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One of the most often used non-destructive methods for elemental analysis when performing field measure-
ments on bronze sculptures is X-ray fluorescence (XRF) analysis based on portable instrumentation. However,
when performing routine in-situ XRF analysis on corroded objects obtained results are sometimes considerably
influenced by the corrosion surface products.
In thiswork the suitability of portable XRF for bulk analysis of low corroded bronzes, whichwere initially precise-
ly characterized using sophisticated and reliable laboratory methods, was investigated and some improvements
inmeasuring technique and data processingwere given. Artificially corroded bronze samples were analyzed by a
portable XRF instrument using the same methodology and procedures as when performing in-situ analysis on
real objects. The samples were first investigated using sophisticated complementary laboratory techniques:
Scanning Electron Microscopy, Proton-Induced X-ray Emission Spectroscopy and Rutherford Backscattering
Spectrometry, in order to gain precise information on the formation of the corrosion product layers and in-
depth elemental profile of corrosion layers for different aging parameters. It has been shown that for corrosion
layers of up to ca. 25 μm a portable XRF can yield very accurate quantification results.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Bronze artifacts are vulnerable to outdoor and indoor corrosion
environments — from acid rain containing sulfates and carbonates in
urban–industrial environment, to chlorides in marine environmental
exposure, which are main cause of “bronze disease”[1,2]. Indoor corro-
sion environments (museums) are less aggressive, however, it has
been reported that indoor corrosion seems to be affected by a greater
number of air pollutants than the outdoor corrosion, especially when
indoor sources of corrodents are present [3].

Chloride ions and sulfur compounds are the most common and
important atmospheric corrosive agent, as has been reported [4].
Chloride ions can contribute to many corrosion problems associated
with museum objects and can originate from different sources: from
soil (archaeological bronzes), human perspiration or from materials
and objects that contains chlorinated compounds.

In addition, bronze artifacts are usually very heterogeneous in com-
position, and thus various corrode forming and inhomogeneous corro-
sion product surface layers (patinas) [5]. To get full information of
ongoing corrosion processes on the bronze surface it is essential to
know composition (and structure) of the original bronze material
(intrinsic corrosion parameters) [6].
ghts reserved.
Handling archaeological, historical or recent artistic bronzes demands
some special conservation–restoration requirements when it comes to
choosing a measurement method: (i) the method should be non-
destructive (only small sample can be taken and it should not be
destroyed during measurements) or (ii), preferably, the method should
be non-invasive (measurements should be done on the object without
sampling). This is especially important when it comes to small plastic
bronze objects with fine ornamental or figural relievo.

Nevertheless, surface treatments prior to measurement (especially
for techniques such as Proton-Induced X-ray Emission Spectroscopy
(PIXE) or X-ray fluorescence Spectrometry, XRF) still include the wash-
ing of bronze in formic acid followed by glass bristle brushing [7] or
abrading using a corundumburr [8] or a rotating rubber tip, impregnat-
ed with alumina grains as abrasive [9] for the micro-polishing.

Furthermore, it has been demonstrated by Swann et al. [8] that the
mentioned surface treatment of copper archaeological objects does
not insure that the area of analysis is corrosion free. They have noted
that even bright-colored metal may not be sufficiently corrosion free
to satisfy the needs of the techniques such as PIXE and XRF. From the
standpoint of the restoration–conservation practice, any aggressive
cleaning of these objects has been determined to be an unacceptable
intrusion to the object. It is, therefore, a great advantage to be able to
analyze bulk metal composition of bronze artifacts without disrupting
patina formed on surface. When investigating bronze corrosion prod-
ucts, where the patina layers can reach thicknesses of 1–2 mm, and
the X-ray penetration depth is limited to max. 100–200 μm, XRF can
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essentially be regarded to as a surface technique. Therefore, there is a
reasonable concern that measurements can be affected by the presence
of corrosion product layers which could not be removed due to conser-
vation–restoration requirements. As it is known, the influence of corro-
sion processes on data reliability in some cases (archaeological bronzes
with thick corrosion layers) can be significant [8]. However, if the thick-
ness of the corrosion layer is very small, analytical techniques revealing
the chemical composition of the bulk, like X-ray fluorescence, may be
applied [10–13].

Of course, one should be aware that there may be other factors
affecting the suitability of surface techniques such as XRF for bulk anal-
ysis, e.g. electrochemical deterioration of bronze surface exposed to the
seawater [14], or particle size and surface irregularity effects [15], but
here we investigate only the effects due to corrosion. Only one tech-
nique, Prompt GammaActivation Analysis, can provide the composition
of the bulk of corroded metal [16], but the necessary decay time after
activation involves additional problems.

The purpose of this work is to explore the contributions that
quantitative elemental analysis using portable XRF can make (to
resolve these questions) within the constraints that the analysis
has to be totally non-invasive. We concentrate on the corrosive envi-
ronmental processes which lead to the formation of a smooth, usual-
ly brown–reddish thin corrosion layers characterized as type I.
corrosion processes [17]. These types of corrosion layers form usual-
ly in low aggressive conditions such as museum environment or
other indoor environments.

The samples were first investigated using sophisticated and reliable
laboratory methods: Scanning Electron Microscopy (SEM), micro-PIXE
and Rutherford Backscattering Spectrometry (RBS) in order to gain
precise information on the formation of the corrosion product layers
and in-depth elemental profile of the corrosion layer. Precise character-
ization of the corrosion layers was essential for exact interpretation of
XRF spectra which allowed assessment of capability of portable XRF
equipment for the quantitative bulk analysis of corroded bronze objects.
The possibilities and limitations of micro-XRF portable spectrometer in
the analysis of low corroded bronze artifacts are also discussed.

2. Materials and methods

CuSn6 binary bronze alloy was chosen as it is commonly used for
artistic castings. The bronze CuSn6 coupons, sized 5.0 × 3.0 × 0.3 cm,
were cut out from the standard certificated alloy (Cu 93.66 wt.%; Sn
6.10 wt.%; P 0.11 wt.%; Zn 0.10 wt.%; Fe 0.02 wt.%; and Pb 0.01 wt.%).
Corrosion layers were formed artificially by immersion in 0.012 M
sodium–chloride solution (0.7 g/l NaCl aqueous solution) simulating
chloride corrosion environment for a specified period of time (longest
immersion time was 60 days). In this way we were able to get well
formed and defined corrosion layers. Solution of 0.012 M NaCl was
chosen to simulate the type of pollutants found in museum environ-
ments [18]. Couponswere taken out every 24 h successively for a period
of 1 to 60 days, dried and stored in desiccator. Prior to immersion, the
coupons were mechanically treated with P 800 abrasive paper, then
polished with P 1200 paper, degreased with ethanol, immersed in
10% (wt) H2SO4 for 3 min and finally dried at room temperature. All
corrosion layer formation experiments were carried out in a 1 dm3

laboratory vessel, at room temperature (25 ± 1 °C). The volume-to-
surface specimen area was 20 mL cm−2 according to the ASTM G 31
(1990) standard [19].

The Philips XL 30 scanning electron microscope (SEM) was used to
present secondary electron images of the samples surfaces — related
images show surface morphology and we have not performed Energy
Dispersive X-ray Spectroscopy analysis since the penetration depths of
the incoming electrons are such that the related X-ray depth informa-
tion is just at the level of about one micrometer.

PIXE and RBS measurements were performed using 2 MeV proton
beam from the 1.0 MV Tandetron electrostatic accelerator at the
Ruđer Bošković Institute (RBI) in Zagreb. The measurements were
performed at the general purpose ion beam analysis chamber, and at
the ion microbeam. At the general purpose ion beam analysis end-
station PIXE spectra were recorded by two solid state silicon detectors.
The detector dedicated for recording higher energy parts of PIXE spectra
is 80 mm2 Canberra Si (Li) detector with rather large working solid
angle (0.03 sr). At the same time, low energy parts of PIXE spectra
were detected by 10 mm2 Ketek SDD detector having 8 μm Be window
and small solid angle (0.0005 sr), with the installed permanent magnet
system for deflection of backscattering protons to prevent their detec-
tion by the SDD detector. Si (Li) detector is positioned at 135° scattering
angle in horizontal plane, while SDD detector is positioned at 150°
scattering angle in vertical plane. An RBS detector (0.01 sr) installed in
vertical plane at the scattering angle of 165° was used to record proton
backscattered spectra. The accelerated proton beam coming from the
accelerator into the end-station was collimated by the set of circular
collimators to thediameter of 3 mm.Data fromdetectorswere collected
by using conventional charged particle spectroscopy chain connected to
the homemade multiparameter data acquisition and analysis system
SPECTOR [20]. Measured elastic backscattering spectra were analyzed
by using reliable and well known ion beam analysis and simulation
software SIMNRA [21]. For the analysis we used evaluated elastic back-
scattering cross sections for 12C(p,p)12C and 16O(p,p)16O calculated
using the on-line SIGMACALC calculator [22] for the scattering angle
of 165°. Measured PIXE spectra were analyzed using PIXE analysis
software GUPIXWIN, the Windows version of the well known and
reliable GUPIX software [23].

At the RBI ion microbeam facility [24], 2 MeV proton beam of about
50 pA current was focused to μm dimensions. The beam was scanned
over the samples by the computer-controlled scan generator. The
copper mesh with repetition of 25 μm was used to check the beam
diameter and to adjust the scanned area to 50 × 50 μm2. Areal and
lateral scans over the samples were performed to investigate the corro-
sion layers. For this purpose a small specimen cut from samples after 0,
14 and 26 days of immersion was embedded in epoxy resin and
polished with paper grade P1200 in order to obtain clearly visible
cross sections. The proton beam used for scanning was focused to
2.5 μm. The collection time for each two-dimensional (2D) elemental
map was about 20 min. 2D elemental maps for copper and tin were
created using the homemade SPECTOR data acquisition and analysis
software. Penetration depth of 2 MeV protons in Cu is about 18.3 μm
and 27.5 μm in CuO (calculated by SRIM code). Proton microbeam
X-ray elemental images presented were taken on the sample cross
sections. During the scanning the proton beam was passing through the
pure Cu matrix or at the surface through the corrosion layer matrix
(mainly Cu oxides). RBS measurements were taken with the surface of
the samples being perpendicular to the beam (i.e. the beam was first
passing through the Cu oxide layers and fully stopped in Cu bulk).

The samples were then investigated using a portable XRF instru-
ment, which was developed at the Laboratory of the Academy of fine
arts in Zagreb. It consists of a 50-kV Rh excitation tube, a Peltier-
cooled silicon drift detector with energy resolution of 145 eV at the
Mn Kα excitation line. Depending on the analytical needs, the device
can provide either mili or micro X-ray beam for sample excitation, by
employing a motorized collimator interchanger to switch between a
pinhole collimator (spot size ca. 1.5 mm) and a polycapillary lens
(spot size ca. 45 μm). The operating parameters for tube voltage and
anode current during the measurements were set to 40 keV and
150 μA, respectively, and the acquisition real timewas 200 s. The diam-
eter of the beam was set to 1.5 mm. Quantitative analysis of the XRF
spectra was performed using the XRF-FP software from Amptek, USA,
based on the fundamental parameter approach. To minimize errors in
quantitative analysis due to improper matrix X-ray absorption correc-
tion a calibration of individual elemental sensitivities was performed.
The calibration coefficients were obtained from a measurement of a
known CuSn6 reference material.
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3. Results and discussion

3.1. Formation of the corrosion layers on bronze and spectroscopic exami-
nation of the surface morphology

SEM investigation was employed to determine corrosion layers
formation through the observation of surface morphology. Based on
SEM micrographs the specimens of 14 and 26 days of immersion were
chosen as a representative specimens for further measurement since
no significant change in surface morphology could be noticed after
26 days of immersion. Fig. 1 shows formed corrosion layers after 0, 14
and 26 days of exposure. Already after several hours of exposure to
sodium chloride solution, the transparent greenish layer with metallic
luster is clearly visible on the bronze surface. After 14 days of exposure
this layer becomesmore opaque but still hasmetallic luster (Fig. 1b). As
immersion time increases, a new, brownish–purple layer is forming on
the surface (Fig. 1b, lower right corner of the coupon). This layer seems
to be formed above the existing green layer and becomes more opaque
and darker with further exposure and reaches full saturation after
26 days of immersion (Fig. 1c). As can be seen, formation of corrosion
products on the surface of the coupons is quite inhomogeneous and
uneven. After 26 days of exposure, both dark purple and green corro-
sion products are present on the coupon surface (Fig. 1c).

SEMmicrographs revealmorphology and structure of the successive
corrosion layers formation (Fig. 2). Crystalline shell-like structures
evenly distributed over the surface are clearly visible after 14 days of
exposure (Fig. 2b). These structures correspond to greenish translucent
layer visible on the surface of the coupon. However, on the Fig. 2c, only
regular spherical shapes are clearly visible, which, with the increasing
time of exposure, become more densely distributed but generally the
same size and shape during the whole exposure time. As it can be
seen on Fig. 2c, the contours of primary formed shell-like structures
can be noticed under these spherical structures. It seems that these
secondary structures grow upon primary formed shell-like structures.
According to literature [25], such forms are a mixture of copper oxide
compounds. SEM results clearly indicate the formation of the two-
layered corrosion structure on the bronze surface with the significant
retardation of the further corrosion rate after formation of a second
layer. Corrosion layers of 14th and 26th day coupons were taken as a
representative corrosion layers that usually forms in low aggressive
environment.
Fig. 1. Formation of corrosion layers on CuSn6 bronze coupons during the immersion in aqueou
c) 26 days of immersion. Dimensions of coupons: 5 × 3 × 0.3 cm.
3.2. Cross-section elemental distribution of the corrosion layers and in-
depth composition by PIXE and RBS

Micro-PIXE analysis was performed in order to obtain elemental
distribution of the cross-sections of the corrosion product layers formed
on bronze. For that purpose a small specimen cut from a non-corroded
coupon as well as from 14th and 26th day coupon was embedded in
epoxy resin and polished to gain clear cross-section. Fig. 3a) shows
PIXE copper and tin elemental distributions in the cross-sections of
the bronze samples. The gray zones at the lower part of the elemental
maps correspond to the epoxy resin in which the specimens were
embedded. The two main zones can be clearly distinguished on all
copper elemental maps: the bulk metal (yellow) and the corrosion
product layer (bluish). The figure shows thin surface layer, light blue
to dark blue areas which are evidently increasing in thickness during
immersion time. At the same time, tin elemental maps (from Sn–Lα
intensity) show equal distribution of tin across the layer. Slightly
uneven distribution of tin atoms can be observed only at the 26th day
sample. Using the color scale attached to the elemental maps, tin
concentration two times lower than in bulk can be estimated (Fig. 3a).
Tin concentration is probably even lower than estimated if the lower
attenuation of the Sn–Lα radiation in lighter matrix (corrosion layer)
is taken into account.

The micro-PIXE maps show clearly surface roughness and relatively
large variations in corrosion layer thickness at thismicroscopic scale, for
both 14th and 26th day samples. A total corrosion layer thickness of up
to approx. 25 μmcould be estimated for 26th day sample. It seems from
the 26th daymap that corrosion layers are also at somepoints separated
from each other.

The evidence of the surface roughness is also seen at the RBS spectra
shown at the Fig. 3b, which shows RBS spectra (red dotted line) and
fitted results with SIMNRA software (black solid line) for non-corroded
bronze aswell as for 14 and26 day corrodedbronze coupons. TheseRBS
spectra were obtained by irradiation of the surface areas corresponding
to a disc of 3 mm diameter. The spectra related to 14th and 26th day
samples clearly show the sharp “knee” that stands out in the part of
the fits (far right in the spectrum, at 1700 keV) which is a macroscopic
evidence of the surface roughness and unevenness of the corrosion
products on the surface as evidenced on SEM micrographs and micro-
PIXE maps on the microscopic level. In principle the RBS technique
can give information on the composition profile, i.e. distribution of the
s chloride solution (0.7 g/L NaCl); a) non-corroded coupon; b) 14 days of immersion, and



Fig. 2. SEM micrographs of the bronze surface after 0 (a), 14 (b), 26 (c) days of exposure to the aqueous chloride solution (0.7 g/l NaCl).
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elements in the corrosion layer, allowing the relative composition of
corrosion products in the layers to be found as well as thickness of
each hypothetical layer. We used SIMNRA to fit the spectra in order to
estimate corrosion layer profiles. However, due to the evidenced high
surface roughness and unevenness of the corrosion products on the
surface at microscopic scale (transferred to the macro scale as
evidenced on the RBS spectra), the results obtained are only indicative
and qualitative since the relative uncertainties in obtained layer thick-
nesses could be evenmore than 50%. Regarding the layer compositions,
in fitting the spectra whenever possible we assumed stoichiometric
compositions of copper and oxygen (CuO, Cu2O) in layers.

Having all these assumptions and restrictions in mind, at Fig. 3b
there is an evidence of a thin oxide corrosion layer on the 14 day
Fig. 3. a) 2D PIXE images (elemental yield distribution for Cu and Sn, scanning area: 50 × 50 μ
simulated low aggressive chloride environment; b) Fitted RBS spectra of the bronze samples aft
of the references to color in this figure, the reader is referred to the web version of this article.
corroded bronze which was modeled using the composition of pure
CuO. The best fit for 26 day corroded bronze was obtained assuming a
three layer structure on the bulk of the bronze which is in good agree-
ment with PIXE elemental map for the same sample. According to the
fit, tin is present only in the first layer (closest to bulk), but in lower con-
centration than in bulk (2.7 wt.%). Other constituents of the layer are only
copper and oxide, approximately in the 1:1 ratio. It can be concluded that
the first layer is mostly composed of copper (II) oxide and tin (II) oxide.
These oxides (copper and tin) are in the relatively same ratio as the
bulk composition of the bronze. The second layer contains hydrogen
together with copper and oxide atoms in 2.5:1.5:1.0 (Cu:O:H) ratio. It
can be reasonably assumed, that this secondary layer is probably com-
posed of hydrated copper (I) and copper (II) oxides i.e. cuprite (Cu2O)
m) of the cross sections of the bronze samples after 0, 14 and 26 days of exposure to the
er 0, 14 and 26 days of exposure to the chloride corrosion environment.(For interpretation
)



Fig. 4. Schematic representation of the corrosion layers formed in 0.012 M NaCl during a) 14 days of immersion; b) 26 days of immersion. Compact, thin layer of tin oxide (cassiterite)
mixed with copper oxides (cuprite, tenorite) is formed in initial phase. The presence of tin oxide in the layer has a stabilizing effect which results in reduced further dissolution of bulk
alloy. In the second phase, another layer composed of cuprous oxides is formed. Process is under diffusion control of copper cations thru the formed compact “tin-rich” layer and the
corrosion rate decreases with time leading to a steady state (corrosion rate close to zero) when the outer layer reaches its maximum thickness. These kinds of bilayer structure usually
develop under low aggressive corrosion conditions i.e. indoor environment.
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and tenorite (CuO). The last, surface layer is composed of copper and
oxygen but also contains carbon and was modeled as CuCO1,3.

As discussed in an earlier paper [26], corrosion layer formation on
bronze in low aggressive conditions can be described in two phases.
Initially, a very thin Sn (II) and Cu (II) oxide film forms at the surface.
This primary formed layer possesses high passivating properties. After-
word, copper cations migrate thru the primary layer and precipitate as
copper oxides at the surface. At the same time primary, “tin enriched”
layer precipitates “in situ” and “moves” towards bulk metal. In that
way corrosion progresses in the metal and hypothetical limit of the
original surface remains at the same position. After some period of
time, corrosion deposit practically reaches its maximum and the corro-
sion rate decreases to values close to zero (Fig. 4). Possible third, but
very slow phase of corrosion progression in moderately aggressive
conditions described in literature [17] is incorporation of environmental
elements and deposition of their copper compounds (for example
copper carbonates or chlorides formation). Presence of porous external
deposits covering the outer layer is usually easy to distinguish by color
and texture (usually green or bluish–green loose crusts on the surface).
These crusts, which were indicated by RBS, cannot be considered as
a third layer since they are quite inhomogeneous and do not cover
whole corroded surface but are only indicated sporadically on some
locations. RBS results yield approximate relative thickness ratios be-
tween primary and secondary layer, with the secondary layer being
two times thinner than the primary one. Based on above results, sche-
matic representation of corrosion layers formation was given (Fig. 4).

3.3. Portable XRF analysis

The quantified results for XRF measurements on non-corroded
sample and on samples corroded for 14 and 26 days are reported in
Table 1. Calculations were carried out by the XRF-FP software from
Amptek, USA, based on the fundamental parameter (FP) approach.

The FP algorithms are commonly used formatrix correction in quan-
titative analysis of samples of less than infinite thickness. They are
Table 1
Chemical composition (wt.%) of the reference bronze used in experiments and XRF-FP software
tainties calculated by XRF-FP software from Amptek.

Chem. comp. (wt.%) Cu Sn P

CuSn6 reference 93.66 6.10 0.11
CuSn6–0 days 93.58 ± 0.17 6.13 ± 0.20 0.15
CuSn6–14 days 93.92 ± 0.18 5.94 ± 0.20 0.00
CuSn6–26 days 93.83 ± 0.18 5.98 ± 0.19 0.03
generally based on the knowledge of spectral distribution of the inci-
dent radiation and atomic parameters such as fluorescent yields, mass
absorption coefficients, transition probabilities etc. [27]. To get higher
accuracy, a certified CuSn6 alloy was used as a calibration standard.
Accurate composition of the standard alloy is also given in Table 1.

As it can be seen, the results are all in very good agreement with the
certified values of the reference material. This proves that the effects of
corrosion at this level are still not strong enough to alter the recorded
values and to change the accuracy of the XRF measurements, assuming
the most intensive lines were used for quantification (Kα for Cu, Sn, P,
Fe, Zn, and Lα for Pb). The exception is P, for which the mass fraction
is lower for corroded bronze samples than for certified reference
bronze, probably due to higher attenuation of low energy P-Kα photons
(2.013 keV) through the corrosion layer.

Fig. 5 shows two overlaid XRF spectra, recorded on a blank sample
and on a sample which was corroded for 26 days. As it can be seen,
very little difference can be observed between the two spectra which
should show the strongest variance.

However, closer comparison of intensities between the XRF results
obtained from 0, 14 and 26 day corroded bronze coupons reveals slight
differences between Kα and Lα lines of tin.When the primary radiation
from X-ray tube penetrates corroded bronze surface, it is attenuated
along its path. A part of the energy of the absorbed photons is converted
into fluorescent photons of the elements present in the sample, and
some of them reach the surface of the bronze. Recent bronzes aremostly
composed of few major elements (mostly copper and tin) which are at
the same time the matrix and the elements to be determined. During
interpretation of the analytical data obtained for the inhomogeneous
samples such as corroded bronzes, knowledge of the depth/volume
from which most of the analyte signal originates is essential. The mea-
sured intensity of the characteristic X-rays of the tin originates from a
well-defined layer of the sample called the critical penetration depth
tcrit which can be calculated from: tcrit = 4.61/(ρμtot), where ρ is the
density of the CuSn6 bronze (8.8643 g cm−3), and μtot is the sum of
the mass attenuation coefficients of the incident and fluorescent
calculated composition from XRF spectra for corroded bronze coupons. Estimated uncer-

Fe Zn Pb

0.02 0.10 0.01
± 0.05 0.02 ± 0.001 0.09 ± 0.001 0.02 ± 0.01
± 0.00 0.03 ± 0.001 0.07 ± 0.002 0.05 ± 0.01
± 0.02 0.02 ± 0.001 0.08 ± 0.002 0.05 ± 0.01



Fig. 5. Overlaid XRF spectra recorded on a blank bronze sample (0 days of exposure; solid line) and on a bronze sample which was exposed to the corrosive environment for 26 days
(dashed line). Insertions show low Z and high Z zooms of the same spectra.
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radiations multiplied by the cosec of the incident and take-off angles
[28]. The critical penetration depth represents the sample thickness
from which 99% of the characteristic X-rays originate.

Values of the mass attenuation coefficient for the CuSn6matrix, μ/ρ,
were obtained according to simple additivity:

μ=ρ ¼
X

i

wi μ=ρð Þi ð1Þ

where wi is the fraction by weight of the ith atomic constituent, and the
(μ/ρ)i values are taken from the NIST tables [29]. μtot was calculated as a
sum of attenuation of incident beam (photon energy just above the
critical energy) and attenuation of fluorescent Sn–Kα, i.e. Sn–Lα radia-
tion (Table 2). If the values for the mass absorption coefficients are
substituted in aforementioned Eq. (1), the depth of the irradiated sam-
ple with X-rays of the appropriate energy giving rise to 99% of the fluo-
rescent radiation is approx. 118 μm for Sn–Kα and 4–5 μm for Sn–Lα
radiation in CuSn6 bronze matrix, respectively. If we assume that 90%
of the characteristic X-rays originate from the surface layer of 0.5tcrit
[28] it is obvious that major contribution of Sn–Kα radiation comes
from the depth of approx. 60 μm, and 2–3 μm for Sn–Lα.

When investigating the influence of corrosion layers, further factors
have to be taken into account. Lα X-ray emission of tin atoms is matrix-
sensitive due to its low energy, thus, Lα photons emitted from tin
atomswill be absorbedmore effectively in the presence of heaviermatrix
i.e. in the bulk alloy (CuSn6) than in the presence of lighter elements,
i.e. oxygen forming cuprous oxides in the corrosion layer. If we
approximate the corrosion layer and simplify its composition as CuO,
the calculated tcrit for Sn–Lα line gives 7.48 μm. Again, taking into account
the above mentioned 90% criterion, it can be concluded that majority of
Sn–Lα signal originates from the first 3–4 μm. If we take into account the
Table 2
Attenuation coefficients for incident and fluorescent (Sn–Kα and Sn–Lα) X-rays in CuSn6 and
CuSn6 and CuO matrix. Estimated uncertainties calculated according to Hubbell [30], and Mén

Attenuation coefficients in cm2g−1

Matrix Incident X-ray Fluorescent X-ray μ tot
CuSn6 14.21 ± 0.28 (30 keV) 21.03 ± 0.42 (Sn Kα) 43.94 ± 0.

411.53 ± 20.58 (4 keV) 561.14 ± 28.06 (Sn Lα) 1204.98 ± 60
CuO 8.64 ± 0,17 (30 keV) 17.31 ± 0.35 (Sn Kα) 33.12 ± 0.

292.32 ± 14.62 (4 keV) 483.54 ± 24.18 (Sn Lα) 976.05 ± 48
estimated thickness of the corrosion layer for 26th day corroded bronze
of 25 μm, we can see that fluorescent Sn–Lα radiation originates from
the thin top part of the corrosion layer only. Unfortunately, such strong
attenuation of Sn–Lα line and small value of tcritmake it impossible to cal-
culate the thickness of the corrosion layer from the Sn–Kα/Sn–Lα ratio.

Nevertheless, corrosion layer thickness can be estimated from the
intensity ratio between Sn–Kα lines of the non-corroded (start) and
corroded (14th and 26th day) bronze samples. A beam of photons
with an incident intensity Io, penetrating a layer of material with mass
thickness x and density ρ, emerges with intensity I given by the expo-
nential attenuation law:

I=I0 ¼ exp − μ=ρð Þx½ �: ð2Þ

Considering now that the corrosion layer is thin, a fluorescent signal
from the bulk elements will be generally visible in the X-ray spectrum,
but attenuated by the superimposed layer. Assuming that corrosion
layer is composed only of CuO, which is an acceptable approximation,
Sn–Kα fluorescent radiation would originate only from the bulk
CuSn6 bronze. If we replace I0 from the Eq. (2) by a measured Sn–Kα
intensity of non-corroded sample, and I by measured intensity of 14th
and 26th day samples, we can calculate mass thickness x. Obtained
value x now represents the thickness of the corrosion layer of 14 and
26 day corroded bronze, respectively. Calculated corrosion layer thick-
ness from attenuation of Sn–Kα line in CuO corrosion layer matrix
equals to 11.17 ± 0.22 μm for 14 day corroded bronze and 13.11 ±
0.26 μm for 26 day corroded bronze. As can be seen, calculated corro-
sion layer thicknesses from the attenuation of Sn–Kα line through the
layer are in good agreement with PIXE results. Thickness value of
approx. 25 μm for 26 day corroded bronze was estimated from PIXE
elemental map. As it was discussed before (3.2) corrosion layers of
CuO matrix and information depth and attenuation length for Sn–Kα and Sn–Lα lines in
esguen and Lépy [31].

Information depth/μm Attenuation length/μm t crit./μm
88 182.85 ± 3.66 123.51 ± 2.47 118.36 ± 2.37
.26 6.31 ± 0.32 4.63 ± 0.23 4.32 ± 0.22
66 421.90 ± 8.44 210.63 ± 4.21 220.41 ± 4.41
.80 12.47 ± 0.62 7.54 ± 0.38 7.48 ± 0.37
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26 day corroded bronze are also at some points separated from each
other. The outer, separated part, corresponds to the third phase of
corrosion processes i.e. incorporation of environmental elements and
deposition of their copper compounds (copper-carbonates) and was
not considered as the part of the passivating corrosion layer (patina)
(Fig. 4). It must be taken into account that corrosion layer is quite
rough and uneven. PIXE elemental maps cover only 50 × 50 μm wide
area of a cross-section, whereas XRF beam covers ca. 1.80 mm2 of
bronze surface (diameter of the beam was set to 1.5 mm). Thus, XRF
measurement gives resultswhich aremore representative for investiga-
tion of large areas than micro-PIXE results, considering the inhomoge-
neity of the material. Good agreement of the calculated and measured
results proves that total amount of tin present in corrosion layer is in
concentration that can be neglected for the purpose of this calculation
and the corrosion layer can be approximated as pure CuO.

A corrosion layer thickness calculated from attenuation of Sn–Lα line
was not taken into consideration as the critical depth was estimated at
only 7–8 μm. However, the peak intensity of Sn–Lα line for 26 day cor-
roded sample is very similar to the Sn–Lα intensity for non-corroded
bronze (Fig. 5), which indicates the presence of tin in the corrosion
layer in the similar amount as in the bulk. Probable explanation lies in
the tin distribution in the corrosion layer. The highest amount of tin is
present in the layer closest to the bulk and decreases in concentration
towards the surface through the corrosion layer. At the same time,
matrix density decreases from the bulk towards the surface (fromcopper
oxides and tin oxide close to the bulk to copper carbonates on the
surface) i.e. matrix becomes lighter closer to the surface. As the low
energy Sn–Lα radiation is very matrix sensitive, the higher emission of
the Lα photons should not be attributed to the higher Sn concentration,
but to the increasingly lighter matrix of the corrosion layers.

4. Conclusion

Artificially corroded bronze samples were analyzed by a portable
XRF instrument in order to validate this method for obtaining precise
bulk metal composition of low corroded artistic bronze artifacts. The
method is applied to artificially corroded bronzes with well defined
“two-layered” patina formed in sodium–chloride consisting mostly of
copper and tin oxides. For precise characterization of the formed corro-
sion layers two ion beam techniques (PIXE and RBS) were used.

Correlation was established between the portable XRF results and
the results obtained with the ion beam techniques. It has been shown
that for corrosion layers of up to ca. 25 μm a portable XRF can yield
very accurate quantification results. This proves that the effects of corro-
sion at this level are still not strong enough to alter the measured values
for the major elements and to change the accuracy of the XRF measure-
ments. However,when investigating highly corroded bronzes i.e. archae-
ological artifacts, somedamage to the patina of the artifact during sample
preparation (polishing) is imminent for a very precise quantification.

Careful examination of the XRF spectra can yield additional informa-
tion. Kα and Lα lines of tin fluorescent radiation can give part of the
stratigraphic information of the corrosion layer. Small penetration
depth of Sn–Lα radiation constrains the calculation of the corrosion
layer thickness from the Sn–Kα/Sn–Lα ratio. However, calculated thick-
ness from Sn–Kα intensities of non-corroded and corroded samples
gives very accurate results. For the corrosion layer a simple CuO compo-
sition can be used as a matrix approximation when calculating attenua-
tion of primary and fluorescent radiation through the layer.
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