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Summary. — This work derives from the requirement to investigate on the sil-

ver surface enrichment of objects of historical and artistic interest using the X-ray

fluorescence non-destructive technique (XRF). The aim is the thickness estimation
KOé

through the experimental relationship between %g and = of Ag as a function of

the thickness. Measurements on silver sheets of different thicknesses and three con-
centrations are carried out using a XRF spectrometer with a maximum voltage of
50kV. The results allow to analyse the plating layer of silver objects also to make
other interesting considerations.

1. — Introduction

The X-ray fluorescence technique (XRF) is a non-destructive spectroscopic technique
widely used in the field of cultural heritage [1-3] for the qualitative and quantitative anal-
ysis of chemical elements. The X-ray fluorescence technique offers various advantages:
it is non-destructive (so the integrity of the object is respected); the sample needs no
preparation; it is really fast (it is possible to examine a large number of samples in a
short time); it is relatively cheap; it is suitable for in situ measurements with portable
equipment; the result of one measurement can be used for the qualitative and quantita-
tive analysis of several elements. It uses primary X-rays that through their interaction
with the matter produce fluorescence X-rays characteristic of the elements that make
up a surface layer of the analysed sample. The knowledge of the depth distribution is
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important to investigate the homogeneity of the sample and to point out the presence
of layers of different materials. In the precious samples, in particular metal samples,
a thin metal layer overlaps a metal sheet of another metal or alloy, e.g., silver plating.
However, surface measurements on ancient silver samples may not result in reliable bulk
composition data due to silver enrichment of the near surface layer [4]. The composition
and thickness of each layer may be determined. The detailed analysis of the fluorescence
peaks and, in particular, of the relationships between the characteristic Ilg—; and IL(—S ratios
of the same element, provides information that can also be used to estimate the thickness
of the layer [5-10]. The functions that relate the values of these ratios to the layer thick-
ness of the element in consideration are known theoretically by evaluating the absorption
of incident and fluorescence photons in the material layer, but experimental evaluation
is a useful application to verify and/or to extract characteristic parameters not easily
estimated. The K/L ratio test was introduced [11] in order to assess the presence of a
surface Ag-rich layer in ancient coins and to determine the thickness of this layer [12,13].

2. — Theoretical background

For a monoelemental sample the attenuation coefficient p decreases with increasing
energy and the thickness increases with increasing atomic number.

For any sample, self-attenuation effects must be considered and the trend of the ratios
according to thickness is given by the self-absorption function [14]:
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(%;)0 is the ratio of infinite thickness samples;

1o is the coefficient of linear attenuation of the element to the incident energy Ejy
(em™);

11 is the coefficient of linear attenuation of the element to the energy of K, line
(cm™1);

2 is the coeflicient of linear attenuation of the element to the energy of Kz line
(em™);

e z is the sample thickness (cm).
The trend of the values of the ratio % as a function of the thickness are described
by eq. (1).

When the sample is constituted by an alloy, the attenuation coefficient of eq. (1) refers
to the alloy concentration in this way:
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e ¢; and cy are the concentrations of the elements 1 and 2 that make up the alloy

and are such that ¢; + co = 100%;

° (%;)0 is the ratio of infinite thickness samples;
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e /i is the coefficient of linear attenuation of the element to the incident energy Fjy
(em™);

e 111 is the coefficient of linear attenuation of the element 1 to the energy of K, line
of 1 (em™1);

® /112 is the coefficient of linear attenuation of the element 2 to the energy of K, line
of 1 (em™1);

® 121 is the coefficient of linear attenuation of the element 1 to the energy of Kz line
of 1 (em™1);

® /125 is the coefficient of linear attenuation of the element 2 to the energy of Kz line
of 1 (em™1);

e z is the sample thickness (cm).

3. — Materials and methods

Materials used for measurements are pure silver sheets, sheets of silver and cop-
per of different thicknesses, sheets of Mylar, sheets of paper and silver samples,
precisely:

o 7 sheets of 99.9% Ag having 2, 10, 14, 46, 90, 128, 223 um thickness;

o 4 sheets of 92.9% Ag and 6.7% Cu having 52,94, 152, 246 ym thickness;

o

4 sheets of 82.0% Ag and 17.9% Cu having 67,94, 137,198 um thickness;

o 14 foils of Mylar having 23.8 um thickness;

[¢]

19 foils of commercial paper having 84 ym thickness;

o

Plate, Pope Coin, 500 Lire coin, Dollar coin.

ED-XRF measurements are carried out using an instrument equipped by an X-ray
tube with Rh anode (50 kV maximum dc voltage, 125 A current, 2.5 W), a SSD detector
having 160 eV energy resolution at 5.9keV and 25 mm? active area, an acquisition system
and a spectral analysis software. The measurement time is 30 s and the investigated area
is about 0.7 cm?. Spectra analysis is performed using a dedicated software to calculate
Ag and Cu concentration and to extract the net area of K, (F = 22.16keV), Kg (E =
24.94keV)and L, (E = 2.98keV) lines of X-rays fluorescence of Ag and K, (E =
8.05keV) and K (E = 8.90keV) of Cu.

4. — Results

Two typical X-rays spectra coming from the interaction with a pure silver sheet (99%)
and a sheet composed of silver and copper are displayed in fig. 1.

The net area values (or corresponding cps) of the K, Kz and L, Ag lines result
variable with the sheet thickness and their trends are well fitted with growth curves
having different slopes depending on different linear attenuation coefficients.
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Fig. 1. — X-rays spectra coming from the silver samples.

The results of the measurements of different silver sheet thicknesses are useful to
study the relation between the % ratio and the sheet thickness; in fig. 2 the % ratios
of Ag vs. the Ag K, count are reported for the three silver concentrations of the used
sheets. The greater availability of data at the concentration of 99.9% of Ag allowed to
obtain the complete trend showing that a low count corresponds to a thin thickness and
the higher counts are due to the greater thicknesses. The trends at the concentrations
of 92.9% and 82.9% were extrapolated from that at 99.9%. The values of the % ratio
are little but significantly different for the thin sheets, and are much more different at
thicknesses greater than 50 microns. The densification of points at higher counts is due
to the self-absorption of the characteristic silver X-rays, which have been produced in

the deepest part of the sheet.

K,
L,
ratios were calculated vs. sheet thickness at three different Ag concentrations; plots are

displayed in figs. 3, 4 and 5.

To obtain a more sensitive method for evaluating the Ag thickness the % and

Data are well fitted using the following equation, which contains the trend of both
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Fig. 2. — Ag K. /Kpg values vs. K, count at three silver concentrations.
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Fig. 3. - Ko/Kp and Ko/Lq ratios of Ag 99.9% vs. sheet thickness and fit curve using eq. (3).

the curves described by eq. (1) and eq. (2):
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where

o a (%:)0 for both eq. (1) and eq. (2);

© b= (po+ ) for eq. (1) and b = (po + p11)er + (po + p21)ee for eq. (2);
o ¢ = (po + p2) for eq. (1) and ¢ = (po + paz)er + (po + paz)c for eq. (2).

The results show that the trends of two ratios follow the theoretical trends.
Fit coefficients and their uncertainties are reported in table 1.
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Fig. 4. - Ko/Kpg and K /L, ratios of Ag 92.9% vs. sheet thickness and fit curve using eq. (3)
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Fig. 5. — Ko/Kp and Ko/Ls ratios of Ag 82.0% ws. sheet thickness and fit curve using

eq. (3).

Two trends are different because the K, and L., fluorescence radiations of silver come
from different depths due to difference in the attenuation values at two relative energies
E(K,)=22.16keV and E(L,) = 2.98keV.

The value of the linear attenuation coefficient, po, in these measurements is not always
easy to determine because it depends on the characteristics of the X-ray tube and on
the beam constitution in the sample [8]. For this, we extracted the o value from both
different fit coefficients coming from eq. (1) and eq. (2), assuming that p; and py have
constant values (table II). The two obtained results for 1 are consistent values at the
same concentration and are decreasing with decreasing Ag concentration according to
the reduction of the silver concentration in the sheet. The corresponding X-rays energy
of the tube-sheet system, Ej, turns out to grow with the reduction of silver in the sheets.

To use and verify the results obtained in this work, measurements were made on silver
or silver-plated objects to obtain the thickness of silver; it is estimated for each considered

TABLE 1. — Fit coefficients and their uncertainties.

a b (pm™) ¢ (um™)
Ag 99.9% 58+0.1 0.06 + 0.021 0.05 4 0.02
Ag 92.9% 5.78 4 0.03 0.045 4 0.003 0.039 + 0.004
Ag 82.0% 5.73 +0.08 0.04 + 0.03 0.04 + 0.02

TABLE II. — Values of the linear attenuation coefficient po, determined by eq. (1) and eq. (2),
and of the corresponding X-ray energies of the tube system.

po (um~"), eq. (1) po (pm™t), eq. (2) Eo (keV)
Ag 99.9% 0.043 4 0.001 0.043 £ 0.001 29
0.0302 £ 0.0002 0.0299 + 0.0002 33

Ag 92.9%
Ag 82.0% 0.027 £ 0.002 0.026 £ 0.002 34




Ag X-RAY FLUORESCENCE ON DIFFERENT THICKNESS AND CONCENTRATION LAYERS 7

350 6.1

00l i 6.05 -

Lot
T
B

50
@
. 5.65 ’%
¢ ¥ L L

0 50 100 150 200 250 0 200 400 600 800
Mylar thickness [ zm]

Ag(Ka/K )
(4,1
&

o
o
®

-
(4]
L @
(4] ©
—

®
o
9

1000 1200 1400 1600
Paper thickness[;:m]

Fig. 6. — Ag IL(“ values vs. Mylar thickness and Ag KQ vs. paper thickness.

object using the —“ ratio values (table III). The results are in good agreement within

the measurement uncertamtles with the already known values of those objects.

Using the Ag 99.9% thicker sheet, measurements were also carried out to study the
attenuation of the Ag fluorescence lines through sheets of Mylar and commercial paper
that contain no silver. When the Mylar covers the silver, the trend of the Ag L" ratio
well describes the effect of the thickness increase so that the thlckness of the Mylar
could be obtained from it (fig. 6). Using commercial paper, the Ag K; ratio values are
significantly decreasing after 400 microns of paper thickness; also in this case from the
graph of fig. 6 the thickness of the paper can be deduced.

5. — Conclusion

A systematic determination of the Ag %: and Ag IL(—: ratios was performed for dif-
ferent thicknesses of silver sheets and for three silver concentrations. The trends of these
ratios as a function of the thickness of the Ag layer have been obtained and the concen-
trations of Ag have been approximated with the curves provided by the theory. Using
the obtained trends, thicknesses of silver covering layers were estimated in some objects
as a verification test of the results. The effect of absorption of the characteristic lines of
Ag has also been studied through layers of Mylar and commercial paper.

TABLE III. — Ag % values of some silver-plated objects and silver thickness obtained by the
relative fit curve.

Sample K./Kgs thickness (pm)
Plate 5.98 +0.09 47+ 2
Pope 6.5+ 0.9 7T+1

500 Lire 5.85 £ 0.07 805
Dollar 5.79 £0.08 > 160
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