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Abstract The porous structure of the aluminium oxide
surface of lithographic printing plate (PP) has a most
significant influence on the quality of the imprints. This study
presents the results of application of electrochemical imped-
ance spectroscopy (EIS) in characterization of PPs' porous
structures and their changes during chemical processing.
Two common PP types—thermal and conventional—were
investigated. The influence of the processing solution’s
working age on topographical changes of PP surface and
associated change in the impedance spectra are investigated
and discussed. The equivalent electrical circuit models
reproducing the observed EIS spectra are proposed. Based
on these models two mechanisms of surface’s topography
changes responsible for degradation of PP performance due
to the processing are identified and discussed.

Keywords Printing plate - Aluminium oxide - Anodic film -
Pore sealing - Porous structure - EIS

Introduction

Aluminium surface suitable for use as a lithographic
printing plate (PP) consists of two different areas: ink-
receptive image areas, which carry a photosensitive coating,
and fountain solution-retaining non-image areas (aluminium
oxide film). In order to improve the fountain solution
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adhesion on the aluminium oxide film and to enhance the
adhesion of the photosensitive coating during the printing
process [1, 2], the aluminium foil needs to be roughened by
electrochemical processes of graining and anodic oxidation
[3-6]. These processes ensure the formation of specific
anodic layer on the aluminium foil which consists of a thin
nonporous compact oxide layer (barrier layer) and an outer
extremely porous oxide layer. Size and quality of the grained
microstructure, i.e., of the porous layer will influence the
printing performance and durability of the PPs [7, 8].
Consequently, the porous structure of the lithographic PP
has a most significant influence on the quality of the imprints
because the adsorption of the fountain solution on the
nonprinting elements prevents the adsorption of printing ink
on those areas during reproduction process.

The photoactive coating, after exposure in the PP
making process, becomes soluble in the alkaline solution.
Alkaline solution (pH~13) mainly based on sodium or
potassium hydroxides is used to remove this coating from
nonprinting parts of the PPs, supposedly without signifi-
cantly affecting the structure of the aluminium oxide layer.
Nevertheless, the amorphous structure of the aluminium
oxide can be affected by such chemical processing [9],
inducing changes that impair the quality of the PP. The
extent of these undesirable effects presumably also depends
on the working age of the processing solution. The
immersion of the aluminium oxide porous layer into the
alkaline solution as required by processing technology
could change the topography of the porous layer and
consequently result in degradation of the PP performance.
This kind of structural changes influencing the functional
properties of the PPs could occur as a consequence of
(pore) sealing process [9]. Hence, as the adsorption, i.c., the
technological performance of a PP, depends on the porosity
of aluminium oxide structure, characterization of this
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porous structure and estimation of processing influences are
of considerable interest and technological importance.
Although the successful application of electrochemical
impedance spectroscopy (EIS) for characterization of
different porous surfaces showing good and reproducible
results has been reported previously [10—-14], so far EIS has
not been used for the characterization or quality control of
the lithographic PPs.

In this study, we present the results of application of EIS
in characterization of PPs’ porous structures and propose
models of the equivalent electrical circuits reproducing the
observed EIS spectra. The influence of processing solu-
tion’s age on topographical changes and associated change
in impedance spectra are considered and discussed.

Experimental details
Materials

The lithographic PPs used in this study are 0.3-mm-thick
AA1050 aluminium foils (also containing 0.05-0.25% Si,
0.30-0.40% Fe, 0.10-0.30% Mg, max 0.05% Mn, and max
0.04% Cu, [15]) comprising two different areas: ink-
receptive image areas, which carry a photosensitive coating,
and fountain solution-retaining non-image areas (aluminium
oxide). For technological purposes [2, 16, 17], the foil’s
surface is roughened by electrochemical graining and anodic
oxidation [1]. Surface structure differences and roughness of
the non-image areas of the PP depend on PP type and are a
result of different manufacturing methods, which include
chemical and electrolytic graining processes as explained in
the literature [1, 3-5].

In this study, we have used samples of two PP types:
thermal printing and conventional PPs, which are designated
by letters A and C, respectively. The thermal PPs were Agfa
Thermostar P970, and the conventional PPs are Cinkarna
Kemolit PO7.

Preparation of the samples and test procedure

The reference samples (hereafter designated A0, and CO0)
which were used in the experiments were “raw” PP
aluminium foil, i.e., subjected only to graining and
anodization [3—6] but without any post-processing. Other
samples, initially identical to the reference samples,
following the standard procedures, were firstly exposed to
defined irradiation (samples A, infrared [IR] laser; samples
C, ultraviolet [UV] exposure), and then processed in order
to chemically remove the photosensitive coating from the
non-image areas of the PPs. The removal was achieved by
chemical processing in alkaline solutions (pH~=~13) [18, 19]
prepared according to the standardized procedure [16, 17].
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Each PP sample was processed at the solution temperature of
22+3 °C, processing speed in the range of 0.9-1.3 m/min and
the processing time (duration of the PP immersion in the
alkaline solution) of 22+4 s.

To assess the influence of working age of the solution
used for chemical processing on the topography of PP
surface the chemical processing of initially identically
prepared samples was carried out in alkaline solutions of
different working age: from freshly prepared solution
(sample designated Al, C1) up to 84-h-old solution (A8,
C8). Quality control of all PP samples was compliant to the
graphic technology standards [16, 17], and conducted after
the processing. The influence of solution working age on
processing was checked on samples selected at 12-
h intervals of solutions usage. The process of selecting
and analyzing the plates was terminated after the selected
PP did not comply any more with the demands of the
pertinent quality standards.

Test method and equipment

EIS measurement of the PPs were performed by the
immersion of the samples in unstirred, aerated 3.5% (w/w)
K,S0, solution at 30 °C, according to the procedure detailed
in Refs. [8, 12-14, 16, 17, 20]. The area of the samples
exposed to the solution was 1 cm®. The electrochemical cell
consisted of Ag| AgCl reference electrode, platinum counter
electrode and working electrodes (anodized aluminium
sheet). Electronic equipment comprehended an EG&G
Lock-in-amplifier Type 5210 in combination with an
EG&G Potentiostat/Galvanostat Type 263 A at an open
circuit potential. EIS spectrum was measured over the
frequency range of 10 mHz to 100 kHz under controlled
potentionstatic conditions. Capacitance and resistance
data were obtained by software PowerSine EIS Software
Equivalent Circuit [21] and the equivalent circuits’ fits to
the experimental data were accomplished using PAR
ZSimp software [22].

SEM micrographs of the investigated samples were
obtained with JEOL JMS T300 scanning electron
microscope. To ensure the uniform electrical properties
and to avoid the charging/discharging of aluminium
oxide surfaces, the aluminium plate samples 5x5 mm
were gold-coated (>30 nm thick) by magnetron sputter
SC7620 Quorum Technologies, Polaron.

The roughness parameters were measured by electrome-
chanical profilometer Perthometer S8P (Mahr GmbH,
Gottingen) with a diamond stylus of 2 um radius. During
the measurement, the stylus was moved at a constant speed
across the samples with a measuring force of 0.4 mN.

The estimation of fractal dimension of the SEM images
was carried out using Fractal3e analysis software [23] using
the methods described previously [24].



J Solid State Electrochem (2012) 16:1077-1089

1079

Results and discussion
SEM

The SEM micrographs presented in Fig. 1 show structures
of the aluminium oxide surfaces of the reference, untreated
PP samples of thermal and conventional PP types at
different magnification. The untreated (reference) samples
of thermal and conventional PP are designated A0 and CO,
respectively. It can be seen that the aluminium oxide
surfaces of the respective reference samples are character-
ized by dissimilar, inhomogeneous microstructure. These
different structures are a consequence of different electro-
chemical graining procedures applied in the production as
described elsewhere [1, 3, 4].

The surface structure of the A0 sample is relatively flat
without any pronounced peaks containing numerous dense-
ly packed and relatively shallow oval pits whose size is less
than 10 wm. A higher magnification reveals rather sharp pit
edges. The surface of the CO PP is more granular,
characterized with deeper almost circular pits/pores of
different sizes separated with connected ridges and peaks.
At higher magnification, smaller microstructures contained
within the wider pits can be noticed. In average the surface
is significantly rougher than that of sample A0. This is also
corroborated with the values of the respective profilometric
parameters listed in Table 1.

The definitions of the listed parameters are as follows: R,,
average surface roughness; R, mean value of leveling
depths (distances between highest peak and reference line);
R., mean value of single roughness depths and R,,,,/R. ratio
providing information about the shape of the surface profile,

can be found in the pertinent standard and literature [24, 25].
In this study, it is noteworthy that the higher values of the
Rpn/R. ratio correspond to “spikier” surface roughness
profile, while the lower values correspond to more rounded
and flat profiles. Although there are significant differences in
the values of roughness parameters the small difference in the
Ryn/R: ratio indicates that the shape of the surface profile of
two PP types is similar. This is corroborated with practically
identical values of the corresponding fractal dimensions D
(A0)=2.41 and D(C0)=2.39. Further and more detailed
analysis of roughness parameters and their changes with
processing are outside the scope of this study.

In Fig. 2, SEM micrographs of PP samples chemically
processed in alkaline solution of different working (usage)
age are presented. Al and CI1 correspond to the samples
processed in a freshly prepared solution; A7 and C7 were
processed with the solution of 72 h working age; while
samples A8 and C8 were processed in an 84-h-old solution.
After the selection of A8 and C8 PP samples, other samples
selected at latter times of solution usage, i.e., higher
working age did not comply any more with the require-
ments of the pertinent PP quality standards.

The comparison of SEM micrographs of unprocessed
(Fig. 1) and processed samples depicted in Fig. 2 shows
that the processing causes significant changes of the surface
structures of both PP type samples. With processing, the
structure of A samples becomes more homogeneous, and
the size of pits decreased but they remained isolated and
unconnected. The pores became shallower and the walls
thicker, without sharp edges. Microstructure of this sample
(A1) is more uniform than that of the reference sample (A0)
and it is dotted with smaller pits separated by connected

Fig. 1 SEM micrographs of the reference plate samples A0 (thermal PP) and CO (conventional PP), at magnification x1,500, x3,500 and x7,500,

respectively
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Table 1 Profilometric parameters of reference and treated samples

Parameter (stylus) Reference (untreated) sample Processed sample

A0 Co Al Cl
R, (um) 0.59 1.13 052 078
Ry (i) 1.66 3.50 145 211
R. (tm) 4.54 8.76 402 554
Ron/R- 0.37 0.40 036 038

ridges. These changes are reflected in decreased values of
roughness parameters of sample A1 with respect to those of
A0 (see Table 1). Analysis of SEM images of samples
processed in aged solutions (A7 and AS8) reveals a
practically complete disappearance of peaks, significant
sealing of pores and occurrence of plateaus/terraces of
redeposit material. Decrease in roughness involving dimin-
ishing of deep pits and formation of plateaus dotted with
small pores can be clearly seen. Such topography could be
the result of dissolution of sharp peaks and sealing of pores
with dissolved material, and/or deposition of the material
from the solution that has been used for a long time.
Considering the SEM images of conventional PPs, it
can be seen that processing even in fresh solution results
in significant closing of initially relatively deep and
narrow pores (cf. Fig. 2, Cl). In comparison to the
reference (untreated sample), the surface is significantly
more homogeneous and flat, which is also reflected in
significant reduction of roughness parameters. The results

20 DOCO bby

cl1

of processing with “older” solutions results in what seems
to be less homogenous and somewhat granular surface (cf.
Fig. 2 C7). Processing in yet older solution results in
surface topography characterized by shallow pits sur-
rounded with broader, connected flat ridges but with no
visible terrace-like structures (C8).

In general, chemical processing of PP causes various
microstructural changes in the topography of porous alumin-
ium oxide layer. These changes depend on the age of
processing solution and eventually lead to degradation of the
surface structure from its original-optimal roughness. The
resulting changes illustrated here, depend on PP type and have
been previously quantified by different roughness measure-
ments techniques and fractal analysis of SEM images [24].
However, although they provide valuable information on
change of the surface topography and correlations between
profilometric and EIS parameters and the corresponding
fractal dimension, these analyses [26, 27] did not consider
the possible mechanisms causing the observed changes.

On the other hand, the processing in an alkaline solution
influences and changes the dielectric properties of the
aluminium oxide surface of a PP and results in changes of
the corresponding impedance spectrum thus providing
additional means of characterization of topographical
changes of PP surface.

EIS

Considering the structure of specific anodic layer on the
aluminium foil, which consists of a thin nonporous compact

Fig. 2 Printing plate samples processed in alkaline solution of different working age: freshly prepared solution (Al and C1); 72 h (A7 and C7)

and 84 h (A8 and C8). Magnification x5,000
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oxide layer (barrier layer) and an outer extremely porous
oxide layer, we arrive at physical model of the interface.
The pores extending from surface to the barrier layer are
separated by pore walls and filled with electrolyte/process-
ing solution. This situation corresponds to the simple open
pore model. During the processing, the possible mecha-
nisms influencing the surface roughness and interface
structure are dissolution and (in case of multiply used of
solution) possible re-deposition of dissolved material from
the solution. The dissolved material may partially or fully
fill the pores and form an intermediate layer on the surface.
Such situation is described by the (partially) sealed pore
model.

Rough schematics of the general interface structure
corresponding to the described physical model with super-
imposed corresponding equivalent circuit (EC) model(s)
used in this study are depicted in Fig. 3. Similar models
were used previously for the description and study of
porous oxide layers [11, 29-35].

From these general models, simplified models adequate
for description of open pore can be readily derived. The
results of EIS measurements and equivalent circuits
modeling performed on the reference samples of the
thermal PP (AO) and the conventional PP (CO) are
presented in Figs. 3 and 4. According to the de Levie

EC model: RCCR(R(CR))(CR)
J_ Re(CouRou(RIC,RINCa Ra)

Re

The sealed pore model (1)

Ri  Intermediate - redeposited layer
M,

At oimmasnn yayt *

Barrier layer

theory [28], the shape of recorded Nyquist plot for A0
sample, i.e., almost perfect semicircle (lower curve in
Fig. 4), corresponds to a surface structure with shallow
pores, while that of CO sample—a somewhat skewed/
compressed semicircle (upper curve in Fig 4)—corresponds
to a surface with deep pores. This is in agreement with the
surface structures revealed in SEM micrographs of the
reference samples (cf. Fig. 1).

Figure 5a and b shows the corresponding Bode (phase
and modulus) plots of the measured and modeled data for
the reference samples A0 and CO, respectively. The moduli
vs. frequency curves exhibit the behavior typical for open
porous structure. However, occurrence of a very small dip
in the phase angle curve at moderate frequencies observed
for the A0 sample could be interpreted as a sign of a
slightly partially sealed porous structure: A pronounced dip
in the phase angle curve at moderate frequencies is a
characteristic corresponding to the partially sealed structure.
Such dip is absent in the phase Bode plot corresponding to
the conventional PP, indicating completely open pores
clearly seen in the SEM micrographs.

The calculated data shown in Figs. 4 and 5 indicate that
the measured EIS data for both samples can be well
modeled with the equivalent circuit of a Voigt type R(OR)
(OR), containing two capacitive loops (Fig. 6a). Such

EC model: R{CR(R(CR)(CR)))
Re(CouRouR{CR(Co ReU))

The sealed pore model (2)

Barrier layer

Ra — Gu

Fig. 3 Schematics of the interface structure with superimposed EC corresponding to two closed pore models used in the investigation
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a) b)

B

R2 R3

R1
R2 R3

Fig. 6 a Equivalent Voigt type circuit R(OR)(CR), corresponding to
the simplified physical model of an open pore structure. b
Corresponding ladder type circuit R(Q(R(CR))). R; solution resistance,
R, pore electrolyte and intermediate layer resistance, Q constant phase
element, C capacitance, R; resistance of the barrier layer

layer [11, 33-35] depicted in Fig. 6b. This simple open pore
EC is derived from the general sealed pore model depicted
in Fig. 3 by removing the intermediate layer and assuming
that the resistance of the pore wall is very high in
comparison to the pore resistance.

However, for both models instead of the simple
capacitance in the pore branch of the ECs we have
introduced a constant phase element (Q) to include the
possible effects of fractal nature of the considered structure
[27]. The impedance of a constant phase element is given
by:

1

20) = o7

where w is the frequency and # is the frequency dispersion
parameter related to fractal dimension of the structure.

The values of the EC parameters obtained by best fit to the
experimental data of AO and CO samples (cf. Figs. 4 and 5)
are presented in Table 2. The values are rounded to
significant digits.

The values of the EC parameters of a simple open pore
model corresponding to A0 and CO samples, obtained from
the fit to the experimental data point to slight differences
between the two PP types. In particular, the differences in
the pore resistance and resistance of the barrier layer
indicate that the conventional PP has narrower pores and
somewhat thicker barrier layer. The difference in the
exponent 7, of the constant phase element O indicating

Table 2 Values of EC parameters for the simple open pore models

Sample A0 Cco

Model Simple open Simple open
Parameter pore R(OR)(QR) pore R(OR)(QR)
X2 9.124x107° 1.655% 1072
R (Q cm?) 17.5 22

Cy/Op (F cm 2)/(S s" cm ?) 2.1x107° 9.5%107°
ny 1 0.63

R, (© cm?) 112 489

Cy/Op (F cm /(S s" cm ?) 6.6x1077 5.2x1077
y 0.89 0.94

Ry, (Q cm?] 42x10° 6.1x10°

the difference in the fractal dimensions of the surface/pore
structures between the PP types is probably too high. That
is, based on the value of fractal dimension determined from
corresponding SEM images (D=2.4 for both samples,
implying n~0.72), one would expect smaller difference in
n, between the samples. This greater difference may result
from errors in fit or indicate the slight influence of some
other process e.g. semi-infinite diffusion.

Generally, the processing of PPs should not have adverse
effects on its surface structure, i.e., not impair its perfor-
mance. However, the structure of the PP surface does
change in processing and this change is related to the
working age of particular processing solution. SEM micro-
graphs show that in comparison with untreated samples the
change of surface structure is more pronounced after
processing in aged solution (cf. Fig. 2). The Bode plots
obtained by EIS for PPs processed with freshly prepared
solution are depicted in Fig. 7. By comparing these plots
with those of the reference samples (Fig. 5), it can be seen
that the processing with freshly prepared solution indeed
affects the surface pore structure. The change in
corresponding Bode plots is not so much qualitative (i.e.,
in shape of curves) as it is quantitative. The influence of
processing is more pronounced in thermal PP. The largest
difference between the PP types and their response to the
processing is manifested in significant (one order of
magnitude) decrease in impedance modulus of the
thermal PP at low frequencies, accompanied by decrease
in magnitude of the phase angle in the intermediate
frequency range.

The observed changes in EIS data due to processing in
freshly prepared solution can be more or less satisfactory
modeled by the simple open pore EC depicted in Fig. 6.
However, much better agreement with the measured EIS
data is obtained using the model of partially sealed or
closed pore (Fig. 7). We have investigated two possible
models for a closed pore structure depicted in Fig. 3. These
slightly more complicated models were developed from the
basic open pore model R(Q(R((CR))) depicted in Fig. 6b.
Slightly better performance, i.e., compliance with experi-
mental data was achieved with the (partially) sealed pore
model (2). This is a R(CR(R(OR)(QR))) model depicted in
the Fig. 8. Here, aside from including the pore wall
capacitance and resistance into the EC, another resistance
(R,) was introduced to take into account formation of an
intermediate layer on the surface of the porous layer formed
by the deposited material from the solution. In addition, to
allow for the changes in the barrier due to the interaction
with the processing fluid, a CPE element was introduced
instead of the simple capacity.

The fitting procedure for such relatively complex model
could be demanding, and sometimes a good fit to
experimental data can be obtained with values of parame-
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Fig. 7 Bode plots of measured a)
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ters that are physically unrealistic. To avoid such pitfalls, in
fitting procedure we have limited the range of some
parameters to physically realistic values obtained from
calculations and/or physical considerations. For example,

Cpw

R1 II II
R2
Rp R3

Fig. 8 Equivalent circuit R(CR(R(OR)(QR))) corresponding to the
physical model of porous structures with partially sealed pores. R;
solution resistance, R, resistance of the intermediate layer (pore
cover), R; barrier resistance, O constant phase element. Subscripts “p”
and “pw” indicate quantities corresponding to the pore and pore wall,

respectively
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the electrolyte resistance is low, while the barrier resistance
is high and depends on its thickness (that is approximately
known) and cannot be smaller than the pore resistance, etc.

The values of EC parameters corresponding to the
simple open pore and closed pore models applied to
thermal and conventional PP after the processing in freshly
prepared solution are summarized in Table 3.

Analysis of the data presented in the Table 3 indicates
that the thin intermediate layer of low resistance has been
formed on the surface of both samples, and that the
processing resulted in partial filling of shallow pores
(sample A) and practically complete closing of the initially
narrower and deeper pores (sample C).

Generally, when PP samples are immersed in the
processing solution, the fluid may be absorbed into the
pores of the surface structure causing two opposing effects
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Table 3 Values of EC elements

for simple open pore and closed ~ Sample Al Cl
pore models
Model Simple Closed pore (2) Simple Closed pore (2)
open pore open pore
Parameter (EC) R(OR)(OR)  R(CRR(OR)QR))) R(ORXCR)  R(CR(R(OR)(OR)))
X 5.102x107°  2.962x10°° 4909%10°  1.036x10°
R (Q cm?) 15 15 20 17.5
Cow/Opw (F em™)/(S s™ cm ™) 5.7x107° 8.8x107°
Npw
Ry (Q cm?) 9.8x10° 2.0x107
R; (Q cm?) 427 45.1
Cy/Q, (F cm 2)/(S s" ecm ?) 3.9x107° 2.1x10°° 7.2x107° 22x107°
n, 1 1 0.73 0.80
R, (Q cm?) 200 186.2 9.7x10* 3.0x10°
Cp/Op (F cm /(S s" cm ?) 2.8x107° 2.8x10°° 42x1077 3.6x1077
ny 0.73 0.70 0.99
Ry, (2 cm?) 8.4x10° 9.1x10° 1.2x107 3.2x107

previously observed in anodized films [36, 37]: self-sealing
and deterioration. Depending on the particular processing
fluid and PP type, one phenomenon/process prevails over
the other. In the first process the anhydrous alumina reacts
with absorbed water, which leads to voluminous hydrated
alumina resulting in a self-sealing effect. Thus, the
resistance of the porous layer increases. The self-sealing
mechanism involves degradation, gelling, agglomeration
and a precipitation process [38]. As there is a reduction of
free water content inside the pores because of the formation
of hydrated alumina, and the permittivity of the hydrated
alumina is lower than that of free water, the value of Q
obviously decreases.

20
1 umEn,
80 — . b " -
- N
70 /I;:_:.‘\“‘ ves \.
PRt T S A 8 \ v
60 v o, Y¥Yvvy?y &
D 1 /A Ye N Y Ry
S 50 - u?t
N | » \
k=] /
Q 40 v LE™Y
g ] /
= A
g 28 /) —u— A0
1 /" —eo— Al
2 /i *J —A— A7
o & / v— A8
| ]
0 LFREE L PRI T b PRS-/ PO ARRLL b PTG Ll BT s PO LT oy |
0,001 0,01 01 1 10 100 1000 10000 100000
f,Hz

Fig. 9 Bode phase plots of the thermal PP samples processed in
solutions of different working age. The symbols represent the
measured data and line the corresponding B-spline fit

At the same time, the anodic film may also, to some
extent, be attacked by aggressive ions from the processing
solution [39]. The conversion of alumina to hydrated
alumina may be retarded because of the aggressive ions in
the solution. Thus, the resistance of the porous layer
decreases and capacitance of the porous layer increases.

The analysis of the changes in EC’s elements used to fit
the experimental data indicate that the first mechanism is
responsible for the changes observed in processed thermal
PP samples, while the other mechanism is dominant in
processing of conventional PP.

The effect of solution working age on PP surface
structure is best seen in the Bode phase plots depicted in
Figs. 9 and 10. The phase plots of thermal PPs (Fig. 9)
show the occurrence of a dip at middle frequencies that
increases with the working age of processing solution.
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Fig. 10 Bode phase plots of the conventional PP samples processed

in solutions of different working age. The symbols represent the
measured data and line the corresponding B-spline fit
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Fig. 11 Bode plots of measured A8
and modeled data for the ther- Model: R(CR(R(QRNQR))) Wgt : Modulus e 1Z), Msd.
mal PP sample A8 processed in 108 - TR TSI, B o 12, Calc.
aged solution. The calculated 5 I NP .. SRR SRS A Angle, Msd.
values are obtained based on o Angrs‘.canc.
partially sealed pore equivalent 105
circuit model R(CR(R(OR) 3
(OR))) i "“
L 104 > (Chith
3 Q@
c §
<2 3
N Q  lter#: 1
L 2 : 408103
102 -
10 T T oo T T o T LA AL
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f,Hz

Occurrence of such dip is a characteristic of a sealing
process, i.e., closing of the pores. The dip increases with
the processing solution working age, and is not observed in
phase plots corresponding to samples processed with
freshly prepared solution. Also, the slight increase in the
impedance values of the samples processed with solutions
of different working age in respect to those corresponding
to the sample processed in fresh solution, indicates an
increase of the layer thickness. Hence, we conclude that the
pore sealing is caused by re-deposition of the material from
the processing solution. These changes in Bode phase plots
are accompanied by relative increase of impedance modulus
at medium and higher frequencies. Such behavior was
previously observed in hydrothermal sealing process of
anodized layers [40—42].

The Bode plots of conventional PP, depicted in Fig. 10,
show that the phase plots are distorted by decreasing the

phase angle not only at middle frequencies, but also at the
side of low frequencies. The values of phase angle at the
high frequency side remain practically unchanged, i.e., not
influenced by solutions working age. The main changes
occurring at lower frequencies indicate deterioration of the
oxide layer caused by interaction with aged processing
solution.

The observed differences in behavior of conventional PP
in regard to the thermal PP are the consequence of different
electrochemical conditions in which the graining and
anodic oxidation processes have been performed resulting
in initially different surface structures. Moreover, the
chemical processing of exposed PP is performed in
different developers. In order to model the measured EIS
data two ECs corresponding to the sealed pore models were
applied (cf. Fig. 3). Slightly better performance, i.e.,
compliance with the experimental data was achieved with

Fig. 12 Bode plots of measured c8
and modeled data for the con- . Model: R(CR(R(QR)(QR))) Waot : Modulus e |Z], Msd.
ventional PP sample C8 1 ] e |Z|,Calc.
processed in an aged solution. 1 A Angle, Msd.
The calculated values are 108 ) & Angle, Calc.
obtained based on partially 3
sealed pore equivalent circuit
model R(CR(R(QOR)(OR))) 105 -} "EE'
o ] >
£ 9 Q
S J )
G 104 a
N E Q fer#: 5
] X 162102
100 E
102 R
10
0,01
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the (partially) sealed pore model (2), i.e., with a R(CR(R
(OR)(QR))) model depicted in the Fig. 8.

The results of measured Bode plots of samples A8 and
C8 together with results obtained with the EC model from
Fig. 8 are depicted in Figs. 11 and 12, respectively. The
values of the parameters of the corresponding ECs are
given in the Table 4.

The Bode plot of thermal PP sample processed in aged
solution exhibits strong dip in the phase curve, character-
istic for pores that are completely sealed with deposited
material from the solution. Low phase angle values without
any line segments indicate strong deviation from the
capacitive behavior. The impedance modulus linearly
decreases with frequency in the whole frequency range.

Aside from a significant (1 order of magnitude) lowering
of the impedance modulus and phase angle at low
frequencies, the Bode plot corresponding to the conven-
tional PP processed with an aged solution (Fig. 12) does not
exhibit any pronounced signs corresponding to partial
sealing of the pores with different material noted in thermal
PP samples.

This is the consequence of different manufacturing and
anodization processes of conventional PP and different
processing solution. Although the equivalent circuit is the
same as in the case of thermal PP sample, the values of the
corresponding EC’s parameters shown in Table 4 are
different. The resistance of the pore plug is a few orders-
of-magnitude higher than the corresponding values of for
the filling material in case of thermal PP. Compliant with
this are the corresponding values of the CPE exponents is
higher than that corresponding to the thermal PP sample,

Table 4 Values of EC elements of closed pore models corresponding
to samples A8 and C8

Sample A8 C8
Model Closed pore (2) Closed pore (2)
Parameter (EC) R(CR(R(OR)(OR))) R(CR(R(OR)(OR)))
i 4.081x107° 1.620x1073
Rs (2 cm?) 15 17.5
Cou/Opy (F cm ™2/ 3.3x107® 6.6x107°
(S s" cm?)
Mpw
Ry (Q cm?) 1.1x10° 1.4x10°
Ry (Q cm?) 125.1 51.9
Cy/O, (F cm ™Y/ 2.7x10°° 1.8x10°¢
(S's" cm?)
ny 0.76 0.82
R, (Q cm?) 2558 1.1x10°
Cy/Oy (F cm %)/ 1.9x10°° 5.2x1077
(S's" cm?)
ny 0.78 0.93
Ry, (2 cm?) 9.1x10° 3.0x107

indicating relatively compact filling of the pore, in contrast
to the more porous fractal structure of the thermal PP pore-
filling material characterized by significantly lower n.

However, in both samples, the C, is much higher than
Cpw» and decreases with closing of the pore as observed
before [11].

Generally, one may say that the composition and
characteristics of the hexagonal cell walls and barrier layer
are similar if not the same for both PP types. On the other
hand, the pore structure and changes induced by process-
ing, such as the extent of pore’s filling and its composition,
are different and PP type—dependant.

Figure 13 shows the overall variation of relevant EC
parameters with working age of processing solution for
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Fig. 13 Change of relevant EC parameters with working age of
processing solution for a thermal printing plate and b conventional
printing plate. Note the break in scale of Y-axis
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both PP types. The differences in response of PP to
processing discussed above are clearly seen. The narrow
pores of conventional PP are quickly sealed by processing
(rapid increase of R, to a high value). Broader and
shallower pores of thermal PPs are partially and gradually
filled up. Initially, the resistance of the intermediate layer is
compatible for both types and does not change significantly
with the age of processing solution. The processing of
thermal PP in old solutions (samples 7 and 8) results in a
significant increase of the intermediate layer thickness and
its resistance with respect to that of a conventional PP that
remains practically constant. The initial decrease in respec-
tive capacitances is compliant with mechanisms discussed
above. For aged solutions the process of conversion of
alumina to hydrated alumina may be retarded because of
the aggressive ions in the aged solution. Thus, the
resistance of the porous layer decreases and the capacitance
of the porous layer increase, as observed for conventional
PPs (Fig. 13b, samples 7 and 8).

The results of EIS for the thermal PP and
corresponding changes in resistance and capacitance
values of ECs indicate that during the chemical process-
ing the anhydrous aluminium oxide reacts with water and
forms less dense voluminous hydrated oxide resulting in
a sealing effect.

By aging of processing solution, the primary process on
the aluminium oxide surface changes. According to
observed increase of the resistance values and lowering of
the corresponding capacitance values, the primary process
in processing with aged solution is the sealing effect which
causes degradation from optimal roughness profile and
closing of the pores in the oxide structure as a consequence
of the transformation of the anhydrous oxide into volumi-
nous hydrated oxide. In addition, the re-deposition of the
dissolved material from the aged solution occurs.

It is probable that both mechanisms are occurring
simultaneously, but in the first stage of processing (in
relatively fresh solution) the dominant process is dissolu-
tion, while in the second stage (processing in aged solution)
the dominant process is sealing probably supported by the
re-deposition from the solution.

Hence, it seems that in processing with fresh solution the
primary process is dissolution of peaks, while with the aging
of solution the re-deposition from the solution comes into
play. However, there are some differences in response of
different PP types to processing with aged solution: for the
thermal PP samples (A) an increase of intermediate layer and
pore plug resistances are noticed, while for the conventional
PP (C samples) the resistances of the intermediate layer and of
the pore filling do not change substantially with aging of the
processing solution, thus indicating that the narrower pores of
conventional PP are mostly closed in processing even with
completely fresh solution.

@ Springer

Conclusions

We have used EIS and SEM to characterize and study the
porous aluminium oxide structures of lithographic PPs
and their topographical changes induced by processing.
Although the processing of PP should not have adverse
effects on its surface structure, we have found that the
structure of the PP surface does change in processing,
and that this change is related to the working age of
particular processing solution.

The processing with freshly prepared solution induces
relatively small structural changes, while the processing
with aged solutions induced surface topography changes
that impaired the quality of PP.

The observed changes in the impedance spectra were
successfully modeled with EC models corresponding to the
anodized layer with open pore structure and to the anodized
layer with sealed pores including formation of an interme-
diate layer of re-deposited material.

The results of our study corroborate the notion that the
observed surface structural changes are induced by two
different mechanisms. The first one is the degradation and
smoothening of the rough surface structure of the aluminium
oxide layer by dissolution, and the second one is the chemical
reaction of the aluminium oxide with alkaline solution during
the chemical processing and re-deposition of the material
from the aged solution. The second mechanism is probably a
consequence of the reaction of anhydrous aluminium oxide
structure which adsorbs water from alkaline solution resulting
in a sealing process. The latter process is more pronounced for
thermal PPs.
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