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ABSTRACT

In this study, ok, production cross-sections and Kg/K,, intensity ratios of Cr and Zn have
been measured in pure metals and in different alloy compositions which have different
composition values. The alloying effects on the fluorescence parameters of Cr and Zn were
investigated and the changes in these parameters interpreted according to the rear-
rangement of valance state electrons and the charge transfer process between the 3d el-
ements which constitute the alloys. The samples were excited by 59.5 keV y-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 and glycine values on
alloy composition and alloying effect on the K x-ray fluorescence parameters of Cr and Zn
were also investigated.
Copyright © 2014, The Egyptian Society of Radiation Sciences and Applications. Production
and hosting by Elsevier B.V. All rights reserved.

1. Introduction

various physical parameters such as photoionization cross-
section and fluorescence yields.
A great deal of investigation has been performed on

The increasing application of alloys in various fields such as
industry, agriculture, archaeology, etc. requires accurate
knowledge of X-ray fluorescence parameters. In addition,
comparison of measured K X-ray fluorescence cross-sections
with theoretical estimates provides a check on validity of

* Corresponding author. Tel./fax: +90 462 3773502.
E-mail address: mdogan58@ktu.edu.tr (M. Dogan).

experimental and theoretical K X-ray fluorescence parame-
ters of 3d transition metals. Earlier theoretical values of fluo-
rescence yield were obtained in the region 4 < Z < 54 by
McGuire (1969, 1970) and Walters and Bhalla (1971) using the
Hartree—Fock—Slater model. Cu K x-ray production cross
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sections for 1.7-MeV/amu C, N, O, and F ions were determined
in the limit of vanishingly thin solid Cu targets. The inclusion
of electron transfer from the target K shell to the projectile in
addition to direct ionization of the target in order to explain
the charge-state and Z; dependences of the X-ray-production
cross sections (Gardener et al., 1979). Kahoul, Abassi, Deghfel,
and Nekkab (2011) calculated empirical K-shell fluorescence
yields (wx) from the available experimental data for elements
with 6 < Z < 99. The experimental data are fitted using the
quantity. There have been extensive experimental in-
vestigations on Ky/K,, X-ray intensity ratios and fluorescence
yields of 3d transition elements (Be, Lepy, Plagnard, &
Duchemin, 1998; Benall, Shidling, & Badiger, 2005; Brunner,
Nagel, Hartmann, & Arndt, 1982; Casnati, Tartari, Baraldi, &
Napoli, 1985; Cevik, Kaya, Ertugral, Baltas, & Karabidak, 2007;
Simsek, Dogan, Turgut, & Ertugral, 2000).

The binding energy of the valence electrons of an element,
incorporated in different alloys has different values due to the
change in the valence electrons participating in the formation
of the chemical bond. As a result transition probabilities of a
valance electron leading the variations in the K X-ray fluo-
rescence parameters (Kalayc: et al., 2005). Kg/K, X-ray in-
tensity ratios of V and Ni in V,Ni; , alloys have been
measured following excitation by 59.54 keV y-rays from a
200 mCi >**Am point-source. The experimental data indicate
deviations of Ky/K, intensity ratios for V.and Ni in certain alloy
compositions from the corresponding ratios for pure metals.
These deviations indicate that the relative changes of the
number of 3d electrons for V and Ni seem to be very similar if
considered as functions of their own concentrations (Raj,
Padhi, & Polasik, 1999). In Zn,Co;_, alloys (Aylikc et al.,
2011), reduction the polarization depend on the changing the
PH values of electrolyte. As a result of this dependence con-
centration of alloy composition is changed and this behavior
causes an alloying effect on the K X-ray fluorescence
parameters.

The change on the 3d electron population of both elements
in different alloy composition is known to be alloying effect on
the K X-ray fluorescence parameters. 3d electron population
in the atom has a serious effect on the 3p orbitals more than
the 2p orbitals which results in a change of the Ky/K, X-ray
intensity ratios. Because 3d and 4s levels are the valence state
of 3d transition metals. These shells are far away from the
nucleus respect to the inner shells (2p orbitals). Outer shells
feel the attract force of nucleus more weakly than 2p orbitals
and so alien element affect the valance shell more than inner
shells. Therefore it can be said that K X-ray fluorescence pa-
rameters are a sensitive tool to investigate the electronic
structure of 3d transition metals in alloys, compounds and
complexes. Influence of the alloying effect on the Ky/K, X-ray
intensity ratios were investigated for Ti, Cr and Ni in Ti,Ni;
and CryNi; 4 alloys (Bhuinya & Padhi, 1992), Fe and Ni in
Fe,Ni;_, alloys (Raj, Padhi, Polasik, Pawlowski, & Basa, 2000),
Ti, Cr, Fe and Co in their alloys (Pawlowski et al., 2002). The
changes between the experimental and theoretically values of
elements constitutes the alloys can be explained by assuming
rearrangement of electrons between 3d and (4s, 4p) valence
band states of the individual metal atoms. In addition to these
studies, the alloying effect on the K shell fluorescence yield
was investigated for Cr, Ni and Al elements in CryNi;_, and

CreAl; , alloys (Blytikkasap, 1998). Raj, Padhi, Polasik,
Pawlowski, and Basa (2001) irradiated the Fe,Ni;  alloys due
to the rapid advance of magnetoelectronics. Valance elec-
tronic structure of Fe and Ni in Fe—Ni alloys calculated using
the results obtained from Ky/K, X-ray intensity ratios. K and L
shell X-ray fluorescence parameters of Co, Cu and Ag in pure
metals and different alloy compositions were determined
using EDXRF by Aylikci et al. (2009). o1.p, o1, of Ag and oxp, ok, Of
Co and Cu X-ray production cross sections values compared
with theoretical values. It was explained the alloying effect
using the changes on the X-ray florescence parameters. For
the Cr, Zr, Nb, V, W, Mo and Al elements, the alloying effect on
the trend of elastic properties of TiN-based nitrides have been
investigated using ab initio density functional theory calcu-
lations within the generalized gradient approximation (Chen,
Zhao, Rodgers, & Tse, 2003). The valence-electron structure of
Tiand Co in the TiyCo;_, were calculated by the comparison of
the measured Ka-to-Kg x-ray intensity ratios with the results
of multiconfiguration Dirac—Fock calculations for various
electron structures of these metals (Han & Demir, 2010).

In this paper, Zn and Cr elements in the different alloy
composition were measured by the EDXRF system. The og;
production cross-sections and Ky/K, X-ray intensity ratios of
these elements in Zn,Cr; 4 alloys was investigated and the
obtained values were interpreted according to the rearrange-
ment process of the valance state.

2. Experimental procedure
2.1. Electrodeposition of Zn—Cr alloys

Zn, ,Cry alloys have been electrodeposited with an approxi-
mate thickness of 2 ym on aluminum foils from chloride baths
at room temperature. The working electrodes were aluminum
foils and AISI 4140 steel disks. All these electrolytes were
prepared from Merck pro-analysis grade chemicals using
double-distilled water and consisted of ZnCl, 67.5 g™,
N,HCH,COOH 200 gl™!, H3BO; 31.5 gl™%, NH,Cl 95.4 gl %,
CrCls-6H,0 160 gl * for the Zn—Cr alloys (Table 1).

The measured quantity for the pH and glycine was
adjusted according to Table 1. The plating time was 15 min,
after which the cathode was withdrawn, washed with distilled
water and dried. The deposition potential was —1.5 V.

Before electrodeposition, aluminum foils were mechani-
cally polished with silicon carbide emery paper, degreased in
1 M NaOH with surfactant at 70 °C during 5 min and finally
rinsed with the twice distilled water (18 MQ cm) and dried in
air. Counter electrode was a Pt electrode, for the polarization
and the corrosion measurements. The reference electrode
used in all experiments was a saturated calomel electrode
(SCE). All the potentials are referred against SCE. The elec-
trodeposition of alloys was performed with an electro-
chemical analyzer/workstation (Model 1100, CH Instruments
USA) with a three-electrode configuration realized at room
temperature in a Pyrex glass cell. The exposed area of the
specimens was about 1 cm? (Dogan et al., 2013). The agree-
ment of lattice parameters with reported values confirms that
films are hexagonal and polycrystalline.
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Table 1 — Solutions compositions for the alloy
electrodeposition.

Solutions Zn,Cry_, (x = 98.5, 98.9, Zn,Crq_,
compositions 98.2, 99.3) (x =97.5, 97, 98)
ZnCl, (g1™) 67.5 67.5
CrCl;6H,0 (gl ) 160 160
N,HCH,COOH 200 200
g
H3BO; (gl ™) 31.5 31.5
NH,CI (g1 ™) 95.4 95.4
Glycine (g) = 0.004, 0.008, 0.012
Solution pH 2,25, 3,3.5 3
Deposition time 15 15
(min)
Voltage (V) -15 -1.5
2.2. X ray fluorescence analysis

The geometry of the experimental set-up and the present
experimental equipments has been described in Fig. 1. In
order to reduce the statistical error in the experimental
measurements, the measurements were repeated three times
on the same target and the spectra were analyzed by using
Origin software program. 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 ED-XRF system. Good statistics is necessary for
this purpose and a careful fitting methodology is required in
order to obtain accurate values for the peak areas. In this
experimental set-up, 59.5 keV gamma photons emitted by an
annular 50 mCi ?*!Am radioactive source were used. The
fluorescence K X-rays from the sample 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. Fig. 2 Zn K X-
ray spectrum for the Zngo;Croos alloy. The r? 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 peak,
the hidden peak or peaks, the residue spectra have to be
checked out carefully.

The K; X-ray production cross-sections were obtained by
using the following relation:

ox, = IOGSIZ%K‘Y)'I (i=aandp) (1)
where Ny, is the measured intensity (area under the photo-
peak) corresponding to the K; X-rays, I, is the intensity of the
incident radiation, G is the geometric factor, &, is the detec-
tion efficiency for the K; X-rays and g, 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. m is the thickness of the target
in g/cm?

The self absorption correction was calculated using the
equation:

1 — exXP{[ — (Hinc COS 61 + fem: COS 65)m]}
(Mine COS 01 + fheme COS 02)M

B = @

where ;. is the mass attenuation coefficient (cm?/g) of inci-
dent photons and pem: is of emitted characteristic X-rays
(Berger & Hubbell, 1999). The angles of incident photons and
emitted X-rays with respect to the surface of the samples, ¢,
and 60,, were equal to 45° and 90° in the present experimental
set-up, respectively. m is the thickness of the target in g/cm?.

The product IoGe, containing the terms related to the inci-
dent photon flux, geometrical factor and absolute efficiency of
the X-ray detector, was determined by collecting the K, and K
X-ray spectra of samples of Cr, Fe, Zn, As, Se, Sr, Zr, Mo, Ru and
Cd in the same geometry using the equation:

N (i=aandp) 3)

IoGSK =
tooxPgm

The terms are the same meaning as Eq. (1). The factor I;Ge,
was fitted as a function of energy using the equations.

The factor IpGek, was fitted as a function of energy using the
equations

IoGex, = Ao + A1Ex + AE* + AsE,®  (1st part) @

IoGex, = Bo + B1Ex + BoE>  (2nd part) (5)

where E, is the K, and K X-ray energy and Ao, Ay, Ay, As, Bo, By
and B, are constants evaluated from a fitting polynomial. The
variation of the factor ;G as a function of the mean K X-ray
energy is shown in Fig. 3. The Egs. (4) and (5) correspond to the
left hand side and right hand side of the Fig. 3 respectively.
Theoretical values of the ox, X-ray production cross-
sections were calculated using the following equation:

O'K], = O'K(E)(L)KPK‘ (6)

where ok(E) is the K-shell photoionization cross-section of the
given element for the excitation energy E (Scofield, 1973), wk is
the K-shell fluorescence yield (Krause, 1979), and Fg, is the
emission rate of the fractional X-ray for K, and K X-rays
(Broll, 1986).

3. Result and discussion

The ok, and ogp production cross-sections and Ky/K, X-ray
intensity ratios of Zn and Cr for different Zn,Cr;_, alloy
composition (x = 0.985, 0.989, 0.982, 0.993, 0.975, 0.970, 0.980)
changing with the pH and glycine values have been tabulated
in Tables 2 and 3.

The experimental values presented in Table 2 point out
that the ok, X-ray production cross-section values do not
change much relative to experimental error limits and are not
affected by the physical and chemical environment of the
investigated elements. This could be because that the K, X-ray
emissions consist of the (L, 3 — K) transitions and these sub-
shells are far from the valance bands of Cr and Zn elements.
The valance states of these elements are composed of the My,
Ms and N; sub-shells (Cengiz et al., 2010).

The increment of pH and glycine values changes the
composition of alloys. Elemental composition of the solution
is affected the dissolving molecules in the composite. Gener-
ally, it can be seen from the Table 1 for the alloys changing
with the pH values, deposition of the zinc atoms is
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Fig. 1 — a) Geometry of experimental set up. b) A closer look for annular source.

proportional to pH values of solution. The hydrogen evolution
affects directly the acidity of the solution and this causes the
changes on the redox potential and cathode current efficiency.
For the alloys changing with glycine values, increasing of the
glycine causes the decrement of zinc concentration or incre-
ment of chromium concentration. Because increment of
glycine absorbs the hydrogen and zinc atoms in the solution
and so mobility of the solution decreases. This decrement

affects the cathode polarization which is responsible the
deposition of zinc and chromium atoms.

As seen from Table 2, the ok production cross-sections
values of Zn and Cr elements in the Zn,Cr; y alloys are
different from theoretical values (Scofield, 1974) for pure ele-
ments. For the samples with 2, 2.5, 3 and 3.5 pH values, we find
about 20.8%, 17.8%, 23.3% and 11.1% increase in the ggg cross-
section values of Zn, respectively. For the samples with 0.004,
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Fig. 2 — Typical Zn K X-ray spectrum for alloy Zng 97;Crg o3.

0.008 and 0.012 glycine values, we find about 27.3%, 28.5% and
25.6% increase in the ogp cross-section values of Zn, respec-
tively. In addition to, for the samples with 2, 2.5, 3 and 3.5 pH
values, we find about 31.7%, 28.9%, 35.3% and 20.2% decrease
in the ogp cross-section values of Cr, respectively. For the
samples with 0.004, 0.008 and 0.012 glycine values, we find
about 41.9%, 43.9% and 38.4% decrease in the ogp cross-section
values of Cr, respectively.

Similar results can be observed for Ky/K, X-ray intensity
ratio values on the Table 3. For Cr, the measured experimental
values are lower than the calculated theoretical values and
these changes are between the 21.3% and 41.6%. On the con-
trary, for Zn element, Ky/K, X-ray intensity ratio values are
higher than theoretical values and these changes are between
the 6% and 34%.

It is very well known that metallic bonding such as alloys
and metallic components usually consist of the two or more
transition metals. Characterization of the bonding is deter-
mined by the how to be affected the valance electron
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Fig. 3 — The variation of the factor I,Gt as a function of the
mean K X-ray energy.
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oxp (cm?/g)

Present work

ok, (cm?/g)

Constitution element pH Glycine Present work

Sample

Calculated

Theoretical

Calculated

Theoretical

Semi-empirical® Semi-empirical®

Semi-empirical® Semi-empirical®

0.0719°

0.0742? 0.0724°

0.0717 + 0.0036
0.0201 + 0.0010
0.08961 + 0.00457
0.01432 £ 0.00073
0.08743 + 0.00446
0.01355 + 0.00069

0.582°
0.171°

0.585°
0.170°

0.600"
0.179%

0.587 + 0.030
0.170 + 0.009
0.62425 + 0.03184
0.17129 + 0.00874
0.62503 + 0.03188
0.17252 + 0.00880
0.62919 + 0.03209
0.18651 + 0.00951
0.62639 + 0.03195
0.18449 + 0.00941
0.57864 + 0.02951
0.17099 + 0.00872
0.57182 + 0.02916
0.17460 + 0.00891
0.57086 + 0.02911
0.18711 + 0.00954

Zn

Zn

0.0201°

0.0200°

0.0210*

Cr

Cr

Zn

Zno.985Cr0.015

Cr

2.5

Zn

Zno.989Cr0.011

Cr

0.0915 + 0.00467

0.01491 + 0.00076
0.08246 + 0.00421
0.01673 + 0.00085
0.09444 + 0.00481
0.01218 + 0.00062
0.09534 + 0.00486
0.01177 + 0.00600
0.09318 + 0.00475
0.01290 + 0.00066

Zn

Zno.982Cr0.018

Cr

3.5

Zn

Z10.993Cr0.007

Cr

0.004

3

Zn

Zno.975Cr0.025

Cr

0.008

3

Zn

Zn0.97Cro.03

Cr

0.012

3

Zn

Zno.98Cro.02

Cr

2 Scofield (1974).

> Aylika et al. (2011).
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Table 3 — The experimental Kg/K, intensity ratios of Cr and Zn in the pure metals and in the different alloy compositions.

Sample Constitution element pH Glycine

Present work

Zn Zn
Cr Cr
Zn0.985Cr0.015 Zn
Cr
Zn0.989Cr0.011 Zn
Cr
Z10.982CT0.018 Zn
Cr
Z10.993Cr0.007 Zn
Cr
Zn0.975Cro.025 Zn
Cr
Zn0.97Cr0.03 Zn
Cr
Zn0.98C0.02 Zn
Cr

0.1221 + 0.0062
0.1182 + 0.0060

0.14355 + 0.00732
0.08362 + 0.00426
0.13988 + 0.00713
0.08643 + 0.00441
0.14543 + 0.00741
0.07266 + 0.00370
0.13164 + 0.00671
0.09071 + 0.00462
0.16321 + 0.00832
0.07123 + 0.00363
0.16673 + 0.00849
0.06739 + 0.00343
0.16322 + 0.00832
0.06895 + 0.00351

& Scofield (1974).

b Ayliker et al. (2011).

¢ Polasik (1998).
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structure from the neighboring element. Especially, outer
shell electrons or valance electrons are free to move
throughout the metal or alloy in a metallic bond. Valance
shell will be more affected than the core shells because of
shortening the distance between the two or more atoms in
the alloys and this situation causes a serious effect on the
oxp production cross-sections and Ky/K, X-ray intensity ra-
tios. This can be explained the two mechanism. Firstly, the
charge transfer mechanism from one element to other can
be explained by the electronegativity values of Cr and Zn.
During the charge transfer from Zn to Cr, screening effect
on the outer shell electrons will increase and the binding
energy of the outer shell of Cr will decrease. The decreasing
of the bonding energies of the outer shell electrons causes a
decreasing on the K X-ray transition probability but the
opposite effect is observed for Zn which the electrons are
removed from it. The second and predominant mechanism
is the rearrangement of valance electrons because of the
unfilled states of chromium element. The valance electron
structure was affected by the changing of 3d electron pop-
ulation and this is responsible to the decrement the Ky/K, X-
ray intensity ratios with the increment of 3d electron
number for Cr element in the different alloy compositions.
In Table 3, it can be seen that the different electron
configuration for chromium.

The uncertainties in the measurements are estimated to be
less than 6% and are found propagating the errors in various
parameters used for determination of X-ray parameters. The
uncertainties in these parameters of counting statistic N(K;)
(i = a, B) errors in different parameters used to evaluate factor
IoGex,, error in the absorption coefficients at incident and
emitted photon energies, non-uniform thickness m are 3%,
2%, 3%, 2%, respectively.

4, Conclusion

In this study, it is shown that pH and glycine values change
the concentration of alloy compositions and this behavior
causes an alloying effect. We have found that the alloying
effect is generally significant in the case of the investigated
alloys and is reflected in the changes of the sz production
cross-sections and Ky/K, X-ray intensity ratios. By comparing
the measured K X-ray fluorescence parameters with the
Scofield’s (1974) theoretical values showed that valance shell
electrons were more affected than the inner shell electrons.
This effect was tried to explain the charge transfer mecha-
nism and rearrangement process of the outer shell electrons
in the 3d and 4s shells.
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