
PHYSICAL REVIEW A 84, 042509 (2011)
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In this study, empirical and semiempirical K-shell fluorescence yields (ωK ) and Kβ/Kα intensity ratios from
the available experimental data for elements with 23 � Z � 30 were calculated to compare them with elements in
different alloys. The experimental data are fitted using the quantity [ωK/(1 − ωK )]1/4 vs Z to deduce the empirical
K-shell fluorescence yields and Kβ/Kα intensity ratios. The empirical and semiempirical K-shell fluorescence
yield values were used to calculate the K x-ray-production cross-section values for pure Co and Zn elements.
Also, σKα , σKβ production cross sections and Kβ/Kα intensity ratios of Co and Zn have been measured in pure
metals and in different alloy compositions which have different pH values. The samples were excited by 59.5-keV
γ rays from a 241Am annular radioactive source. K x rays emitted by samples were counted by an Ultra-LEGe
detector with a resolution of 150 eV at 5.9 keV. The effect of pH values on alloy compositions and the effect of
alloying on the fluorescence parameters of Co and Zn were investigated. The x-ray fluorescence parameters of Co
and Zn in the alloying system indicate significant differences with respect to the pure metals. These differences
are attributed to the reorganization of valence shell electrons and/or charge transfer phenomena.
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I. INTRODUCTION

Zinc and zinc alloys are widely used in the automobile
industry to electroplate steel to provide corrosion resistance.
The corrosion resistance of a pure zinc coating on steel is
not satisfactory under severe atmospheric conditions. When
elemental zinc is alloyed with iron-group metals, zinc shows
better corrosion resistance than the pure metal. Thus, the
investigation of properties of ZnCo alloys is interesting since
these alloys exhibit a significantly higher corrosion resistance
than pure zinc [1,2]. Depending on the preparation conditions,
i.e., electrolyte composition, temperature, current density, and
pH of the solution, different properties can be obtained. This
fact makes ZnCo alloys important in exploring the effect of
pH on the structure of these alloys. The effect of pH also
changes the concentration of elements in the samples and
distribution of outer shell electrons. The observed changes
in the distribution of outer shell electrons lead to alteration
of the binding energy of these electrons. The study of x-ray
fluorescence parameters provides useful information on the
electronic structure of 3d transition metals in their alloys and
compounds. The information about the distribution of outer
shell electrons is obtained by the different value of these
parameters of elements in different alloy compositions since
the x-ray fluorescence parameters depend on the physical and
chemical environments of the elements in the samples. This
dependence can be explained by the changes of the 3d electron
population of the transition metal. The changes of the 3d
electron population are explained by two mechanisms. The
first mechanism is the transfer of valence shell electrons from
one element to the other and the second is the reorganization of
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valence shell electrons in each atom. In alloys the 3d electron
transfer or delocalization is responsible for the change in these
parameters. Therefore it can be said that the x-ray fluorescence
parameters are a sensitive tool to investigate the structure of
transition metals in alloys.

The alloying effect is explained by the change of the
3d electron population of both elements in different alloy
compositions. The change of the 3d electron population in
the atom will modify the 3p orbitals more than the 2p orbitals
which results in a change of the Kβ-to-Kα ratio. In the 3d
transition metal series, the valence state is 3d4s shells and
the valence state electrons or outer shell electrons are more
affected by the alloying or alien element effect than inner shell
electrons. In the literature, many studies related to the effect
of alloying are available and these studies are important for
understanding the valence electronic structure of metals. The
valence electronic structures of Fe and Ni in FexNi1−x alloys
and of Ti, Cr, Fe, and Co in some alloys were investigated
by using the changes in the relative Kβ/Kα x-ray intensity
ratio. The changes in the 3d electron population of elements
in various alloys were explained by assuming rearrangement
of electrons between 3d and (4s,4p) states [3–5]. Influence
of the alloying effect on the K x-ray intensity ratio was
investigated for V and Ni elements in VxNi1−x alloys. The
changes in the valence electronic structure and 3d electron
population of elements in those alloys were clarified by
rearrangement and charge transfer models [6]. In addition to
these studies, the alloying effect on the K-shell fluorescence
yield was investigated for Ni in Ni-Si alloys [7] and for Cr,
Ni, and Al elements in CrxNi1−x and CrxAl1−x alloys [8].
Electronic structures of Au-Al thin-film alloys by high-energy
x-ray photoelectron spectroscopy (XPS) and x-ray absorption
near-edge structure (XANES) were studied. It is concluded
that the direction of charge transfer was in agreement with
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TABLE I. Solution compositions for the alloy electrodeposition.

Solution compositions ZnCo

ZnSO4 (M) 0.5
CoSo4 (M) 0.1
C6H5Na3O7·2H2O (g l−1) (sodium citrate) 25
H3BO3 (g l−1) 40
NH4Cl (g l−1) 45
Na2SO4 (g l−1) 0.5
Solution pH 3, 4, 5, 6
Temperature (◦C) Room temperature
Deposition time (min) 10
Voltage (V) –3

the differences in electronegativity values of the elements [9].
An interpretation of core-level shifts in Cu and Pd alloy
compositions in terms of charge transfer between these atoms
was carried out [10]. A study of high-resolution Cu L3-edge
XANES spectra for a series of Cu-Au alloys was reported.
From the results of the calculations it was concluded that Cu
gained d charge and Au lost d charge in the Cu-Au alloy
system [11].

In this paper the effect of alloying on Kβ-to-Kα x-ray
intensity ratio and Kα, Kβ x-ray-production cross sections
has been determined. To compare the measured experimental
values with pure element values, K-shell fluorescence yields
and Kβ/Kα intensity ratio values have been calculated em-
pirically and semiempirically from the available experimental
data. The alloying effect has been observed as the differences
in the x-ray fluorescence parameters from a given element
incorporated in different alloys.

II. EXPERIMENTAL PROCEDURE

A. Electrodeposition of ZnCo alloys

Zn1−xCox alloys were prepared by electrodeposition under
potentiostatic conditions on aluminum substrates from a
chloride sulfate plating bath at room temperature (Table I). The
electrolytes were prepared using 18 M�-cm twice-distilled
water.

The pH value of the bath was varied between 3 and 6 using
hydrochloric acid and NaOH. The area of the deposits was
1.5 cm×1.5 cm. The employed electrolyte was prepared using
pure analytical chemicals (Merck). The counter electrode was
made from platinum. The reference electrode used in all
experiments was a saturated calomel electrode (SCE).

Table II shows the dependence of the Co and Zn concen-
trations in the films on the pH value of the electrolyte. Co
concentration of the coatings increased with increasing bath
pH between pH values 3 and 5, but further increase in the bath
pH caused a decrease.

TABLE II. Compositions of the films.

Electrolyte pH 3 4 5 6
Co at. % 2.2 4.3 4.68 4
Zn at. % 97.8 95.7 95.3 96.0

Mylar

Sample

Pb annular collimator

Holder annular source

Ultra-LEGe
Detector

X-ray fluorescence
radiation

Beryllium window

Annular source (241Am)

FIG. 1. Geometry of the experimental setup.

B. X-ray fluorescence analysis

The geometry of the experimental setup for the 241Am
annular source used in the x-ray fluorescence analysis is shown
in Fig. 1. The excitation energy of the 241Am is 59.6 keV. This
radioisotope source was used to obtain the K x rays from
the Co and Zn elements and the K x rays from the samples
were detected by a collimated Ultra-LEGe detector having
a thickness of 5 mm and an energy resolution of 150 eV
at 5.96 keV. The spectra were analyzed by using the Origin
Company (ORIGIN 7.0 demo version) software program using
a least-squares fit method. In the experimental determinations,
spectral deconvolution is one of the main problems that arise
when determining these parameters due to the strong peak
overlapping in energy dispersive x-ray fluorescence (ED-XRF)
system. Good statistics are necessary for this purpose and
a careful fitting methodology is required in order to obtain
accurate values for the peak areas. Figures 2(a) and 2(b) show
a typical Co and Zn K x-ray spectrum for the 14B alloy,
respectively. If the figures are analyzed carefully, one can see
the tailings which exist at the low-energy side of the main
K x-ray peaks. When an electron is knocked out of the K
shell, the reorganization of an atom is not explained by only
purely radiative and nonradiative deexcitation events. Some
researchers proposed that there may be an alternative decay
process for filling a vacancy instead of undergoing a forbidden
quadrupole transition [12,13]. In this decay process, when an
inner shell hole of an atom is filled, released energy is shared
between the photon and electron. It is called the radiative Auger
effect. This effect can provide important information on the
many-particle interaction in the atom [14]. The radiative Auger
process gives rise to a satellite structure on the low-energy side
of the main peak. KMM and KLM Auger peaks are found on the
low-energy side of the Kβ and Kα main peaks, respectively. To
obtain the proper results about the intensity ratio, cross-section
and fluorescence values for the lower-energy tailing of the
main peaks have to be extracted. If the tailing is not extracted
from the main peak, the result can be erratic and this can be
interpreted as an alloying effect or chemical effect, etc. For this
purpose a fitting program was used to extract the lower-energy
tailing because of the radiative Auger effect (RAE), and
all the x-ray spectra were carefully analyzed and the peaks
are shown in logarithmic scale. In addition to this the r2 value
can be inspected and this value is almost 0.99 for the whole
range and measurements. The residue spectrum concerns the
peak-determining process. If it is desired to know the main
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FIG. 2. (Color online) (a) Typical Co K x-ray spectrum for alloy
14B with residue spectra. (b) Typical Zn K x-ray spectrum for alloy
14B with residue spectra.

peak and the hidden peak or peaks, the residue spectra have to
be checked out carefully. The residue spectra were given for
Co and Zn peaks for the 14B alloy in Figs. 2(a) and 2(b).

The experimental K-shell x-ray intensity ratios Ki/Kj were
evaluated using the following equation:

IKi

IKj

= NKi

NKj

βKj

βKi

εKj

εKi

(i,j = α,β), (1)

where NKi/NKj represents the ratio of the counting rates under
the Ki and Kj peak, βKj/βKi is the ratio of self-absorption
correction factors of the target that accounts for the absorption
of incident photons and emitted K x-ray photons, and εKj/εKi

is the ratio of the detector efficiency values for Kj and Ki

x rays, respectively.

The Ki x-ray-production cross sections were obtained by
using the following relation:

σKi = NKi

I0GεKiβKimi

(i = α,β), (2)

where NKi is the measured intensity (area under the photo-
peak) corresponding to the Ki x rays, I0 is the intensity of
the incident radiation, G is the geometric factor, εKi is the
detection efficiency for the Ki x rays, βKi is the self-absorption
correction factor for the target material, which accounts for the
absorption in the target of the incident photons and the emitted
characteristic x rays, and mi is the thickness of the target in
g/cm2.

The self-absorption correction was calculated using the
equation

βKi = 1 − exp{[−(μinc csc θ1 + μemt csc θ2)mi]}
(μinc csc θ1 + μemt csc θ2)mi

, (3)

where μinc is the mass attenuation coefficient (cm2/g) of
incident photons and μemt is the mass attenuation coefficient
(cm2/g) of emitted characteristic x rays [15]. The angles of
incident photons and emitted x rays with respect to the surface
of the samples θ1 and θ2 were equal to 45 ◦ and 90 ◦ in the
present experimental setup, respectively.

The product I0Gε, containing the terms related to the in-
cident photon flux, geometrical factor, and absolute efficiency
of the x-ray detector, was determined by collecting the Kα and
Kβ x-ray spectra of samples of Cr, Fe, Zn, As, Se, Sr, Zr, Mo,
Ru, and Cd for 241Am using the equation

I0GεKi = IKi

σKiβKimi

, (4)

where IKi is the measured intensity (area under the photopeak)
corresponding to the Ki group of x rays, I0 is the intensity of
the incident radiation, G is the geometric factor, βKi is the
self-absorption correction factor for the target material, mi is
the thickness of the target in g/cm2, and εKi is the detection
efficiency for the Ki group of x rays. The detector efficiency
ε is the quantity which gives the fraction of particles being
detected, i.e., the ratio of the number of particles detected
per unit time to the number of particles impinging upon the
detector per unit time. We calculated detector efficiency (I0Gε)
values using Eq. (4) for some K x-ray energies. Then these
values were plotted as a function of K x-ray energies and were
fitted. We obtained two polynomial equations. Due to these
equations, we obtained the values of the detector efficiency in
different exciting energies. We determined detector efficiency
for the energies below the Ge edge energy using Eq. (5) (for
part I). Also we determined the detector efficiency for energies
above the Ge edge energy using Eq. (6) (for part II):

Y = A + B1X + B2X
2 + B3X

3 (part I), (5)

Y = C + D1X + D2X
2 (part II), (6)

where X is the Kα, Kβ energy and the constants A, B1, B2,
B3, C, D1, and D2 are evaluated from the fitting polynomial.
I0GεKi variations as a function of mean K x-ray energies
are demonstrated in Fig. 3. In the photon energies which are
equal and almost equal to Ge edge energy (11.102 keV) I0Gε
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FIG. 3. The variation of the factor I0Gε as a function of the mean
K x-ray energy.

are reduced because the photons are absorbed by Ge detector
crystal.

Theoretical values of σKi x-ray-production cross sections
were calculated using the following equation:

σKi = σK (E)ωKFKi, (7)

where σK (E) is the K-shell photoionization cross section of
the given element for the excitation energy E [16], FKi is the
emission rate of the fractional x-ray for Ki x rays [17], and ωK

is the K-shell fluorescence yield that is calculated empirically
and semiempirically as in the following procedure.

III. Calculation procedure of ωK and Kβ/Kα

A. K-shell fluorescence yield ωK

Several attempts were performed regarding the experimen-
tal determination of K-shell fluorescence yields. In this work,
the well-known formula

[ωK

/
(1 − ωK )]1/4 =

∑
i

AiZ
i (8)

has been used which is utilized by different authors [18–23].
Taking into account this formula, empirical K-shell fluores-
cence yields were derived by fitting the experimental data.
Then the quantity [ωK/(1–ωK )]1/4 was calculated and was
plotted vs the atomic number Z. The analytical function used
for the fitting is the following polynomial:

(
ωK−expt.

1 − ωK−expt.

)1/4

=
3∑

n=0

bnZ
n (9)

where ωK−expt. is the published existing experimental data and
from these values K-shell fluorescence yields can be deduced
by the following formula:

ωK =
{

[f (Z)]4

[1 + f (Z)]4

}
, (10)
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FIG. 4. (a) Distribution of experimental K-shell fluorescence
yields [ωK/.(1 − ωK )]1/.4 as a function of atomic number. The curve
is the fitting according to Eq. (9). (b) Evolution of the normalized
experimental K-shell fluorescence yields as a function of atomic
number. The fits are also represented by solid lines according to
Eq. (13).

where f(Z) is

f (Z) = −0.79622 + 0.13934Z − 0.0046Z2

+ 6.41077 × 10−5Z3. (11)

The experimental data ( ωK−expt.

1−ωK−expt.
)1/.4 are presented in

Fig. 4(a) (dots) as a function of the atomic number Z. The same
figure shows the fitting results according to Eq. (9) (full lines).

For the semiempirical formula, the same published experi-
mental data used for the calculation of empirical K-shell fluo-
rescence yields were compared with the K-shell fluorescence
yields of Krause [24] and the ratio R=ωK−expt./ωK−Krause was
plotted against the atomic number Z. Then, the set of points (R,
Z) was interpolated by a simple third-degree polynomial and
consequently the semiempirical K-shell fluorescence yields
were deduced as follows:

ωK−S−emp = ωK−KrauseR, (12)

where

R = − 2.11954 + 0.3559Z − 0.01342Z2

+ 1.67184 × 10−4Z3. (13)

The fitting results are shown in Fig. 4(b).
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B. Kβ/Kα intensity ratio

The database used in this present work relies on different
compilations which are available in the literature. For the
calculation of K x-ray intensity ratios of elements, the
empirical formula{(

Kβ

Kα

)
expt.

/[
1 −

(
Kβ

Kα

)
expt.

]}1/4

=
∑

i

AiZ
i (14)

was used where ( Kβ

Kα
)expt. were the existing experimental

intensity ratio values. The tendency of ( Kβ

Kα
) with the atomic

number Z is written by the following third-order polynomial:(
Kβ

Kα

1 − Kβ

Kα

)1/4

=
3∑

n=0

bnZ
n. (15)

Using this formula, the K x-ray intensity ratio can be
expressed as

Kβ

Kα
=

{
[g(Z)]4

[1 + g (Z)]4

}
, (16)

where g(Z) is

g (Z) = 1.62337 − 0.12744 + 0.00532Z2

− 7.26344 × 10−5Z3. (17)

The fitting results are presented in Fig. 5(a) with full lines
defined by Eq. (15). The dots are the experimental data.

Finally, for the determination of the semiempirical K x-ray
intensity ratio formula, we calculate the semiempirical inten-
sity ratio by means of defining the normalized experimental K
x-ray intensity ratios as

S =
(

Kβ

Kα

)
expt.

/(
Kβ

Kα

)
Scofield

. (18)

The theoretical K x-ray intensity ratio was calculated by
Scofield using the Hartree-Slater theory [25]. Afterwards, the
normalized parameter S was plotted as a function of atomic
number Z and the interpolation expression of the S parameter
was obtained as follows:

S = 5.14073 − 0.47052Z + 0.01823Z2 − 2.34525Z3. (19)

The fitting results are shown in Fig. 5(b).
As a consequence of these expressions, the semiempirical

K x-ray intensity ratio can be deduced by the following:(
Kβ

Kα

)
S−expt.

=
(

Kβ

Kα

)
Scofield

S. (20)

An eye should be kept on these proposed semiempirical and
empirical formulas and their associated expressions as they are
valid only within the region of 3d transition elements. On the
contrary, these expressions will give erroneous values.

The deviation of the calculated empirical and semiempirical
ωK and Kβ/Kα values of 3d transition elements from the
corresponding experimental values is expressed in terms of
the root-mean-square error (εRMS). It is calculated for each

0.0

0.5

1.0

1.5

(a)

{(
K

β/K
α)/

[1
-(

K
β/K

α)]
}1/

4

 

22 24 26 28 30 32
0.0

0.5

1.0

1.5

2.0 (b)

S

Z

FIG. 5. (a) Distribution of experimental ( Kβ

Kα
) intensity ratio

{( Kβ

Kα
)/.[1 − ( Kβ

Kα
)]}1/.4 as a function of atomic number. The curve

is the fitting according to Eq. (15). (b) A plot of ( Kβ

Kα
)expt./.(

Kβ

Kα
)Scofield

as a function of atomic number. The dots are ( Kβ

Kα
)expt./.(

Kβ

Kα
)Scofield and

the curve is the fitting S according to Eq. (19).

of the formulas (9), (12), (15), and (20) using the following
equation:

εRMS =
⎧⎨
⎩

N∑
j=1

1

N

[
χj (expt.) − χj (calc.)

χj (calc.)

]2
⎫⎬
⎭

1/2

, (21)

where N is the number of the experimental data, and χ (expt.)
is the experimental ωK for the K-shell fluorescence yields and
the experimental Kβ/.Kα for the intensity ratio. And finally,
χ (calc.) is the calculated ωK for the K-shell fluorescence yields
and the calculated Kβ/.Kα for the intensity ratio.

The calculated empirical and semiempirical ωK and Kβ/Kα

values of 3d transition elements have been put in Table III
with the interpolation errors. In this table, calculated empirical
and semiempirical K-shell fluorescence yield values were
used for the semiempirical calculation of cross-section values.
Afterwards, cross-section and K x-ray intensity ratio values
for pure elements were checked against the main components
of alloys which were in different specimen compositions.
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TABLE III. Calculated empirical and semiempirical ωK and Kβ/Kα values of 3d transition elements with the interpolation errors (εRMS).

ωK Kβ/Kα

Z Empirical (εRMS) Semiempirical (εRMS) Empirical (εRMS) Semiempirical (εRMS)
23 0.245 0.099 0.243 0.101 0.1307 0.085 0.1287 0.088
24 0.275 0.115 0.276 0.116 0.1324 0.020 0.1276 0.030
25 0.305 0.087 0.308 0.086 0.1342 0.085 0.1322 0.090
26 0.336 0.076 0.340 0.076 0.1358 0.059 0.1339 0.062
27 0.369 0.109 0.372 0.110 0.1369 0.043 0.1352 0.038
28 0.403 0.098 0.403 0.098 0.1371 0.026 0.1362 0.027
29 0.438 0.071 0.437 0.071 0.1362 0.044 0.1346 0.049
30 0.474 0.047 0.471 0.047 0.1338 0.052 0.1365 0.057

C. Evaluation of calculation procedure

To check our calculation procedure graphically, Fig. 6(a)
shows the evolution of our results (empirical and semiempir-
ical K-shell fluorescence yields ωK ) together those of Krause
[24]. Also the results of our empirical and semiempirical
intensity ratio Kβ/Kα are presented in Fig. 6(b) together
with the theoretical values reported by Scofield [25]. It is
clear from Fig. 6(a) that our empirical and semiempirical
K-shell fluorescence yields give very good agreement with
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FIG. 6. (a) Empirical and semiempirical K-shell fluorescence
yields ωK from this work compared to those of Krause [24] as a
function of the atomic number Z. (b) Empirical and semiempirical
intensity ratio ( Kβ

Kα
) from this work compared to those of Scofield [25]

as a function of the atomic number Z.

Krause’s values [24] for the range of elements 23 � Z � 30
and the deviations are <1.19% for the empirical calculation,
and <0.74% for the semiempirical calculation (the deviation
between our values and the other calculation were calculated
using the equation D(0/0) = |(ω − ωemp)/.ωemp| × 100. For
our intensity ratio Kβ/Kα calculation, we found that our results
are less satisfactory and the values of Scofield [25] are less
than our calculation. We believe that this disagreement is due
to the different effective weighting in the two approaches in
which the spread of the experimental data is expected to be
the main reason. In fact, the calculation of the semiempirical
values is based on both the theoretical and the experimental
values via the fitting of the S parameter, while for the empirical
calculation only the experimental data are used, and on the
other hand the theoretical calculation of Scofield is based
on the Hartree-Slater theory. The deviation between our
calculation and the theoretical values of Scofield [25] vary
in the range of 7.25%–12.91% for the empirical intensity ratio
and 9.08%–10.06% for the semiempirical calculation.

IV. RESULTS AND DISCUSSION

Most of the works were concerned with the effect of
alloying on the changes in x-ray fluorescence parameters
(K-shell fluorescence yields, K x-ray intensity ratios, etc.)
or valence electronic structure of elements in different alloy
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FIG. 7. (Color online) The changes in the Kβ/Kα x-ray intensity
ratio of Co and Zn.
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compositions. In those studies, the alloy compositions were
changed step by step and the effect of alloying was explained
by means of the changes in the valence electronic structure
or x-ray fluorescence parameters. But in this study the effect
of pH has been investigated both on the composition of the
specimen and the x-ray fluorescence parameters.

The increment of pH values, as can be seen from Table II,
changes the composition of films because of the hydrogen
evolution and hydrogen adsorption. During the formation
of films, metallic ions are moved from anode to cathode
with hydrogen and this process changes the acidity of the
surroundings and the hydrogen amount. Besides, pH values
change the reduction redox potential and provide metal ions
for bonding to substrate material at lower potential. The other
way to explain the alteration of alloy composition according
to different pH values is the cathode current efficiency. The
decrement of pH values (or it can be an increment of pH
values for some films) reduce the cathode current efficiency
and this fact causes different alloy compositions. In particular,
the relationship between cathode current efficiency and pH
values is the main factor for Zn alloys with Fe-like atoms.

Table II shows the dependence of Co and Zn concentrations
in the films on the pH value of the electrolyte. Co concentration
in the alloys increased with increasing bath pH between pH
values 3 and 5, but further increasing in the bath pH caused a
decrease. Since pH values change the concentration of alloys,
outer shell electrons will be affected and the valence state
electron distribution will change. Due to the alteration of outer
shell electron distribution, K x-ray fluorescence parameters
will be different in various pH values as can be seen in Figs. 7
and 8. In Fig. 8, the changes in the σKα values of Co and Zn in
different pH values have been demonstrated but these values
become different within experimental error limits.

The measured Kβ/Kα x-ray intensity ratios, and the
Kα and Kβ x-ray-production cross sections of Co and Zn
elements in various alloy compositions of Zn1−xCox alloys
are presented in Tables IV and V. Also, these parameters have
been calculated empirically and semiempirically for pure 3d
transition elements (Table III) but two different semiempirical
values have been obtained in the calculation of cross-section
values. The values of Co and Zn have been used to compare
them in various Zn1−xCox alloys for interpreting the effect of
alloying. According to our measurements, the Kβ/Kα x-ray
intensity ratio and the Kα, Kβ x-ray-production cross-section
values for Co and Zn in various alloy compositions are very
different from the calculated empirical and semiempirical pure
element values; these differences can be explained by the effect
of alloying.

It is known that two or more transition metals come together
to form an alloy and transition metals come together with
metallic bonding. In a metallic bond, valence electrons or outer
shell electrons are free to move throughout the metal or alloy.
Thus, the outer shells will be more affected states than the
inner shells and this fact can be seen from our measurements.
If one looks through Table IV, it can be seen that the
observed changes of Kβ x-ray-production cross sections are
more significant than Kα x-ray, and Kα x-ray-production cross
sections are unchanged within experimental error limits. This
can be explained by two reasons. First is the effective charge
which is felt by the electrons and the second is open shells.
The valence electronic distribution of 3d transition metals are

TABLE IV. The experimental σKα , σKβ production cross sections of Co and Zn in the pure metals and in the different alloy compositions.

σKα (cm2/g) σKβ (cm2/g)

pH Constitution Calculated Calculated

Sample values element Present work Semiempiricala Semiempiricalb Present work Semiempiricala Semiempiricalb

Co — Co 0.325 ± 0.016 0.329 0.332 0.0400 ± 0.0020 0.0398 0.0402
Zn — Zn 0.600 ± 0.031 0.585 0.582 0.0720 ± 0.0036 0.0724 0.0719
14B 3 Co 0.337 ± 0.017 — — 0.0343 ± 0.0017 — —
Zn0.978Co0.022 Zn 0.566 ± 0.028 — — 0.0851 ± 0.0043 — —
13B 4 Co 0.342 ± 0.017 — — 0.0339 ± 0.0017 — —
Zn0.957Co0.043 Zn 0.567 ± 0.028 — — 0.0874 ± 0.0044 — —
7B 5 Co 0.314 ± 0.016 — — 0.0334 ± 0.0017 — —
Zn0.953Co0.0468 Zn 0.550 ± 0.028 — — 0.0884 ± 0.0045 — —
12B 6 Co 0.328 ± 0.016 — — 0.0336 ± 0.0017 — —
Zn0.96Co0.04 Zn 0.579 ± 0.029 — — 0.0866 ± 0.0044 — —

aCalculated by Eq. (7) for calculated empirical ωK value.
bCalculated by Eq. (7) for calculated semiempirical ωK value.
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TABLE V. The experimental Kβ/Kα intensity ratios of Co and Zn in the pure metals and in the different alloy compositions.

Kβ/Kα intensity ratios

pH Constitution Present Calculated

Sample values element work Emperical Semiemperical Theoretical [27] Theoretical [28]

Electronic Coulomb Babushkin
configuration gauge gauge

Co — Co 0.1230 ± 0.0062 0.1369 0.1352 — 3d84s1 0.1326 0.1340
3d9 0.1304 0.1318

3d84s2 0.1361 0.1374
Zn — Zn 0.1200 ± 0.0061 0.1338 0.1365 0.1410 — — —
14B 3 Co 0.1019 ± 0.0051 — — —
Zn0.978Co0.022 Zn 0.1502 ± 0.0076 — — — — — —
13B 4 Co 0.0992 ± 0.0050 — — — — — —
Zn0.957Co0.043 Zn 0.1541 ± 0.0078 — — — — — —
7B 5 Co 0.1065 ± 0.0054 — — — — — —
Zn0.953Co0.0468 Zn 0.1607 ± 0.0081 — — — — — —
12B 6 0.1026 ± 0.0052 — — — — — —
Zn0.96Co0.04 Zn 0.1539 ± 0.0078 — — — — — —

composed of 3d4s levels. Under these levels, closed shells
are formed and these inner shells feel more effective nuclear
charge than outer shells. Additionally, inner shell electrons
are bound more tightly than outer shells since the outer shell
constitutes an open shell which is more affected by the alloying
effect. The obtained Kβ x-ray-production cross-section values
for Co element in different alloy compositions are lower than
that of two calculated semiempirical pure metal values. The
changes lie between 13% and 16%. For Zn element, the
changes lie between 17% and 22% and Kβ x-ray-production
cross-section values are higher than that of pure element
values. These changes can be explained by two mechanisms.
The first mechanism is the transfer of outer shell electrons
from atoms of one element to atoms of the other element and
the second is the rearrangement of electrons between 3d and
(4s, 4p) states of each atom in an alloy system. It can be
concluded from our results that the rearrangement mechanism
cannot explain the observed changes of Kβ x-ray-production
cross-section values, since the rearrangement process does not
cause a big change for these parameters and these changes
are negligible within the experimental error limits. Thus, to
faithfully explain the changes of the Kβ x-ray-production cross
sections of Co and Zn in different alloy compositions, the
charge transfer mechanism has to be assumed.

In the case of charge transfer mechanism, the changes
should be in opposite directions. The charge transfer mech-
anism from one element to the other can be explained by
electronegativity values of Co and Zn (Table VI). Elemental
Co has a bigger electronegativity value than elemental Zn and
charge transfer should occur from Zn to Co. During the charge

TABLE VI. Electronegativity values of Co and Zn.

Element Z Electronegativity (Pauling scale)

Co 27 1.88
Zn 30 1.65

transfer from Zn to Co, the screening effect on the outer shell
electrons will increase and the binding energy of the outer shell
of Co will decrease. Decreasing of the binding energy of the
outer shell electrons causes a decrement of K x-ray emission
probability but the opposite effect will be observed for Zn for
which the electrons are removed from it because of the lower
electronegativity value.

Similar results can be observed for Kβ/Kα x-ray intensity
ratio values. For Co, the measured experimental values are
lower than the calculated empirical and semiempirical values
and these changes are between 21% and 27%. On the contrary,
for Zn element, Kβ/Kα x-ray intensity ratio values are higher
than that of the calculated pure element value and these
changes are between 10% and 20%. Also the changes in
Kβ/Kα x-ray intensity ratio values can be explained by the
charge transfer mechanism from Zn to Co but the changes are
not parallel to the changes of Co or Zn concentrations in some
alloy compositions. On the contrary, Kβ x-ray-production

FIG. 9. Cyclic voltammograms for different pH values.
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TABLE VII. Uncertainties in the quantities used to determine the parameters.

Quality Nature of uncertainty Uncertainty (%)

N(Ki) (i = α, β, KLM, KMM) Counting statistic � 3
I0GεKi Errors in different parameters used to evaluate factor � 2
β Error in the absorption coefficients at incident and emitted photon energies � 3
t Nonuniform thickness � 2

cross-section values decrease vs the increment of Co concen-
tration or increase vs the decrement of Zn concentration. There
is an inverse ratio between the concentration of elements and
Kβ x-ray-production cross-section values. It can be seen in
Table V that the increasing of pH values causes the increment
of Co concentration except for 12B alloy. This alteration gives
rise to a decrement of Kβ/Kα x-ray intensity ratio compared
to 14B alloy owing to the transfer of outer shell electrons from
Zn to Co. For 7B alloy with a pH value of 5, Co concentration
increases and this should cause a decrement of Kβ/Kα x-ray
intensity ratio with respect to 13B alloy, but it could not be
observed in our measurements. The more the pH value of the
alloy increases the less Co concentration we have for the 12B
alloy system and Co concentration is less than the 7B alloy
in the 12B alloy. Increased pH of the electrolyte (pH = 6)
decreased the contents of Co in the deposits by the decrease
of polarization, indicating that the deposition mechanism was
governed by a normal deposition. Normal deposition describes
that the reduction of polarization decreases the content of less
noble metal in the deposits. In Fig. 9 it can be seen from the
cyclic voltammetry curves that the increase of the electrolyte
pH caused a decrease of the dissolution peak (A) except for
pH = 6. This peak corresponds to the preferential dissolution
of zinc, so the decrease of dissolution peaks can be related to
the composition of the dissolved deposit. It can be considered
that an increase in the bath pH causes a decrease in the rate of
zinc deposition except pH = 4, causing the observed decrease
in size of the dissolution peaks. Brenner [26] classified the
electrodeposition of ZnCo alloys as anomalous. Codeposition
of Zn and Co is, however, not always anomalous since at low
current densities, it is possible to obtain normal deposition,
where Co deposits preferentially to Zn.

A decrement of Co concentration should cause an increase
of Kβ/Kα x-ray intensity ratio value versus 12B alloy but on
the contrary, the inverse effects have been fixed. The reason
for this is that the decreasing of the Kα and Kβ values are in
the same direction and so Kβ/Kα x-ray intensity ratio values
show reverse treatment against the decrement or increment of
Co concentration.

The uncertainties in the measurements are estimated to be
<6% and are found due to propagating the errors in various
parameters used for determination of x-ray parameters. The
uncertainties in these parameters are listed in Table VII.

To acquire more absolute results about alloying effects on
the K x-ray fluorescence parameters, we plan to extend our
measurements for various alloys.

V. SUMMARY AND CONCLUSIONS

In this paper, it is shown that pH values change the
concentration of alloy compositions and this behavior causes
an alloying effect. The effect of alloying can be seen by
the changes of the K x-ray fluorescence parameters. To
explain the effect of alloying, Kα, Kβ x-ray-production cross-
section values and Kβ/Kα x-ray intensity ratio values were
calculated empirically and semiempirically for pure elements.
The comparison of measurements according to the calculated
pure element value showed that outer shells were more affected
than the inner shells, and the changes in the parameters could
be explained by transfer of 3d electrons or outer shell electrons
from Zn to Co since the rearrangement process did not cause a
big change which is negligible within experimental error limits
for these parameters.

The charge transfer mechanism was explained by the
electronegativity differences between Zn and Co elements.
Elemental Co has a bigger electronegativity value than Zn
and the transfer of valence state electrons should go from
Zn to Co. In this case, the screening effect in elemental Co
will be bigger than that of Zn. The increase of screening
will cause a decrease of binding energy of outer shells and
thus Kβ x-ray-production cross-section values will decrease
for Co but will increase for Zn. A similar explanation can
be made for Kβ/Kα x-ray intensity ratio values except for
elemental Co in 7B and 12B alloys, for which adverse effects
have been observed vs our explanations. This fact is the
result of the decrement of Kα and Kβ values in the same
direction.
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