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A B S T R A C T

Polycrystalline Al and Zn samples were irradiated with 30 keV Ar+ ions at room temperature and the changes of
their electron work functions, were measured by the Kelvin method. Similarly to what was earlier experienced
with stainless steel the changes of as a function of displacement per atom (DPA) were seen to be of extremal
character. This can be considered as a manifestation of competing formation and annealing of displacements.
Comparing the Lang-Kohn theory of work function with the present experimental results the changes of the
Wigner-Seitz radii were evaluated. A differential law for the dependence of the Wigner-Seitz radius on DPA is
proposed.

1. Introduction

The effect of accelerated ions on metals, studied in a number of
fields and in many different aspects, is also of considerable practical
importance in nuclear technology. Throughout the operation of a nu-
clear power station its structural materials are exposed to neutron ir-
radiation which greatly influences their properties with important
consequences as far as mechanical reliability or corrosion resistance are
concerned. With an increasing number of power stations coming to an
age the study of those processes has become demanding. Obviously, the
practical problems require a number of basic phenomena to be treated.

Any experimental work which directly simulates the radiation
conditions of a working reactor is, however, most cumbersome.
Neutron irradiation makes the substances radioactive hence the hand-
ling of the samples is difficult. Usually several years are needed for the
activities to decrease to a safe level and/or complicated radiation
shields and remote controlled equipment must be used. In order to
avoid these difficulties the metals to be investigated are often exposed
to a flux of accelerated ions instead of reactor neutrons.

This replacement is far from being obvious in view of the differences
between neutrons and ions as far as penetration depths in, and modes of
interaction with the target are concerned [1]. However, the use of ac-
celerated ions is advantageous not only in view of lower costs and the
practical absence of radioactivity but also it enables one to vary irra-
diation conditions easily also by changing the nature of the projectile
[2].

The introduction of the variable called displacement per atom

(DPA) instead of fluence removes a good part of the problems which
stem from the great variety of interactions between target and radiation
[1]. Let A denote the number of atoms in unit volume of the sample, I
(E) the flux of particles of energy E, Emax and Emin the maximum and
minimum energy in the particle beam, respectively, and E( )D the cross
section of displacement of an atom in the target. The number of dis-
placements per unit volume and unit time, R is given by the equation

=R A I E E dE( ) ( )
E

E
D

min

max

(1)

Giving the total number of displacements per unit volume as =D Rt
after irradiation period, t, DPA is defined as

= =N D
A

DPA (2)

N will be used as the symbol for DPA in the mathematical expressions.
The displacement cross section can be evaluated in terms of the

particle-lattice interactions scenario. As the first stage the incident
particle hits an atom imparting an energy K which is usually beyond the
atom’s binding energy. Thereafter the primary knock-on atom (PKA)
hits further lattice atoms displacing them at the expense of its extra
energy. Let E K( , ) denote the cross section of the process in the course
of which PKA obtains energy K from a projectile of energy E and let
n K( ) be the number of atoms displaced by the PKA. The displacement
cross section, E( )D is then given as

=E E K n K dK( ) ( , ) ( )D K

K

min

max

(3)
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Detailed calculations were carried out both for E K( , ) and n K( ) for
different projectiles and different lattices with a number of distinct
modes of projectile-lattice interaction [3]. By making use of these re-
sults DPA can be evaluated in terms of Eqs. (1)–(3). Experience has
shown that the experimental data treated as a function of DPA depend
but little on either the energy or the nature of the accelerated particles
[3].

Majority of the research in this field has referred to the variation in
mechanical properties and in the microscopic structures of the irra-
diated metals. Since alloys are the most commonly used construction
materials the processes of segregation and recrystallization have de-
served great attention. Corrosion studies or investigations with direct
electrochemical relevance have been carried out comparatively rarely,
with the important exception of stress corrosion cracking (a short
summary on earlier research is given in our previous publications
[4,5]).

The above description regards the irradiated solid sample as a
homogeneous system neglecting any spatial correlation of the elemen-
tary acts [6]. This approach seems to be sufficient for the understanding
of the final, post-irradiation conditions. The description of fast kinetics,
however, must involve also local and temporal inhomogeneities, i.e. ion
tracks. This idea, first introduced by Jaffé [7] and modified by Dessauer
[8], who proposed point heat as the primary source of local events, has
taken shape more recently as thermal spike theory [9]. This is regarded
as the most general approach upon which track kinetics can rest [10].
Kinetic problems, however, will not be dealt with in the forthcoming
parts of this paper the treatment being kept at the phenomenological
level of the post-irradiation conditions.

Normal electrode potential of a metal is known to be a monotonous
function of its electron work function [11,12], whereas the difference
between the work functions of two metals is equal with the difference of
their standard electrode potentials [13,14]. One would expect this
linear relationship to prevail particularly strictly if the irradiated and
virgin states of one and the same metal are compared.

Beyond the electron work function, hence the normal electrode
potential, several other material properties of metals are also known to
depend directly on the Fermi energy: like electron heat capacity, co-
hesive energy, bulk modulus, and thermal expansion [15]. The practi-
cally important interrelation between work function and mechanical
properties were substantiated both experimentally [16–20] and theo-
retically [21].

The electron work function has been theoretically described by Lang
and Kohn [22] as the difference between , the mean electrostatic
potential drop across the metal surface, and µ, the bulk chemical po-
tential of the electrons (Fermi energy) as

= µtheor (4)

The theory is based on a jellium model where the wave number of
the electron is inversely proportional to the Wigner-Seitz radius of the
metal, rs. Both quantities on the right hand side are the sole functions of
rs. Lang and Kohn presented the theoretical results in numerical form,
we could fit simple exponential functions to their data as

= +r A e( )s
r

0
/s (5)

= +µ r µ A e( )s µ
r

0
/s µ (6)

Theoretical points and fitted curves are given in Fig. 1.
Earlier, in order to get some insight into the effect of irradiation on

the electrochemistry of stainless steel, we studied the variation of its
electron work function by bombardment with fast Ar+ and H+ ions [5].
The metal studied was the construction material of the Hungarian nu-
clear power station, Paks, Type AISI 321. The most striking result was
the extremal nature of the change of work function with DPA: at low
DPA the work function was seen to increase, it attained a maximum and
then it decreased.

The present study was prompted by that finding. We wanted to

investigate whether the extremal behaviour of the work function versus
DPA can be observed also with other metals. Instead of an alloy, like
stainless steel, we chose two simple metals, Al and Zn, for these ex-
periments.

As before, we measured electron work function by making use of the
Kelvin method [23–27]. This was chosen because it does not require
high vacuum and high temperature in contrast to methods based on
photo effect or thermionic emission [28]. Thus the metal surface can be
measured at room temperature and atmospheric conditions without
running the risk of changing the state of the surface which is normally
exposed to the environment. The disadvantage of the method is that it
informs only about the difference between the work functions of two
metals one of them being the sounding tip of the instrument. However,
since the aim of our study was to reveal changes of the work function,
this limitation is immaterial.

2. Experimental

2.1. Materials

Al ribbon of p.a. purity, with 0.3 mm thickness, Merck, and Zn foil
of 99.99% purity with 1 mm thickness, Advent, were used in the form of
10mmx10mm pieces. Before and after irradiation the samples were
sonicated in iso-propanol for one hour, dried in laboratory atmosphere
and kept overnight in the Faraday box of the Kelvin probe.

2.2. Irradiation

Details of facility and conditions are described in the earlier paper
[5]. 30 keV Ar+ ions with a current density of 0.4 μA/cm2 were used
with fluences of 5.2, 7.8, 13, 16, 25, 31, 36, 45, 50 × 1014 cm−2 for the
Al, and 3.4, 5.7, 7.0, 11.5, 13.5, 16, 18, 20.5, and 27.5 × 1014 cm−2 for
the Zn samples. The incident beam was made to sweep over the sample
so as to make the flux uniform over the surface to at least 98 percent.
The temperature of the sample did not increase practically throughout
irradiation. One half of each sample was covered and the other half
irradiated the unirradiated portion serving as the virgin sample for
comparison.

2.3. DPA calculation

The depth distribution of DPA was evaluated via full-cascade Monte-
Carlo simulation for at least 10,000 ions using the SRIM software [29].
The normalized areas of the DPA peaks were calculated by integrating
the DPA versus depth curve in the range of full width at half maximum

Fig. 1. Theoretical results by Lang and Kohn15 (dots) together with fitted
curves5 (lines), according to Eqs. (5) and (6) with fitting parameters

= = = = =A µ A0.0035; 49.0; 0.99; 2.42; 102;µ µ0 0 = 0.68.
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according to Eq. (7) where xc denotes the depth of the maximum and
+x x( )1 2 equals the full width at half maximum,

=
+

Normalized peak area
DPA x dx

DPA x dx

( )

( )
x x

x x

0

c
c

1
2

(7)

The results for the two metals are given in Fig. 2 and in Table 1

2.4. Measurements

Work function was measured by the Ambient Kelvin Probe of KP
Technology [16] equipped with a sample positioning system developed
by Plósz Engineering Co. Ltd. Relative measurements were performed
determining the work function differences between the irradiated and
virgin portions of the samples. Ten different positions having usually
been measured on both portions averages and standard deviations were
evaluated.

3. Results and discussion

The measured changes of work function, exp of Al and Zn are
given in Figs. 3 and 4. The fitted curves, similar to our earlier results
referring to stainless steel [5], are Lorentz functions, Eq. (8),

= +
+

A
N N1 ( )

exp

c exp
0 2 2 (8)

here N denotes DPA further symbols being fitting parameters. Given the
error limits and the limited number of data points the numerical values
of the fitting parameters are of minor importance, hence no error limits
of the parameters are given. The only exception is Nc which was found
to be around 8 with an error of about 8% for both metals. Nevertheless,
considering Figs. 3 and 4, together with the earlier finding on steel, we
think that Lorentz function describes the observations reasonably well.
Its physical content will be interpreted later.

The questions formulated in the Introduction can be answered now.
, as a function of DPA, has an extremum both for Al and Zn, similar

to the observations on steel.
As it is shown in Fig. 2 and Table 1. the majority of Ar+ ions

penetrates to a depth of several nanometres below the geometrical
surface both into Al and Zn. Hence it seems reasonable to attribute the
effects of radiation mainly to bulk processes in both cases. Thus, as a
first approximation, it is only µ that is influenced by the impinging ions,
hence theory describes the change of the work function, theor as

= =r µ r µ r A e e A e r( ) [ ( ) ( ] (1 )theor
s s s µ

r r
µ

r s

µ

'
)

/ / /s µ s µ s µ

(9)
here =r r rs s s

' where rs
' is the Wigner-Seitz radius in the irradiated

sample and rs that in the virgin one.
By setting =theor exp one can evaluate rs as a function of N as

it is expressed by Eq. (10),

=r ln N
A e

N
A e

1 ( ) ( )
s µ

exp

µ
r µ

exp

µ
r/ /s µ s µ (10)

By making use of the appropriate theoretical parameters and ob-
served data for Al and Zn, respectively, Figs. 5 and 6 are obtained.

The change of the Wigner-Seitz radius, rs is positive in the entire
range studied. The most striking feature of Figs. 5 and 6 is their

Fig. 2. Depth distributions of DPA by 30 keV Ar+ ions in Al and in Zn, as
computed by Eq. (7).

Table 1
Data of calculated DPA distributions of the Ar+-irradiated Al and Zn samples.

Al Zn

xc/nm 36.2 20.7
x1/nm 15.57 8.26
x2/nm 20.64 12.44
Normalized peak area 0.84 0.78

Fig. 3. Work function change, = irradiated virgin( ) ( )exp of poly-
crystalline Al by 30 keV Ar+ irradiation as a function of max. DPA. Curve fitted
according to Eq. (8), fitting parameters: 0 = −451.6; Nc = 8.12;

exp = 0.160; A = 20662. Error limits of the parameters are deliberately
omitted, see text.

Fig. 4. Work function change, = irradiated virgin( ) ( )exp of poly-
crystalline Zn by 30 keV Ar+ irradiation as a function of max. DPA. Curve fitted
according to Eq. (8), fitting parameters: 0= −1128; =Nc 7.99; exp= 0.0514;
A = 79148. Error limits of the parameters are deliberately omitted, see text.
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extremal nature. The Wigner-Seitz radii of both metals increase at low
DPA, reach a maximum at about Nc = 8 then decrease again.

This phenomenon seems to be a manifestation of radiation an-
nealing, a phenomenon described earlier from several aspects. D.C.
resistivities of copper, silver and gold as a function of fluence were seen
to have maxima [30]. The variation of channeling linewidth with flu-
ence indicated the annealing of the dislocation network in self-ion ir-
radiated aluminium[31]. Pre-existing defects in SiC were annealed by
ionizing radiation [32]. As far as technically important alloys are con-
cerned the embrittlement of reactor steel [33] and the ductility of an
aluminium alloy [34] were seen to reveal radiation annealing. Radia-
tion-effected annealing in a nickel-based alloy was attributed to the
reduction of intrinsic dislocation density due to radiation action [35].
An extremum as a function of DPA was indicated in the lattice distor-
tion of GH3535 alloy weld metal [36]. Theoretical interpretations were
proposed by Averback and Diaz de la Rubia [37] and Na-Young Park
et al. [38].

The present study may be paralleled with the determination of
Fermi level shifting by ion irradiation in doped anatase films [39]. The
important difference between irradiated semiconductors and single
component metals can be expressed in terms of the the energy band
structure. Whereas in a semiconductor irradiation influences the band
structure, in a pure metal the band structure remains unchanged and
only the chemical potential of the electron ensemble (the Ferni energy)

is influenced by ion bombardment.
In order to formulate the above results analytically the inverse

Fourier transform of the fitted Lorentz function, Eq. (7) is used, writing

= =F N A e( ( ) ) ( )exp exp
exp

1
0

( )/c exp (11)

with = N1/ and = N1/c c.
The theoretical expression for the change in the work function is

given by Eq. (9). Again let us equate the theoretical expression with the
fitted experimental curve, now as a function of ,

= r( ) ( )exp theor
s (12)

By making use of Eq. (11), and of the approximate formula in Eq.
(9), rs can be expressed. After derivation with respect to one finds

=dr
d µ r µ

( )
( )

s µ

exp

exp

s 0 (13)

This equation expresses the rate of variation of the Wigner-Seitz
radius as a function of the reciprocal of DPA. The experimental data,
given by ( )/exp

exp, are related to the theoretical function,
µ r( )/s µ,which refers to the virgin sample. The latter can be obtained
from Eq. (6) once the metal’s initial Wigner-Seitz radius is known.

The variable can be visualized by the following consideration. By
definition is given as = A D/ using the notation of Eq. (2). Since the
number of particles per unit volume, i.e. the number density, is the
reciprocal of the volume per particle, =A r3/4 s

3 and =D r3/4 d
3 one

can write

= r
r

d

s

3

3 (14)

The half distance between two neighboring displacements is
=r rd s 3 .
At = c the exponent in Eq. (11) changes sign and the abscissae of

the maxima in Figs. 3–6 equals = N1/ c c. If one attributes the change of
rs to the presence of dislocations, this observation can be interpreted in
the following manner. Formation and disappearance of displacements
are competing processes throughout irradiation, at N Nc dis-
appearance outdoes formation. The limiting PDF value defines a critical
distance between neighboring displacements, rd

c in terms of Eq. (14).
Half of the critical distance between two displacements at Nc is

=r rd
c

s c3 (15)

Present measurements rendered N 8c both for Ag and Zn. Hence in
these two cases one finds for the average critical distance between
neighboring displacements to be r r2 d

c
s. Disappearance of displace-

ments becomes overwhelming if the displacements are nearer to each
other than the Wigner-Seitz radius. Only further measurements could
tell whether this finding holds also for other simple metals.

4. Conclusions

Electron work function, is closely related to the electrochemical
behavior of metals, and also to several other, mechanical and thermal
properties. The aim of the present research was to investigate the effect
of particle irradiation on work function. That question was prompted by
the radiation damage of the construction materials in nuclear reactors.
Simple metals, Al and Zn, were irradiated with 30 keV Ar+ ions at room
temperature. The work function was seen to increase with increasing
DPA (displacement per atom), N, to reach a maximum at Nc and then to
decrease but to remain always larger than that of the virgin metal. The
extremal N( ) curve is thought to manifest the competing formation
and annealing of displacements. The present observations are in
keeping with our earlier findings on stainless steel.

Comparing the experimental results with the theory of Lang and
Kohn the observations could be interpreted in terms of the Wigner-Seitz
radii of the metals. The irradiation-effected variatons of the radii were

Fig. 5. Dependence of the variation of the Wigner-Seitz radius on DPA in Al
upon Ar+ irradiation evaluated according to Eq. (10). Error limits are pro-
portional to those in Fig. 4, continuous line calculated from the fitted curve.

Fig. 6. Dependence of the variation of the Wigner-Seitz radius on DPA in Zn
upon Ar+ irradiation evaluated according to Eq. (10). Error limits are pro-
portional to those in Fig. 5, continuous line calculated from the fitted curve.
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evaluated and also a differential expression for the variation as a
function of = N1/ , was suggested. One can visualize as the volume
per DPA divided by the volume of the Wigner-Seitz sphere.

We hope that the present phenomenology might serve as a basis to
reveal some further aspects of the elementary steps of radiation action.
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