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HccnenoBansl BOSMOKHOCTH UCIIONB30BAHMS JTa3ePHOI aTOMHO-OMHUCCHOHHOH CIIEKTPOCKOIINH IS SJIEMEHTHOTO aHAIN3a
MHOT'OKOMITIOHCHTHBIX METAJNIMYCCKUX apTe(baKTOB JKeJIe3Horo Beka. boibiioe BHUMaHue YACJICHO BIUSAHUIO I'PA3H, TATUHBI,
PrKaBYMHBI, OKAJIMHBI Ha ITPOLIECC JIa3epHOM aOJISIMK 1, KaK CJIS/ICTBHE, HA OTHOCHTEIIbHYIO HHTEHCUBHOCTD CIIEKTPAIbHBIX
sHuA. [IpeioxkeH METo OLEHKM TOJIMHBI MOJIEKYIISIPHBIX COSJMHEHUH Ha MTOBEPXHOCTH METAJUTMUYECKUX U3ETUH JUIs
MTOCTICAYIOIIETO UCKITFOUCHHST COOTBETCTBYIOIINX CIIEKTPATBHBIX JaHHBIX U3 PE3YNBTaTOB IEMEHTHOTO aHaJH3a. YCTaHOB-
JICHO, YTO OTHOCUTENBHAS MHTEHCUBHOCTD CIIEKTPAJIbHBIX JIMHUH A1 COBPEMEHHOTO 00pasiia OyaeT 3HaunTensHo (10 30 %)
BBIIIIE, YeM ISt apTehakTa, KOTOPBIN IIUTEILHOS BPEMsT HAXOMUIICS 101 3eMiIei. TakuM 00pa3oM, KOIMUYECTBEHHbIN aHAIN3
C UCMOJIB30BAHUEM I'payUPOBOYHBIX KPUBBIX, IOCTPOCHHBIX HA OCHOBC JJaHHBIX NJId COBPEMCHHbLIX CTaHAAPTHBIX 06pa3u013,
JIaCT HEBEPHBIE pe3ynbTarhl. [Ipyr 3TOM mepexos OT OHOUMITYIbCHOM JIa3epHOH abJIsIUK K JIByXUMITYJIbCHOM, ITPUBOSIIIN
K MHOTOKPaTHOMY YBEJIMYEHHIO OTHOCHTEIBHON MHTEHCUBHOCTH CIEKTPAIbHBIX JMHUH, O4EHb Ba)KCH, TaK KaK MO3BOJISIET
3HAYUTETHHO IMOBBICUTEH YYBCTBUTEIBHOCTD AHAITN3a F CHU3HUTH OIIHOKY.
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ELEMENTAL ANALYSIS OF OBSOLETE BRITTLE METAL SAMPLES
USING A TWO-PULSE LASER SPECTROMETER
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The possibilities of using laser induced breakdown spectroscopy for elemental analysis of multicomponent metal iron
age artefacts are studied. Much attention is paid to the influence of dirt, patina, rust, scale on the process of laser ablation,
and, as a result, on the relative intensity of spectral lines. A method is proposed to estimate the thickness of molecular
compounds on the surface of metal artifacts to subsequently exclude the corresponding spectral data from the analysis re-
sults. It has been found that during laser ablation of pure metal samples at fixed radiation parameters, the relative intensity
of spectral lines during ablation of a modern sample can significantly (up to 30 %) exceed the intensity for an old sample
that has been underground for a long time. Thus, a quantitative analysis using calibration curves, built on the basis of
modern standard samples, will lead to incorrect results. In this case, the transition from single-pulse to double-pulse laser
ablation, which leads to a multiple increase in the relative intensity of spectral lines, is very important, since it allows one
to significantly increase the sensitivity of the analysis and reduce the error.

Keywords: laser induced breakdown spectroscopy; elemental analysis of artifacts; double laser pulses; laser ablation.

Introduction

Laser induced breakdown spectroscopy (LIBS) is one of the most common methods of low-destructive ele-
mental analysis. It is widely used in industry, research of biological objects, minerals, medicines, explosives,
artifacts, etc. [1; 2]. The popularity of this method is associated with a number of advantages: small amounts
of substance required for analysis, lack of preliminary chemical and mechanical surface preparation, low sample
destruction (crater diameter 100 pm, layer thickness 3—5 pm), the possibility of studying in the air, simultaneous
determination of the concentration of all elements, including those that are difficult to detect by other methods,
the possibility of remote analysis of samples, including those under water. Despite the ability to analyse almost
any sample using the LIBS method, this method is most often used to study metals and multicomponent alloys.
In addition to modern industrial products and raw materials for them, LIBS has been used for several decades
to analyse ancient objects and artifacts, where it successfully competes with such a popular approach as X-ray
fluorescence analysis [3—5]. Despite the fact that the latter is completely non-destructive, it does not make it
possible to study the change in concentration with depth.

During the LIBS of objects from archaeological excavations, the authors of publications practically do not
pay attention to preparing the surface for analysis. Indeed, practically in all software of LIBS spectrometers it is
possible to set a certain number of laser prepulses that will evaporate the substance, while the spectra will not be
recorded. After such cleaning of the sample from contamination, patina, rust, the object is analysed, in the same
way as in the case of modern industrial samples. However, the question remains how to accurately determine the
number of prepulses needed to completely remove all contamination from the surface and get to the material of
the original sample. If there are not enough prepulses, the resulting spectrum used to determine the concentration
may contain data related to contamination or compounds on the surface.

Too large (about 100) number of pulses leads to the fact that the ablation plasma will spread inside a rather
deep cylindrical crater, settling on its walls. As a result, the intensity of the recorded signal will decrease, and
hence the sensitivity of the analysis.

Another important issue is often left out of the number of articles on LIBS artifacts. Metal multicompo-
nent products made several centuries, and sometimes millennia ago, can differ significantly in properties and
structure from modern products. So, in the times of the bronze and iron ages, the masters could not control the
quality of the raw materials used, the required parameters of the technological process, such as, for example,
temperature, speed and uniformity of crystallisation. As a result, even in an outwardly homogeneous ancient
sample, the concentration of elements at different points can differ significantly. The further fate of the artifact
also has a significant effect on the concentration of elements in the sample (especially in its surface layers with
a depth of less than 100 um). So, for example, jewelry during the iron age was often made from Roman or
Arabic coins, which could either be heated or subjected to strong mechanical stress to change the image on
the surface. Further, there was a possibility that jewelry, coins or weapons would be sent with the owner after
his death to the funeral pyre, which was not uncommon in the first millennium of our era. Thus, the initially
inhomogeneous product for several hours, and sometimes days, was exposed to high temperatures, sufficient
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to melt lead and tin, but insufficient for iron. In our time, ancient artifacts fall into the hands of spectroscopists,
not only covered with scale, but also having a significant gradient in the concentrations of elements in depth.
Another circumstance that leads to a change in the concentration of elements in alloys is their long-term (seve-
ral centuries) residence in various types of soil or in water. Additional factor influencing the change in the
concentration of elements is the aggressive impact of agricultural chemistry in the 20™ century. A significant
number of artifacts were found in the fields used at a depth of a couple of tens of centimeters.

The combined effect of all the above circumstances can lead to the fact that the metal artifact will have a po-
rous (bread-like) texture, rather than a dense, characteristic for modern products. Such results were obtained by
the author in the study of coins of the Gnivan treasure [6]. It was found that the weight of some samples (Lvov
and Krakow coins of Jagiello, partly Prague pennies) is significantly lower than expected. At the same time,
light coins are characterised by a dull, «cardboard» sound when they hit a hard surface, in contrast to their
full-weight «counterpartsy», for which a metallic ringing is clearly audible. At the same time, light coins are
characterised by increased fragility, the edges of the breaks are white, which indicates the loss of plasticity
by silver. Visual inspection showed that samples with cracks as a result of a strong impact of the stamp were
more susceptible to corrosion, weight loss and increased brittleness. Two-pulse laser microanalysis made it
possible to determine that lighter and more brittle samples contain pores 0.5-2.0 um in size. When exposed
to laser pulses these points in the volume of the samples under study a significant drop in the intensity of the
spectral lines of silver is observed, and a drop in the intensity of the spectral lines of copper is absolutely
synchronous with it.

However, laser ablation of porous samples differs from ablation of metals, and it is quite likely that the
registered analytical signal in the analysis of a modern item and an ancient object similar in composition may
differ. Then the generally accepted approaches to quantitative analysis (construction of calibration graphs based
on the data of standard samples of alloys and a calibration-free method based on the assumption of local thermo-
dynamic equilibrium) can lead to a significant distortion of the results.

The purpose of this study was to evaluate the possibilities of using LIBS to analyse artifacts covered with
scale, patina, and rust, to develop a method for determining the thickness of these coatings on the surface of
products, and to compare spectral data obtained by ablation of modern and old multicomponent alloys.

Materials and methods

The experiment was carried with the help of LAEMS (laser atomic emission multichannel spectrometer)
developed and manufactured in the Belarusian State University at the department of laser physics and spect-
roscopy of the physics faculty and the spectroscopy laboratory of the A. N. Sevchenko Institute of Applied
Physical Problems. A solid-state laser with semiconductor pumping is used as a source of excitation. The use of
semiconductor pumping instead of pulse lamp pumping allows to increase the system resources and stability
of output characteristics significantly [7].

The laser consists of two radiator and provides the generation of double pulses with the following characte-
ristics: the duration of pulses is 15 ns, pulse energy variation range is 0—100 mJ, the range of variation of the
delay duration between double laser pulses is 1-100 ns, pulse pair repetition rate is up to 10 Hz. The other ana-
lytical characteristics of the laser include spectral range (190—800 nm), spectral resolution (0.5 nm), the diameter
of the laser beam on a sample surface (50 wm), dimensions of the analysed samples (200 x 200 x 200 mm),
positioning accuracy on a sample surface (100 wm), the number of chemical elements to be determined (50).
The sample is placed on a table moved along the beam using a linear low-profile positioned platform (manual
movement), and in two directions perpendicular to the beam using linear motorised positioned platforms, which
provides the possibility of computer-controlled scanning of the sample surface.

To register plasma spectra, spectrometers with registration on a CCD ruler are used: based on the SDH-1
polychromator (the spectral range is 190—800 nm, the resolution is 0.1 nm with a width of the simultaneously
recorded spectral range of 130 nm) and a lattice spectrometer of the original design.

Main parameters of LAEMS:

e plasma excitation source — two-pulse diode-pumped Nd : YAG laser with pulse repetition frequency 10 Hz
and wavelength 1064 nm;

e pulse duration 10 ns;

e interpulse interval (A7) 0—100 us (step 1 us);

e range of analysed wavelengths 260—760 nm;

o laser pulse energy (E;,,,) 10-100 mJ.

The specialised software of the LAEMS spectrometer allows you to set the following parameters:

e mode of single (time shift between pulses is 0 Us, i. . both pulses act on the surface of the sample simulta-
neously) and dual laser pulses (the time interval between pulses can vary from 1 to 100 us with a step of 1 us).
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It should be noted that when using LAEMS, the transition from single to double laser pulses occurs without
changing the total energy and radiation power;

e number of pulses per point, while you can additionally set the number of pre-firing pulses — pulses that
affect the surface before the main ones, but the spectrum from them is not recorded. The use of pre-firing pulses
is necessary when examining samples whose surface is covered with visible impurities, oxides, rust, patina;

e energy of dual laser pulses and their repetition rate.

The software allows you to move the subject table with a fixed sample in two planes (up-down, left-right).
Also the microscope mode in conjunction with LED illumination and an aiming laser allows you to accurately
determine the method of laser radiation exposure to a sample, which is necessary when examining finished
industrial products, art objects and artefacts, jewelry, samples whose dimensions are not exceed a few milli-
meters. The destruction of the sample surface was monitored using a Linnik MII-4 microinterferometer (LOMO,
Russia).

The objects of the study were 200 specimens of artifacts (from the collections of the Museum of Historical
Faculty of the Belarusian State University, the collections of the Institute of History of the National Academy of
Sciences of Belarus, the National Historical Museum of the Republic of Belarus, and private collections) found
on the territory of Belarus during archaeological excavations dating back to the 5™ century BC — 15" century AD.
The objects under study belonged to different time periods, but they were united by the fact that they had been
underground for a long time and were covered with a significant layer of patina, scale, rust and other com-
pounds and impurities, which made it impossible to visually determine the colour of the original compound
(white, yellow metal, copper-based alloys). Photos of some of the studied old samples covered with patina,
rust, scale are shown in fig. 1.

TTH

Fig. 1. Photos of some of the studied old samples
covered with patina, rust, scale

Results and discussion

At the first stage of the study, a qualitative analysis of the samples was carried out: elements were deter-
mined, analytical lines were selected (two for each element). It was found that some of the artifacts consist of
pure metals — copper, lead, tin. These samples were combined into a separate group in order to compare laser
ablation of modern and ancient products that have been exposed to long-term exposure to natural conditions
and soils. A complete list of elements found in the studied samples includes silver, copper, zinc, tin, lead, iron.
Modern standard samples corresponding to the composition of artifacts were selected.

The optimal parameters of laser radiation, providing maximum spectral line intensity, were determined
during laser ablation of modern samples (the energy of laser pulses was 100 mJ, the time interval between
double laser pulses was from 7 to 12 us (depending on the metal)). It should be noted that the transition from
the single-pulse mode (Af = 0 pus; two laser pulses simultaneously act on the surface) to the double-pulse mode
leads to a multiple increase in the analytical signal (up to 10 times). Similar measurements were carried out for
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artifacts, in the absence of samples of pure metals, ablation of alloys was carried out, where the content of the
element under study was maximum close to 100 % (80—98 %). The values of the optimal interpulse interval
for two-pulse laser ablation of metals, as well as the magnitude of the increase in the analytical signal are given
in table 1.

Table 1
The optimal interpulse interval, providing maximum
spectral line intensity, for two-pulse laser ablation of metals
and the magnitude of the increase in the analytical signal
Chemical element
Sample - - -
Silver | Copper | Iron | Tin | Lead | Zinc

Optimal interpulse interval, providing maximum analytical signal, s
Ancient 8 10 10 6 6 9
Modern 9 11 12 8 7 10

The magnitude of the increase in the analytical signal
Ancient 67 67 5-6 67 7-8 67
Modern 7-8 7-8 67 9-10 9-10 89

It can be seen from the table 1 that the transition from single-pulse to double-pulse excitation leads to
a smaller increase in the analytical signal for ancient samples. In addition, for all alloy components, the opti-
mal value of the interpulse interval is lower in the case of artifacts, which may indicate a porous structure of
the products, as a result of which less substance enters the plasma, the plasma is less dense, and therefore it is
more efficient to additionally excite it at earlier stages of expansion. In favour of the hypothesis of the porous
structure of ancient samples, the fact that in most cases the intensity of the spectral lines of artifacts is signi-
ficantly lower (sometimes by almost 50 %) compared to modern samples can also testify. In this regard, when
carrying out a quantitative analysis of ancient samples that have been under the influence of moisture and soil
for a long time, it is fundamental to use two-pulse LIBS. Otherwise, the analysis error will increase, especially
when determining third elements and impurities. The optimal time interval between dual laser pulses, which
provides the maximum sensitivity of LIBS for the analysis of metal artifacts, is 8 ps. In the case of modern
samples, this interval is 10 us.

The next stage of the study consisted in the development of a method for determining the thickness of
scale, patina, rust and other contaminant compounds on the surface of the sample, it makes possible to set the
number of prepulses during which the spectrum is not recorded. At first, a layer-by-layer qualitative elemental
analysis of the samples was carried out on a LAEMS spectrometer: the spectra from each double laser pulse
were recorded and the intensity dynamics of the spectral lines was compared. The transition from scale, patina
and rust to uncontaminated metal in all cases led to a significant increase in the relative intensity of the spectral
lines, with further ablation the analytical signal remained practically unchanged. At the second stage of the
study, two-pulse laser ablation of the samples was carried out, and the number of pulses per point in each case
corresponded to the ablation of only patina (10 pulses), scale (14 pulses) and rust (22 pulses), and did not affect
the uncontaminated metal. The dimensions of the craters formed as a result of ablation were measured using
a Linnik MII-4 microinterferometer. Similarly, craters, which are formed on the previously cleaned surfaces of
copper, iron and brass, were measured. The measurement results are shown in table 2.

Table 2
Results of laser ablation of metal surfaces by double laser pulses
Chemical element
Parameters

Copper Brass Iron
Thickness of the metal layer evaporated by 1 double laser pulse, pm 3 3 2
Compound on the surface of the sample Patina Scale Rust
Number of laser pulses for which complete ablation was performed 10 14 22
Thickness of the compound layer on the sample surface, pm 26 36 38
The thickness of the evaporated layer of the compound for 1 double 24 26 19
laser pulse, um ’ ' '
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Undoubtedly, in each specific case, the thickness of the considered joints on the surface of the sample may
differ. However, the data obtained will make it possible to approximately estimate the required number of
pre-firing pulses. Of particular difficulty in the analysis are samples covered with scale as a result having spent
a long time in a funeral pyre or fire. As the study showed, such samples do not have a sharp boundary between
the connection on the surface and the original alloy of the product (fig. 2).
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Fig. 2. Dependence of the relative intensity of the spectral lines of artifact components
on the depth of laser ablation for a sample covered exclusively with patina () and scale ()

The dependence of the relative intensity of the spectral lines of copper, lead and tin on the depth of laser abla-
tion for a sample covered only with patina is shown in fig. 2, a. The coverage boundary in this case can be taken
as 55 um: after reaching this depth, the fluctuations in the relative intensity of the spectral lines become much
smaller for all elements. In the case of scale (see fig. 2, b), the coating boundary can also be determined (42 pm).
However, even after this depth, periodic changes in the analytical signal by almost 1.5 times are observed,
which indicates the presence of pores and caverns 3—9 wm in size in this artifact.

In this regard, a number of limitations on quantitative analysis should be highlighted. So, when examining
a sample covered only with patina, it is necessary to determine the thickness of this coating (usually 2555 pm) in
order to set the appropriate number of prepulses. However, the same number of prepulses must also be used in the
ablation of standard samples when constructing calibration curves. Otherwise, the evaporation of the substance
from the studied and standard samples will occur from different depths of the crater, which will affect the pro-
cess of plasma propagation, and, as a result, the magnitude of the analytical signal. Unfortunately, the standard
approach to analysis based on calibration curves is not suitable for scale-coated samples. Due to sharp jumps
in intensity, and due to a lower analytical signal, a certain concentration of the components will be significantly
lower than the real one, and the total concentration will be less than 100 %. In this case, non-calibration me-
thods may turn out to be more effective, however the total analytical signal for several 10 pulses cannot be
used, since averaging will lead to an increase in the analysis error.

It should be noted that the analysis of samples of fusible tin and lead that have been on fire is of difficulty. Even
outwardly, these artifacts resemble a porous sponge, and not a metal product. The study of the dynamics of the
intensity of the spectral lines of these elements in depth does not allow one to accurately determine the boundaries
of the coverage. The dependence of the relative intensity of the spectral lines of tin and lead on the depth of laser
ablation for a sample covered with a visible layer of scale is shown in fig. 3.

Separately, a group of artifacts made of iron-based alloys coated with a layer of rust was studied. This type of
coating, unlike patina, is more heterogeneous even within the same sample, so it is necessary to create a technique
that would allow to determine the approximate value of laser prepulses visually. For the study, three samples
were selected with varying degrees of surface coverage with rust: sample 1 covered a visually thin layer of iron
hydroxide with small gray spots, related to intact metal; sample 2 covered visually thick homogeneous layer of
red-brown colour; sample 3 covered heterogeneous red-brown layer with a pronounced relief. The thickness of the
rust for each sample was determined from the change in the relative intensity of the spectral lines of chromium,
nickel, manganese, and iron during layer-by-layer two-pulse laser ablation. Upon reaching the intact alloy, the
intensity of the spectral lines of all elements increased and became more stable (fluctuations did not exceed 3 %).
The measurements carried out showed that the thickness of the iron hydroxide layer on the surface of the studied
samples is 9—10 um (sample 1), 22-23 um (sample 2), 44—45 um (sample 3). However, it should be noted that in
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the sample 3, the thickness of rust, both visually and measured as a result of the experiment, differed significantly
(from 40 to 61 um). With an increase in the thickness of rust, its heterogeneity also increases: cavities appear in
size from 2 um with a rust thickness of 10 um, up to 5 um at a depth of 50 um.
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Fig. 3. The dependence of the relative intensity of the spectral lines
of tin and lead on the depth of laser ablation for a product covered with a visible layer of scale

Based on the studies carried out, methods were developed for the quantitative analysis of artifacts dating
back to the 3™-4™ centuries AD, found during excavations on the territory of the settlement of Domatovo near
Turov. A significant layer of patina is visually noticeable on the surface of the samples, and scales are noticeable
on the samples from the funeral pyres. The developed technique made it possible to determine the thickness of
the joints on all samples (35-50 um) and scale (40—52 um). Taking into account the layer of compounds on the
surface, the number of pre-firing pulses during the quantitative analysis of artifacts was 25.

Accurate determination of the thickness of the patina using two-pulse laser atomic emission spectroscopy
allows us to draw a conclusion about the environment in which the ancient coin was located for a long time
(a dry place, peat bog soils, clays, etc.). The results of the concentrations of the main elements were subse-
quently used by the staff of the Institute of History of the National Academy of Sciences of Belarus, the Na-
tional Historical Museum of the Republic of Belarus, the Museum of Historical Faculty of the Belarusian State
University to clarify and establish time limits for the origin of artifacts.

Conclusions

Double-pulse LIBS is the preferred method for the analysis of metal samples covered with patina, scale,
rust, because it allows not only to clean the surface directly during the study, but also to estimate the thickness
of the layer of these compounds. It was found that during laser ablation of scale and patina, the thickness of the
evaporated layer is much lower than when exposed to the cleaned surface of metals, which is caused by the infu-
sibility of these compounds. The process of laser ablation of rust is more complex, hydrated iron oxide and iron
metahydroxide are porous materials. In addition, it is necessary to take into account the fact that the thickness
of the rust, even in localised nearby surface areas, may differ.
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