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Abstract

Constant-Phase Elements (CPE) are often used to fit impedance data aris-
ing from a broad range of experimental systems. Four approaches were used to
interpret CPE parameters associated with the impedance response of human
skin and two metal oxides in terms of characteristic frequencies and film thick-
ness. The values obtained with each approach were compared against indepen-
dent measurements. The power-law model developed recently by Hirschorn et
al.l'2 provided the most reliable interpretation for systems with a normal dis-
tribution of properties. Readers are cautioned that the CPE parameter () does
not provide an accurate value for capacitance, even when the CPE exponent is
greater than 0.9.

1 Introduction

Electrical circuits invoking constant-phase elements (CPE) are often used to fit impe-
dance data arising from a broad range of experimental systems. The impedance for
a film-covered electrode showing CPE behavior may be expressed in terms of ohmic
resistance IR, a parallel resistance 1), and CPE parameters a and @) as

R (1)
1+ (j27Tf)O‘RHQ

where f is the frequency in units of Hz. When o = 1, the system is described by a
single time-constant, and the parameter () has units of capacitance; otherwise, () has
units of s*/Qcm? or F/s=*em?.3 Under conditions that (27 f)* R Q >> 1,

1
(i2mf)*@
which has the appearance of a blocking electrode. The term Rj in equation (1)
accounts for a resistance that may be attributed to different current pathways that
exist in parallel to the dielectric response of a film. These may include interconnecting
conductive phases within a solid matrix or pores at the bottom of which a reaction
takes place at the electrolyte/metal interface.

Jorcin et al.* used Local Electrochemical Impedance Spectroscopy (LEIS) to
attribute CPE behavior , seen in the global measurements , to time-constants that
are distributed either along the electrode surface or in the direction perpendicular
(or normal) to the electrode surface. Normal distributions of time-constants can be
expected in systems such as oxide films, organic coatings, and human skin and can be
associated with the dielectric properties of a material. Surface distributions of film
properties may also be expected. In the absence of additional information, such as

Z =R+

Z =R, + (2)

may be obtained from local impedance measurements, one cannot conclude a priori
whether CPE behavior associated with film-covered electrodes or membranes should
be attributed to normal or surface distributions.

If the CPE impedance response can be associated with an effective capacitance,
the dielectric constant or the film thickness may be obtained from

€€p

Ceff - T (3)



when the other quantity is known. In equation (3), 0 is the film thickness, € is
the dielectric constant, and €, is the permittivity of vacuum with a value of ¢y =
8.8542 x 107" F/cm.

The challenge has been to find a correct way to extract an effective capacitance
from CPE parameters. The objective of this work is to compare the results obtained
from four different approaches to independently measured quantities.

2 The Approaches

Four approaches used in the literature for extracting capacitance from CPE parame-
ters are summarized in this section: simply equating C.g to @), a formula developed
by Brug et al.,” a formula derived from the work of Hsu and Mansfeld,® and a model
presented by Hirshorn et al.!:2

Other methods have been used to extract capacitance values directly from impe-
dance data without initial evaluation in terms of a CPE. The formula used by Oh

and Guy™® was
tan ec,norm

—_— 4
27TRHfC,norm ( )

where 0. norm is the phase angle at the characteristic frequency for the impedance,
fenorm- Equation (4) can be expressed as

Cetroc =

tan (ar/4)
27TRHfC,norm

and is mathematically equivalent to equation (11) (see below) multiplied by tan (am/4).
As the methods reported in references 7 and 8 do not make use of CPE parameters,
they are not discussed further in the present work.

(5)

Cer0oc =

2.1 Simple Substitution

In this approach Ceg, expressed in units of F/cm?, is assigned the value of @, expressed
in units of F/s!~%cm?, while ignoring the difference in units. Thus, the approach
consists of positing that

Oeff,Q - Q (6)

This approach, often used when 1 > « > 0.9, is inaccurate and, as shown in the
present work, should be avoided.

2.2 Characteristic Frequency Associated with a Normal Distribution

As shown by Hirschorn et al.,? the relationship between CPE parameters and effective
capacitance for a normal distribution of time constants requires an assessment of
the characteristic time constant corresponding to the impedance of the film. The
impedance of a film can be expressed in terms of a CPE by equation (1) where R,
represents the parallel resistance. Alternatively,

Ry

Z=Re+ +—FrF—r
1 + (.]Knorm>a

(7)
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where Ko is a dimensionless frequency which can be expressed for an impedance

as
1/a

Kiorm = (RHQ) 27Tf (8)
A characteristic frequency can be found for K., = 1 such that
1
fomorm = ————— (9)
2m (B)Q)"

The essential hypothesis of the approach presented in this section is that the charac-
teristic frequency can also be expressed in terms of an effective capacitance as

1

c,norm — 10
f 7 27"-RHC’eﬁ“,norm ( )

By solving equations (9) and (10) for Ceg noym, an expression for the effective capaci-
tance associated with the CPE is found to be

Ceff,norm _ Ql/aR‘(‘l—Oé)/oz (11)

Equation (11) is equivalent to equation (3) in the work of Hsu and Mansfeld,® pre-
sented in terms of the characteristic angular frequency wpay.

2.3 Characteristic Frequency Associated with a Surface Distribution

In the case of a surface time-constant distribution, the global admittance response
of the electrode includes additive contributions from each part of the electrode sur-
face. Hirschorn et al.? showed the development of a relationship between capacitance
and CPE parameters for a surface distribution of time constants. In agreement with
Chassaing et al.'® and Biddia et al.,'* they observed that the appearance of a CPE
behavior associated with a surface distribution of time constants requires the contri-
bution of an ohmic resistance.

The development of Brug et al.® was applied toward surface distributions of
the charge transfer resistance R; associated with kinetic parameters. In the present
work, the same approach is applied for a surface distribution for the properties of a
film such as its parallel resistance R} or capacitance. The relationship between CPE
parameters and effective capacitance is obtained from the characteristic time constant
associated with the admittance of the electrode. The admittance of the electrode can
be expressed in terms of the CPE represented by equation (1) as

Ry RRy o\
i (1 ) ] (12

Equation (12) can be expressed as

1

Yy = —
Re

1 R . ay—1
Y = Ee |:1 — RGTRH (1 + (JKsurf) ) :| (13)



where K¢ is a dimensionless frequency, expressed for an admittance as
R.R; \*
Kot = =——+ 2 14
f (Re + 1 Q) I )
A characteristic frequency can be found for K¢t = 1 such that

1
21 (QR.Ry/(Ro + Ry)) "

fc,surf - (15)

This frequency depends on the ohmic and parallel resistances as well as the CPE pa-
rameters. When R, = 0, the development yields the response of an ideal capacitance
parallel to a resistance, and f. qur — 00.

The characteristic frequency can also be expressed in terms of an effective capac-

itance as 1

fc,surf = ) ( ReRH B ) (16)
T\ 5 Leffsur
Re + Ry st
Equations (15) and (16) yield an expression for the effective capacitance as
R R (17&)/&
Clott surt = 1/a e—|) 17
frout = ¢ (Re + R (17)

Equation (17) is equivalent to equation (20) derived by Brug et al.®> for a surface
distribution with a different definition of CPE parameters. In the limit that R
becomes much larger than R., equation (17) becomes

Ceff,surf = Ql/aRgl—a)/a (18)

which is equivalent to equation (5) presented by Brug et al.? for a blocking electrode.

Equations (17), (18), and (11) have all the same form, but the resistance used in
the calculations of Ceug is different in the three cases, being respectively the parallel
combination of R and R, for equation (17), R, for equation (18) and Rj| for equation
(11).

2.4 Power-Law Distribution

Hirschorn et al.? identified a relationship between CPE parameters and physical
properties by regressing a measurement model'?!? to synthetic CPE data. Following
the procedure described by Agarwal et al.,'?!3 sequential Voigt elements were added
to the model until the addition of an element did not improve the fit and one or more
model parameters included zero within their 95.4 percent (20) confidence interval.
The concept was to identify the distribution of resistivity that, under the as-
sumption that the dielectric constant is independent of position, would result in CPE
behavior. The development is presented in detail in reference 1. The assumption of
a uniform dielectric constant is not critical to the development summarized below.
Musiani et al.'* have shown that the results presented by Hirschorn et al.1»? apply,



even when the assumption of a uniform dielectric constant is relaxed by allowing
variation of € in the region of low resistivity.
The resistivity was found to follow a power-law profile, i.e.,

1Y _

— =7 19
Ps (19)

where ¢ is the dimensionless position £ = y/0, where y represents the position through

the depth of the film and ¢ is the film thickness. The parameter ps is the resistivity at

¢ =1, and +y is a constant indicating how sharply the resistivity varies. A distribution

of resistivity that provides a bounded value for resistivity was proposed to be

-1
P (& N (1 _ @) @) (20)
Ps Po Po
where pg and ps are the boundary values of resistivity at the interfaces.
The impedance of the film can be written for an arbitrary resistivity distribution

p(y) as
s p(y)
Al) _/0 T 2 fecop(y) 2y

A semi-analytic solution to equation (21) could be found for the resistivity profile
given in equation (20) that applied under the conditions that py >> ps and f <
(2mpseeg)~t. The solution was given as

5,0(1;/7
Zif) = g(pa1 +j27 feeg) D/ (22)

where g is a function of ~.
Equation (22) is in the form of the CPE for f > (2mpoeeg) ™, i.e.,

(5p§/ K B 1
(127 feeo) =07 (j2m f)oQ
Thus, equation (22) yields the impedance given by the ohmic-resistance-compensated

form of equation (2) for (poeeo)™" < 2mf < (pseeo)~!. Inspection of equation (23)
suggests that

Zi(f) =y (23)

o=-— (24)

or 1/y =1 — a where v > 2 for 0.5 < o < 1. Numerical integration was used to
develop the interpolation formula

g=1+288(1—qa)*¥" (25)

A relationship among the CPE parameters () and o and the dielectric constant e,
resistivity ps, and film thickness 6 was found to be

(e€9)®

Q="
99p5

(26)



Equations (3) and (26) yield an expression for the effective capacitance as

Ceff,PL = gQ (,05660)1_CY (27)

In addition to the CPE parameters ) and o, Ceg p1, depends on the dielectric constant
€ and the smaller value of the resistivity ps. Unlike the development for Ceg s and
Ceff norm, the characteristic frequency is not invoked, and, in contrast with Ceg norm,
the results depend only on the high-frequency data.

Equation (27) can also be expressed as

Ceff,PL = (QQ)I/Q (5P6)(1_a)/a (28)

which shows a similar construction as equation (11) and equations (17) and (18).
The difference between the approaches based on the power-law and the characteristic
frequency of the impedance is that the resistance dps is related to the high-frequency
portion of the spectrum; whereas, the resistance R) in equation (11) is associated
with the low-frequency part of the spectrum.

The power-law model presented here suggests that the characteristic frequency
of the impedance cannot give a correct value for the capacitance. An explanation
may be seen from the hierarchy presented in Figure 1 of impedance models based on
the power-law model.»? The circuit presented in Figure 1(a), showing a resistance
in parallel to the dielectric response of the film given by equation (22), represents a
general model for the response of a film. If the parallel resistance is larger than the
zero-frequency limit of equation (22), the model will be given by Figure 1(b), and the
impedance response shown in Figure 1(c) will be asymmetric in a Nyquist format. If
the parallel resistance is smaller than the zero-frequency limit of equation (22), the
model will be given by Figure 1(d), and the impedance response shown in Figure 1(e)
will be symmetric in a Nyquist format.

The demonstration given in Figure 1 is based on the power-law model for the
dielectric response of a material. The applicability of the power-law model is sup-
ported by experimental data obtained for human skin and oxides on steel (shown in
the present work), and by recent results on water uptake of coatings.'®

If the impedance is symmetric, the resistance R); in Figure 1(d) accounts for pro-
cesses that are parallel to the dielectric response of the film. The effective capacitance
of the dielectric material, in this case, is independent of the parallel resistance. If the
impedance is asymmetric, as is seen for Figure 1(c), Z¢(0) may be more closely related
to the dielectric properties, but a deeper analysis of the consequences of the power-law
model shows that the capacitance is independent of this parameter. Introduction of
equations (24) into equation (22) yields?

1—-a)

0§
7 =
) I ey

The asymptotic value of equation (29) as f — 0 yields
7:(0) = gop§ o (30)

(29)

which may be used to obtain a value for py. The capacitance given by equation (27)
is independent of py and is, therefore, independent of Z¢(0).
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(a)
Eqn. (20) Ry
/ \
R| | >> Zf(O) R| | << Zf(o)
(b) Re (d) Re
Eqn. (20) Eqn. (21) Ry

7 V4

r r

Figure 1: Hierarchy of impedance models based on the power-law model:1? a) circuit
consisting of a resistance in parallel with the general power-law model expressed as
equation (22); b) circuit resulting when R| is much larger than the zero-frequency
limit of equation (22); ¢) Nyquist representation of the asymmetric impedance re-
sulting from circuit b; d) circuit resulting when R is much smaller than the zero-
frequency limit of equation (22), thus allowing equation (22) to be replaced by equa-
tion (23); and e) Nyquist representation of the symmetric impedance resulting from
circuit d.



Table 1: Approaches used in the present work to interpret CPE impedance response
for film-covered electrodes and human skin.

Approach Formula Eqn.

Simple Substitution Cetg =Q (6)

Characteristic Frequency, Impedance Ceffnorm = QY O‘R|(|1_a)/ @ (11)
R.R) (1-a)/a

Characteristic Frequency, Admittance | Ceg surt = Ql/« (R—i—R) (17)
e [

Power-Law Normal Distribution Cefi p1, = 9Q (pgeeo)l_a (27)

Cetpr, = (9Q)Y* (6p5) 1™ | (28)

3 Results

The formulae presented in the previous section and summarized in Table 1 are applied
here for three different systems. In-vitro impedance data for intact human skin and
for skin pierced by a needle reveal a shift in characteristic frequency which can be
used to differentiate between equations (11), (17), and (27). The four approaches
summarized in Table 1 are used to estimate the oxide film thickness for free-machining
18/8 stainless steel and for martensitic steel. The results are compared to thicknesses
determined by XPS.

3.1 Human Skin

The results reported in the present work for the influence of mechanical disruption
to the impedance of human skin were part of a larger study intended to correlate
changes in the flux of p-chloronitrobenzene and 4-cyanophenol in response to physi-
cal and chemical damage.'®'? Split-thickness human cadaver skin (300-400 gm thick)
from the back was purchased from the National Disease Research Interchange (NDRI,
Philadelphia, PA). The skin was collected within 24 h post mortem, frozen immedi-
ately, and stored at temperatures less than —60 °C until used. The protocol de-
scribed by White et al.'” was used to ensure that the skin resistance was greater
than 20 kQcm?, a value considered to indicate that samples have sufficient integrity
for meaningful measurements of in-vitro chemical permeability.

The impedance was measured in the four-electrode configuration, illustrated in
Figure 2(a), in which two Ag/AgCl (In Vivo Metric, Healdsburg, CA) reference elec-
trodes were used to sense the potential drop across the skin, and two Ag/AgCl work-
ing electrodes were used to drive the current. The skin was exposed on both sides
for roughly eight hours to a phosphate buffered saline solution (PBS) (0.01 M, pH
7.4, Sigma P-3813) prepared in de-ionized water. The impedance measurements re-
ported here were collected with a 10 mV potential perturbation after two eight-hour
long, permeation experiments in which 4-cyanophenol-saturated PBS was placed in
the donor chamber and PBS was placed in the receptor chamber. After the first
4-cyanophenol permeation experiment, the frame holding the skin was removed from
the diffusion cell, the skin was pierced by a 26 gauge needle (with a 464 pm outside
diameter), the cell was reassembled, and the donor and receptor chambers refilled
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Figure 2: Schematic representation of the measurement of skin impedance: a) four-
electrode measurement with intact piece of skin; and b) four-electrode measurement
with skin punctured by a needle.

with fresh 4-cyanophenol-saturated PBS and PBS, respectively, for the second perme-
ation experiment. Typical results, presented in Figure 3, show that the characteristic
frequency before the puncture was substantially smaller than the characteristic fre-
quency after the puncture. The lines represent fits to the circuit presented in Figure
4(a) as the circuits 4(a) and 4(b) are mathematically equivalent. For a skin pierced
by the needle, the parameter Ryqn | in Figure 4(a) is replaced by

R — Riiin || Rhole (31)

Rskin,” + Rhole

The values of Ry, and Ryee cannot be distinguished from an individual impedance
response. As indicated by the circuit shown in Figure 4(b), the effective resistance
associated with the punctured skin consists of two parts, the hole resistance and the
skin resistance.

Because the diameter of the needle used to puncture the skin was small compared
to the total skin area, the pinhole was expected to have little effect on the impedance
properties of the remaining skin. Control experiments were used to show that the
electrical properties of skin were unaffected by other skin handling steps. Therefore,
the skin resistance and the dielectric constant for the skin were assumed to be the
same before and after the skin was pierced by the needle.

The regression results are presented in Table 2 for seven skin samples, with mea-
surements taken before and after the skin was pierced by a needle. The results show
that the resistance R.g, for the pierced skin, was much smaller than Ry, ), and the
corresponding characteristic frequency was larger. The average of all seven samples
is also shown in Table 2. The averaged ratio of characteristic frequencies before and
after the skin was pierced by a needle had a value fager/ foefore = 13.

If the capacitance Ceg norm derived from the characteristic frequency fcnorm and
given by equation (11) represents a fundamental property of the skin, then

€€
Cskin = Ueff norm — 7 = constant (32)

and, following equation (10),

f after C’e‘ff,normRbefore o Rbefore

= = 33
f before Ceff ,norm Rafter Rafter ( )
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Figure 3: Impedance response for a representative piece of skin: a) Nyquist plot; b)
real part of the impedance as a function of frequency; and c¢) imaginary part of the
impedance as a function of frequency.
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7
8

Rskin,I |
(a)

Figure 4: Electrical circuits used to fit the data shown in Figure 3: a) intact piece of
skin; and b) punctured by a needle. The term R, accounts for electrolyte resistance

on both sides of the skin.

Table 2: Regression results for the impedance of skin before and after being pierced
by a needle. The number of digits given in the regression results are consistent with

the corresponding confidence interval.

0O

Rskin,l |

NN

Rhole

VA~
(b)

Sample 1 Sample 2 Sample 3 Sample 4
before after | before after | before after | before  after
Raan| OF Regr, kQcm? | 1418 9.94 | 93.6 241 | 934 1596 | 552  11.78
«@ 0.81 0.82 0.82 0.82 0.79 0.82 0.83 0.83
Q, nF/s0—*cm? 79.8 67.7 68.5 73.5 99.7 83.0 66.5 63.7
fe, Hz 41 1117 74 364 59 528 141 938
Sample 5 Sample 6 Sample 7 All Samples
before after | before after | before after | before after
Rgxin,|| or Reg, kQcm? 179 15.63 192 21.20 | 68.8 14.88 118 16.2
«@ 0.83 0.85 0.81 0.84 0.82 0.83 0.82 0.83
Q, nF /s =% cm? 61.8 513 | 705 573 | 731 695 | 743  66.6
fe, Hz 37 721 31 477 99 648 68.9 685
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Figure 5: A test of the hypotheses that the capacitance of the skin can be obtained
from the characteristic frequency fe norm, given as equation (11), and from the power-
law distribution of resistivity, given as equation (27): O test of equation (34); O test
of equation (38).

Equation (33) can be expressed as

f after Rafter

=1 34
f before Rbefore ( )

As shown in Figure 5, fafier Ratter/ foefore Rbefore 18 NOt equal to unity. Thus, the capac-
itance Ceg norm derived from the characteristic frequency fenorm does not represent a
fundamental property of the skin.

A second approach invokes the assumption that the CPE behavior for skin may
be attributed to a surface distribution of properties. Because both Rgqy) and Reg
are much greater than the ohmic resistance R., the characteristic frequency obtained
from a surface distribution (equation (15)) becomes

1

QR <35>

fc,surf -

Under the assumptions that R., (), and a were unchanged by the perforation of the
skin, equation (35) yields

fafter

—1 (36)

fbefore

Thus, the surface distribution model predicts incorrectly that the characteristic fre-
quency should be unchanged by skin perforation.

In contrast to Cef norm and Cegr surf, the capacitance Ceg pr, given by equation (27) is

independent of the characteristic frequency. As a third approach, Ceg pr, was assumed

13



to be a property of the skin and, thus, was assumed to be independent of the presence
of the pinhole. As ps and ¢ must be properties of the skin and therefore constant,
equation (27) suggests that the CPE parameters ) and a must be constant and not
influenced by the small pinhole. In this case, from equation (9),

fafter _ (QbeforeRbefore) Ye _ (Rbefore) e (37)
f before Qafter Rafter Rafter
Equation (37) can be expressed as
fafter Rafter Y —1 (38)
f before Rbefore

As shown in Figure 57 (fafter/fbefore) (Rafter/Rbefore)l/a is equal to unity Thus, the
results for skin are consistent with the power-law model represented by equation
(27).

The results are inconsistent with approaches based on characteristic frequencies
because, as indicated by equation (31), the characteristic frequency is affected by
factors, such as the hole resistance, that are not properties of the skin. The analysis
of the data obtained with human skin shows that the capacitance is independent
of the low-frequency asymptotic value for resistance and depends only on the high-
frequency response of the system. Equation (28) shows clearly that the capacitance
developed through the power-law model is dependent on the resistance evident at
high-frequency; whereas, equation (11) depends on Rj.

3.2 Free-Machining Steel

Free-machining 18/8 stainless steel (18 Cr-8Ni), also known as 303 stainless steel,
is used when a combination of good corrosion resistance and ease of machining is
required. It is used for a variety of parts requiring extensive machining. In an
application related to fabrication of heads for computer hard drives, a combination of
electrochemical and chemical processing steps were used to increase and monitor the
chromium content of the oxide film on the steel. Impedance spectroscopy was used to
assess the thickness of the film, and the results were compared to independent values
obtained by X-ray photoelectron spectroscopy (XPS).

Samples were prepared by masking the area of interest from other materials of the
integrated interconnect circuit built on the stainless steel substrate. The mask was a
vinyl tape, 0.132 mm thick, (3M 471) in which a precision 3 mm hole was cut. The
coupon with applied mask was then sandwiched into a cell as shown in Figure 6 where
1 ml of electrolyte was used to fill the cell. The cell was attached to a PAR 2273
Potentiostat/FRA and impedance measurements were made at the measured open-
circuit potential using a 10 mV perturbation. A Ag/AgCl reference electrode was
used where the tip extends through the Pt counter electrode wire coil. The working
electrode connection and working sense were connected on opposite sides of the cell
(the coupon extended to either side of the cell).

Impedance data for the steel as received in an electrolyte consisting of 22 g/L
boric acid with NaOH added, about 6 g/L, to bring the pH to 7.2, are presented in

14
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Figure 6: Electrochemical cell designed to evaluate a plate material sandwiched
between the two cell blocks. A part of the image was obtained from Bio-Logic
(http://www.bio-logic.info/index.html).
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Figure 7: Impedance data for free-machining 18/8 stainless steel in an electrolyte
consisting of 22 g/L boric acid with NaOH added, about 6 g/L, to bring the pH to
7.2 (at the edge of buffering region): a) Nyquist plot; and b) imaginary part of the
impedance as a function of frequency. Data are presented for the steel in as-received
condition and after a proprietary treatment to increase the chromium content of the

oxide film.
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Table 3: Regression results for free-machining 18/8 stainless steel in an electrolyte
consisting of 22 g/L boric acid with NaOH added to bring the pH to 7.2.

As Received | After Proprietary Treatment
R, Qcm? 15.3 13.3
Ry, MQcm? 2.33 16.8
a 0.91 0.91
Q, uF /s~ em? 11 30.5
0 by XPS, nm 6.3 2.5

Table 4: Estimations of oxide thickness for free-machining 18/8 stainless steel in an
electrolyte consisting of 22 g/L boric acid with NaOH added to bring the pH to 7.2.
The steel was in as-received condition, and the oxide thickness was measured by XPS
to be 6.3 nm.

Approach | Type of Distribution | Ceg, uF/cm? | 6, nm | 100(dgrs — dxps)/Oxps
Eqn. (6) - 11 0.97 -85%
Eqn. (11) normal 15 0.72 -89%
Eqn. (17) surface 4.9 2.2 -65%
Eqn. (27) normal 1.8 5.9 -6%

Figure 7 for the steel in as-received condition and after a proprietary treatment to
increase the chromium content of the oxide film. Due to the slight curvature evident
in Figure 7(a), the data could not be fit by equation (2); whereas, the data could be
fit well by equation (22), represented by Figure 1(b), by equation (23) in parallel with
a resistance, represented by Figure 1(d), or by equation (1). As shown in Figure 7(b),
the CPE behavior is valid in the entire frequency range and, in particular, at high
frequency, which is visible only in this representation. Due to the finite frequency
range of the data shown in Figure 7(a), these models could not be distinguished. The
results obtained by regression of equation (1) are presented in Table 3.

Approaches for estimation of oxide thickness were compared under the assumption
that the dielectric constant of the oxide could be taken as having a value € = 12.2° The
parameter ps, used in the power-law model, was assigned a value of ps = 500 (2cm.
The value ps = 500 Qcm is consistent with the observation of semiconducting prop-
erties for the oxide. Using impedance data and a value for the thickness of an oxide
film measured by XPS, as reported by Frateur et al.,?! Hirschorn et al.2 found a value
of ps = 450 Qcm. This value was rounded to ps; = 500 (lcm in recognition of the
large confidence interval expected for thicknesses measured by XPS, uncertainty in
the assumed value for dielectric constant €, and the assumption that the passive film
is homogeneous and behaves as a single metal oxide film. The results are presented
in Table 4 for steel in the as-received condition and in Table 5 for the steel after
chemical treatment. The quantity 100(dgis — dxps)/dxps is presented to show the ex-
tent of the agreement between the value for oxide thickness derived from impedance
measurements, dgrg, and the value obtained from XPS measurements, dxps. For the
as received and treated coupons, the thickness obtained from equation (27) is within
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Table 5: Estimations of oxide thickness for free-machining 18/8 stainless steel in an
electrolyte consisting of 22 g/L boric acid with NaOH added to bring the pH to 7.2.
The steel has undergone a proprietary chemical treatment to increase the chromium
content of the oxide. The oxide thickness was measured by XPS to be 2.5 nm.

Approach | Type of Distribution | Ceg, uF/cm? | §, nm | 100(dgrs — dxps)/dxps
Eqn. (6) - 30.5 0.35 -86%
Eqn. (11) normal 59.0 0.18 -93%
Eqn. (17) surface 13.3 0.80 -68%
Eqn. (27) normal 4.0 2.7 +8%

6 and 8%, respectively, of the values measured by XPS. This is within the expected
confidence interval for measurements of oxide thickness by XPS.

The value for film thickness obtained by setting C' = @) does not agree with the
value obtained by XPS, even though the CPE parameter o had a value of 0.91, which
may be considered to be close to unity. The thicknesses obtained using the character-
istic frequency of the impedance (equation (11)) also do not agree with the measured
value. The lack of agreement of the values derived from the characteristic frequency
of the admittance (equation (17)) with the value obtained by XPS suggests that
the CPE behavior cannot be attributed to a surface distribution of time constants.
The power-law model which, in contrast to equation (11), extracts information from
the high-frequency part of the impedance measurement and is independent of the
characteristic frequency, provided excellent agreement with XPS results.

Difficuties with using the characteristic frequency of the impedance, i.e., equation
(11), to extract meaningful parameters for oxides were also noted by Huang et al.??
Mohammadi et al.??
derived by use of equations (6), (18), and (11) to independently measured thicknesses.
Under assumption that the dielectric constant was equal to 30, they found that the
Brug formula for a surface distribution of time constants provided the estimate for film
thickness that was closest to the values obtained by ellipsometry. Their ellipsometry
measurements indicated that the films were about 2-3 nm thick, in good agreement
with some of the values obtained in the present study by XPS.

compared thicknesses of passive films on 304 stainless steel

3.3 Martensitic Stainless Steel

Martensitic stainless steels are mainly used for their excellent mechanical proper-
ties. They are, however, relatively sensitive to localized corrosion. The impedance
response of a X12CrNiMoV12-3 steel rotating disk electrode was studied in aerated
and deaerated neutral electrolytes containing 0.1 M NaCl and 0.04 M NaySOy.

Three cases are presented here. In Cases A and B, the electrolyte was aerated. In
Case C, the electrolyte was deaerated by sparging with nitrogen. In Case B, the elec-
trode was first held at a cathodic potential to remove air-formed oxides. Impedance
measurements were performed at the open circuit, for an electrode rotation speed of
500 rpm, and after different times of immersion, ranging from 2 to 17 hours.?* The
impedance response after 17 hours of immersion is presented in Figure 8.
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Figure 8: Bode diagrams for martensitic steel disks rotating at 500 rpm at open
circuit after 17 hours of immersion in neutral electrolytes containing 0.1 M NaCl and
0.04 M NaySOy4: a) Magnitude; and b) phase angle. Case A: the electrolyte was
aerated; Case B: the electrode was held at a cathodic potential to remove air-formed
oxides before being subjected to an aerated medium; and Case C: the electrolyte was
deaerated.

For the data collected in deaerated environment (Case C), only one time constant
is visible on the impedance diagram, and parameters were obtained by regression
of equation (1) in the whole frequency range. For Cases A and B, two time con-
stants appear in Figure 8. The low frequency part of the diagrams corresponds to the
charge-transfer process of oxygen reduction, and the high-frequency domain corre-
sponds to the oxide layer. In accordance with the objectives of the present work, only
the high-frequency part was analysed by regression of equation (1). The thickness
and composition of the layers formed on the steel after 17 hours of immersion were
estimated by XPS. The regression and XPS results are presented in Table 6.

The four approaches for extracting physical information from CPE data were
applied to the impedance data to estimate the oxide thickness, and the results are
also presented in Table 6. The parameter ps, used in the power-law model, was
assigned a value of ps = 500 Q2cm because the oxide on steel has a semiconducting
character and can be expected to have properties similar to that of the steel analyzed
by Hirschorn et al.? The dielectric constant of the oxide was assigned a value € = 12.

For Case B, the film thickness derived by use of the power-law model (equation
(27)) increased with immersion time, and the value at 17 hours of immersion was
in excellent agreement with the thickness measured independently by XPS. As was
seen for the free-machining steel, the thickness values obtained by assumption that
C' = @Q, equation (6), by using the formula derived from the characteristic frequency
of the impedance, equation (11), and by assuming a surface distribution, equation
(17) were significantly smaller than the value obtained from XPS or by use of the
power-law model.

A similar result was obtained for Case C, in which the electrolyte was deaerated.
The film thickness derived by use of the power-law model decreased with immersion
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Table 6: Regression results reported for a martensitic steel disk rotating at 500 rpm
in a neutral electrolyte containing 0.1 M NaCl and 0.04 M Na,SO,4.2* Case A: the
electrolyte was aerated; Case B: the electrode was held at a cathodic potential to
remove air-formed oxides before being subjected to an aerated medium; and Case C:
the electrolyte was deaerated. The regression values reported here are only those that
are used in the analysis.

Condition Regression Results Film Thickness, nm
Time R R Qlox Qox Approach: Eqn. Expt.
h Qcm?  kQcem? pF/st=em? | (6) (11) (17) (27) | XPS
A 2 17.0 50 0.90 90 0.12 0.10 024 1.0 -
6 17.2 62 0.90 87 0.12 0.10 025 1.0 -
10 17.0 76 0.90 86 0.12 0.10 0.26 1.0 -
17 17.2 110 0.90 76 0.14 0.11 029 1.2 2.8
B 2 15.6 6.1 0.91 32 0.33 039 070 2.3 -
6 14.8 7.2 0.91 29 0.37 043 079 2.5 -
10 14.5 7.3 0.91 27 039 046 085 2.7 -
17 14.2 7.7 0.91 26 041 048 0.89 238 3.1
C 6 19.8 330 0.90 30 035 0.27 0.81 3.0 -
10 20.0 388 0.91 26 041 0.33 086 238 -
17 20.5 443 0.92 23 046 0.38 090 2.5 2.5

time, and the value at 17 hours of immersion agreed with the thickness measured by
XPS. Again, equations (6), (11), and (17) yielded poor agreement with the indepen-
dent measure of film thickness.

For Case A, in which the electrolyte was aerated, the power-law model yielded
thicknesses on the order of 1 nm. The small thickness, as compared to that calculated
for Cases B and C, can be attributed to dissolution of the iron species during immer-
sion in the electrolyte, leading to a decreased film thickness. As a consequence, the
oxide film is enriched in chromium oxide and hydroxide, as was confirmed by XPS
analysis.?* This dissolution process has been reported previously in the literature.?® 27
The discrepancy between the thickness obtained by the power-law model and the XPS
results may be due to the exposure of the sample to air as it was transported from
the electrochemical cell to the surface analysis instrumentation. The film thickness
could be modified by oxidation of the iron species.

The values for film thickness obtained by setting C' = @ (equation (6)) or by
using the values derived from the characteristic frequency of the impedance (equa-
tion (11)) are clearly much smaller than obtained by XPS. The values derived from
the characteristic frequency of the admittance (equation (17)) are also smaller than
found by XPS, suggesting that the CPE response cannot be attributed to a surface
distribution of time constants. The values for film thickness obtained from equation
(27) are in the range of those expected for oxides on steel and, in two cases, were in
excellent agreement with results obtained by XPS. It should be noted that, as the
interpretation based on the power-law model employs only information obtained at
high-frequency, the results obtained are independent of the hypothesis employed to
develop the model that accounts for low-frequency behavior.
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Figure 9: Correction factor, applicable for a normal distribution of time constants,
for the assumption that C' = @Q: a) CepL/Cerr,o as a function of a with pseey as a
parameter; and b) 1 — Ce p1,/Cesr ¢ as a function of 1 — a with pseey as a parameter.

4 Discussion

The discussion is presented here in terms of each of the approaches considered: simple
substitution, characteristic frequency associated with a normal time-constant distri-
bution, characteristic frequency associated with a surface time-constant distribution,
and the power law model.

4.1 Simple Substitution

For the two oxides shown in the present work, the assumption C' = () provides poor
estimates for physical properties, even though a was larger than 0.9. This result
raises the question - under what circumstances may one assume that C' = Q7 The
evaluation of this question depends on whether the CPE behavior is caused by normal
or surface distributions.

4.1.1 Normal Distribution

The results presented here show that, for normal distributions, the power-law model
provides the most accurate assessment of CPE parameters in terms of physical prop-
erties. Thus, for a normal distribution, an appropriate figure of merit would be

QL _ g (ppecy) (39)
eff,@Q
Equation (39) shows that the accuracy associated with setting C' = @ is not simply
a function of «;, but depends as well on other physical properties of the system under
study.

The ratio Cegr p1./Cesr,q is presented in Figure 9(a) as a function of o with typical
values of pseeg as a parameter. The corresponding plot of 1—Ceg pr,/Cesr ¢ is presented
in Figure 9(b) as a function of 1 —«. Figure 9(b) emphasizes the behavior near ov = 1.
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Figure 10: Correction factor, applicable for a surface distribution of time constants,
for the assumption that C' = Q: a) Ceg surt/ Cetr, as a function of a with QR.R)|/(Re+
R))) as a parameter; and b) 1 — Cegr su/Cetr, as a function of 1 —a with QR.R)|/(Re+
Rj) as a parameter.

For the oxides films treated in the present work, pseey has a value of 5 x 1071% s. The
error in using Ceg ¢ is 23 percent at o = 0.99 and 100 percent at o = 0.97. Thus, the
assumption that C' = () should not be used for normal distributions.

4.1.2 Surface Distribution

In previous work, Hirschorn et al. showed that the model developed by Brug et al.’
provided a good interpretation for cases where surface time constant distributions
gave rise to CPE behavior. Thus, for a surface distribution, an appropriate figure of

merit would be :
Ceff,surf _ ( ReRH )( /e
R, + RH

Again, the accuracy associated with setting C' = @) is not simply a function of «, but
depends as well on other physical properties of the system under study.

The factor Ceg swt/Cetr, is presented in Figure 10(a) as a function of o with the
quantity QR.R||/(R. + Rj|) as a parameter. To emphasize the behavior near oo = 1,
the quantity 1 — Ceg surt/Cesr ¢ 1s presented in Figure 10(b) as a function of 1 —av. For
R, =10 Qcm?, Q = 107° Fs* ! /em?, and R)| >> R,, the parameter QR.R|/(R.+R)|)
has a value near 107 s*. For QR.R)|/(R. + R))) = 107" s* and at a value a = 0.93,
Cest,o Will be a factor of 2 larger than Ceg su¢. The error will be near 10 percent at
a = 0.99. A comparison of Figures 9(b) and 10(b) shows that the error in assuming
C = @ for surface distributions is smaller at a given value of « than it is for normal
distributions. However, the error is sufficiently large that the assumption that C' = Q)
is not recommended for surface distributions.

40
Curo (40)
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4.2 Characteristic Frequency Associated with a Normal Distribution

The results show that the effective capacitance derived from the characteristic fre-
quency of the impedance does not provide good estimates for physical properties
because the resistance associated with the characteristic frequency is independent of
the dielectric properties of the film. The result is that the effective capacitance is too
large. When used to evaluate film thickness, the value obtained is an order of mag-
nitude too small, giving, as shown in Table 5, a thickness of 0.18 nm for a film with
an independently measured thickness of 2.5 nm. For an oxide with independently
measured thickness of 6.3 nm, a value of 0.72 nm was found, as reported in Table
4. Similar results were found for martensitic steel, as shown in Table 6. Application
to the skin data yielded an incorrect prediction of the impact that perforation of the
skin would have on the characteristic frequency. As discussed previously, the effective
capacitance derived from the characteristic frequency of the impedance should not be
used to obtain estimates for physical properties.

4.3 Characteristic Frequency Associated with a Surface Distribution

While the CPE response of the systems studied in the present work could, in principle,
have been attributed to a surface time-constant distribution, the effective capacitance
derived from the characteristic frequency of the admittance did not adequately de-
scribe the results. Application of the surface-distribution model to the skin data
yielded a result that perforation of the skin would have no impact on the characteris-
tic frequency. This result was seen because the effective capacitance depends on only
R. when R >> R., and R, is not associated with film properties. The values ob-
tained for the oxides on steel, however, were more reasonable than the values obtained
from the characteristic frequency of the impedance. For example, the value for oxide
thickness obtained from the characteristic frequency of the admittance, reported in
Table 4, was 2.2 nm as compared to 0.72 nm obtained from the characteristic fre-
quency of the impedance. As illustrated in the present work, even if the characteristic
frequency associated with a surface distribution yields more reasonable values, the
values may still be incorrect.

4.4 Power-Law Distribution

As shown in Figure 5, the power law approach yielded the correct frequency shift
for the impedance of skin associated with a hole in the skin. As shown in Tables 4,
5, and 6, the power-law approach yielded values for the thickness of oxides in good
agreement with the independently measured values. This agreement was particularly
striking when compared to the poor agreement obtained by the other approaches
discussed here. The results presented here show that the power-law model®? for CPE
behavior provides a powerful approach for interpretation of CPE parameters in terms
of physical properties such as film thickness.
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5 Conclusions

The CPE parameters () and o may be interpreted in terms of such physical properties
as film thickness and dielectric constant. The interpretation depends on the nature
of the associated time constant distribution. In the case of surface distributions,
the formulae provided by Brug et al.> (Equations (17) and (18)) are recommended;
whereas, in the case of normal distributions, the use of the power-law model'? is
preferred.

The power-law model for normal distribution of resistivity presented by Hirschorn
et al.l'2 provided an accurate means for evaluating the impedance data presented
in this work for oxides and was consistent with experimental observations for the
impedance of human skin.

The effective capacitance derived from the characteristic frequency of the impe-
dance does not provide good estimates for physical properties. This work shows that
the capacitance depends on the high-frequency impedance response and is indepen-
dent of the low-frequency asymptote Z;(0). The effective capacitance derived from
the characteristic frequency of the impedance should not be used to determine the
dielectric constant or the film thickness.

While surface distributions may also give rise to CPE behavior, the parameter
values obtained from the characteristic frequency of the admittance did not agree
with the results reported here. The assumption that the effective capacitance may be
assigned the numerical value of @) also provides poor estimates for physical properties.
Use of this assumption is discouraged whenever a CPE is used to improve the fit.
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List of Symbols

Roman

Ceogr effective capacitance, F/cm?

Ces,0G effective capacitance, model of Oh and Guy, F/cm?

Cett effective capacitance, simple substitution, F/cm?

Cet surf effective capacitance, surface distribution, F/cm?

Cest pL effective capacitance, power-law distribution, F/ cm?

Cskin capacitance of skin, F/cm?

f frequency, Hz

fe characteristic frequency, Hz

fenorm characteristic frequency for normal distribution, Hz

fe,surt characteristic frequency for surface distribution, Hz

Jafter characteristic frequency after skin was pierced, Hz

foefore characteristic frequency before skin was pierced, Hz

g numerical function given by equation (25)

] imaginary number, j = v/—1

Kiorm dimensionless frequency for a normal distribution, equation (8)
Kot dimensionless frequency for a normal distribution, equation (14)
Q CPE coefficient, F/s'~“cm? or s*/Qcm?

Qox CPE coefficient for an oxide layer, F/s!~®cm? or s*/Qcm?
Ry parallel resistance, {2cm?

R, electrolyte or ohmic resistance, Qcm?

Reg effective resistance, see equation (31), Qcm?

Rgin skin resistance, Qcm?

Riole resistance associated with hole in skin, Q2cm?

Rpefore effective resistance of skin before it was pierced, Qcm?
Rattor effective resistance of skin after it was pierced, Qcm?

Y admittance, Y = 1/Z, (Qcm?) ™!

Z impedance, 2cm?

Zs(f) impedance for a power-law model, see equations (21)-(23), Qcm?
Greek

Q CPE exponent, dimensionless

Qlox CPE exponent for an oxide layer, dimensionless

y exponent in the power-law model, dimensionless

) film thickness, cm

ORIS film thickness determined by EIS, cm

OxXPS film thickness determined by XPS, cm

€ dielectric constant, dimensionless

€0 permittivity of vacuum, 8.8542 x 10714 F/cm

¢ norm phase angle at the characteristic frequency fc norm, radian
¢ dimensionless position, ( = y/d

s mathematical constant, 7 = 3.14159265358979323846..., dimensionless
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p resistivity, Qcm
05 film resistivity at the film-electrolyte interface, {2cm
00 film resistivity at the film-metal interface, {2cm
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