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Ab stract
The structure of the porous aluminium-oxide layer, which builds non-image areas, has the most significant influence on
the quality of final graphical product. This paper presents the results of the application of EIS in the characterisation and
detection of changes on the aluminium-oxide layer caused by chemical processing in highly alkaline solution. The
Al2O3 layer was characterised using SEM, fractal dimension and surface free energy calculation and EIS analysis. The
results of the investigation showed that chemical processing has a significant influence on the structure of aluminium-
oxide which could lead to a decrease in the quality of the printing plate. EIS enables the detection of changes on the alu-
minium-oxide layer. The two equivalent circuits are proposed. Based on modelling with the obtained EIS spectra, pre-
cise evaluation of developing time in which complete removal of the photoactive layer is achieved. This makes EIS a
powerful tool in optimizing chemical processing of lithographic printing plates.
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1. In tro duc tion

Offset printing is the main representative of litho-
graphy, determined by indirect transfer of printing ink
from the printing plate to the printing substrate.1 Selective
adsorption of printing ink on the printing plate is achieved
by the opposite surface properties of the image and non-
image areas. Image areas are made of organic coating,
which makes them oleophilic and hydrophobic while non-
image areas are built of aluminium-oxide, which makes
them hydrophilic and enables good adsorption of water
based fountain solution.2

Lithographic printing plates are usually made of alu-
minium foils. To improve the adhesion of fountain solu-
tion and photoactive coating in the printing process, the
aluminium foil is mechanically, chemically and electroc-
hemically processed (grained) to make a defined rough
surface.3–5 Anodic oxidation is performed after graining to
build a thin aluminium-oxide layer which consists of a
compact layer (barrier layer) and an outer porous layer.6

The printing performance and the durability of the prin-
ting plate are influenced considerably by the formed sur-
face structure of the aluminium foil.7–8 The aluminium
foil is after processing covered with a thin (2–3 μm) pho-
toactive layer.9

The plate making process consists of two processes,
exposure where the plate is irradiated by a defined light
source and developing process. The exposure must induce
a chemical reaction in the photoactive layer, which will
make it soluble (positive working) or insoluble (negative
working) in the defined solution (developer). The develo-
ping process must remove parts of the photoactive layer
completely, thus opening the processed aluminium foil
surface which builds non-image areas.10

Majority of photoactive layers used today use high
alkaline solution (pH ≈13) as a developer. Having in mind
the amphoteric character of aluminium-oxide it could be
assumed that the developing process could induce chan-
ges of the aluminium-oxide topography that may impair
the quality of printing plates. The developing process
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must therefore be conducted under strict conditions which
enable removal of the photoactive layer, but minimize the
influence on aluminium-oxide.

Electrical Impedance Spectroscopy (EIS) had al-
ready been used for the characterization of different po-
rous surfaces.11–16 This paper presents the results of EIS
application in determining the changes in the non-image
surface of the printing plate, caused by processing in defi-
ned developer. Influence of developing time on the surfa-
ce characteristics and the possibility to optimize this pro-
cess is investigated by observing differences in impedan-
ce spectra and proposed equivalent circuits.

2. Ex pe ri men tal

2. 1. Sam ple Pre pa ra tion
The printing plates used in this research are conven-

tional printing plates coated with positive diazo photoacti-
ve layer, which are used in the conventional and the Com-
puter to Conventional Plate making system. Both of these
plate making processes include developing of the plate in
an alkaline solution. The aluminium foil was processed
according to prior reported process,4–7 including a two
step anodic oxidation. In the first step the foil is cathode,
while in the second step it is anode.

Samples of printing plates were exposed with the
PlurimetalEXPO74 unit equipped with a 3.5 kW metal-
halide lamp for 60 pulses (the unit measures the pulse en-
ergy and compensates the reduction of lamp intensity over
time). After exposure, samples were developed in the so-
lution of 0.2 mol L–1 NaOH. Developer was prepared by
dissolving NaOH p.a. crystals in distilled water (INA, ISO
9001, ISO 14001, OHSAS 18001). Seven samples of prin-
ting plates were prepared by extending the developing ti-
me from 5 to 29 seconds with the difference of 4 seconds.
Samples were noted as S1– S7, where the higher index
number signifies longer developing time. In order to eli-
minate the influence of temperature and saturation of de-
veloper, all samples were developed at temperature of 25
± 0.1 °C in freshly prepared developer. After the develo-
ping process all samples were washed in distilled water.

2. 2. Mea su ring Met hods and Equip ment

EIS measurements of printing plates were perfor-
med by the Princeton Applied Research VersaSTAT3 po-
tentiostat in a standard three electrode electrochemical
cell. The electrochemical cell consists of saturated calo-
mel electrode (SCE), graphite counter electrode and wor-
king electrode (plate samples). The measurements were
conducted in accordance with the procedure detailed in
the previous research.13–15,17–18 The samples of 16 mm dia-
meter were fixed in sample holder and immersed in unstir-
red, aerated solution of 0.2 mol L–1 concentrated K2SO4.
The sample area which was in contact with the solution

was 1 cm2. EIS spectra were measured within the 100 kHz
–10 mHz frequency range at open circuit potential. The
amplitude of excitation voltage was 10 mV. The results of
the measurement were further analysed by the EChem
Software’s ZSimpWin 3.21 software, which enables the
modelling of EIS spectra with desired equivalent circuit.19

SEM micrographs of investigated samples were ob-
tained with JEOL JSM-6460 scanning electron microsco-
pe. To assure uniform electrical properties of the samples
and to avoid charging/discharging of the aluminium-oxide
surface, the plate samples were gold coated by the Baltec
SCD 005 sputtering unit.

Estimation of the fractal dimension of the SEM mi-
crographs was made using the Gwiddion image analysis
software. This software enables image correction and the
calculation of fractal dimension using various methods.

Surface free energy of the investigated samples was
determined indirectly by measuring contact angle of stan-
dard liquids with known surface tension values (Table 1). 

Table 1: Surface tension of the standard liquids

Liquid Surface Surface Surface The author
tension tension’s tension’s of surface 
(mN/m) dispersive polar tension 

part part value
(mN/m) (mN/m)

Redistilled 72.8 21.8 51 Ström et al.22

water, 
γ = 2.0 
μS cm–1

Glycerol 64 34 30 Van Osset al.23

Diiodo- 58.8 50.8 0 Strömet al.22

methane

Calculation of the surface free energy was done us-
ing Owens, Wendt Rabel and Kaelbe method (OWRK)
which enables determination of polar and dispersive part
of surface free energy.20 This method is recommended
when analysing surfaces similar to the printing plate.21

Measurement of the contact angle was performed by Da-
taphysics’s OCA30 goniometer. The contact angle was
determined using the Sessile drop method. Analysis of the
liquid drop was performed by Dataphysics’ SCA20 soft-
ware using ellipse/Laplace-Young fitting depending on
the drop shape.

3. Re sults and Dis cus sion

The micrographs presented in Figure 1 show the
structure of aluminium-oxide surface. In Figure 1a large
dark areas can be seen, which were caused by the incom-
plete removal of the photoactive layer. The amount of dar-
ker areas is decreasing with the increase of the developing
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time (Figures 1b and 1c) to complete disappearing. The
structure of the aluminium-oxide seen in Figures 1d-1g is
characterised with relatively large and shallow pores with
present self similarity (fractal structure). One could see in
Figures 1d–1g structures without self similarity. These
structures probably originate from dissolved impurities
which are likely to have been built in the aluminium-oxi-
de layer during anodic oxidation. 

Results of the surface free energy calculation are
shown in Figure 2. Dots in the diagram represent measu-
red values and lines present polynomial fit.

One could see that surface free energy is increasing
to the developing time of 17 seconds (S4). A further in-
crease in the developing time results in lower values of the
surface free energy (Figure 2). Furthermore, the change of

value of surface free energy is influenced more by the
change of its polar part than its dispersive part.

The aluminium-oxide surface is polar, so the increa-
se of the polar part of surface free energy is the conse-
quence of the removalof organic compound (photoactive
layer) off the aluminium-oxide surface. After reaching the
highest value, surface free energy decreases its value due
to the smoothening of the surface caused by the dissolu-
tion of aluminium-oxide.

Fractal dimension was determined on SEM micro-
graphs at magnification 5000× as previous research sho-
wed its independence on magnification.24

Previous research proved that fractal dimension can
give an insight into the surface texture as there is a high
correlation factor between the fractal dimension and
roughness parameters.25 The correlation between the re-
sults of the fractal dimension and the surface free energy

Figure 1: SEM micrographs at magnification 5000×
a) S1, b) S2, c) S3, d) S4, e) S5, f) S6 g) S7

Figure 2: Surface free energy values (SPE), its dispersive (d) and
polar (p) part of investigated samples

Figure 3: Fractal dimension (D) and surface free energy (γ) of in-
vestigated samples

a) b)

c) d)

e) f)

g)
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can indicate the influence of surface texture on the surface
free energy value. 

The value of the fractal dimension increases by ex-
tending the developing time of the printing plate until
reaching the highest value at the developing time of 13 se-
conds. This behaviour suggests that the aluminium-oxide
surface is partly covered with photoactive coating at lower
developing times. After dissolving the photoactive layer,
the developing solution starts dissolving the aluminium-
oxide and thereby flattens the surface of the printing plate,
i.e. the fractal dimension decreases. 

Correlation between the surface free energy values
and the fractal dimension is very high in low (5–13 s) and
the high (21–29 s) developing time with correlation coef-
ficients (calculated using Pearson method) of 0.999 and
0.977, respectively. A small decrease in the correlation
between the high and low developing time, as well as the
difference at S4 (17 s) could be the consequence of measu-
ring method resolution. It should be noted that the fractal
dimension has resolution to the nano-scale while droplets
at contact angle measurements are micro-scale. The diffe-
rence in the resolution enables the fractal dimension to de-
tect even the smallest artefacts in the aluminium-oxide la-
yer, which are seen in SEM micrographs (Figures 1d–1g).

Results of EIS are shown in Figure 4. One could see
that value of the impedance is decreasing with the increa-
se of the developing time.

The obtained results of the EIS measurements were
modelled using two types of equivalent circuits shown in
Figure 5. 

These proposed equivalent circuits are based on pre-
vious researches induced by aluminium-oxide proper-
ties.16,18,26–27 The CPE element was introduced instead of
the simple capacity to allow changes in the porous layer
due to the interaction with the processing solution. The im-
pedance of a constant phase element (CPE) is defined as:

ZCPE= [Q (jω)n]–1 (1)

where Q is the frequency – dependent element and is a
combination of properties related both to the surface and
the electroactive species. The exponent n is related to a
slope of the log Z vs. log f in Bode plot, i.e., to the phase
angle θ by the relationship n = 2θπ–1; j = (–1)0.5. ω is the
angular frequency. The parameter Q (snΩ–1 cm–2) can be
converted into capacitance C(sΩ–1 cm–2) when 
n < 1, which is especially important when experimental
data are used to determine quantitatively system parame-
ters such as thickness or dielectric constant.

Figure 5: Equivalent circuit a) Ladder type circuit, b) closed pore
model where: Re – electrolyte resistance, Rp – pore resistance, Rb –
barrier layer resistance, Rpw – pore wall resistance, Ri – resistance of
the intermediate layer, Qp – pore CPE element, Qb – barrier layer
CPE element, Qpw – pore wall CPE element

The modelling showed good fitting of the closed po-
re model equivalent circuit on the samples S1– S3 while
Ladder type equivalent circuit was used on other samples.
The use of the closed pore model is appropriate when the
developing time is not long enough to dissolve the pho-
toactive layer in the pores of the aluminium-oxide layer.
The Ladder type equivalent circuit could be used for fitting
when the photoactive layer is removed from the pores.

Figure 6 shows diagrams of modelling results of im-
pedance data measured on S1–S3 with the closed pore mo-
del (Figure 6a) and S4–S7 with the Ladder equivalent cir-
cuit (Figure 6b). The points in diagrams represent measu-
red values, and lines represent calculated values. 

The values of EC parameters calculated by the mo-
delling of EIS results with the proposed equivalent cir-
cuits on the investigated samples are presented in tables 2
and 3. 

It can be noticed that the values of the Ri and Rp pa-
rameters are decreasing with the extension of the develo-
ping time. The parameters connected with the barrier la-

Figure 4: Nyquist diagrams of impedance spectrum measured on
investigated printing plate samples

a)

b)
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yer (Qb and Rb) are nearly constant on the investigated
samples. These results confirm the assumption that the de-
veloping solution starts to dissolve the porous layer of alu-
minium-oxide when the photoactive layer is removed
from its surface.

Table 3: EC parameters calculated using the Ladder type circuit

Sample
S4 S5 S6 S7

Re (Ω cm–2) 15.9 11.8 11.0 10.5
Qp
(Ssn cm–2) 1.1 10–7 1.6 10–7 1.2 10–7 4.5 10–7

np 0.96 0.80 1.0 0.97
Rp (Ω cm–2) 3.3 104 1.6 104 4.1 103 2.7 102

Qb
(Ssn cm–2) 1.6 10–7 2.9 10–7 3.5 10–7 3.6 10–7

nb 0.70 0.80 0.69 0.97
Rb (Ω cm–2) 1.2 107 1.4 107 6.2 107 2.6 107

As the models present a parallel connection of the
resistance and the CPE element, it is possible to calculate
the capacitance of double layer:28

Formula 
(2)

whereCdl is the capacitance of double layer, Q and Rct and
n are the values of the parameters in the R–Q parallel con-
nection. 

Figure 7 shows the dependence of pore resistance
(Rp) and pore capacitance Cp on the developing time. It is
evident that the pore resistance continuously decreases
with the extension of the developing time. The decrease of
resistance value is substantial in the lower developing ti-
mes (5–13 s), but it continues to drop to the lowest value
at the developing time of 29 s. On the other hand, Cp is
slightly decreasing till the developing time of 25 s.

The decrease of the pore resistance is probably cau-
sed by opening the pores after the removal of the photoac-
tive layer, which has a compact structure. When the pho-
toactive layer is removed, there are two possible mecha-
nisms, the absorption of water to create hydrated alumi-
nium-oxide29–30 and the filling of the pores with electroly-

Figure 6: Nyquist plots of modelling with a) closed pore model, b)
Ladder type circuit

a)

b)

Figure 7: Pore resistance (Rp) and pore capacitance (Cp) depending
on developing time

Table 2: EC parameters calculated using the closed pore model

Sample
S1 S2 S3

Re(Ω cm–2) 17.7 10.7 10.0
Qw(Ssn cm–2) 6.7 10–8 2.2 10–7 2.6 10–7

nw 0.80 0.88 0.95
Rw(Ω cm–2) 8 1010 1.1 109 3.6 109

Ri(Ω cm–2) 1.1 105 9.7 104 5.7 104

Qp(Ssn cm–2) 2.6 10–7 2.1 10–7 2.6 10–7

np 0.80 0.66 0.80
Rp(Ω cm–2) 6.2 107 1.5 106 9.6 104

Qb(Ssn cm–2) 2.6 10–7 2.3 10–7 1.0 10–7

nb 0.80 0.99 0.85
Rb(Ω cm–2) 1.2 106 2.1 107 1.5 107
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te when pores are open. This effect is dominant in the lo-
wer developing time. The pore resistance value decreases
rapidly in the lower developing time (5–17s), after which
decrease of the resistance value is slight. This behaviour
could be attributed to the change of the dominant mecha-
nism influencing pore resistance. The first high pore resi-
stance is probably the result of the pores partially filled
with the photoactive layer. After the complete removal of
the photoactive layer, the developer is dissolving alumi-
nium-oxide layer, causing the deterioration of its surface.
The decrease in capacitance is probably caused by the ab-
sorption of water into the aluminium-oxide structure
which is also seen in the decrease of the resistance value.
The increase of the Cp value on the sample S7 could be the
consequence of the dissolution of aluminium-oxide,
which probably causes the increase of micro roughness,
also seen in the increase of the fractal dimension.

4. Conc lu sions

This research was made to evaluate the use of EIS in
detecting surface changes of the non-image areas of the
printing plate, induced by the developing process. Alt-
hough the developing process should not have any inf-
luence on the quality of the printing plate, the amphoteric
character of aluminium-oxide indicates that it could be
dissolved by a high alkaline developer.

The results have proven that the surface structure of
aluminium-oxide changes with the alteration of the deve-
loping time. If the developing time is too short, the re-
mains of the photoactive layer causes lower surface free
energy and its polar part, probably resulting in a worse ad-
sorption of fountain solution in the printing process. The
longer developing time causes dissolution of the alumi-
nium-oxide and smoothening of the surface, which also
results in a lower adsorption of fountain solution.

The obtained impedance spectra were successfully
modelled with the proposed equivalent circuits correspon-
ding to the anodized layer with closed pore, including an
intermediate layer, and to the open pore structure. As the
developer used for processing of the printing plate was
fresh, the intermediate layer probably presents the re-
mains of the photoactive layer. The change of the appro-
priate equivalent circuit model indicates the developing ti-
me in which photoactive layer is completely removed
from the non-image areas. In addition, the behaviour of
pore resistance and capacitance corroborate proposed
mechanisms which occur in the developing process after
the removal of the photoactive layer, the degradation of
surface roughness induced by dissolution of the alumi-
nium-oxide and water absorption in the pores resulting in
a sealing process.

In conclusion, it can be stated that EIS has proved to
be a powerful tool in detecting structural change of the
porous aluminium-oxide layer caused by the developing

process enabling precise determination of the optimal de-
veloping time which would result with high quality prin-
ting plate, consequently final printed product.
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Povzetek
Struktura porozne plasti aluminijevega oksida, ki predstavlja t.i. tiska prosto povr{ino ima pomemben vpliv na kvalite-
to tiska. Delo predstavlja uporabo impedan~ne spektroskopije (EIS) v namene detekcije strukturnih sprememb
povzro~enih pri kemijski obdelavi povr{ine v mo~no alkalni raztopini. Strukturne spremembe plasti aluminijevega ok-
sida, nastale v procesu delovanja razvojnega medija na povr{ino smo razlo`ili {e z uporabo SEM, fraktalne analize in
merjenjem povr{inske energije. Analize so pokazale, da ima proces kemijske obdelave tiskarske plo{~e bistven vpliv na
kon~no kvaliteto le-te. S pomo~jo EIS lahko uspe{no predvidimo spremembe v plasti aluminijevega oksida. Uporabili
smo dva razli~na tipa nadomestnega elektri~nega vezja. Na osnovi le-teh smo lahko natan~no predvideli optimalni ~as
razvijanja pri katerem je bil foto-aktivni film odstranjen v celoti. Vse to daje velik pomen uporabi EIS v namene opti-
mizacije kemijskega procesa v postopku priprave litografskih tiskarskih plo{~.


