lamps due to the higher penetration capacjtyij3addition, UV LED sources allow using higher
intensities which implies faster curing kineticsg4.6]. Regarding the formulation of the photocleab
resin, several studies [1,3,4,9,12] proved thatliamg photoinitiators for depth and superficiatiog is
a successful approach for curing composites. Eusdan be explained since the photoinitiatorsiépth
curing allows a higher penetration of the UV ligimtough the thickness of the composite due to the

photobleaching effect, whereas photoinitiatorssigperficial curing avoid the inhibition of the réiaa



with the oxygen [4]. In addition, the selected eation of the combination of photoinitiators should
matches with the emission spectrum of the UV squncerder to absorb the most quantity of energy

dose.

The common denominator of the three factors idt¥dight intensity and its transmission through the
thickness of the composite. UV light intensity lheen widely considered in several mathematical fssode
for the characterisation of holographic recordihgtopolymers [17-23]. In the same way, Madiral.

[24] presented a rate of cure model focused omptediction of residual stresses and warpage of
photocurable resins used in stereolithography (SHaWwever, this kind of applications are basedhom t
unreinforced photopolymer layers and, as a rethdtattenuation of the UV light intensity is not as
critical as in thick composites. In fact, the attation of the UV light due to the cured composite
increases as the thickness of the composite inei@ad is not time-dependent. The attenuation régard
the photoinitiator system varies in the time sitfee photoinitiators are consumed during the
photopolymerisation [15]. This fact affects dirgdib the UV curing process through the thickness of
thick composites, since the differences in intgnisétween the exposed and non-exposed surfaceecan b
high [1]. Thus, during photopolymerisation, thesaigradient of the degree of cure through thémieiss

of the composite. However, some of the currenttidgmaodels for composite laminates [4,9,16,25,26] a
restricted to a specific thickness and only anatligsenon-exposed surface, considering that thecgeqgfr
cure is homogeneous through the thickness. Otleenteinetic models [27-29] take into account the
attenuation of the UV light through the thickne$she composite based on the Beer-Lambert law.
However, these models do not combine the kinetidehwith the evolution in time of the UV light, and
consequently, they do not consider the real intgiisi the photoinitiators decomposition. Finallysing

the intensity as a single value and not as a speds an incorrect assumption due to the presehteo

photoinitiators, which absorb the UV intensity asiaction of its absorbance spectrum.

Thus, the aim of the present paper is to combineptical and kinetic model in order to obtain the
predicted evolution of the degree of cure throughthickness of the composite during the
photopolymerisation process. To that end, the aptitodel must be able to predict the absorbed sitien
spectrum by the photoinitiator system during the ¢iNMng process for any incident intensity, compsi

thickness and time.



2. Experimental procedure

2.1. Materials

In order to perform this study, a glass fibre/U\tedivinyl ester composite has been used. The
reinforcement consists of 300 ¢f/uasi-unidirectional E-glass tape. The reinforceni® described as
quasi-unidirectional because it presents a smapiqtion (8% in volume) of fibres at 90° which ntain
the cohesion of the unidirectional fibres. Thenmasia UV curable vinyl ester supplied by lrurena@
(IRUVIOL GFR-17 LED). The selected photoinitiatgrssem is a combination of Bis (2,4,6-
trimethylbenzoyl)-phenylphosphine oxide (BAPO) ahBimethylamino-2-(4-methyl-benzyl)-1-(4-
morpholin-4-yl-phenyl)-butan-1-one @minoketone). The concentration of BAPO photadmiti was

0.8 phr, whereas the concentratioru@minoketone was 0.6 phr. This UV curable vinykesbrmulation
has been successfully applied for curing composipet® 2 mm [4]. All the specimens have been
manufactured by hand-layup with 47% + 1% of fibodwmne fraction, which was measured following the
procedure described in ASTM D3171-09. In orderd@digrm the optical and kinetic characterisatiomrfo
different thicknesses have been studied, 0.5 mmm] 1.5 mm and 2 mm, which correspond to 2, 4, 6

and 8 layers of glass fibre respectively (maintairthe fibre volume fraction).

2.2. Optical characterisation
The optical characterisation has been carried @atsaring the transmitted intensitl;() spectrum

through the composite during the UV curing proc@s®om temperature. The scheme of the optical
analysis setup is shown in Figure 1a. The uncupedimens were placed between two quartz plates that

were previously optically characterised in ordeistate their contribution to the measured UV
spectrum. The thickness of the specimens was ethbyra calibrated thickness plate. The spectrum
has been measured in the centre of the non-expostate by a StellarNet Black-Comet spectrometer

with a wavelength £ ) acquisition range of 190-850 nm.

The UV source using in this study is a PhoseorHéreUV LED, with an emitting window of
75 X 50 mnf. The maximum intensity is 8 W/érand the emission peak of this UV source is located

395 nm. As it can be observed in Figure 1b, thedtasce range of both photoinitiators matches

properly with the intensity spectrums. Three défarincident intensitiesl(, ) on the upper part of the



composite have been used for optical analysis, WAS, 1182 W/ni and 530 W/rh It has to be
mentioned that these intensity values have beecteel in order to avoid the saturation of the
spectrometer.

Insert Figure 1

2.3. Curing kinetics characterisation

The curing kinetics analysis has been carried @m#suring the electric resistance and the temperafur
the composite during the UV curing process at re@mmperature. The temperature evolution has been
registered by thermocouples placed on the topmikele and the bottom of the thickness of the
composite. The electric resistance has been mahbyra DC sensor (an Optimold system provided by
Synthesites Innovative Technologies Ltd.). Thihtegue is especially well adapted to the photogurin
characterisation of composites with different tinieks [4,9]. The DC sensor was in contact with te n
exposed surface, which is the last area to be ciliflelprocedure to calculate the evolution of tegrde

of cure from the resistivity data is explained elsere [4,9]. The same UV source than in opticalyais
has been used and the selectgdare 5750 W/rfy 4250 W/ni and 2910 W/rh These intensities have

been selected in order to analyse intensities deitsie range studied in the optical model. In aailjitin
order to analyse the effect of temperature on tinmg kinetics of the resin, the Differential Scarm
Calorimetry (Mettler Toledo DSC 1 equipment) eq@igdpvith an accessory for photo-calorimetry
analysis (photo-DSC) has been used. Four isotheamgleratures have been analysed (25 °C, 50 °C,

75 °C, 100 °C) with the same intensity UV light (@8v/cnf).

3. Modelling of the ultraviolet curing process
In this section, the optical behaviour of the cosifoduring the UV curing process has been analysed
modelled and experimentally validated. The optiatel predicts the behaviour of each wavelength in

order to consider the effect of the consumptiothefphotoinitiator system during the UV curing pss

atany |, spectrum and thickness. With the sum of all wawgtle, the evolution of the full spectrum of

the | during the whole UV curing process can be obtaiddrwards, the absorbed intensity by the

photoinitiator system during the UV curing proceas be obtained. Then, the kinetic model has been f
with the results of the optical model, and the atioh of the UV curing process has been also aralys

modelled and experimentally validated.



3.1. General assumptions

In order to develop the model, the composite ha® lovided into segments of 0.25 mm of thickness,
which correspond to the single ply thickness. & haen supposed that the photoinitiator system is
uniformly distributed through the thickness. Theperature through the thickness of the composie ha

been supposed constant. On the other hand, theositenfs only irradiated on the top surface; themef
the curing of the composite occurs from the expasdte non-exposed surface. Consequently,lthe

on this surface remains constant during the whalecUring process. In contrast, in the rest of theets,
the intensity depends on time and depth due towedteon of the UV light and the decomposition af th

photoinitiators during the UV curing process [15].

3.2. Optical model
The optical behaviour of the composite during thédurring process has been modelled based on the

experimental data obtained from the optical charéation. Figure 2a shows an example of the elaoiut
of I+ spectrum during the UV curing process for speclific and thickness. A3 ; is related to the area
under the spectrum, it can be described as thgradtef the transmitted intensity through the cosifmo

in each wavelengthlg ):

I =15, dA (1)
For a specific wavelength, the intersection pofRigure 2a) can be plotted with respect time, oltaj
the evolution ofln (Figure 2b). In addition, the absorbance of a gigemavelength (A ) can be
obtained (Figure 2b) applying the following equat[@3]:
I0
A =|09(ﬁ] 2

where, |OA is the incident intensity at a specific wavelength

Once the experimental data has been obtained atlaengters of the optical model can be determined.

The predicted spectrum df; can be calculated solvinth from equation 2 as follows:



— 10(Iog lo; =A1) (3)

I
Thus, in order to predict the evolution b& , the evolution ofA, must be modelled. As it can be noticed
in Figure 2a and 2b, when the photo-polymerisagtamnts o), a low intensity is transmitted through the

thickness of the composite. Moreover, the spectrum does not present intensities in the veagehs

where both photoinitiators present higher absorbgRigure 1b). Hence, it can be stated that the
maximum absorbance is presented in this stageddilre tphotoinitiators has not been decomposed into
free radicals yet, and they are absorbing the gities at these wavelengths. As the UV curing pgsce

progressest{, t, andts), the amount of photoinitiator is consumed anddfure, the transmitted intensity
increases [15] and its spectrum resembles théteof § . At the final stages{andts), the transmitted
intensity tends to an asymptote and the changé®itransmitted spectrum are slight and similashiape
to that of | , . This implies that the composite is completelytigh-cured [15]. Consequently, the value

of the final absorbance observed in Figure 2b estduthe absorbance of the final material composite

(cured resin and reinforcement).
Insert Figure 2

Based on the shape of the experimental curve,qfequation 4 is proposed. In Figure 3 a schematic

view of this equation can be observed. The int¢iseevith the ordinate corresponds to the initial

absorbance of the photoinitiator system and therblasce due to the resin and the reinforcement

(A,A + ABA) , A, decreases with time exponentially and tends tetimstant valueﬁgﬂ .

A=A A @
where, Ah is the initial absorbance of the photoinitiatosteyn at a specific Wavelengtﬁ, is the

photoinitiator consumption variableis the exposure time; anGBA is the absorbance due to the resin

and the reinforcement at a specific wavelength.
Insert Figure 3

3.2.1. Experimental parameters of the optical model

3.2.1.1. Absorbance due to the resin and the reinforce(y) )



The value OanA can be expressed by absorbance equation (eq@tiaich is similar to the equation
2, but in this case, the absorbance depends oib}hand the transmitted intensity through the cured

composite at a specific Wavelengt@A():

I
A = |og(|% J (5)

By

|BA can be expressed by the Beer-Lambert law wheb'Yheuring process has finished as follows:

lg, =1, €797 (6)
where, Kk, is the attenuation coefficient of the sum of tesim and the reinforcement at a specific

wavelength; and is the depth from the exposed surface.

It is assumed that the absorbance of the resimeifiquid state is neglected since the gel timenduthe

photo-polymerisation process is almost zero [E&Jure 4a shows an example of the experimental

values ofl g, for 395 nm with respect to thicknefes the different|0A . As it can be observed, the
predicted curves fit accurately with the experinaédata. Additionally, the attenuation coefficigf for
the same wavelength is independent @f. The whole intensity spectrum has been analyset €ach

wavelength presents different valueslgf (Figure 4b).
Insert Figure4

3.2.1.2. Initial absorbance of the photoinitiator syst(eﬁgA ).

The absorbance of the photoinitiator system is lysdascribed by its absorbance spectrum at a fixed
concentration [12]. As the absorbance is linealgted to the concentration and the penetraticyutir
the thickness of the composite, the initial absnceaspectrum of the photoinitiator system can be

expressed by [12,13]:

A, =&, [el2 ()



where, £, is the molar extinction coefficient of the photitistor system at a specific wavelength; and

C is the concentration of the photoinitiator system.

Thus, if €, at a fixed concentration, ) is experimentally obtained%A for different thicknesses can

be predicted following the next equation:

A =&, 12 (8)

A

The values ofé;, have been obtained from the predicted curveébpf To that end,/%A has to be fitted

with the experimental curves d&, (Figure 3) and with the%A values previously obtained for the
different thicknesses. Figure 5a shows an exanfileecexperimental values and the predicted cufve o

A@) for 395 nm and different thicknesses. The linedation with thickness is related to the higher

quantity of photoinitiators as the thickness ineesa Analysing the experimental values5f

(Figure 5b) it can be observed that the higher ddaswe for all the thicknesses is presented itetihe
part of the UV intensity spectrum (380 nm to 395 mnwhich matches with the absorbance spectrum of

both photoinitiators provided by the supplier (Figdb).
Insert Figure5
3.2.1.3. Photoinitiator consumption variablé )
In order to predict the consumption of the photiator system,& must be modelled. Once the values of

ABA and /%A have been obtained, the valuestbfcan be determined by fitting them with the curfe o

the experimental values @& (Figure 3). Figure 6a shows the valuesbbffor different thickness and
I, . As it can be observed] decrease exponentially when the thickness incsedgs behaviour can
be justified due to the higher quantity of phottiators to be decomposed. On the other hand, when

increases the values @ increase. The photoinitiators use the absorbedygniemproduce free radicals
[12]. Thus, as more energy dose is applied onxpesed surface of the composite, the energy
transmitted through the thickness is higher, aedetfore, the photoinitiators are able to absorbemor

energy [30]. This fact is analytically modelled ttne variablew (Figure 6b), which increase linearly

10



with |, . The slope of the curve is the constagtand for the result, the following equations are

proposed:

6 = w@™? (9)

w= a0, (10)

where, i is a constant experimentally determined.

Hence, the experimental constamtsand &), determine the consumption of the photoinitiatastsyn,

which can be determined by the regression showigare 6a and 6b, respectively.
Insert Figure 6

3.2.2. Optical model validation
Once the experimental parameters have been obtaigadtion 4 can be applied in order to obtain the

evolution of the absorbance for different waveléisgthicknesses and incident UV intensities. And,

consequently|; evolution (equation 1) andl, spectrum evolution (equation 3) can be obtained.
Figure 7a, 7b and 7c show the experimental andigiegtll ; as a function of time of all the analység

and thicknessed.; decreases when the thickness increases, follothingxponential behaviour

according to the Beer-Lambert law. The thickness &@ifluences the consumption of the photoinitiator

system, which affects considerably to the trangmithtensity. This behaviour can also be observieeihw
different |, are compared. Consequently, when thicker compoaite cured or low , is applied, more

exposure time is needed in order to decomposehbminitiators. Figure 7d presents the fitting bedw
the experimental and predicted spectrum evolutidhmm thick specimen and 1758 W/at different

exposure times. The effect of the absorbance gbltis¢oinitiator system at different wavelengths ban
noticed in the shape of thls. spectrums, which has been also predicted witlogitieal model. As it can

be observed in Figure 7 the optical model presamtaccurate prediction in the whole range studied.

Thus, it can be stated that the optical model dpe in this study is able to predict the intensity

spectrum evolution through the thickness of the posite for differentl, .

Insert Figure7
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3.2.3. Absorbed intensity by the photoinitiator systém) (

As it has been commented before, the incident gitte il ,) is reduced when it crosses the composite due
to the absorbance of the photoinitiator systemthadabsorbance of the resin and the reinforcement.
However, only the absorbed intensity by the phati@itor system () is used to start the
photopolymerisation process, and therefore, thetkiimodel must be fed by this intensity. In orter
obtain |, two equal composites exposed to the sdgnean be compared, but one of them with
photoinitiators and the other one without photaatdrs (Figure 8). As the resin, the reinforce mamd
the |, are the same for both composites, the differeeteden the transmitted intensitiesljs
(equation 11).

|P:j(|B; -1, )di (11)

Insert Figure8

3.3. Curing kinetic model
The autocatalytic kinetic model has been selecsetti@reference model, which has been proved to be
proper model for photo-polymerisation process 6, The equation governing the UV curing of a
polymer is:

%‘t’ =k@"(1-a)" (12)

where, a is the degree of cure at any timnejs the autocatalytic exponemtjs the reaction order and
k is the rate constant. The rate constant can heeckto the UV intensity and temperature basedhen t
following equation [27]:

k=lo(T)O’ (13)
where, [ is a constant exponent associated with the tetimimanechanism of the reaction [4,9,2%;

is a temperature dependent kinetics constantTaadhe temperature.

3.3.1. Experimental parameters of the kinetic model

Once the experimental values from the DC sensoe baen obtained, the main parameters of the
autocatalytic model (equation 12) can be calculafedthat end, as it has been explained earliigst
been considered the evolution of the absorbed sitiehy the photoinitiator system during the UV iogr

process.

12



The values of autocatalytic exponemaire close to 0.5 and the reaction onderesents values close to
0.8, with a slight decrease as the intensity irm@egand as the thickness decrease (Figure 9)mAilars
values are found for all the specimens, it canthted that the overall reaction orden+t n) has not been
affected by the thickness of the composite or leyiticident intensity.

Insert Figure 9

By fitting these parameters with equations 12 add/A and k, can be calculated. The constant
exponentf3 presents the similar value than the obtainedHersame formulation in another research

study, 0.260 [4]. AsB < 0.5, it can be stated that the predominant terminatiechanism of the reaction

is primary radical termination [4,9,16]. In orderdbtaink, , the relation between temperature and

curing kinetics has been analysed by the resulghofo-DSC for different isothermal temperatures
(Figure 10a). It can be noticed that the highehéstemperature the faster is the conversion fatieeo
vinyl ester resin, since there is a higher mobitityhe polymeric chain, and higher quantity of
unsaturation sites are accessible for the polymitiois [25]. As it can be observed in the examplansh
in Figure 10b, the temperature through the thickméghe 1.5 mm thick composite presents a slight
variation. This fact supports the assumption thahe range of the studied intensities and thickegsthe
temperature remains constant through the thickoketge composite and it is only dependent of thalto
thickness of the composite. This temperature-thiakness dependency is presented in Figure 10c. Al
the curves present a peak between 20 s and 3(d) islrelated to the exothermic peak of the reacti
and it is located close to the maximum conversaia instant. Even when the exothermic contributibn
curing is finished, temperature increases dueddtat flow of the UV source. Regarding the efédct

the thickness, temperature increases with thickriegsto the bulk effect. Thicker composites imply
more material that reacts, but also that heat feans slower. Hence, the value &f can be indirectly
calculated with the maximum thickness of the contpo3 herefore, a modification of the equation 43 i

proposed, wherd, is dependent on the total thickness of the con@@i.):
k(2 = @4 (14)

where, { and ({4 are constants experimentally obtained.

13



Figure 10d shows that the experimental valuestitigately with the proposed equation. The valughef
experimental constanf is 0.1513 4 and the value of/ is 0.4072 mnt. In addition, as the value of
k, depends on the maximum thickness of the compdbi¢esamek, can be used to calculate the

distribution of the degree of cure through the khiess of a defined composite.

Insert Figure 10

Once the parameters of equation 14 have been ebiaine evolution ok during the UV curing process
can be calculated. Figure 11 shows a comparistimeoévolution ofk with time at a depth of 0.5 mm
for different thickness and a constalnf (2910 W/nf). The value ofk increases until reach a maximum
value, which is the point where the maximum UV tighabsorbed by the photoinitiator system. After
that, the value ok decrease with the absorbed UV light due to thesemption of photoinitiators. This
is the moment where the evolution of the degreeucé tends to an asymptote. Finally, the valuek of
are low and the changes in the degree of cure satowly. On the other hand, the valueskofincrease

when the maximum thickness increases, sikgedepends on temperature (Figure 10).

Insert Figure11

3.3.2. Kinetic model validation

Figure 12a, 12b and 12c present the evolutionfaadion of time of the experimental and predicted

conversion with different , for 1 mm and 2 mm of thickness. Analysing thegeriés, it can be noticed

that whenl, increases the composite needs less time to acthievitnal degree of cure. In the same

way, when the thickness decreases the time thatoimposite needs to achieve the final degree & cur
decreases. It must be remarked that the predifit®accurately with the experimental values inthé
studied thicknesses, within the experimental scafieus, it can be stated that in the studied ratige

model is able to predict the evolution of the degvécure through the thickness of the composite fo
different |, . In this way, Figure 12d shows the predictiontaf evolution of the conversion with time
and thickness of a 2 mm of maximum thickness coipasd with anl , of 2910 W/n. The prediction

has been applied from the first layer of compo@it25 mm) to the last layer of composite (2 mmgai

be noticed that as move deeper from the exposdakcsithe layers of the composite need more exposur

14



time to achieve the final degree of cure. This factue to the evolution in time df, and is more

remarkable when the thickness increase.

Insert Figure 12

4. Conclusions

A kinetic model able to predict the evolution oétthrough-thickness degree of cure during the
photopolymerisation process of composites has Heeeloped and validated. To that propose, the
autocatalytic kinetic model has been fed with theaabed intensity by the photoinitiator system

predicted with an optical model, which divides tinensity into discrete values of wavelengths.

The results show that in the studied range of tiégskes and intensities, the temperature remairstagdn
in all the sample, and it increases with thickn@s$ais, the temperature of the autocatalytic modelloe
substituted indirectly by the thickness of the cosife. Regarding the intensity absorbed by the
photoinitiator system, it depends on the emisspetsum of the UV source, the material (resin and
reinforcement), the thickness of the compositethedohotoinitiator system (absorbance range and

consumption).

In order to obtain the main values of the modeg tachniques must be applied during the UV curing
process: spectrometry to measure the transmittedsity spectrum, and the analysis of the electric
resistance of the composite to obtain the experiahenrves of the degree of cure. From the
experimental data measured by the spectrometefolibeiing values of the optical model must be

obtained:
- The attenuation coefficient at a specific wavelér(d¢ ), which models the attenuation due to

the material as a function of thickness.

- The molar extinction coefficient of the photointta system in a specific wavelength at a fixed
concentration €, ), which determines the absorbance range of théoptitator system.

- The constaniy , which determines the consumption of photoinitiatgstem due to the
thickness.

- The constanty,, which determines the consumption of the photiaitit system due to the

incident intensity.
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From the measurements of the electric resistaheefptlowing values must be obtained:
- The autocatalytic exponerl and the reaction ordér, which determine the overall reaction

order of the reactionri+ n).

- The exponential constarf , which determines the predominant termination raaeim of the
reaction.

- The constantg” and y , that relate the temperature dependent kinetisteom, k, , with the

total thickness of the composite.
It has to be remarked that the differences betvileemxperimental results and the predicted valtiéseo
kinetic model are acceptable. Therefore, the metlogy and the curing model developed in this study
can be applied in the design and development otUéd composite parts. The maximum thickness of
the part, the UV sources, the formulation of thérmar even the cycle time can be estimated for an
kind of manufacturing process where the UV lightised as curing technology (for instance, UV cured

pultrusion or additive manufacturing).
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Figure 1. (a) Optical analysis setup scheme; (b) incident intensities and the photoinitiators absorbance

spectrum.

Figure 2. (a) Evolution of the | spectrum during the UV curing process; (b) evolution of IT395 and Ay

during the UV curing process.
Figure 3. Schematic view of equation 4.

Figure 4. (a) Beer-Lambert law curvesin all the analysed 1, for 395 nm; (b) experimental valuesof k; .

Figure 5. (a) Experimental fitting of A, with respect to thickness for 395 nm wavelength; (b)

experimental values of ¢ .

Figure 6. () 0 valuesfor different thicknessand |, ; (b) @ evolutionwith I, .

Figure 7. Experimental and predicted curves of the optical model: (a) |, evolution with time for
1758 W/m?; (b) 1, evolution with time for 1182 W/m?; (c) |, evolution with time for 530 W/m?; (d)

|, spectrum at different UV exposure time of 1 mm thick composite and 1758 W/n.

Figure 8. Schematic approach to estimate | .

Figure 9. Autocatalytic exponent m and reaction order n.

Figure 10. (a) Conversion rate with respect to conversion from DSC analysis; (b) temperature evolution
on the top, the bottom and the middle of the thickness of 1.5 mm thick composite; (¢) measurements of

temperature evol ution with time and z,, at the middle part of the thickness; (d) k, evolution with respect

to the total thickness of the composite.
Figure 11. k evolution with time and thickness during the UV curing processin 0.5 mm and 2910 W/n.
Figure 12. Experimental and predicted values of the evolution of the degree of cure: (a) 2910 W/m?; (b)

4250 W/m?; (c) 5750 W/m? (d) Evolution of the predicted degree of cure through the thickness of a

composite with a maximum thickness of 2 mm and irradiated with 2910 W/m?.
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