
The thermal behaviour of an epoxy/polyester powder coating was studied by using
differential scanning calorimetry (DSC). Fourier transform infra-red spectroscopy
(FTIR) method was employed to evaluate the processes occurring prior to and after

curing process. Electrochemical impedance spectroscopy (EIS) was employed to assess
performance of differently pretreated powder coated aluminium alloy substrates. The
DSC method allows the description of powder coating systems. The spectra showed that
the curing process starts at approximately 150ºC and terminates at about 250ºC.
According to the impedance data, relatively good performance of the powder coating is
due to a high ohmic resistance of the coating prior to and after saturation with water. The
data also revealed a better performance of the degreased samples compared to samples
treated with polyacrylic acid (PAA). Samples treated with PAA + H2ZrF6 (PZr) have shown
corrosion inhibition over 60 days of immersion time. Corrosion protection was observed
for chromate/phosphate conversion coated (CPCC) samples even after completion of the
test.
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Due to environmental concerns with
organic solvents released to the
atmosphere, powder coatings, are
replacing more and more solvent-
based coatings [1-2]. Powder coat-
ings offer several advantages includ-
ing little or no volatile organic con-

tent, high utilization rates, energy
savings, and elimination of haz-
ardous wastes [3]. Powder coatings
are usually applied with an electro-
static spray gun to produce thin coat-
ings for decorative and protective
purposes. Organic coatings are wide-
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ly used to protect metals against corrosion. This is
mainly due to their simple application; a low cost of
production and provisions of attractive finishes. The
efficiency of protection is affected by a number of
properties of the total coated system, which consists of
paint layer(s), the nature of substrate and its pretreat-
ments [4]. Corrosion of the substrate beneath a paint
film can and does still occur.  The type of corrosion that
may be encountered is usually a function of the coating
and the substrate type; the treatment (or lack thereof) of
the substrate interface prior to coating application and
the environment to which the finished product is
exposed to. 

Mayne [5] has shown that polymeric coating films
are permeable to both water and oxygen. He calculated
that the diffusion of water through the polystyrene film
was of the order of 10 times greater than that necessary
to support the unpainted corrosion rate of mild steel in
seawater (0.070 g Fe/cm2/yr). It was shown that the dif-
fusion rate of oxygen was of the same order as that
required by the un-coated steel in sea-water. The film
resistance is sensitive to the presence of ions, absorbed
from the surroundings, because the ions serve as charge
carriers in the film. Thus, the film resistance may give
an indication of whether the film could be anticipated
to be protective or not. As aqueous corrosion reactions
are always electrochemical in nature, the use of elec-
trochemical methods plays an important role in the
evaluation of the corrosion performance of coated
metal substrates. 

Ac Impedance measurements can provide a wealth
of kinetic and mechanistic information when applied to
the study of electrochemical systems [6-11]. Electro-
chemical impedance spectroscopy (EIS) has been
proved to be a very useful technique to investigate cor-
rosion reactions [11-15], and it is widely used for eval-
uating corrosion protection layers on metallic sub-
strates. The use of EIS has resulted in new information
being obtained concerning the painted metal/corrosive
electrolyte interface, such as the charges in the corro-
sion mechanisms and the growth of the reactive area. In
fact, corrosion is the result of a number of complex
reactions, and many factors are involved. It is difficult
to evaluate the contribution of each of these factors, but
the electrochemical approach is able to give some help-
ful information in this respect [1]. One of the advan-
tages of EIS over other techniques is that the measured

data can be described analytically employing an equiv-
alent circuit as a model [3]. The elements of an equiv-
alent circuit model represent the microscopic processes
involved in the transport of mass and charge. 

In this study, DSC and FTIR techniques were used
to characterize the curing behaviour of an epoxy/poly-
ester powder coating. In order to evaluate water perme-
ability of the given powder paint and to assist the deter-
mination of the corrosion performance of the coated
aluminium substrate, an EIS technique was employed. 

EXPERIMENTAL

Materials and Methods 
1050 Aluminium alloy as 0.5 mm thick sheets in H18
temper were used for all experiments. Polyacrylic acid
(PAA), with average molecular weight: 104,000, as a
25%  solution in distilled water and fluorozirconic acid
(H2ZrF6) as a 45 % solution in distilled water, were
employed. The samples were treated according to
Table 1, before being painted with the following proce-
dure.

A commercial epoxy/polyester hybrid powder coat-
ing (supplied by Mega Company, Ral 9016, and with
the trade name of White 123 for Interior use) was
applied to the pretreated samples using a 405 Stajet
electrostatic spray gun. The thickness of the cured pow-
der coated samples was measured using an Elcometer
256 instrument with an accuracy of 0.1 m. Measure-
ments were carried out on a set of five different repli-
cate samples; the powder coating thicknesses varied
from 50.2 to 61.4  m.  

Differential Scanning Calorimetry (DSC) 
DSC Studies were performed by using a 'Polymer Lab-
oratory' Model PL DSC apparatus. DSC Scans were
carried in dynamic mode operation. In this way, a few
milligram samples of uncured powder were placed in
the aluminium DSC pans and their DSC spectra were
recorded from room temperature to 250°C at a rate of
10°C/min.  

FTIR Spectroscopy
A Perkin Elmer FTIR spectrophotometer, (Spectrum
2000 model) was used. FTIR Spectrum of the as-sup-
plied powder coating was recorded in the form of a disc
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pressed from 10% by w/w dispersions in dry potassium
bromide. Cured powder coating samples were analyzed
in a reflection-absorption spectroscopy attachment. 

Electrochemical Impedance Spectroscopy (EIS)
EIS Measurements were performed at the open circuit
potential using an ACM impedance instrument
(AUTO-DSP). The electrochemical tests were carried
out in an aerated 3 % NaCl solution. The exposed
painted samples had areas of about 36 cm2. A three-
electrode arrangement, with a saturated calomel refer-
ence electrode and a platinum counter electrode, was
used. The impedance data were obtained as a function
of frequency, using a sine wave of 20 mV amplitude; a
frequency range from 30 kHz to 10 mHz (10 points per
decade) was selected. 

RESULT AND DISCUSSION

DSC
A typical non-isothermal DSC spectrum of the
epoxy/polyester powder coating is illustrated in Figure 1.
From the Figure, two endothermic transitions are evi-
dent. The first transition, Tg (uncured powder),
occurred at a temperature of about 45°C, while the sec-
ond, the melting point, showed at a temperature of
65.5°C. As the sample was heated further, the trace
started to rise, which indicated that the powder had
started to flow, Toc, and this occurred at a temperature
of around 102.5°C. On further heating, the trace
revealed a small transition indicating that the powder
had started to cure, Toc , and this occurred at a temper-

ature of 150.3°C. On still further heating, one principal
exotherm was observed corresponding to curing reac-
tions, with a maximum rate of heat evolution at
193.5°C, showing the maximum rate of the curing reac-
tions, which subsequently fell, showing the completion
of the heat evolution (curing reactions). It can be
deducted from the Figure that the curing reactions of
the given powder coating start at approximately 150°C
and terminate at about 250°C. The temperature differ-
ences between the onset of flow, when the powder
starts to flow, Toc, and the onset of cure, when the
exothermal reaction begins, Toc, gives an indication of
the time available for the powder coating to flow: 

which can be used in the melt mixing of the extruder.

FTIR
The FTIR absorption of powder coating sample prior to
and after curing shown in Figure 2 are assigned [16] in
Table 2. FTIR Specrta of the samples before and after
curing are very similar, the only difference being in the
intensity of the (O-H) absorption band (3503 cm-1). The
(O-H) absorption band is less intense for the cured
powder sample. The hydroxyl stretching absorption in
the cured sample decreased indicating a reduction of
hydroxyl content upon curing. The hybrid epoxy sys-
tems have fast curing rates, which allow stoving sched-
ules of 10-15 min at 180°C up to 30 min at 140-150°C
[17-19]. When the acid /epoxy stochiometry is 1:1, the
reaction generates a hydroxyl ester eqn (1), excluding
the formation of polyesters, eqn (2). 
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Figure 1. Typical DSC spectrum of an epoxy/polyester powder
coating.
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1- Ring opening of an epoxy group together with
reaction with an acid group, leading to formation of a
hydroxyl ester.

2- Esterification reaction between an acid group and
the hydroxyl group formed in the previous reaction.

EIS
Figure 3 shows typical Nyquist plots for differently
pretreated powder coated samples, over various immer-
sion times in 3 % NaCl electrolyte. The plots show two
semi-circles (except for CPCC treated samples), with
two-time constants at frequencies of about 100-200 Hz
and 0.5-2.0 Hz, respectively. An equivalent circuit
model proposed by many authors [11-15] based on the
Nyquist plots for powder-coated samples is shown in
Figure 2. This model consists of the electrolyte resist-
ance, Rs, the coating capacitance, Cc, the coating resist-
ance, Rpf, the charge transfer resistance, Rct, and the
double layer capacitance, Cdl. The EIS data were inter-
preted based on proposed equivalent electrical circuits

using a suitable fitting procedure elaborated by
Boukamp program software [20]. The results of the
analysis and calculations of the impedance data (aver-
aged from five replicate specimens) are given in Figure 5.

Degreased Samples
The coating resistance of the differently pretreated
samples during 20 days of immersion in the electrolyte
is shown in Table 3. The coating resistance values are
varied from 9.3 * 108 (0.5 % PAA) to 2.6 * 109 (CPCC)
ohm.cm2, which shows that there is little change in the
coating resistance and possibly in the uniformity of the
films cross-linking. Mayne and Scantlebury [21-22]
showed that the solvent-based organic coatings are
almost heterogeneous in structure and that this is relat-
ed to the cross-linking within the film. Variation in the
coating resistance may be a result of heterogeneity in
the structure [23]. Therefore, it is suggested that the
cured powder coatings are more likely to be fully cross-
linked. Table 3 also shows that in comparison with the
literature [24], the coating resistance is high.  It appears
that there are no pathways for easy ion transport when
the coating resistance is high, whereas the low resist-
ance film had small pathways for easy ion transport. It
is considered more likely that the majority of any holes,
pores or voids that are probably the basis of conductive

Table 1. Pretreatments for the 1050 aluminium alloy.

No Pretreatment Pretreatment process for aluminium samples

1

2

3

4

5

6

7

Acetone degreased

Etched

De-smutted

CPCC

PAA

PAA+ H2ZrF6 (PZr)

H2ZrF6 (Zr)

Hand solvent cleaning in acetone using a soft brush.

(a) Acetone degreasing and (b) 5 min in 5% NaOH solution at 55 ± 5°C, distilled water rinsing and dry-

ing in warm air at 45-50°C.

(a) Acetone degreasing, (b) etching and (c) 3 min in 50% v/v HNO3 at ambient temperature, distilled

water rinsing and drying in warm air at 45-50°C.

(a) Acetone degreasing, (b) etching, (c)de-smutting and (d) 5-10 min immersion in 64 g/L H3PO4+ 9 g/L

Cr2O3+3 g/L NaF at 20 ± 1°C; distilled water rinsing and drying in warm air at 50°C.

(a) Acetone degreasing and (b) 30 min immersion in 5,10 and 20 g/L PAA solutions at 20 ± 1°C (dry in

place); drying in hot air at 140°C for 30 min.

(a) Acetone degreasing, (b) etching, (c)de-smutting and (d) 30 s in 1g/L PAA+1g/L H2ZrF6 solution at

20  ± 1°C (dry in place); drying in hot air at 140°C for 30 min.

(a) Acetone degreasing, (b) etching, (c)de-smutting and (d) 30 s in 1 g/L H2ZrF6 solution at 20 ± 1°C

(dry in place); drying in hot air at 140°C for 30 min.

RCOOH + H2C     CHR1

O
RCOOCH2CHR1

OH

(1)

RCOOH + RCOOCH2CHR1

OH

RCOOCH2CHR1 + H2O

OCOR
(2)
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pathway must be the result of incomplete cross-linking
of the polymer film.

From Figures 3 and 5, for the degreased substrates,
the first measurement (1day) clearly shows capacitive
behaviour with a parallel resistive component in excess
of 109 ohm.cm2, probably due to the polymer film [25].
With increasing immersion time (10 days), the radius
of the high frequency semi-circle decreased. The coat-
ing resistance values (Figure 1a) decrease during first
few days of immersion. It is considered that a decrease
in the coating resistance value may be due to the pene-
tration of water and movement of ionic species through
the coating layer, increasing the coating’s conductivity.
Initially, the electrolyte penetrates through the coating
layer, and sets up conducting paths at different depths
within the coating.

Further, a second semi-circle in the impedance
spectrum is observed at reduced frequencies, suggest-
ing [6, 26-27] that electrochemical reactions at the
interface between the coating and the metal surface are
progressing. At this stage, penetration is completed and
the electrolyte phase meets the metal/oxide interface
and a corrosion cell is activated. With increased immer-
sion time (25 days), the barrier properties of the coat-
ing decreased further; however, the radius of the second
semi-circle also decreased, suggesting an increase in
corrosion rate, possibly through the presence of further
pores in the coating or an increase in the area exposed
at the base of the existing pores or flaws. 

With increasing immersion time, a further increase
in the coating resistance was observed; suggesting that
pores within the coating layer were blocked [27] with

Figure 3. Impedance spectra of powder coated aluminium substrates with immersion time in 3% NaCl electrolyte.

(a) Degreased/powder coated samples. (c) 0.5 %PAA/powder coated samples.

(d) PZr/powder coated samples.
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(b) CPCC/powder coated samples.



corrosion products, and therefore the ionic movement
in the coating layer was impeded. With further time, the
coating resistance continuously decreased; however,
the radius of the second semi-circle also decreased,
again suggesting an increase in the corrosion rate pos-
sibly through the generation of further pores in the
coating or an increase in the exposed area of the exist-
ing pores or flaws.

The values of the coating capacitance increase dur-
ing the initial period of immersion due to uptake of
water; subsequently the capacitance remains almost
constant (saturation of the coating layer with water)
and after 20 days it increases further it. As partial
explanation this may arise from water accumulation
beneath the coating. 

The value of Cdl, which is related to the area of the
substrate in contact with the electrolyte because of loss
of adhesion, increases with immersion time, while the
Rct values, which are inversely proportional to the cor-
rosion rate, decrease. 

A high value of Rct (Figure 3c) for the degreased
sample indicates that the corrosion rate is relatively
low, during the first 20 days of immersion time. After
20 days, the charge transfer resistance decreased dra-
matically, suggesting an increase in the corrosion rate,
possibly through the presence of new pores in the coat-
ing or an increase in the area of the existing pores or
flaws. After 30 days, Rct increased. This is possibly due
to pore blocking with corrosion products. After 75
days, the value of the Rct decreased. The decrease of
charge transfer resistance and increase in double layer
capacitance indicate an increase in corroded area under
the coating as a consequence of progressive degrada-
tion.

CPCC Treated Samples
For the CPCC coated substrates (Figure 3b), the spec-
tra reveal capacitive behaviour and a resistive compo-

nent greater than 2 * 109 ohm.cm2. The coating resist-
ance decreased to some extent with increasing expo-
sure time, and reached a constant value after 25 days.
No damage or delamination was observed. It is evident
that the impedance values recorded for CPCC treated
samples are higher than impedance values obtained for
degreased samples, indicating the beneficial role of
chromium species affecting the overall coating resist-
ance.

CPCC contains insoluble hydrated chromium phos-
phate [28], which may act as an efficient barrier to cor-
rosion [29]. Cr(VI) may be included in the conversion
coating and is reduced at flaws [30] to Cr(III) to re-pas-
sivate any damaged surface. In the absence of pretreat-
ment, the substrate is active and the resistance is low
when corrosion occurs. In the absence of a passive
layer (CPCC) and the presence of under-film corrosion,
the coating resistance is low because of the processes
of ionic current flow on the surface due to the presence
of anodic and cathodic sites, ionic migration within the
film (electrolyte), localized film changes and electro-
osmotic movement of water [31]. Flaws, always pres-
ent in air-formed films, are important in localized cor-
rosion, and pitting [32]. The cathodic reactions proceed
at impurity segregates at residual flaws. The cathodic
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Table 2. FTIR Assignments of an epoxy powder coating prior

to and after curing [16].

b: broad, s: sharp, st: strong, m: medium,  w: weak  

Uncured powder Cured powder Assignment

3503                 b

2966           s  st

3000-2850     m

1720           s  st

1725-1700  s st

1570           s  m

1550              m 

1450           s  m

1408           s  st

1300-1200  s  st

1099           s  st

1016            s m

727           s  st

3495              b

3020             m

3000-2850 m

1722         s  st

1725-1700s   st

1570              m 

1550              m

1448        s   m

1416         s  m

1300-1200s  st

1100         s  st

1012        s  w

727        s  st

ν(O-H), hydrolyzed epoxide

ν(O-H), OH (acid)

ν(C-H), CH (aliphatic)

ν(C=O), on epoxide ring

ν(C=O), COO (acid)

νa(COO-), acid salt

COO-, H+, ionized form

δ(CH2), CH2

δHC(CO), CH-CO

CO-O-R, C-O, 

ν(C-O), aromatic (C-H)

ν(C-O)

δ(CH2),  -CH2-

Rs

Rpf

Cc Cdl

Rct

Figure 4. Equivalent circuit for the powder coated aluminium
alloy substrates.
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reaction is either reduction of oxygen or hydrogen gen-
eration. 

PAA Treated Samples
Figure 3c indicates the relatively poor barrier proper-
ties of PAA treated samples. This is due to the hydra-
tion of aluminium oxide at the water-rich interface
[33], with the water being replaced by aluminium
hydroxide and PAA-oxide bonds. 

It has been suggested [34] that hydrated aluminium
oxide decreases the stability of adhesive joints in pres-
ence of water. The coating layer may detach from the
metal substrates at the metal/coating interface due to
diffusion of both water and oxygen through the coating.
Water penetrates through the coating with time, and
reaches the coating/metal interface. Water may solvate
PAA molecules, resulting in a loss of adhesion. The
high hydroxyl ion concentration dissolves the alumini-
um oxide and the aluminium metal possibly attacks the
PAA molecules at the interface between the polymer

and the substrate.

PZr Treated Samples
From Figure 3d, for PZr treated samples, the spectra
are dominated by the capacitance of the coating, which
remained constant (other than for one sample) after
more than 50 days exposure to 3 % NaCl electrolyte. It
is clear that the impedance values recorded for PZr
treated samples are higher than the impedance values
obtained for degreased and PAA treated samples. Zr
and PZr pretreated samples reveal relatively good cor-
rosion performance over the first 50 days of immersion
in the electrolyte.  

It is proposed [35] that zirconium-based treatments
may protect the surface against the corrosive environ-
ment, by the reduction of anodic reactions over the alu-
minium surfaces; consequently the passivity of the
metal increases. The action of zirconium-based pre-
treatments and generation of pseudoboehmite films in
boiling water treatments, are considered to be similar

Figure 5. (a) Time dependence of coating resistance;(b) Time dependence of coating capacitance; (c) Time dependence of charge
transfer resistance and (d) Time dependence of double layer capacitance for powder coated Al samples with different pretreat-
ments during 150 days immersion in 3% NaCl solution.(  Deg;   5PAA;   10PAA ;   20 PAA ;    CPCC;   Pzr;  

* Zr.
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[35-38]. 
A further possibility is that when a polymer is pres-

ent in the conversion coating solution (e.g., for the zir-
conium-based pretreatments), it may act as a surfactant
and modify the conversion coating. It is suggested [39]
that PAA molecules assist in the production of a uni-
form conversion-coating layer on the surface.

CONCLUSION

- The powder coating curing process starts at approxi-
mately 150°C and terminates at about 250°C with a
heating rate of 10°C/min.

- EIS May be used for characterizing the corrosion
protection properties of coated metallic substrate. In
this way, the durability of the coatings can be predicted
before changes in the appearance of the coating are vis-
ible to the eye.

- EIS is a valuable test method for predicting the
durability of coatings.

- Relatively good performance of the powder coat-
ing is due to a high ohmic resistance of the coating
prior to and after saturation with water and the reason-
ably low water solubility of the powder coating.

- The degreased samples showed a better perform-
ance than PAA treated samples. However, CPCC treat-
ed specimens showed no visible change after comple-
tion of the test. PZr and Zr treated samples revealed
good performance over 60 days of immersion time.

Subsequently, their performance decreased, with the
samples behaving similarly to the degreased samples.
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Pretreatment
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1 Day 5 Days 20 Days
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2.5 * 109
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2.0 % PAA

PZr

Zr
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1.5 * 109
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1.7 * 109
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1.1 * 109

8.7 * 108
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