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Abstract

The carbon content distribution of ferrous archaeological artefacts in a quantitative way
allows us to understand the nature of the materials. Our previous works have ever proved that
the use of laser-induced breakdown spectroscopy (LIBS) could be an efficient method to
solve problems of in situ analysis and offer a high spatial resolution. To assess the ability of
this quantification in an absolute way the carbon quantification by LIBS is compared in this
paper with the nuclear reaction analysis (NRA), one of the ion beam analysis (IBA)
techniques generated by a deuterium ion beam. The IBA analysis has specific advantages,
especially in terms of precision and non-destructiveness. A validation study is also presented
on quantitative carbon content mapping in archaeological ferrous metals with LIBS and
deuterium ion beam analysis. The application of LIBS quantitative mapping on different
structures of archaeological pieces shows that the carbon content distribution can be well
determined, demonstrating the 2D mapping capabilities of the laser techniques. With the help
of LIBS stratigraphic analysis, a 3D deeper insight on microscale features presents a
heterogeneity, induced better understanding of material organization at the microscale.



Keywords: LIBS quantification of carbon concentration in steel, LIBS mapping and 3D
tomography, archaeology, IBA

1. Introduction

Studying the metallurgies through archaeometallurgy, one of the major approaches to the
history of techniques, allows us to understand from the nature of the production process to the
commercial exchanges of the products of ancient societies in a holistic manner. For ferrous
metals, carbon content is a decisive parameter to the mechanical behavior of the material [1].
This determination is particularly difficult for old ferrous alloys because of their
heterogeneous distribution in the material. For example, different grain size, distribution,
phase morphology, elemental segregation or local gradients in crystallographic orientation [2,
3] change the mechanical properties. Therefore, structural analytical methods, such as X-ray
diffraction[4] and internal friction measurement [5], energy loss spectroscopy [6], electron
backscatter diffraction [7], are needed to reveal the different phases of steel in order to deduce
the carbon distribution. But the measurement is often carried out on a section surface after
Nital etching where the latter appears as a discontinued structure made of raised retained
austenite and eroded ferrite by different means with various spatial resolutions. Among them,
the secondary electron microscopy or secondary ion mass spectroscopy (SIMS) can draw the
carbon distribution with a micron resolution and the spatial resolution can reach sub-micron if
a Nano-beam is used [8]. In addition, the wavelength dispersive electron probe microanalysis
(EPMA) can measure carbon concentration in steel, which occupies an intermediate position
where micrometer to nanometer structure can be characterized [9]. However, these techniques
require heavy instruments, a vacuum environment, huge sample preparation and they cannot

analyze a large area.

At present time, the most efficient method in terms of cost/sensitivity ratio is the
metallographic analysis by optical microscopy after Nital etching [3, 10], by measuring the
volume of the precipitated phases containing carbon and in particular cementite (FesC).
However, this classical quantitative metallographic analysis, after image processing, is based
on thermodynamic considerations and only reliable at equilibrium state and suffers other
important limitations. This method is relatively time-consuming as it requires observation and

description by an experienced operator. It is difficult to implement for in situ observations and



it cannot be used directly on artwork or objects and lacks precision for some structures cooled

down under the condition out of equilibrium (martensite, bainite, Widmanstatten).

Therefore, we have proposed in our previous work to use laser-induced breakdown
spectroscopy (LIBS) as a new and efficient way to solve problems related to in situ analysis
and to offer a high spatial and adaptive resolution. The use of LIBS allows the analysis of a
large number of objects/samples, in the laboratory as well as on field, and to determine
precisely and locally the carbon content and its variation in the object[11]. However, the LIBS
quantitative analysis is a method needing a set of standard references for ensuring its
implementation. Thus, an absolute quantitative analysis method is developed in this paper:
ions beam analysis (IBA) - deuteron-induced y-ray emission (DIGE) [12] as an
intercalibration of LIBS method, aiming to assess the quality of our LIBS quantitative
measurement. IBA method is an absolute quantitative analytical technique as the control of
experimental conditions and the high quality of the data on nuclear reactions allow a
sensitivity of a few ppm with an accuracy below the percent. The methods are evaluated for
carbon content calibration by LIBS and IBA-DIGE technics and the carbon quantitative
mapping by these two methods is presented. LIBS stratigraphical analysis ability shows more
and more applications in 3D analysis[13, 14], but the results were usually presented in slice as
a function of the depth, which makes it sometimes difficult to compare different compositions
in the same place. So, a deeper insight in 3D on microscale features for the quantitative
carbon content representation is proposed in order to better understand the internal element

distribution in the material.

2. Samples and their properties

By the eutectoid transformation (solid-to-solid phase) during the steel fabrication in
equilibrium state at constant temperature, , the austenite is transformed into cementite (Fe3C)
and ferrite (0.02% C) [15]. The obtained lamellar compound is called "pearlite”, which
contains 0.8% carbon. At the eutectoid temperature, several phases are formed, each with a
different composition. The heterogeneity due to the high temperature heating would favor the
oriented germination of the ferrite, then normal ferrite develops a needle-like crystallization
called "acicular”. These structures form regardless of the carbon content of the steel but are

more difficult to obtain at low concentration [16].

Two different artefacts have been used in this work. The first one CL13286b is a cut in a

wedge on the part of the left end of a semi-finished product. This semi-finished product is
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closer to the finished object and dated from a period between the end of the 13th century and
the beginning of the 14th century from the Castel-Minier site in Ariege, France. Its images
after Nital etching of the cross-section shown in Fig. 1a, reveal that it has been made on an
equilibrium state. The quantitative carbon mapping was performed on an archaeological

artefact [17, 18] that proved a good performance of LIBS quantification to archaeological

samples.

The second one CL12247-3 is a semi-product offcut (square bar), coming from the Castel-
Minier site, in Ariége, French Pyréneées. It is dated from the XVth century and found around
the castrum. The image after Nital etching of the cross-section of the sample CL12247-3 is
shown in Fig. 1b. A Widmanstatten structure has been found with a typical acicular ferrite,

which shows a fabrication on fast cooling state.

a) CL13286b (CM16, US6016)

b)

CL12247-3 (CM14, US3077)
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Fig. 1 The optical microscopic images after Nital etching of the cross section of archaeological
samples. a) CL13286b (CM16, US6016) was on equilibrium state during the fabrication; b) CL12247-
3 (CM14, US3077) has a Widmanstétten structure. Crystal structure of steels for slow cooling:
distribution of ferrite (yellow) and cementite (blue) (https://fr.wikipedia.org/wiki/Acier, (2021)

In order to obtain the quantitative mapping, six reference steel samples were used to build a
calibration curve for macro- and micro-analysis in previous works [19, 20]. They all have the
equilibrium homogeneous phases with the carbon concentrations of 0.006%, 0.08%, 0.44%,

0.45%, 0.59% and 0.75%. The same series of these reference standard samples are used to

carry out the IBA analysis to assess the LIBS quantification of carbon content in steel.



3. Experimental methods and measurements

3.1.1BA methods

IBA methods, compared to X-ray fluorescence, present several interesting aspects, in
particular their capacity to measure light elements, including carbon, in a non-destructive
manner. These characteristics have been used to analyze heritage materials [21]. Among the
multiple IBA methods that allow the measurement of carbon, such as Elastic Recoil Detection
Analysis (ERDA), non-Rutherford elastic backscattering (EBS) and NRA, the nuclear
reaction between a deuterium ion (°H or D) and a **C nucleus is the most often used. NRA has
been carried out in the framework of an extensive work on the analysis of light elements [22]
using deuteron beams and gamma detection with AGLAE accelerator!. This “stripping”
nuclear reaction noted as *2C(d,p gamma)™>C is very exo-energetic (Q-value = +2.72 MeV)
and the high energy reaction products facilitate the detection at low background (protons at
2.7 MeV, gamma-ray of 3089 keV of the first excited level of the **C nucleus). The cross
section of this reaction presents a maximum for incident deutons of 1.2 MeV. For thick targets,
it is not interesting to use higher energy deutons, because this opens up reaction paths with
other nuclei (traces of oxygen and nitrogen for example) whose reaction products can
interfere with the measurement of *2C and degrade the sensitivity of the method, and provoke
radioprotection safety problems by neutron emission at the level of certain elements of the
accelerator (slots and collimators in particular).

The carbon profile at depth is measured using the p0 proton group at 2.8 MeV and a surface
barrier detector and this approach has already been applied for archaeological bronzes [23].
Previous works indicate a sensitivity for this DIGE analysis of the order of 0.1%[24], but one
study indicates that it is possible to reach 100 ppm [25]. This detection limit depends on the
composition of the matrix. In the case of an iron matrix, unlikely to induce reactions with
deuterons, the required levels should be reached required for the analysis of carbon in ferrous

alloys (concentration lower than 19%).

! Accélérateur Grand Louvre d'analyse élémentaire (AGLAE) is a particle accelerator housed by the Center for
Research and Restoration of Museums of France in the Louvre museum in Paris, France.
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3.2.LIBS and DIGE experimental setups

LIBS experiments are carried with macro and micro-analysis laser beams as described in our
previous work[20]. The LIBS setup is shown in Fig. 2a. The ns laser beam of Nd:YAG at
1064 nm was focused on the sample surface with a diameter of about 50 um for the micro-
mapping and 220 pum for macro-analysis. The laser pulse energy was adjusted to keep the
same laser fluence at 33.2 J/cm? for these two analysis configurations. In order to avoid
interference with iron [26], the carbon peak at 193 nm was selected to extract the intensity of
carbon emission. A mixture of argon and helium gas was guided to the sample surface in
order to remove the impact of carbon present in the air and to less energy lost by its

absorption, and also to optimize the signal-to-noise ratio [26, 27].

The calibration curve was built with averaged spectra of 230 laser shots of macro-analysis
with 220 pum, the first 20 laser shots were used to remove the polluted surface. The calibration
curve for micro-analysis with a 50 um laser beam, was built with averaged spectra of 230
laser shots from a total of nine analyzed points in order to take account of the heterogeneity in

this microscale, the first 20 laser shots for each point were used to remove the polluted surface.

Nuclear reaction

He g (d, py)C

(a) Ar+He (b)

Laser beam [, . \ ‘ Deurerium
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Fig. 2 Experimental setup: (a) LIBS setup; (b) IBA of deuterium setup with the insert photography of
the setup in the laboratory.

Fig. 2b shows the IBA-DIGE experimental setup with the insert photography of the setup in
the laboratory under AGLAE accelerator. The deuterium ion beam with a 1.5 MeV energy has
an interaction zone of 50 um diameter on the sample surface. This energy of deuterium ion

was optimized for the nuclear reaction *2C (d, py)13C. The gamma ray emissions are collected
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from the nuclear reaction by a HPGe detector. The position of the gamma-ray detector is
several millimeters behind the samples and the gamma line is exploited at 3089 KeV [21]. A
5 L/min He flux is used to provide an environment in order to less energy lost by absorption
in air.

Typical gamma spectra from pure carbon sample and two reference samples excited by
deuterium ion beam are shown in Fig. 3. With the deuterium ions energy used, the detection

shows the ability of a quantification measurement of carbon content in the range of 0.02% -
0.8%.
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Fig. 3 Gamma spectra form pure carbon sample and two of reference sample excited by deuterium ion
beam in He. The yellow arrow shows the gamma peak from carbon in reaction *C (d, py1.o)**C

4. Results and discussion
4.1. Calibration curves and quantitative analysis abilities

Several measurements are performed on the same standard reference samples used in LIBS
calibration measurement with deuterium ions scanning over a surface of 0.5 mmx0.5 mm
with a total number of ions with a charge of 7.6 C for a duration of 5 mins for each sample.
Then the counts read by HPGe detector are normalized in order to put in the same figure with

the calibration curves by LIBS shown in Fig. 4.
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Fig. 4 Calibration curves of macro-LIBS under He/Ar atmosphere with 220 um of averaged 230 laser
shots at one spot, micro-LIBS with 50 um of averaged 230 laser shots at one spot over nine spots, and
deutons ions beams in different gas environment.

The linear regression and the coefficient of determination (R?) are listed as follows:

L20 umtaser = 427-33(£12.67)c% + 160.42(+4.36) ; R}, 1 1aser = 0-996
I50 yum taser = 284:06(£17.07)c% + 243.18(£9.70) ; R} 1 1qser = 0991
Liir peutons = 509.14(£43.97)c% + 74.61(+20.57) ; RZ, = 0.964
Ite peutons = 522.59(£59.76)c% + 59.19(+26.24) ; R% = 0.961

As confirmed by statistics, the more analyzed points used to build the calibration curve, the
more accurate the result will be [28]. So, the coefficients of determination of LIBS
quantification are greater than that from IBA- DIGE, by the reason that we averaged 230 laser
shot measurement for the macro-analysis and more than 2000 laser shots (230 x 9 points) for
the micro-analysis, on the contrary, IBA-DIGE method is performed by scanning one big area
for each sample. But the slope of the linear regression equation reflects the dynamic of carbon
line directly link to the volume that has been analyzed. This analyzed volume is induced by
total energy deposited on the surface (0.65 mJ for micro-LIBS and 12 mJ for macro-LIBS in

our experiments for each laser pulse), in the case of laser sources. Although we kept the same
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laser fluence, the spatial Gaussian profile of laser beam gave more intensity in the center of
the 50 um laser beam, which makes the micro-LIBS penetrated deeper in the steel than
macro-LIBS. The IBA-DIGE measurements under air and He have the same slope, the same

sensitivity of quantification, which shows the advantages of this method by nuclear actions.

The crater depth is estimated at about 17 um for macro-analysis and 37 pum for micro-analysis
[20]. As a result, the penetration depth for one shot is about 68 nm for macro-LIBS and 0.15
um for micro-LIBS, which means the depth resolutions, respectively. Considering the conic
form of the crater, the volume for macro-LIBS is estimated to be about 2.154x10" cm® for

250 laser shot measurements, 8.62x107° cm?for one shot ablation.

The 1.5 MeV deuterium ion beam can penetrate the sample about 6 um [22], so the volume of

analyzed material for building calibration curves is estimated at about 1.5x10° cm®.

So, the total analyzed volume for LIBS is still about seven times fewer than that of DIGE, the

quantification performs better with more quantity matter analyzed.

4.2. Mapping for archaeological samples

The mapping study is carried out with the same experimental setups and conditions used for
the calibration curve on archaeological samples by LIBS and IBA-DIGE. The carbon
quantitative mapping by IBA-DIGE was carried out with a resolution of 50 pum.

The micro-LIBS and IBA-DIGE mappings on the archaeological piece (CL13286b) with the
equilibrium states reveal the carbon content distribution in Fig. 5, with the corresponding
optical image of the section after Nital etching. It must be reminded here that the laser beam
analyzed the area with a diameter of 50 um, same as the deuterium beam. The step between
two examined points gave a 100 um spatial resolution of this mapping but it can help to avoid
the possible pollution from the deposits of material of the plasma. The implementation of the
DIGE induced the complete recovering of the surface with a step to step dimension equal to
the spot dimension contrary to the libs that has a step of 100 micron that can induced a lost

part of the grain borders, in some cases.
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Fig. 5 Micro-LIBS and IBA-DIGE mapping on the archaeological piece CL13286b (CM16, US6016)
with the equilibrium states

Table 1 resumes the mapping area, spatial resolution and time-consuming by macro and
micro-LIBS [19] and IBA-DIGE methods . If the measuring area is extended for IBA-DIGE
to the same as micro-analysis, the time consuming will reach the same duration for these two
methods. The advantage of LIBS is that a mapping can be quickly performed with a low

spatial resolution in order to look for the most concentrated carbon area.

Table 1 Mapping parameters on the archaeological piece with the equilibrium states

Macro-LIBS Micro-LIBS IBA (H)
Mapping area (mm) 3% 6 1.5%x55 0.5x5.5
Resolution (pum) 300 100 50
3 hours (120

Time consuming 4 hours (250 shots/point) 1 hours 30 mins

shots/point)
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Two micro-LIBS mapping are carried out on the archaeological piece with Widmanstétten
structure over an area of 1.8 mmx10 mm. It has been proved that if the steel material
equivalent to the 50 single-shot volumes is analyzed, in this case, the results are efficient to
get a quantitative mapping describing the distribution of carbon. Then 120 shots are used for
each point analysis in order to keep the time consuming within 6 hours for each mapping
measurement and 100 pm between two analyzed points. Fig. 6 shows the carbon distribution
on these two areas based on 100 laser shots for each point by removing the first 20 shots in
case of surface pollution (20 shots in our experimental condition remove about 3 um of the
material surface [20]). The carbon content distributions are different, although the optical
images for these two areas are similar. It confirms in this case, LIBS enable us to get carbon
concentration with a sufficient accuracy allowing a direct comparison to the metallographic
analysis by observing optical microscopic images after Nital etching for Widmanstatten
structure steel.

(%) uoryesauaduod uoqgse)

a) LIBS Mapping 1 b) LIBS Mapping 2
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Fig. 6 Two micro-LIBS mapping images on the archaeological piece CL12247-3 (CM14, US3077)
with Widmanstétten structure

4.3. 3D microscale insights by LIBS

One of the major advantage of LIBS is presented by its ability to ensure a concentration
stratigraphic profile of each element without moving the sample. This capacity, could give to
the analyst or the specialist of material a new point of view of its studied material. In our case,
several laser shots at the same location allow us to access information on the distribution of
carbon at depth, i.e. within the sample. [29]. Therefore, we separated the laser shots in-depth
into different layers, and each laser contains 10 laser shots, so the thickness of each one is
about 1.5 um. The carbon concentration is calculated by a mean of these ten spectra, then we
can get a carbon concentration distribution cube. Taking the piece CL13286b as an example,
this carbon distribution cube is shown in Fig.7a as a top view and Fig. 7b as a 3D view with
the proportional dimension of the real size. The depth of about 37 pum is not observable by
comparing the surface size, but if we zoom into each point, the variation of carbon
concentration as a function of the depth is revealed. In this dimension close to the micron, we

may examine the variation inside of grains.
0.8
0.6

0.4

5.5 mm

Fig. 7 Micro-LIBS on the archaeological piece CL13286b (CM16, US6016) in-depth into different
layers, for each layer, the carbon concentration is calculated by the averaged of ten laser shots. The top
view (a) and 3D view (b) of carbon concentration distribution cube with the proportional dimension of

the real size; c) stratigraphy of one point in the carbon concentration distribution cube.
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In order to have a better observation, the dimension of the depth is stretched as presented in
Fig. 8a, the surface is marked with a green dot-line, and the arrow indicated the depth
direction. Then the different carbon concentrations can be yielded by its distribution: the
pearlite or close to pearlite (>0.75% C) in Fig. 7b, the normal steel content (0.45%C) in Fig.
7¢ and ferrite (0.02% C) or close to ferrite (0.02% - 0.1%C) in Fig. 7d. The corroded parts on
the two sides contain more carbon with more than 0.8%, which dissolve the steel phases, on
the contrary, inside the body, the different carbon distribution in a scale of a micron can be
identified.

=
=N
(%) uoilesuadu0d uogJie)

>0.75% 0.02% - 0.1%

0.4% - 0.5%

Fig. 8 Micro-LIBS volume analyses on the archaeological piece CL13286b with equilibrium state with
3D representation in different carbon concentration range: a) >0.02%; b) >0.75%; c) 0.4% - 0.5%; d)
0.02-0.1%. The surface is marked with green dot-line, and the arrow indicated the depth direction.
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The carbon concentration distribution cubes of the archaeological piece of Widmanstétten
structure for two analyzed zones are shown in Fig. 8. For each layer, the carbon concentration
is calculated by the averaged of ten laser shots. The different carbon distribution for these two
parts reveals that in the same piece and the same steel structure, the various orientation or size
of grains give different carbon concentrations in depth. The 3D insight for these two parts
present the distributions of pearlite as the main carbon composition corresponds to the optical
image. In addition, the 3D insight brings to light other composition distribution: more ferrite

in the part of Mapping 2 and more “normal steel” phase is presented in the part of Mapping 1.

Mapping 1 Mapping 2

/b
’ “»
o w

Surface

All

In depth y

>0.75%C

-0.8

0.4%-0.5%C

-0.4

(%) uonesusdluod uogie)

0.02%-0.1% C

Fig. 8 3D view different carbon concentration of micro-LIBS volume analyses on the archaeological
piece CL12247-3 with Widmanstatten structure for two mapping areas (a)-d) for Mapping 1 and e)-f)
for Mapping 2) with different concentration range: a) >0.02%; b) >0.75%; c¢) 0.4% - 0.5%; d) 0.02-
0.1%. The surface is marked with a green dot-line, and the arrow indicated the depth direction.
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The capability of LIBS to perform tomographic quantitative elemental analysis is demonstrated. This
aspect opens for general analytical science new possibilities to access information about material in
term of 3D spatial element distribution at the level of micro or sub-microscale depending on the
material physical/mechanical properties. This perspective is an open domain that could be directly
implementable on site, close to the archeological site for example with often high polluted materials
but as well corroded. In addition, this could be optimized in laboratories to be include in a 3D model

of a sample or of an object.

5. Conclusions

Heritage sciences deal with questions of conservation or restoration for artworks or
archaeological objects about their provenance, history, etc., which requires archaeometric

analyses for the first representation of data and of mediation.

Among the various fields of heritage sciences, the archaeology occupies an important place,
of which the metals and particularly the history of iron/steel, are widely studied because they
compose the armors of soldiers, the clips of historical monuments, etc...

The analysis of the steel and especially its carbon content allows us to access the
manufacturing technique and to determine the production periods. For this reason, a
quantitative analysis is necessary to describe the concentration of carbon and its distribution

within an object.

In this paper, we have demonstrated that carbon quantitative mapping and 3D microscales
features described by LIBS is sensitive enough for detecting low carbon concentration in
archaeological steel samples with phases in equilibrium state and even Widmanstatten

structure as well.

We compared the calibration curves obtained by LIBS and a reference IBA-DIGE method
that can give an absolute quantitative measurement of carbon concentration. IBA- DIGE
provides direct quantitative mapping with a higher statistic ability and sensitivity with a
shorter acquisition time but requires a large and not easy to access facility as AGLAE. This
comparative study enables us to better understand the capability of LIBS quantification that
has a direct relation with the laser energy of each single pulse deposited on the sample surface,
which determines the analyzed material mass. LIBS quantification mapping gives several

advantages in terms of mobility and the large area mapping analysis.
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In addition, we proved the ability of LIBS to identify, in terms of real implementation of
tomography representation, the repartition of different carbon concentration, allowing us to
get the possibility to access to material organization in 3D dimensions. This representation in
3 dimensions of the internal structures of metals gives us access to a new way of
apprehending and knowing better the materials, including dimension of aggregates and 3D
diffusion of specific elements then deducing in better way the history of the objects and also
their fabrications.
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