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In this study, an attempt was made to investigate the
mechanism of the action of piperidine-4-carboxylic acid
in comparison with piperidine-3-carboxylic acid during

a-c electrolytic coloring of anodized aluminum in nickel
sulfate-boric acid solution. Electrochemical impedance
spectroscopy (EIS) data were used, as well as some oth
electrochemical techniques. Conformations of the addi
tives that influence action between the opposite charge
seem to play a significant role. They are correlated with
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> electrochemical impedance spectroscopy (EIS) has been
used to characterize the surface of electrolytically colored
anodized aluminum, during the earlier stages of the a-c
coloring treatment, with the presence of the above additives
at a higher voltage. EIS is a new technique in development
eand has been already used to elucidate the process of5ealing
+ 4and to clarify a-c electrolytic coloring theoreticalf{in this
sstudy, an attempt will be made to gain new information about
the effect of these two additives on the anodized aluminum

the ability of the additive to be adsorbed on the electrode¢ surface, and to elucidate their role during a-c electrolytic

surface despite the alternating current, to interfere in the

re-anodizing process, and in the nickel deposition rate

and distribution.

coloring in nickel sulfate baths.

Other instrumentation, such as the oscillograph, was also
used in the present study for some electrical characteristics of
the barrier layer to be measured. They were compared with

D

In Part | of our study,several N-heterocyclic compoundshose from EIS for the proposed mechanism, according to the

were used as additives during the electrolytic coloring
anodized aluminum from nickel sulfate solutions. It
recognized that some of them improve the throwing po
(TP) and/or the color intensity of the probes when adde
the coloring baths in certain ranges of concentration. ]
effectiveness was correlated with their aromatic or satur,
character, the position of their characteristic groups and
number of carbon atoms in their rings.

The best influence on the color intensity of the probes
observed in the case of piperidine-4-carboxylic acid, wh
also improves the TP. It is interesting, therefore, to stud
more detail its mode of action and to compare it with thg
piperidine-3-carboxylic acid, which has the same posi
influence on TP, but not on color intensity. For this reag
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Fig. 1—Cross section of test cell. RE - Reference Electrode (SCE),
Counter-Electrode, WE - Working Electrode (specimen area 1.936 ¢

BiS daté® to be confirmed.
as
wWexperimental  Procedure
dTtest specimens of 1050 aluminum alloy foil with dimensions
MNasc 4 x 0.1 cm were used. The surface of the specimen was
atmered with araldite (epoxy resin), except for a unit area of
| k@7 cm. The samples were pre-treated, anodized, and elec-
trolytically colored, as in Part!IThe electrolytic coloring
Wiaaths contained:
ichThe reference solution T (30 g/L NiSO6H,0 and 30 g/
ylirH ,BO,)
t of Solution A (solution T plus 0.07 g/L piperidine-4-car-
tiksxylic acid)
on,Solution B (solution T plus 0.07 g/L piperidine-3-carboxy-
lic acid)

Lo

=
]

0.0 |

&
E

&
w

Faradaic current densities, Afdm®

D08
Caoloring time, sec

COHg. 2—Anodic and cathodic faradaic current densities at 1 and 20 sec, 1,
m5 and 10 min of electrolytic coloring of anodized aluminum samples in
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solutions T, A and B.
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Fig. 3—Phase-angle Bode diagrams obtained in solution T for electrg
cally colored aluminum probes for 0, 1, 15 sec and 1 mimgasurement
+ simulation).

Measurements

Oscillographic Measurements
A dual-channel digital storage oscilloscope was connects
a recorder to obtain voltage and current traces that
recorded at 1 sec, 20 sec, 1 min, 5 min and 10 min dy
electrolytic coloring.

Impedance Measurements

A-C impedance measurements were carried out in solu
T, A and B at 25C and by using a cell such as that depic
in Fig. 1. Two short-circuited carbon rods served as
counter-electrodes (CE) and were placed across the two
of the working electrode. A saturated calomel electr
(SCE) without Luggin capillary was used as the refere
electrode.

A potentiostat with a lock-in amplifier, controlled by
personal computer, was used for the a-c impedance meg
ments'® Stability of the open circuit potential (OCP) w
established after 60 min polarization at OCP. The ampli
of the a-c signal was 10 mV (SCE) and the data collect
frequency intervals of 4 points per decade for the range
100 kHz to 30 mHz. The interface impedances at var
frequencies were detected by measuring the amplitude
phase shift of a-c voltage and current. The impedance
were analyzed using software (Equivalent Circuit, vers
4.5) for simulation of the equivalent circuit.

Chronopotentiometric Measurements
Chronopotentiometric potential curves were obtained by
use of a constant current power supply and a V-trecorder
a sweep rate of 60 cm/min. A carbon plate was used as 8
and an anodized aluminum probe as cathode.

Linear Voltage Sweep Method
A voltage from 0-20 V was applied by a constant curré
voltage power supply at the rate of 3 V/sec. It was contrg
by a personal computer via an IEEE-488 general pur
interface.
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lykiig. 4—Phase-angle Bode diagrams obtained in solution A for electrolyti-
cally colored aluminum probes for 0, 1, 15 sec and 1 mimgasurement,
+ simulation).

Energy Dispersive  X-Ray Analysis

The anodized samples were electrolytically colored in the

2astdutions T and A at 15 Vrms at 20°C for 5 and 15 sec, and

vére2, 3, 5 and 10 min. The surface density of the deposited
rimigkel on the probes was measured by energy dispersive X-
ray fluorescence (XRF). The specimens were radiated with
radioisotopes and the nickel X-rays produced were measured
by a semiconductor detector.

ions

teesults  and Discussion

tide anodic oxide layer that was formed on the aluminum

silegace at 18 VDC in 15-percent$0, (as referenced in the

p@aperimental section) consists of a very thin non-porous

nbarrier layer and a thicker porous layer. The thickness of this
barrier layer is reported to be about 18Aim.

a The a-c electrolytic coloring takes place at a cell voltage of

1sbiBeVrms, which means about 21.2 V peak. Under these

agonditions, the barrier layer thickness increases during the

uearlier stages of this treatment to a large value governed by
dra peak voltage. This is the re-anodizing proééss.

ronThe presence of the semiconductive oxide layer causes a

odsformation of the sinusoidal current, which was observed on
#mal oscillographs from the start of the a-c electrolytic color-

da@'>*The deformed current waveform is divided into two

igarts, designated, | (capacitive current) and (faradaic or
reaction current). A change of lindicates a change of
impedance in the electrolysis system and a change of |
indicates a change in the reaction fate.

theFrom Fig. 2 it is obvious that:

Wil The faradaic current densities decrease during the stage

inodeof re-anodizing (0-20 sec) until a value is reached that

shows only a small additional decrease.
(b) The anodic reaction rates)(In solutions A and B are
similar and higher than in T. This is attributed to a

ent/ dissolution process of Aland is assumed to be related

lled mainly to processes occurring at the barrier oxide/elec-

bose trolyte interface’

(c) The cathodic reaction rateg)(@re higher in the cases of

October 1996

solutions B and A. This is related in the former case to
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Fig. 5—Phase-angle Bode diagrams obtained in solution B for electrg
cally colored aluminum probes for 0, 1, 15 sec and 1 mimgasurement
+ simulation).

greater hydrogen evolution, and in the latter cast
greater nickel deposition, according to the coloring
tensities data.

Electrochemicalimpedance spectroscopy (EIS) isame
more suitable than the oscillograph measuremepfstd
characterize changes of impedance of the electrode. In
study, the more convenient mode for representation o
EIS data is the so-called phase-angle Bode plots of ano
aluminum samples. They permit examination of the ph
shift (0) (Figs. 3-5), as a function of frequency.

These data can be described by use of a paralle
equivalent electric circuit*” The magnitude of the variod
contributing components of the barrier and porous la
which describe their dielectric (capacitance, C) and €
tronic behavior (resistance, R) can also be extracted.
capacitance is unequivocally related to the thickness o

Z R,
Cp | Gy | ‘
A 1 T | He  (a)
—, I\"';?{mm—m: —_
at ' ie s
Rp Rb
i _ w
Cp Chb

IyEiig. 6—Equivalent circuit models of anodized aluminum: (a) schematic
diagram of porous anodic films; (b) equivalent electric circuit of (a),- R
electrolyte resistance; R pore resistance; ¢ pore capacitance; R
barrier layer resistance; Ch, barrier layer capacitance.

> dad B (Fig. 7). Consequently, two barrier layers with differ-
int characteristics seem to exist. It is obvious from the table

that the resistance of the modified barrier layer is much
tresdaller than that of the normal layer.

Figures 8 and 9 show the capacitance of the normal and the
thizdified barrier layers as functions of the duration of the
@lectrolytic coloring. A completely different behavior of

dizgetlitions T, A and B is observed during the first second of the
aseloring treatment. If it is considered that the dielectric
constant of the barrier layer is not substantially differenti-
Ri€d, these values can be converted to thickness. Accord-

singly, the thicknesses (d) of the normal and of the modified

ybarrier layers were calculated from the values @@ G,

ldny use of the following equation:

The

f the

nical

c,=0-0, A/,

barrier oxide film, and the resistance corresponds to cher
processes occurring at the barrier oxide/electrolyte inter

aoderel], is the permittivity of free space, 8.85 x1®/m,

The equivalent circuit of an aluminum oxide layer can|keis the dielectric constant of the fill & 10), and specimen
demonstrated by two parallel RC circuits connected in seriasga A is 1.936 x 10m?

where the solution resistancgiRadded (Fig. 6).

The barrier layer thickness at the start of electrolytic

A third circuit appears, however, at the earlier stages afloring is much lower, 11 nm, than expectedhis prob-
electrolytic coloring of anodized aluminum samples in thably means that there is an attack on the barrier layer, during
solutions A and B, as shown from the phase angle plots (Fid one-hr immersion in the slightly acidic solution, before
4-5). This third circuit demonstrates the presence of a motfie impedance measurements begin. A further decrease of

fied barrier layer caused by the influence of the adsorbal

Resistance  of the Barier Layer (R,) and the
Adsorbent Layer (R,.)
Mohm-cn?

t R b Rb Rb RbAD RbAD

sec T A B A B

0 47.61 68.05 35.29 0.178 0.586
1 7.92 24.02 2.08 0.048 0.029
5 29.37 1.22 6.04 0.021 —

15 370.23 348.92 501.78 0.003 0.047
60 28.65 2.23 795 — —

ebdrier layer thickness is observed in the presence of additive
A (3.6 nm) and that of B (5.6 nm). This can be explained by
the assumption that this portion of the barrier layer was
changed to another with modified electrical characteristics.
Because of the re-anodizing effect, the barrier layer thick-
ness increases from 11 to 12 nm in the case of T during the
first second of coloring treatment, while in the case of A, only
the adsorbent barrier layer thickness increases from 3.6 to
10.5 nm, leading to a value [(6.8 + 10.5) nm] greater than that
of T. This probably means promotion of re-anodizing. In the
case of B, a sharp increase of barrier layer thickness from 5
to 10.2 nm is observed, while the thickness of the adsorbent
barrier layer decreases from 5.6 to 2.3 nm and the total value

60

is lowerthan T. After the one-sec treatment, a further increase
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Fig. 7—Simplified equivalent circuit models of electrolytically coloned
anodized aluminum with a modified barrier layer: (a) schematic diagram; 9
(b) equivalent electric circuit of (a) - R, adsorbent barrier layer
resistance; G,,, adsorbent barrier layer capacitance.

of the barrier layer thickness is observed until the re-anqdiz-
ing ceases. Finally, the adsorbent barrier layer thickness ha
an almost constant value (4-5 nm) in the case of A, unti| the
time when re-anodizing ceases, while in the case of B, it
decreases quickly from the commencement of electrolytic
coloring. In this case, however, the total barrier layer th|ck-
ness is lower than T, allowing a greater current to pass

From Fig. 10, it is apparent that the amount of deposited
nickel on the probes increases almost linearly for the fifst 5
min of treatment. Accordingly, the deposition rate can| be
expressed by the value of the one-degree polynomials tc
which the curves of Fig. 10 are fitted. These values are: . ' ' NP
for solution T and 0.24 for A. This means that additive A 1 i 3 5 7 % 11 13 15
increases the value of aand, consequently, the deposition ra
from O..ZO t00.24. From I-:ig' 10, itis also ObViOL{S_ that ni kl(:allg 9—Capacitance of the adsorbent barrier layer of anodized aluminum
deposition Cea.ses Iate.'r In. the presence Of. add'tuve A . as é function of coloring time in solutions A and B.
The cathodic polarization of the anodic oxide film |in
coloring baths T, A and B (Fig. 11), gives more informatjon 430
about the situation of the barrier layer as a function of the fime
of treatment under constant current density. An initial verti-
cal increase of cathodic potential is observed thatis related t
the thickness of the barrier layer, according to Sdtas
obvious from Fig. 11 that this potential is lower in the casg of =
A, which implies a thinner barrier layer. As the oxide film
continues to be cathodically polarized, the pH of the collojdal
sol layer of aluminum hydroxide, which exists at the bottom
of the pores of this film, rises to the pH of gelation|of
aluminum hydroxid€.Then the sol layer changes into a gel
layer. This gel layer is the cause of the second rise in cathodi
potential® This increase is lower in the case of A than for T
(Fig. 11), and more time is needed for the final value to be
reached. This means that the process of gelation takes |plax
at a lower rate and extent in the case of A than for T durinc
cathodic polarization, and that only a portion of the barrier 0 i T T |
layer is transformed to a gel. o 200 400 600

The thinner barrier layer in the case of A, which means a Caoloring time, sec
lower extent of gelation, is also confirmed by the curves gy 10Nickel content of electrolytically colored anodized aluminum
Fig. 12, where the cathodic current peak appears at a Ipyekes in solutions T and A as a function of coloring time.

Capacitance of the barrier layer, F

Coloring time, sec

e
&*
T =

g

Amount of deposited nickel
&
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Fig. 11—Cathodic potential change of anodic oxide film as a functio
time in solutions T, A and B.

voltage®and the first small peak is lower than in the case|
T and B. In this latter case, B, more gelation seems to g
and accordingly, a somewhat higher potential than that
is observed.

Conclusions

The re-anodizing process which takes place during ele
Iytic coloring appears to be influenced by the presence
and 4- piperidinecarboxylic acids in a different way, es
cially during the first second. When piperidine-4-carboxy
acid is present, a thicker barrier layer, as a whole, is prod
during the first second of coloring, although the electr
characteristics of a portion of it are modified. This is lik
because piperidine-4-carboxylic acid retards the proce

Current density, A/ dm?

10
Voltage, V

i5 20

nleig 12. Potentiodynamic curves for electrodeposition of nickel on anodic
oxide films from solutions T, A and B at 3 V/sec sweep rate.

s@dsier its adsorption on the electrode surface, not only at zero

ccharge, but at positive and negative potentials as well.

of TBy contrast, the piperidine-3-carboxylic acid is practically
desorbed from the aluminum oxide when the alternating
electric field is applied. This can be explained by the fact that
the proper distance of the opposite charges of the molecule is

ctnot stereochemically permitted (Fig. 13); this is possible

bffB¥m the chair conformation with an axial carboxyl group,

petich, however, is not thermodynamically stable.

lic

uéeditor’s note:Manuscript received, October 1995; revision

cegceived, July 1996.
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AESFOffers 3 Classes
For Finishers in November:
Boston &Baltimore Inner Harbor

1. Training Course in Electroplating & Surface Finishing
For Electronics Applications
November 11-14
Days Inn Soldiers Field Rd., Boston, MA
ESC or CEF-Se Exam, November 15
Registration Deadline: October 30

2. Introduction to Electroplating & Surface Finishing
November 14-15
Holiday Inn Baltimore Inner Harbor
Registration Deadline: October 30

3. Training Course in Electroplating & Surface Finishing
November 18-21
Holiday Inn Baltimore Inner Harbor
CEF Exam, Nov. 22
Registration Deadline: October 30

To register or get more
information, contact AESF’s
Educational Services
Department.

Phone: 407/281-6441

FAX: 407/281-6446

e-mail:

—  72420.2001@compuserve.cor

“SOLUTIONS 1D FOUR
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Free Details: Circle 126 on postpaid reader service card.
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