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bstract

This paper deals with the analysis of the evolution of the surface morphology of metal substrates coated with high-performance thermoplastic
owders, namely PPA 571 H, by using electrostatic fluidized bed (EFB) process. Attention has been particularly focused on the relationship between
aking time and temperature of EFB coated substrates and the morphological characteristics of the resulting polymeric films.

First, thermal behaviour of PPA 571 H polymeric powders was characterized by using standard calorimetric techniques. Accordingly, PPA 571
melting kinetic was experimentally deduced. Based upon experimental findings, predictive analytical model was also developed and employed

o trace ‘iso-conversion’ curves out.
Second, metal substrates, made from low carbon steel (AISI 1040), were EFB coated and baked at several baking time and temperatures.

ombined analyses of scanning electron and confocal microscopes were led to measure the evolution of the films surface morphology under
ifferent baking conditions. Accordingly, a relationship between film morphologies and melting degree was sought. Consistent trends of roughness

arameters versus baking parameters were found, with smoother finishes of the polymeric films being achieved for higher degrees of melting, that
s, for higher baking temperature and time. Full maps and related analytical models of the finishing levels according to baking parameters were
lso built up, hence providing first useful indications to powder coaters on how to best deal with their settings.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Since the 1970s, powder coaters have paid particular atten-
ion towards fluidized bed coating processes, being considered
ow cost and environmental friendly alternatives to traditional
oating and painting processes [1–9]. Early on, fluidized bed
rocesses were mostly in use to coat small batches of large metal-
ic parts, which were first preheated at high temperature (at least
00–350 ◦C) and, then, dipped in the bed of fluidized powders
3–6], generally a thermoplastic polymer. Later, more sophisti-
ated fluidized bed processes, based on electrostatic techniques,
ere adopted to coat also large volumes of small and complex

haped parts [7–9]. In that case, the coated parts had to be baked

n order to melt the layers of electrostatically deposited powders
nd consolidate them in the form of a continuous film [8,9].
n recent times, fluidized bed coating has been successfully
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xtended even in the application of thick functional films made
rom engineered polymers (PEEK, PEK, PPS, fluoro-organic
olymers, etc.) for protection and insulation purposes [10–17].

Nevertheless, due to several alleged drawbacks, like the
ricky procedures needed for process automation and control,
he characteristic unevenness of coating thicknesses, the rather
oor aesthetic aspect of manufactured goods, the need for large
mounts of powders to run coating operations and the awkward
olour change protocols, fluidized bed processes have always
xperienced difficulties with becoming well-liked as coating
echniques [2].

Nowadays, due to the ever more strict environmental regu-
ations, which prohibit and/or limit the employment of solvent-
orne coatings, and to the firm requirements for dry coating
echniques with faster ‘cycle time’ (just one coating step is
equired and no liquid should be evaporated during fluidized

ed coating) and with minimum wastes to dump, renovated
nterest towards fluidized bed coating is taking place. Several
esearch programs about the study of process settings and their
elationship with active mechanisms [14–17], the experimen-
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ation of new coating materials [14], the introduction of new
lant solutions [15,16] and, above all, about the simulation, con-
rol and automation of fluidized bed coating [17] are currently
n progress. Nonetheless, significant efforts, dealing with the
omprehension of the bonds between coatings performance and
uidized bed and baking operational parameters, do still miss.

In this context, our paper is aimed at analyzing the relation-
hip between morphological characteristics of EFB coated metal
ubstrates and baking parameters after EFB coating process. In
pecific, this work is aimed at identifying the most promising
aking conditions for the maximization of aesthetic performance
f EFB deposited PPA 571 H films. For the purposes of this
tudy, thermal properties of PPA 571 H were analyzed by differ-
ntial scanning calorimetry. Full kinetic analyses were carried
ut through the execution of isothermal and dynamic runs. This
ay, the trends of melting degrees of PPA 571 H according

o temperature and time were experimentally and analytically
alculated. Afterwards, low carbon steel substrates were EFB
oated and resulting films were baked at several baking time and
emperatures. Electron scanning and confocal microscopy was
sed to follow the evolution of film morphologies under different
aking conditions (baking temperature and time). Consequently,
he relationship between film morphologies and melting degrees
as sought. Consistent trends of roughness parameters versus
aking parameters were found. Smoother finishes of the poly-
eric films were achieved for higher degrees of melting, that is,
hen higher baking temperatures and times were set. Accord-

ngly, full maps and related analytical models of the finishing
evels versus baking parameters were also built up. A good fitting
etween analytical and available experimental data was found
ut, hence stating the reliability of the analyses led.

. Experimental

.1. PPA 571 H powders

PPA 571 H supplied by Plascoat Systems Limited as finely
ivided powders was used as coating material. PPA 571 H has
een specifically designed to provide a long lasting, tough coat-
ng for exterior applications to mild steel, galvanised steel and
luminium. It is based on an alloy of acid modified polyolefins.
herefore, it is halogen-free and the combustion fumes are low

n smoke and have a very low toxicity index. PPA 571 H is resis-
ant to stress cracking, adverse weather conditions, detergents,
alt spray and typical airborne pollutants. The coating maintains
xcellent adhesion to the metal substrate without the need for
separate primer. The material also provides a good degree of

lectrical insulation, abrasion and impact resistance.
Previous papers [14,15] investigated the hydrodynamic

ehaviour of Plascoat PPA 571 powder in great detail. The distri-
ution peak of the unsieved Plascoat PPA 571 H powder lay in the
ange 100–150 �m, and its cumulative curve showed 95% of the
rain size distribution to be below 250 �m. A minimum fluidiza-

ion velocity of 0.0032 m/s was measured. Bubbling regime was
ept in an airflow range of 3.5–7 m3/h, which meant superficial
elocities varying in a range of 5–10 times the minimum fluidiza-
ion velocity [14]. Employing airflows in the range between 8

p
t
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nd 12 m3/h meant that significant elutriation phenomena could
ccur [14].

.2. Metal substrates and surface preparation

From 6 m long AISI 1040 low carbon content (0.43%) steel
ods, samples 60 mm × 40 mm × 4 mm were cut off. As well
nown, such material is widely used in several industrial seg-
ents as basis for fencing panels, sign posts, street furniture,

ublic structures seating, pipes in general, garden furniture, bat-
ery boxes, and wirework. The steel substrates, before being
oated with PPA 571 H, were submitted to a set of surface
retreatments in order to improve the adhesion of the coating
n them. A vapour degreasing cleaning, employing common
olvents to remove oil, grease, loose metal chips, and other con-
aminants from the surface, was followed by a zinc phosphating,
n which both the coating weight and the crystal size were accu-
ately controlled. An additional acid cleaning step was necessary
hen rust and scale had to be removed. Finally, a rinsing cycle
as applied to flush away the remaining ‘drag-out’ from the pre-
ious bath and to neutralise the surface. Once all the impurities
n the metal surface had been removed, the surface was condi-
ioned so that the adhesion of the coating film would be optimal.
ecause it provides a uniform surface on the substrate resulting

n the absence of flash rust, powdering and windowing, an iron
hosphate was applied to provide the best basis for bonding the
owder coating film to the metal surface.

.3. EFB coating process

A cylindrical fluidized bed (tank) of PPA 571 H powders,
orking in bubbling regime, was used for coating purposes

Fig. 1). A detailed description of the experimental apparatus
an be found in several previous papers [14–17]. Here, it is
orth remarking that the fluidized bed coating system is con-

tituted of three different parts: (i) a fluidization column made
rom Plexiglas, 250 mm in diameter and 4 mm in wall thickness
o provide enough rigidity; (ii) a porous plate distributor made
rom sintered bronze powders, 250 mm in diameter and 8 mm
hick, able to sustain PPA 571 H powders when the coating sys-
em is switched off and to permit the passage of the fluidization
ir when the coating system is switched on; (iii) a homogeniza-
ion section able to ensure uniform distribution of the fluidization
ir to the fluidization column. A sliding vane rotary compressor
apro, model ‘Free-Oil 20’, for flow rates from 3 to 20 m3/h,

ressures up to 0.9 bar relative and 1.5 kW as maximum power,
as used to feed purified air flux lacking in oil and moisture into

he fluidized bed, under strictly monitored process conditions.
n fact, a standard flowmeter Kobold (model KSM—flow rate
–35 m3/h, provided with a 0–10 V dc output), and an inverter
itsubishi model FR-S 540E feedback controlled were respec-

ively used to read and control the current value of air flux, hence
eeping it constant during the whole treatment. A set of pressure

robes, a hygrometer and a set of thermocouples were also used
o monitor the coating process and the environmental conditions.

The corona charging method, which makes use of a high
oltage generator (0–100 kV), was employed in order to bring
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flow, and 65 kV applied voltage) in EFB were used to perform
all the deposition processes. Such choice was determined
by several previous study about best settings of operational
parameters during EFB coating process [14,15].

Table 1
Typical properties of the powder

Properties Values

Coverage (100% efficiency) 3 m2/kg at 350 �m
Fig. 1. Scheme

n electrostatic charge (mostly negative) onto the PPA 571 H
owder particles through the intermediate process of creating
xygen ions. For such purpose, the present fluidized bed system
ncorporates a set of electrodes in the powder chamber beside
he porous plate distributor, even though alternative solutions are
ossible. In EFB coating process, the upper part of the tank, half-
lled with a certain volume of PPA 571 H powders (static bed
eight of 230 mm), is fluidized by ionized air from below. With
he help of the transport air, the resulting electrically charged
loud of powder moves in the direction of the grounded metal
ubstrate. As the charged particles come close to the substrate,
lectrostatic force causes the particles to be deposited on and
dhere to the substrate when it is passed into or through the
owder cloud or just hung in the cloud.

.4. Thermal analysis

The thermal behaviour of PPA 571 H powders was studied
y using standard calorimetric techniques (Differential Scanning
alorimeter DSC Netzsch model DSC200PC). Dynamic scans
ith variable heating rates from 1 to 10 ◦C/min were aimed

t individuating the melting (i.e., the crystallization) kinetic of
he PPA 571 H powders. A three phase temperature programs
ere employed during dynamic scans: an heating phase in which

emperature was, generally, increased from 20 ◦C up to, at least,
20 ◦C; an isothermal phase, in which the stabilization of the
emperature was imposed for, at least, 5 min to handle the tran-
ition from the heating to the subsequent cooling phase; finally,
cooling phase in which a progressive cooling with the same

ate of the heating phase was performed up to take the sam-
le temperature to its starting value (i.e., around 20 ◦C). This
uite articulated scanning program was chosen in order to over-
ome troubles typically associated with the scan of polymeric
owders. In fact, during first heating, just the relaxation of the
tresses induced on powders by manufacturing process as well

s their rearrangements inside the crucible are mostly achieved.
his way, during cooling phase or reheating of the same sample,

he actual kinetic of the thermoplastic powders can be calculated,
ith the concurrent minimization of unpredictable deviations or

P
B
F
P

e EFB system.

nomalies and of external disturbances affecting the experimen-
al procedure (Table 1).

.5. Experimental procedure

The scheduled protocol during the execution of the experi-
ental tests is reported hereafter:

. The substrates surface was accurately cleaned and prepared
for EFB deposition process according to indications reported
in Section 2.2.

. Once the substrates surface had been prepared, the EFB sys-
tem was switched on. As a consequence, a cloud of charged
particles rapidly rose from the bottom of the fluidization
chamber.

. The metal substrate was hung in a ‘built ad hoc’ holder and,
then, dipped in the electrostatically charged cloud of PPA
571 H particles inside the fluid bed. The longest side of metal
substrates (60 mm) was located along the z-axis of the col-
umn to check the coating vertical uniformity. The substrate
position in the bed was varied by activating a CNC system,
which allowed the movement along the three axes to be con-
trolled. The location of the substrate inside the column was
kept constant during each experimental test.

. Standard coating conditions (6 s exposure time, 9 m3/h air-
article size 95% less than 250 �m
ulk density (at rest) 0.40 g/cm3

luidizing characteristics Excellent
ackaging 20 kg cardboard boxes
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Table 2
Experimental trials

Baking
time (min)

Baking temperature (◦C)

100 110 130 150 170 200 230

5 19 22 24
10 11 16 23
15 4 12 20
20 5 13 17
25 6 14 21
30 7 15 18
35 1 8
4
4

5

6

7
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row time range and increasingly sharper peaks are observed.

Starting from collected experimental data, the melting kinetic
of PPA 571 H was modelled by using the well-consolidated
method of Borchardt and Daniels (BD model) [18]. This method
0 2 9
5 3 10

. Once coated, the substrate was removed from the fluid bed
and picked up from the holder with the utmost care. A heat-
ing cycle with an electrical convective oven (Naddeo model
RT 11) was applied to melt the coating and to obtain the best
finish for the polymeric film EFB deposited onto the metal
substrate. This way, the influence of baking temperature and
time on the evolution of the surface morphology of the poly-
meric films was studied according to the experimental trials
reported in Table 2.

. After being baked, each substrate was left to cool slowly in
the oven without being moved. The amount of coating still
clinging to the surface was, then, accurately measured by
using the MEGACHECK 5F-ST instrument. To minimize
the influence of coating thickness on morphological evolu-
tion of PPA 571 H films, only the substrates coated with
400 �m (±40 �m) as coating thickness were considered for
further processing. When applied films failed to agree to the
above reported specification, the coated substrates were dis-
regarded.

. Finally, combined analyses of scanning electron microscope
and non-contact profilometry were subsequently employed
to study the evolution of surface morphology of the poly-
meric films according to baking parameters. The means of
the experimental data were then calculated and reported.
Measures of variability were reported in terms of standard
deviation. A set of process maps was built in which the aver-
age roughness was reported in great detail by varying baking
parameters.

.6. Surface topography and roughness measurements

Images of film morphologies were obtained using a field
mission gun scanning electron microscope (FEG-SEM Leo
odel Supra 35) using the ‘in-lens detector’. The 3D morphol-

gy of the coatings was obtained with a Taylor Hobson surface
opography system (model TalySurf CLI 2000) using a non-
ontact 300 �m chromatic aberration length (CLA) HE gauge.

In comparison to conventional system, the CLA HE gauge

ffers superior imaging capability with improved resolution
10 nm and 0.4 �m as vertical and lateral resolution, respec-
ively). Scanning in three dimensions can be performed and the
bsence of contact between the gauge and the surface being mea-
ic Coatings 57 (2006) 337–347

ured ensures the avoidance of any damages to the surface being
easured. For the CLA profilometry, the substrates were located

nder the gauge and viewed optically, using the high resolution
amera built into the surface topography system. This enabled
he choice of both the measurement area and the rough focusing
f the gauge. Using the CLA HE scanning mode, a number of
atterns (1000), each 4 mm long, was recorded for each sub-
trate so as to cover a representative area (16 mm2) of the entire
urface structure. The surface morphology was then examined
y using the TalyMap software release 4.0. As roughness indica-
ors, standard amplitude parameters Ra and Sa were considered.

. Results and discussion

.1. Crystallization kinetic of PPA 571 H powders

Fig. 2 reports the experimental results of three DSC dynamic
cans at variable heating rates from 1 to 10 ◦C/s. Progressively
igher heating rates caused a left shift of the melting peaks
ook place as result of the different thermal inertia phenomena
nvolved [18]. The relaxation enthalpy peaks can be ascribed to
he relaxation of stresses induced by manufacturing process into
he PPA 571 H powders as well as to the rearrangement of the
owders inside the crucible during DSC tests. Crystallization
eaks together with the full DSC scans at the different heating
ates are reported in Fig. 3. The right shift and the flattening of
he crystallization peaks going towards lower heating rates are
learly visible. In fact, when lower heating rates are imposed as
est condition, the PPA 571 H sample changes phase quite a lot
radually. Accordingly, the heat generation associated with the
hase transition is released in a wide time range and a flatter peak
s observed. To the contrary, when progressively higher heating
ates are imposed as test condition, the PPA 571 H samples com-
lete their phase transition quicker and quicker. Accordingly, the
eat associated with the transition is released in a ever more nar-
Fig. 2. Dynamic scans at variable heating rates.
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3.2. Morphological evolution of PPA 571 films
ig. 3. Crystallization peak of PPA 571 H at different heating rates during DSC
esting.

ermits to express the melting degree of a thermoplastic polymer
s a function of temperature and time as reported hereafter:

dα

dt
= K(T ) (1 − α)n = Ae−(�Ea/RT )(1 − α)n (1)

here the pre-exponential factor A, the reaction order n and the
ctivation energy �Ea are unknown quantities.

Eq. (1) can be rewritten as follows:

n

(
dα

dt

)
= ln A − �Ea

RT
+ n ln(1 − α) (2)

The variables dα/dt, 1/T and 1 − α can be experimentally
educed from the DSC dynamic scans. This way, by multiple
egression analysis all the empirical parameters A, �Ea and n can
e easily worked out. The values of the BD model parameters
re displayed in Fig. 4 together with the trend of K(T) according
o 1/T (sketch in the corner of Fig. 4). An Arrhenius trend for
(T) can be confirmed. Solving Eq. (1), the melting degree of
he polymeric powders according to time and temperature can be
umerically achieved. Fig. 4 reports the melting degree of PPA
71 H according to time and the comparison between experi-
entally and numerically deduced results. A quite good fitting

Fig. 4. PPA 571 conversion curve vs. time.
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Fig. 5. Iso-conversion curves for PPA 571 H coatings.

an be remarked, thereby stating the higher reliability of the BD
odel applied to PPA 571 H.
By solving Eq. (1) at different temperatures, the trends of iso-

onversion curves (curves at the same value of melting degree)
ccording to time and temperature can be obtained. Fig. 5 dis-
lays the corresponding numerical results. As expected, going
owards higher time and temperature faster melting of the poly-

eric powders is observed. In particular, at temperature as low
s 90 ◦C (that is, lower than the melting peak point of the PPA
71 H declared by manufacturer and reported in Table 3), almost
h is required to approach to a full melting of the PPA 571 H
owders (melting degree of 0.99). To the contrary, at temper-
ture as high as 120 ◦C (that is, higher than the melting peak
oint of the PPA 571 H declared by manufacturer and reported
n Table 3), the full melting of the PPA 571 H powders takes
lace almost instantaneously (see sketch in Fig. 5).
Fig. 6 displays the trends of the average roughness Ra accord-
ng to baking time and temperature. As can be seen, increasing

able 3
ypical properties of the material

roperties Standard Values

pecific gravity – 0.96 g/cm3

ensile strength ISO 527 14 MPa
longation at break ISO 527 800%
rittleness temperature ASTM D-746 −78 ◦C
ardness Shore A 95
ardness Shore D 44
icat softening point ISO 306 70 ◦C
elting point – 105 ◦C

ear strength ASTM D1938 22 N mm−1

tress cracking ASTM D1693 Greater than 1000 h
oxicity index NES 7 1.8
ielectric strength IEC 243 VDE 0303 47.8 kV/mm at 370 �m
olume resistivity IEC 93 3 × 1017 � cm−1

urface resistivity IEC 93 8 × 1017 � at 350 �m
ater absorption ASTM D570-81 <0.03%
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Fig. 6. Average roughness trends of PPA 571 H according to baking temperature
and time: first approximation analytical model.
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Fig. 7. Roughness profiles measured at diff
ic Coatings 57 (2006) 337–347

oth baking time and temperature, an improvement of surface
nish of the polymeric films, that is, a reduction of average
oughness Ra values occurs. From experimental findings, a sort
f asymptotic condition to best finishing achievable, character-
stics of the coating process and coating material as well as of
aking temperature, can be deduced. In particular, if too low
emperature (that is, lower than peak melting point of PPA 571
) is set during baking process, the polymeric film does not

pproach favourable asymptotic conditions. In fact, for 100 ◦C as
aking temperature, the asymptotic value of the average rough-
ess Ra tends to 15 �m even for very long baking time (from
5 to 45 min). This result is representative of a highly irregular
orphology of the polymeric film after baking process. Watch-

ng the raw profiles in Fig. 7(Panel a) and waviness profiles in

ig. 8(Panel a), the steep topography of the films at 100 ◦C,
ven for very long baking time, is clearly visible. This results in
film with poor aesthetic aspect due to the bad distension and

ubsequent poor consolidation of the polymeric film under the

erent baking times and temperatures.
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(i.e., 230 ◦C), the polymeric film tends to instantaneously melt.
In fact, after 5 min as baking time, the average roughness Ra of
the film is already worth around 1.2 �m and less (Fig. 6), that is,

Table 4
Induction time according to baking temperatures

Baking temperature (◦C) Induction time (min)

110 Around 30 min
130 Around 25 min
Fig. 8. Waviness profiles measured a

rescribed baking conditions. For intermediate values of baking
emperatures (from 110 to 200 ◦C), the polymeric films, after
ifferent baking times, approach favourable asymptotic condi-
ions for average roughness Ra. For each baking temperature,
verage roughness values around 1.2 �m and less are measured.
his result is representative of smooth finishes of the polymeric
lms after baking process. Therefore, if baking temperatures
igher than peak melting point of the PPA 571 H are employed,
he corresponding polymeric films melt completely and consol-
date in the form of uniform and even films. The transitions from
rregular finishes to smooth finishes for each baking temperature
xamined are reported in Fig. 7(Panels b–e) and Fig. 8(Pan-
ls b–e) for raw roughness and waviness profile, respectively.
ccordingly, an induction time, that is, a time interval each

olymeric film needs to approach the asymptotic conditions of
verage roughness Ra can be deduced from both data reported
n Fig. 6 and profiles reported in Figs. 7 and 8. Table 4 approx-
mately reports the values of induction time for each baking

1
1
2
2

rent baking times and temperatures.

emperature in the range of 110–200 ◦C. As expected, induc-
ion time decreases when baking temperatures increase since, in
greement with data reported in Section 3.1, melting phenom-
na of PPA 571 H are faster, if higher baking temperatures are
et. However, if further increases in baking temperature are set
50 Around 20 min
70 Around 15 min
00 Around 10 min
30 Instantaneous
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invariants with baking temperature and time. Accordingly, they
can be considered as model constants, which depend only by
the deposition system and operational settings as well as by raw
ig. 9. Average roughness trends of PPA 571 H according to different baking

emperatures and times: the analytical model.

he value representative of the best finishes achievable under the
rescribed experimental conditions. In such case, no induction
ime can be defined.

.3. Modelling of morphological evolution of PPA 571
lms and relationship with powders melting kinetic

Starting from experimental findings reported in Section 3.2,
he average roughness Ra of PPA 571 H can be modelled as

function of baking time and temperature. In particular, the
verage roughness Ra can be expressed as reported hereafter:

a = A(T ) exp

(
− t

t1

)
+ R0

a (3)

here the pre-exponential function A(T) and parameters t1 and
0
a can be deduced by multiple linear regression. Eq. (3) was

ound to fit very well (R2 of 0.996) the experimental data avail-

ble as shown in Fig. 9. Some additional considerations can
e done. The pre-exponential function A(T) depends only upon
aking temperature, as displayed in the sketch in Fig. 9. Higher
he values of baking temperature lower the value of the pre-

Fig. 10. Iso-roughness curves for PPA 571 H coatings.
F
t

ig. 11. Interpretation of mechanisms involved in PPA 571 H film built up.

xponential function A(T). Besides, parameters t1 and R0
a are
ig. 12. Surface morphology evolution of the PPA 571 H at different baking
emperatures and times.
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aterials chosen. Solving Eq. (3) for different baking tempera-
ure and time, the iso-roughness curves of EFB deposited PPA
71 H films can be attained. Fig. 10 displays the achieved trends.
n Fig. 10, a comparison between analytically calculated data
nd experimental data is also reported. Even in this case, a quite
ood fitting (R2 of 0.991) of the proposed analytical solution can
e claimed.

In agreement on what has just been mentioned in Section
.2, a useful physical interpretation of the proposed model can
e provided. Being parameters t1 and R0

a invariants, Eq. (3) can
e considered as a mono-parametric model, where the approach
f average roughness Ra to its asymptotic value R0

a is handled
nly by the values of pre-exponential function A(T), that is, by
aking temperatures. As said, for low values of baking temper-
tures, the factor A(T) assumes high values. Consequently, the
lock A(T)exp(−t/t1) reduces to 0 even for low values of baking
ime t, being the pre-exponential factor very high. The value of
aking time, which reduces to zero the block A(T)exp(−t/t1),
hat is, which makes Ra approach R0

a is, literally, the value of the
nduction time.

The results provided from the solution of the analytical model
re in good agreement with thermal behaviour of PPA 571 H.
n fact (as seen in Section 3.1), fast approaches of PPA 571

powders to higher melting degree can be achieved only if
igher temperatures are set (see sketch in Fig. 5). To the con-
rary, if low temperatures are set, PPA 571 H melting process
roceeds slowly, that is, higher melting degree can be achieved
nly after long time (see Fig. 5). Accordingly, the achievement
f smooth finishes of the polymeric films is quicker if higher
aking temperatures are set, as faster melting of PPA 571 H on
he metal substrate during baking occurs, with resulting shorter

nduction time. To the contrary, the settings of lower baking
emperature cause slower melting process of PPA 571 H on the

etal substrate during baking, with resulting higher induction
ime.

3

5

Fig. 13. SEM analysis of PPA 571 H coatings a
ic Coatings 57 (2006) 337–347 345

Fig. 11 exemplifies all the mechanisms involved during PPA
71 H film built up. The onset of molten plastic layer and the
oncurrent film formation is a critical phase and can be bro-
en down into major steps in agreement with the indications
eported in the literature [17,19]: first, the powder particles, just
lectrostatically adhered on the metal surface after EFB coat-
ng process, can split in melting coalescence. As a result of the
oalescence process, the polymeric film is formed and, then, if
nough heat is provided to the coating during baking process,
he polymeric film melts and gets levelled. Subsequently, the
ew coating surface is established (Fig. 11). Nonetheless, ther-
ally driven powder melting is extremely sensitive to baking

emperature. In fact, if baking temperature is below a critical
alue (i.e., below the peak melting point of PPA 571 H), the
eat transferred to the just adhered polymeric powders is not
nough to complete all the transformations phases, and the pow-
er particles are able only to complete the first phase (i.e., the
oalescence) as reported in Fig. 11 (for low baking temperature).
his phenomenon causes the build-up of a coating characterized
y a very irregular and uneven surface morphology in agreement
ith results coming from our roughness measurements. On the
ther hand, if baking temperature is above the critical value (i.e.,
bove the peak melting point of PPA 571 H), the polymeric film
an complete the transformation phases and achieves the char-
cteristic of a proper coating, hence exhibiting a smooth and
niform finish. Of course, higher the baking temperature, faster
he melting process of PPA 571 H, lower the baking time needed
or the establishment of the smooth finishes of the polymeric
lms in agreement with the typical thermal behaviour of PPA
71 H powders.
.4. Analysis of 3D morphology of PPA 571 films

Fig. 12 reports significant 3D surface morphologies of PPA
71 H films in different baking conditions. All the different

t different baking temperatures and times.
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ig. 14. Surface roughness of PPA 571 H coatings measured at different baking
emperatures and times.

hases of PPA 571 H film built up are well represented in Panels
–d of Fig. 12. Panel a is representative of an incipient melt-
ng coalescence phase. The map is referred to 170 ◦C as baking
emperature and just 5 min as baking time: a too short time for
he establishment of the full film structure. The form of the
ndividual powder grains is still visible. Panels b and c are rep-
esentative of two different stages of the levelling phase. They
efer to intermediate baking conditions for both baking time and
emperature (respectively, 150 ◦C–10 min and 130 ◦C–15 min).
s can be seen from watching the surface morphologies, the

evelling of the polymeric film produces the disappearance of
he individual powder grains, which melt together up to form a
emi-continuous and almost uniform film. Panel d is represen-
ative of the final stage of the transformation process, which
rings the EFB deposited powders to a form of a full con-
olidated, uniform and continuous film. The achieved smooth
nish of the polymeric film and its evenness is clearly visible in
ig. 12.

SEM analysis reported in Fig. 13 confirms the above con-
iderations, with the evolution of the polymeric film from the
tatus of loose powders to the status of a full consolidated
mooth film through different levelling stages being clearly
isible. Accordingly, Fig. 14 displays the trend of 3D surface
oughness Sa according to baking temperature and time. A con-
inuous decreasing trend in surface roughness Sa is observed
oing toward higher baking time and temperature. This result is
n agreement with both indications provided in Sections 3.1 to
.3 and 3D morphological evolutions as hereby reported.

. Conclusions

Experiments were carried out on AISI 1040 components
oated with PPA 571 H by using an electrostatic fluidized bed
ystem (EFB). In this work, some results related to the under-

tanding of thermal behaviour of the PPA 571 H powders and
o the interrelationship between thermal behaviour of PPA 571

and final morphology of the EFB deposited polymeric films
fter baking were reported.
ic Coatings 57 (2006) 337–347

Form standard calorimetric analysis, the thermal behaviour of
PA 571 H powders was full understood and some experimental
esults are reported hereafter: (i) the melting kinetic of PPA 571

powders was experimentally deduced and modelled by BD
ethod; (ii) the melting degree of PPA 571 H powders was

eported in the form of ‘iso-conversion’ curves versus testing
emperature and time; (iii) higher melting degrees are quickly
chieved if higher temperatures are set.

From coating tests and film morphological characterization,
he coating capability of the EFB system was definitely verified.
aking process was found to be of fundamental importance for

he polymeric films built up and the establishment of the related
roperties. In particular, from average roughness trends, a stan-
ard working condition (baking temperature and time) able to
roduce smooth finishes of PPA 571 H polymeric films can
e deduced. In such a scenario, from experimental tests per-
ormed employing different baking time and temperatures, it
an be deduced: (i) the improvement in surface roughness and
aviness of PPA 571 H films is related to chosen baking time

nd temperature; (ii) during baking process, roughness param-
ters of PPA 571 H films tends to approach a characteristic
symptotic condition representative of the best finishes under
hat experimental set up; (iii) an induction time, defined as the
ime interval needed for the average roughness Ra of the poly-

eric film to approach its asymptotic condition, was found to
e strictly dependent on baking time and temperature; (iv) an
mprovement of average roughness Ra to values as small as 1 �m
an be quickly attained (low induction time), if baking temper-
tures as high as 170 ◦C and over are set; (v) an improvement of
verage roughness Ra to values as small as 1 �m would be slowly
ttained (high induction time) if baking temperatures lower than
70 ◦C are set; (vi) the full establishment of the PPA 571 H film
tructure cannot be attained, if baking temperatures lower than
eak melting point of the resin (i.e., 105 ◦C) are set; (vii) finally,
he establishment of a progressively more regular surface mor-
hology is stated by confocal and scanning electron microscopy
nd surface parameters Sa follows the same trend of roughness
arameters.

Based upon experimental findings, a comprehensive mono-
arametric analytical model was defined to interpret the trend of
verage roughness Ra according to baking parameters. A stan-
ard exponential decay function of the average roughness Ra
ersus baking time with a pre-exponential factor dependent only
n baking temperature was chosen as analytical model. The good
tting between the numerical and the experimental data confirms

he model reliability and its suitability as first instruments to pro-
ide useful indications to the powder coaters on how to best deal
ith settings of baking temperature and time.
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