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Abstract

This experimental investigation is structured to describe the thermal behaviour of a polyester+TGIC powder coating during infrared curing.
The study hence correlates thermal modelling of the cure process and kinetics studies. First, the curing kinetics is determined using DS(
experiments and modelling with the software Matlab. The results from this study are then used to study the infrared curing efficiency.
Medium wave infrared leads to the fastest cure. Moreover, coupling the thermal modelling of the cure process and the kinetics has enable
us to develop a model predicting the evolution of the temperature and the degree of conversion, using the hypothesis that the paint film an
the substrate are at the same temperature.

0 2005 Elsevier SAS. All rights reserved.

Keywords:Thermosets; Powder coatings; Kinetics; Differential scanning calorimetry; Infrared radiation; Curing; Thermal transfer

1. Introduction tons produced with 35000 tons in France and 110000 tons
in Italy.

) . . , Powder coatings present numerous advantages [2]. Some
Powder coatings are used by a great variety of industries ¢ tham are listed below:

such as those manufacturing automobiles, household appli-

ances (radiators, control/switch boxes, metal furniture, win- (1) powder coatings are free of VOC and therefore induce
dows) .... Due to the VOC regulations, the trendesinitely very little pollution.

away from organic solvent based systems in coating tech-(2) They reduce drastically industrial rejections as the non-
niqueS, and pOWder Coatings are well pOSitioned in the mar- deposited powder can be recovered and recyded_

ket since several years. These powders are fully solid paints(3) They are non-flammable, and consequently allow better
which can be melted on various supports (metal, wood, ce- working conditions.

ramics, plastics ...) to formeontinuous layer. (4) The application of the powder does not require a high
The first thermosetting coatings appeared in 1955-1960. precision and it is no more necessary to check the vis-
The European Council of the Paint, Printing Ink and Artists’ cosity of the paint mixture or to mix solvents.

Colours Industry (CEPE) [1] indicates that powder coatings (5) They are economically attractive as a single application
represented 5% of the market value and 7% of the production is generally sufficient.

volume in 2001. This was equivalent to more than 400000 (6) The use of powder coatings eliminates the problem
generally associated with solvent-based paints: bubble

and crack formation during the solvent elimination. The
* Corresponding author. coating finish is more uniform and more resistant to me-
E-mail addresslaurent@lagep.univ-lyon1.fr (P. Laurent). chanical impact.
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Nomenclature

Cp heat capacity.................... kg~ 1K1 R universal gas constant . ......... -mbl~1.K-1
e thickness.............oooiiii i m T temperature............. K
E activationenergy .................. -ndole~1 T1 temperature of the wall under the sample.... K
h convective exchange coefficient . . -iv2.K 1 T, temperature of the wall upper the sample. ... K
AHp  total specific heat of the polymerisation Tg glass transition temperature. ............... K

FEACHON . ..o\ o et kg1 x degree of conversion
AH; partigl specific heat of the polymerisation Greek symbols

reaction atthetime................. kg1 absorption coefficient
k Arrhenius parameter ................... s o Orpl

; _ & emissivity
ko pre-exponential factor..................0 Is " . i
. P reflection coefficient

m,n order of reaction o volumic mass kg2

. . .. —2 P VUIUHILITHASS . .
Qo incident r?idlaitl\(/jeljlut);] ..... - tﬂ ....... \m_z i transmission coefficient
01 energy retiected by the paint firm . ... o o Stefan—Boltzmann constant. . .. .. 2K 4
0> energy absorbed by the paint film...... - _
03 energy reflected by the substrate and transmitted Subscripts

bythepaint......................... Wi—2 p paint film
o energy absorbed by the paint film ... .. W2 sup metallic substrate
Os energy absorbed by the metallic ai under the substrate

substrate ....................o L -2 as on top of the paint

In spite of these advantages, powder coatings have not foundesins and polyurethane resins. Generally they are either
yet the success they deserve and their main application dothermosetting or thermoplastics coatings, but quite recently
mains remain unchanged: furniture, domestic appliances,UV-curable coatings (the reaction is initiated by UV radi-
heaters, car accessories. The main limitations are their highation) [3] and low-temperature coatings designed for heat
melting points and the difficult use on non-metallic support. sensitive substrates [4] have appeared on the coatings mar-
Nevertheless, large leading car companies are investigatingket.
the possibility of using powder painting (PSA, BMW). There are few recent publications on powder coatings, de-
Cure kinetics studies of thermosetting powder coat- scribing the great potential of powder coating techniques and
ings have been widely described in the literature [9—15]. the strong secrecy maintained by powder coatings’ manufac-
Nonetheless, few papers correlate thermal modelling of theturers. In 1998, Misev et al. [2] presented a synthesis of the
cure process and kinetics studies. In order to build the basispowder coating techniques and the new possible develop-
for a better control of the curing process, the present study ments of these techniques. Among the different publications,
aims to describe the thermal behaviour of powder coatings one can find articles focusing on the powder formulation [5],
during curing. the application of the powder [6,7] or the cure characterisa-
This paper hence describes the study of the curing procesgion [8].
of a thermoset powder coating of the polyester/triglycid- There are different ways to characterise the cure of pow-
ylisocyanurate (TGIC) type. The curing behaviour of this der coatings; some of them are presented in the following.
powder and especially its cure kinetics have been studied
by differential scanning calorimetry (DSC), while the heat 2.1. Curing kinetics
transfer has been studied by employing three kinds of in-
frared sources to cure this powder. Coupled thermal and Cure kinetics have become an important tool for ther-
kinetic models have finally been established to predict the moset characterisation and there is an extensive body of
degree of conversion and the temperature of the film. literature describing the use of DSC (differential scanning
calorimetry) to investigate reaction kinetics [8,10,12]. Some
of these publications correlate the cure kinetics study with
2. Theoretical background the study of the rheological behaviour of the powder coatings
during curing, as it is expected to obtain a better understand-
Powder coatings are finely ground plastic particles con- ing of the relationships between the thermal and rheological
sisting of resin, crosslinker in thermoset powders, pigments behaviour and the surface build-up during curing [8].
& extenders, and various flow additives and fillers to achieve ~ DSC measures the heat flow of the reaction process in
specific properties. They are principally based on epoxy, isothermal or dynamical (constant heating rate) experiments
polyester, hybrid (combinations of acid polyester and epoxy) and it is generally assumed that at any given time or tem-
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perature the rate of exchanged heat is proportional to thepolyester+TGIC powder. They used a combination of tech-
overall conversion ratexdd: [8]. Different models that de-  niques (differential scanning calorimetry (DSC) or thermo
scribe the cure kinetics of thermosets exist. For example, it is gravimetry analysis (TGA) and a modified version of DL-

well known that the cure reaction is autocatalysed in epoxy TMA (dynamic load thermal mechanical analysis)). The ex-

systems and the autocatalytic model is [8]:

e (k2 + kax™)(L—x)" (1)
E

k1=kio exp(—ﬁ) (2
E

k2 = koo exp(—ﬁ) (3

where x is the degree of conversiok; and k2 are reac-

tion rate constants; these rates are function of two different

activation energiesH; and E>) and of the pre-exponential
factors k10 andkzg), m andn are reaction ordergm + n)
being the overall reaction order.

Moreover, annth order reaction is used to model a
polyurethane based system cure kinetics [8].

dx n
P k(1—x) 4)
k =ko exp(—%) (5)

where k is the reaction rate constank is the activation
energy andkg the pre-exponential facton, is the reaction
order.

Salla et al. [10] studied the curing kinetics of a car-
boxylate polyester with triglycidylisocyanurate (TGIC) us-
ing DSC and temperature modulated DSC (TMDSC). They
suggested an autocatalytic kinetic model:

% =kx"(1—x)"

4 (6)
with
k= kwxp(—%) (7

In this last case, kinetic parameters were obtained from dif-
ferent sets of heating rates by DSC and TMDSC. The in-
fluence of the experimental conditions on the kinetic para-

meters was discussed. The chosen kinetic parameters were:

ko=24s1 E=110kImol™t, n=19,m=0.1.
2.2. Physical properties

Another way to study the curing process of powder coat-
ings is to analyse the evolution during curing of such phys-
ical parameters as the glass transition temperafigg the
viscosity or gel point.

Indeed, powder coatings usually hav@@around 70C
and its evolution during curing gives information on the state
of the forming polymer and on the value of the conver-
sion [12].

In 2001, Belder et al. [13] determined the four principle
stages taking place during the film formation process of a

periments enabled them to determine the melting and gel
points and to define the following curing stages:

1st stage: the powder coating is still present as a powder.

2nd stage: this stage begins at the melting point. With this
stage begins the melting of the powder coating. The
powder coating has the consistency of a viscous lig-
uid.

3rd stage: this is the flow period of the powder coating. The
viscosity of the sample decreases rapidly and the
polymerisation reactions begin at this stage.

4th stage: in this step, there is a decrease of the heat re-
leased by the polymerisation reactions, and the vis-
cosity is very high, the powder coating, which is
mostly polymerised, is gelled. The beginning of
this stage corresponds with the gel point.

In this work, the extent of reaction at gel point was deter-
mined experimentally and calculated; the examination of the
results of the study showed that the different curing stages
are affected by the type and the level of the coatings compo-
nents.

Finally, the study of the evolution of the viscosity of
the forming polymer is also important as it is correlated
to the evolution of the degree of conversion. In 1999, Lee
et al. [8] studied the rheological behaviour during the in-
frared curing under isothermal conditions of epoxy-based
and polyurethane-based coating systems. They showed that
the evolution of the complex viscosity was correlated with
the degree of conversion. In particular, the gelation in both
systems occurred at a conversion of 0.45. Their study en-
abled them to analyse the structure build-up on the surface
of the coating. They showed that:

e The surface structure is build-up before the gelation
point but continues to evolve after the gelation. The
process of the structure build-up varies with the prop-
erties of the system (formulation, reaction, and mecha-
nism of structure build-up).

e The surface structure and roughness value do not change
significantly during curing.

e The surface roughness does not depend on the cure tem-
perature.

Three-dimensional topography and roughness during curing
were observed with a confocal laser scanning microscope.
It was thus determined that, in the epoxy-based coating, the
fine surface structure develops without any change of rough-
ness value after the coarse structure appears, whereas the fine
structure of the surface of the polyurethane-based coating
develops suddenly followed by a decrease of the peak-to-
peak distances.
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Thus, there are many ways to characterise the cureeffects of several coating parameters on IR absorption. The
process of powder coatings; the study of physical parame-parameters considered were polymer type, pigment, film
ters can be done, and cure kinetics studies of thermosettinghickness, curing and gloss.
powder coatings have been widely described in the litera- Deans et al. [17] have also determined the spectral ab-
ture. Nonetheless, few papers characterise the cure processorptivity (calculated from tests which measured the reflec-
of powder coatings by correlating thermal modelling of the tivity thanks to a FTIR spectrometer fitted with a diffuse
cure process and kinetics studies [14,15]. This is the aim reflectance accessory (DRIFT)) of powder coatings of dif-
of the present study, in order to build the basis for a better ferent composition and colour. These measurements have

control of the curing process. been made during an experimental investigation aimed to
_ o determine the efficiency of energy transfer between an in-
2.3. Infrared curing efficiency frared gaseous infrared burner and a powder coated surface

being cured. They concluded that both powder colour and
A better control of the Curing process will also be realised Composition inﬂuence the Spectra' absorptivity Of the pow_
when we will have determined which type of infrared wave der; nonetheless the darker powders (which also absorb more
is the most efficient to cure the powders. light in the visible range) absorb more infrared energy.
The majority of the papers deal with infrared heating In our study, we will use a simpler method to charac-
using different types of infrared sources, namely short, tarise the infrared curing efficiency and we will examine

medium and long wave [16-18]. The efficiency of IR heating the infrared efficiency by determining which type of infrared
depends on both the coating spectral absorption characterisamission leads to the fastest cure.

tics and the spectral emissions of the infrared source, that
is why some publications deal with the measuring of the IR
absorptivities of powder coatings.

Carr et al. [16] have studied the IR absorptivities of dif-
ferent powder coatings. A Fourier transformed infrared spec-
trometer (FTIR) with an integrated sphere was used to mea-
sure the powder coating spectral absorptivity of the entire IR i . i
spectrum. Using the spectral absorptivities and normalised ~ 1h€ Powder used during this study was a white ther-
blackbody emissions, the integrated average absorptivitiesT0Set polyester and TGIC system. Its characteristics are
were calculated for blackbody emitter temperatures ranging SUmmarised in Table 1. . _
from 500 to 3000 K. Both types of absorptivities were de- ~ 1he substrates used during the curing study were steel
termined for powder coatings of different type: polyesters, standard test panels. The dimensions of the panels were 72

epoxies, hybrids, and polyurethanes; this to determine thebY 45 by 1 mni. They were degreased with acetone be-
fore the application of the powder which was realised with a

GEMA PGCL1 corona spray gun

3. Experimental

3.1. Materials

Table 1
Characteristics of the powder used during the study

3.2. Curing procedure

Chemical data Composition Polyester-based powder
coatingt-triglycidylisocyanurate
(TGIC 3 to 5%) crosslinker, Powder samples were cured in an infrared oven which
pigments and various had been previously described [19]. It was fitted out with an
additives infrared emitter having 9 interchangeable lamps. The differ-
Particle size 38.0-42.0 um ent types of infrared sources are listed in Table 2. The lamps
Volumic mass 1590 kgn 2 could operate in manual (constant flux) or regulated mode
Curing conditions Type of electrostatic Corona spray gun (PID and program of a heating rate). During the curing in
powder coating process the infrared oven, the sample temperature was followed by
Curing type Electrical infrared the mean of a pyrometéteiman KT15.8&vhich is sensitive
Curing temperature  255°C/105 s to the infrared emission emitted from the sample between 8

and curing time

Typical film thickness  60-80 um and 14 um. The operating temperature range of the pyrome-

ter is 25—-300C.

Table 2

Infrared lamps characteristics

Lamp type Lamp voltage Filament temperature Wave of maximum emissivity peak Lamp wattage
V] (K] [um] [kw]

PHILIPS short infrared (SIR) 230 2500 1.16 1

PHILIPS medium infrared (MIR) 230 1750 1.66 1

PHILIPS near infrared (NIR) 230 2950 0.98 15
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3.3. Measurements According to the literature survey [10], the kinetic model
that describes the polymerisation of the polyest@iGIC

Cure kinetic studies were carried out using differential System is an autocatalytic model:
scanning calorimetryTA instrument DSC2920 modulated ¢,
DSQ. Non-isothermal measurements were conducted from - = kx™(1—x)" ©)
25 to 280°C at a heating rate of 5 or PC-min~1. The _
conversion or extent of cure was obtained thanks to DSC: With
it is proportional to the heat of cure that can be obtained k= kaexol — £ (10)
experimentally by DSC [8,9] and is given by the following "~ "° P RT

equation: The kinetics parameters m, ko andE were estimated using
_AH; 3 the software Matlab and the optimisation toolbox with the al-
¥ = o 8 gorithm of LEVENBERG-MARQUARDT. The results are

. ) . . summarised in Table 3 whereas Fig. 1 represents the evo-
AHyis obtained by integration of the DSC peak between the | ,tion of the experimental and calculated conversion as a
start and the end of the polymerisation reaction. function of the curing time.

AH, is obtained by integration of the DSC peak between Fig. 1, we can see that there is a very good concor-

the start of the reaction and a timewhereas corresponds  yance petween the experimental points and the model. This
to the value of the conversion at the time is true for each experiment, and indicates that the model
describes well the curing process of the polyest&@iGIC

. _ powder.
4. Resultsand discussion What's more, as in [11] and as it is shown in Table 3, the
variation of the kinetic parameter values with the heating rate
4.1. Cure kinetics is placed in the experimental error limit (within 10% of the

average value). We can therefore conclude that the kinetic
Two experiments were carried out, in which the sys- Parameters do not vary with the heating rate and we will use
tems were cured under non-isothermal conditions from 25 theé mean value of the parameters (Table 3) for our further
to 280°C at a heating rate of C-min~L. This was done  Calculations.
on one hand to verify the reproducibility of the results, on 10 complete these results, a study of the parameters sen-
the other hand to compare the results obtained with powdersSibility was realised. To do so, we made each parameters
of the same kind but coming from different batches (Aand B Vary around their optimised value, the other parameters be-

types). A third experiment was realised with a heating rate ing maintained constant. The influence of this variation is
of 5°C-min~1 from 25 to 280°C. In Fig. 1, the dotted lines observed on the value of the mean square error sum, which

represent the evolution of the experimental conversion as'S defined by the deviation between the calculated conver-

a function of the curing time. The superposition of the ex- Sion and the experimental one.

perimental conversion of A and B powders shows the good . F19- 2 presents the plot of the mean square error values
reproducibility of this method. in function of a deviation oft-/—20% from each estimated

parameter value. From the shapes of the curves, we can con-
clude thatE is very sensitive, whekp andn are quite sen-

& ' o [ sitive andm is not sensitive at all in this experimental work
08 & o 1 conditions. But, analysing these results, one should keep in
- E // ! mind that, despite the difference of sensibility between
i / andkg, these two parameters are not independent variables
- / J 1 [20]. Usually the variation off does not produce any vari-
-3
5 06} ;
T P /
g / /
508 i / : Table 3
§ - / Kinetic parameters obtained with the identification program realised in dy-
‘ : o — Mod 10°C/min A namic mode
» 7 Mod 10°C/min,B 1 1
03 ® / —— Mod5°C/minC | | ko[s™ E[Imol™] =n m
,‘ / ® Exp 10°C/min A
02t . d Exp 10°C/minB | - 1st batch of powder 4884000 74462 1.2448 0.1147
P /‘3 % _Exp 5°Cimin,C cured at 10C-min—1
01F » ¥ g 2nd batch of powder 4846800 74263 1.3048 0.1166
3 k e ) ‘ cured at 10C-min~1
0 500 1000 1500 2000 2500 1st batch of powder 4771600 73639 1.2868 0.1
Time (seconds) P—
cured at C-min
Mean 4834133 74121 1.2788 0.11043333

Fig. 1. Reaction kinetics obtained at dynamic temperature.
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. , i 5 Qrescton
ation on the Arrhenius constakhf due to the compensation :
effect ofkg Paint Film Q

4.2. Thermal modelling 0s
Metalli I
4.2.1. Experimental results
Powder samples, which had been applied on identical Qe lQm octon
metallic substrates, were cured using infrared radiation un-
der a constant flux density of 25 kWi—2. Samples were Fig. 4. Thermal balance.

taken from the infrared oven at different times, namely 30,
60, 120, 180, 300 seconds, and were analysed by DSC, soh | h di h di infrared
that we could determine the conversion at the removal time. i€ Wavelengths corresponding to the medium wave infrare

One experiment in a steam chamber at 25Qvas also made (1.66 pm): . . :
to use natural convection. The efficiency of IR heating depends on both the coating

Fig. 5 shows the evolution of the samples’ temperature spectral absorption characteristics and the spectral emissions

in function of the curing time for each heating mode. We of the mfrgred source. )
can see that the medium wave infrared emitters lead to the V€ believe that medium wave infrared leads to the fastest

fastest rise of temperature; the other emitters, the short andCure Pecause infrared absorption of the studied powder coat-
near wave emitters lead to similar temperature evolution. N9 IS the most important at this wavelength. In a further
The kinetic study carried outin parallel shows that the fastest WOk We will try to prove this statement by measuring ex-
evolution of the conversion is also obtained with the medium Perimentally the radiative properties of these powders (ab-

wave infrared emitters (Fig. 3). sorptivity, reflectivity, transmissivity) [16].
Four experiments, with constant heating rate were also
carried out with the different infrared lamps. 4.2.2. Modelling
Our goal was to determine a mathematical model based

e Maximum heating rate: 1.8TC-s™1; on the knowledge of the fundamental mechanisms govern-
e Maximum heating rate—10%: 1.6&€-s1; ing thermal transfers so that we would be able to predict the
e Maximum heating rate—20%: 19&-s™1; evolution of the film temperature when the powder was un-
e Maximum heating rate—40%: 1.22-s72. der a radiative flux.

The film thickness was small enough and the metallic
As the heating rate is constant for all the infrared emit- substrate was quite a good thermal conductor, so that we
ters, the film temperature was the only parameter influenc- could consider that the temperature was constant in all the
ing the curing kinetics; the type of infrared only favoured system substrate+paint (this hypothesis had been experimen-
more or less the heat transfer. These experiments confirmedally verified by measuring the temperature with 2 thermo-
the previous results and permitted to conclude on the mostelectric couples: one stuck under the metallic panel, the other
effective cure process. The use of Philips medium wave in- on top of the cured paint. We obtained a maximum difference
frared emitters led to the fastest heating rate. The radiative between the temperatures dfG. Given the precision of the
properties of the powder coatings were probably centred onthermocouples (type K, precision 3%), we can consider that
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both temperatures are equal). Fig. 4 illustrates the thermal
balance calculated on our system. 300 gAMLY
As Blanc [21], we used the following mathematical ex- W s - = = WSS
pression to solve the thermal balance: o] S
dr 2 200 4 o S
E(Cppppep + Cpsuposupesup) % . ‘/,'Y L++++++++ * x:& E::;;e])
= Qabs— Qreaction— Qemitted— Qconvection E /I+++“'++ . _:;;E:g;el)
with p and sup representing, respectively, the paint film and 10 b+ A NR(mode) [
the metallic substrate. 50 _+_f;:v(::£;n e —

e Qapsrepresents the infrared energy that is absorbed by  ° 0
the ‘substrate+paint’ system. If we consider that the sub-
strate absorbs all the energy, the thermal balance be-
comes:Qaps= Qo(l — ,0[*,) _ QO'C[%(:L _ Olsup) =Qo— Fig. 5. Exper_imental and simulated heating rates of the powder deposited
: . on the metallic substrate.
Q1 — 03 = 02+ Q04+ Qs, with asyp substrate ab-
sorption coefficientp;,: paint reflection coefficientQo:
incident radiative fluxQ» and Q4: energy absorbed by  sured with the DSCp,: 1590 kgm~3 (paint supplier tech-
the paint film,Qs: energy absorbed by the metallic sub- hical data)e,: 80x 1075 m, ¢,,: 0.91 for low temperature.
strate,Q3: energy transmitted by the paint and reflected The thermal balance numerical simulation was realised
by the substrate; this term (order two) was supposed with the Matlab software. Table 4 presents the paint ab-
negligible for this paint. sorption (and transmission) and reflection coefficients values
e Furthermore, Qemitted represents the energy lost by which have been chosen to simulate at best the system heat-
radiative emission from the two faces of the sys- ing rate.

100 200 300 400 500 600 700 800

time (seconds)

tem; we haveQemited= aesup(T“ — T14) + Uep(T4 — Fig. 5 represents the experimental and simulated system
T3, with €,: paint emissivity,esys Substrate emis- ~ heating rates. These results show that the thermal model,
sivity, o: Stefan—Boltzmann constaat5.670 x 108 though quite simple, permits to satisfactory predict the ex-
W-m—2.K—4, perimental heating rate. The main improvements should con-
e Qreaction represents the heat released by the exother-cern the radiative properties of the paints apd to a certain
mic chemical reaction anreaction = ppep%AHo, extt_a-nt, tho_se pf the sybstrate. These properties must chgnge
with A Ho: enthalpy of the complete reaction irkg—2 during curing in function of the temperature and conversion

(—20800 Jkg~1); the value of this term was negligible ~ €volution.
againstQg for this paint.
e QOconvectionrepresents the thermal losses due to natural
convection from the upper and the lower face of the sys- 5. Conclusion
tem: Qconvection= hai(T — T1) + has(T — T2), With hg;:
convective exchange coefficient under the substhate, This study has enabled us to study the curing of a com-
convective exchange coefficient on top of the paiht, mercial polyester+TGIC powder.
and T»: temperature of the walls under and upper the  First, the kinetic parameters of the autocatalytic kinetic
sample. model were obtained through non-isothermal experiments
realised by DSC.
The estimations of the convective exchange coefficients are  Secondly, thermal transfers were examined by studying

[21]: hai=3 W-m~2.K~ 1 andhas=5.7 W-m—2.K~1, the evolution of the paint film surface temperature when
The thermophysical properties of the substrate have beenit is cured on a metallic substrate thanks to different in-
found in the Iiterature.Cpsupz 460 Jkg_1~K_1, Psup = frared emitters: medium, short and near infrared emitters.
7800 kgm—3, esup= 1 x 103 m, asup= 0.8 for high tem- The study showed that the medium infrared was the most
perature Qo) andesyp= 1 for low temperature. efficient to cure the powder. Moreover, the correlation of
The thermophysical properties of the paint have been thermal modelling of the cure process and kinetics studies
fixed to the following valuesCp,: 1500 Jkg~1.K~1 mea- enabled us to develop a model predicting the evolution of
the temperature, using the hypothesis that the paint film and
T the substrate are at the same temperature. The paint film ra-
able 4 - . . . . .
ap + 1 andp’ values for each infrared emitter diative properties are still to b_e determined in function of the
VIR SR NIR temperature .and the conversion.
A rheological study should now be made to correlate the
Zg”” 8:2 8:;18 g:és thermal and rheological behaviour of the powder with its

surface structure build-up; other experiments should also be
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done to extend the results obtained with the polyester+TGIC [10] J.M. Salla, X. Ramis, J.M. Morancho, A. Cadenato, Isoconversional

powder to other thermosetting powder coatings systems.
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