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Elemental composition of the steel of two ancient swords (Japanese and Damascus from a private collec-
tion) was characterized using in air IBA techniques. Our results contribute for the understanding the pro-
cesses of manufacturing (hammering and quenching) and surface treatments applied in these swords.
The Particle Induced X-ray Emission (PIXE) measurements along the Damascus blade allowed to identify
and to trace a superficial concentration profile for the elements such Cr, Mn, Fe, Ni, Cu, Zn and As, while
results for the Japanese blade showed only the presence of iron. The carbon content on the surface was
) also investigated using a resonant region in the Elastic Backscattering Spectrometry (EBS) measurements
Ion beam analysis R . . L.
External PIXE and RBS setup gnd the results h.ave shown a slightly difference between thg surfaces unfier investigation. In order to
NRA investigate the nitrogen content on surface, that could explain the hardening process, we used Nuclear
Reaction Analysis (NRA) and the results shown that nitrogen content was under our detection limit for
the technique (0.3% in mass). The measurements of PIXE, NRA and EBS were taken using the external
beam setup installed at Lamfi — Sdo Paulo/Brazil, the latter being successfully implemented for the first
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time in this facility.
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1. Introduction

Undoubtedly, Japanese swords and Damascus swords have
always been considered the most famous sword of the world, both
from stylistic point of view and peculiar performances.

In order to understand the differences of these swords it is
important to identify and quantify the influence of the iron ore
and forging process. According to Bhardwaj [1], the superiority of
the Indian steel could be related to the high quality of the Indian
iron ores. Besides that, since it was prepared in small quantities
and at a low heat, there is an incomplete reduction of iron oxides
and practically absence of other oxides. On the other hand, in the
native methods of manufacture, the molten steel was slowly
cooled down in the crucible, which is advantageous to the material
(cementation process). The Indian steel, usually referred to as woo-
tz, was commonly made by a method resembling the modern
cementation process or crucible process, where small pieces of
wrought iron were packed into crucible with chopped dry wood
or charcoal and leaves of specific plants e.g. Avaram (Cassia auricu-
lata). Then the crucibles were sealed with clay and staked into a
furnace which was maintained at high temperature. Afterward,
the mixture formed was forged directly into a blade shape by many
repeated heating and hammering operations, at low temperature.
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As reported by Wadsworth, and Sherby [2], the wootz steel con-
tains about 1.5% of carbon by weight, plus low levels of other
impurities such as silicon, manganese, phosphorus and sulfur. In
the forging process the control of the temperature is important
to form the crystalline structures as cementite that gives the hard-
ness to the blade. The hardening of the edge were made by heating
the blade to 1000 °C, then it was air cooled down to 700 °C and
quenched in brine before to reach warm temperature (~37 °C) .

In “The Craft of the Japanese Sword” [3], the author discuss min-
utely about how is the process to make Japanese sword. The sophis-
ticated process requires steel with two different amount of carbon,
about 0.7% which was used in the “jacket steel” - called kawagane -
that is used in the outer surface of the blade, and low-carbon steel
(below 0.5%) which was used in the core - shingane. The shingane
is embedded or wrapped in the high-carbon steel along the entire
length of the sword. Being more ductile than kawagane, this method
gives to the blade a soft core that helps to protects it against cracking
or breaking under stress. Since the kawagane requires final content
of 0.7% of carbon, the smith starts the forging process with a steel of
high quality containing carbon from 1.0% to 1.5% - tamahagane,
since the forging process cause a continuous loss of carbon. The pro-
cess involves several cycle of folding, hammering and heating the
steel [3]. Thus, we expect that Japanese blade present less carbon
and more pure steel than Damascus blade. Meanwhile, for Damas-
cus blade, the nitrogen in the surface is expected, since in hardening
the edge the blade usually was quenched in brine or animal urine,
which contains a significant concentration of nitrogen [2].
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Although the carbon content (according to [4], for Damascus
blade about 2 wt% of carbon) was cited as the main element that
can give the hardness to the Damascus blades, it was verified in
the same work that even in low concentration (<100 ppm) the ele-
ments Mn, Cr, Ni and Cu could play a fundamental role in the for-
mation of crystal structures as carbides responsible for the typical
Damascus patterns. However, the Japanese blade present an
extraordinary cut power too, even though its purest are steel com-
posed practically by a mixture of carbon and iron.

In this work, we propose a non invasive study in order to eval-
uate the differences of the Damascus and Japanese swords, using
in-air PIXE and EBS techniques. In-air PIXE and EBS analyses are
largely applied when a non-destructive approach is mandatory,
since no sampling is required. Results of studies using PIXE and
EBS [5-7] for characterization of alloys used in artwork have been
reported with good results. PIXE and EBS analysis can be comple-
mentary each other, whereas PIXE is a multi-elemental analysis
(able to determine and quantify elements from Z > 13), and EBS/
RBS can be used to obtain the thickness and depth profile for ele-
ments with Z < 13, where the PIXE is less efficient.

2. External IBA set-up

The RBS and PIXE measurements were performed at external
beam setup of the Lamfi (Laboratory of material analyses using
ion beams - Sdo Paulo University) using a Tandem accelerator of
1.7 MV. In this setup detectors and instrumentation are mounted
in 7 geometrically collimated ports distributed along a conical sur-
face at an angle of 135° in relation of the beam direction. The col-
limation system allows simultaneous measurements of the same
irradiation area for the diverse techniques. This setup was origi-
nally planned to avoid signals from other sources, due to the
restriction imposed to the detector solid angle, being important,
for example, in the mitigation of the argon signal from the air in
the PIXE measurements [8]. For PIXE analysis, two X-rays detectors
Si(Li) with resolution of 160 eV (FWHM®@MnKa) are mounted in
two symmetrical positions, and the filters used in each one defined
the sensitive interval for elemental identification.

Recently the external setup was improved with a surface barrier
detector installed in one of the ports, enabling the detection of
scattered particles (RBS/EBS) at 135°. In order to improve RBS res-
olution a He gas supply was provided to reduce energy losses and
straggling in the external environment. A schematic of the RBS
setup for the external beam is presented in Fig. 1.

Two windows are important in the RBS analysis: a 6 pm thick
aluminum foil mounted in the end of the beam line, and a 12 pm
thick Mylar mounted in the port of the RBS detector. In principle,
the setup was optimized for protons.

3. Experimental procedure

The regions analyzed in the Damascus (6) and Japanese (4)
blades are presented in the Fig. 2. These regions were polished with
sandpaper to remove the oxidation layer and then cleaned with
alcohol. In order to establish a difference between the cut edge
and the body of the blades, we performed PIXE and EBS measure-
ments of two spots for each region (regions 1-6 for Damascus
blade, and 1-4 for Japanese blade), one close to the cut edge and
the other about 4-5 mm far from the cut edge.

3.1. PIXE measurements

The PIXE measurements were used to identify the elemental
composition along both swords, verifying eventual contributions
of manufacturing and treatment processes in their relative concen-

He flux

Fig. 1. Schematic of the in-air RBS setup. (1) 1 mm diameter beam collimator; (2)
6 pum thick aluminum vacuum window; (3) 12 pm thick Mylar vacuum window; (4)
rough vacuum environment; (5) surface barrier detector; (6) mechanical support
structure [8].

trations. In our measurements we used a 2.6 MeV internal proton
beam, corresponding to 2.365 MeV on the target, accordingly SRIM
[9] simulation (with 14 keV energy straggling). The dose normali-
zation was made using the gamma rays from the aluminum win-
dow, due the reaction 2’Al (p,p)?’Al* produced at the vacuum
window and collected by a Nal(Tl) detector.

Typical PIXE energy spectra are presented in Fig. 3 for the two
swords under investigation and for the standard CRM 298.

3.2. EBS measurements

The EBS analysis can contribute to differentiate in more detail
the steel of the ancient swords under investigation given informa-
tion about carbon concentration that is out of the limit detection of
PIXE technique, typically low Z elements (Z < 10). To measure small
quantities of a light element in a matrix composed of heavy ele-
ments, is important to use resonant reactions. It is also very impor-
tant verify the non-Rutherford cross section of neighbor elements,
avoiding resonances near from the resonance of interest. As some
of the surface treatments generate carbon compounds, the carbon
content in the surface was investigated using the reaction
12C(p,po)'C. This particular reaction presents a high intensity res-
onance (@1.735 MeV), as we can see in the Fig. 4.

An important step in this analysis is adjust the internal energy
of the proton beam to ensuring that the resonance occurs in the
surface of the target. To obtain this energy it must to be taken into
account the stopping power of the protons in the aluminum win-
dow and in the artificial atmosphere (air + helium) in the path of
the beam (6 mm - the distance between the vacuum window
and the sample surface). The energy tune was made using a sample
of Ultra Dense Amorphous Carbon (UDAC) and the optimum value
for the internal beam energy was 2.0 MeV. Details of this procedure
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Fig. 2. Picture of the Damascus blade (top) and Japanese blade, indicating the dimensions and areas irradiated.
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Fig. 3. Typical in-air PIXE spectra of Damascus and Japanese blades and the standard CRM 298. In each spectrum are shown the edge and thick spots measured. The

identification of the picks were performed using the software QXAS [10].
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Fig. 4. Elastic scattering cross section for protons with energy range 0.34-3.0 MeV
for the reaction '2C(p,po)'2C at 135° [11].

are described in Silva et al. [8]. This value of energy was used as
default for all EBS measurements mentioned in this work. Several
measurements were performed on both swords and the typical
RBS spectra of Damascus and Japanese blades are presented in
the Fig. 5.

3.3. NRA measurements

NRA technique can be used to investigate light elements in a
matrix of heavy elements, but in this case we use nuclear reaction
that involves y-ray production. The nitrogen content in the surface
was checked using the reaction >N(p, ary)!'?C, since in its y-ray
production cross section there is a high intensity resonance that
occurs at the 1.64 MeV proton beam. These measurements were
performed in different condition at Lamfi, with an internal proton
beam of 1.8 MeV that produces a 1.6 MeV on the surface of the tar-
get. Several measurements were performed on both swords and
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Fig. 5. Typical RBS spectra of spots in Damascus blade and Japanese blade.
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Fig. 6. Typical NRA energy spectra of spots in Damascus and Japanese blades. In
plot are identified some peaks resulting of the 1.8 MeV proton beam on the Al
window and the blades (°®Fe(p,p’)°®Fe*) as well as the background peaks “°K
(Ey = 1.46 MeV) and 2°9TI(2.614 MeV).

pure iron (used to background subtraction). The typical NRA spec-
tra of Damascus and Japanese blades are presented in the Fig. 6.

4. Results and discussions
4.1. Elemental composition of the matrix

The PIXE data was analyzed using the software QXAS [10] that
provide the areas under the identified peaks as well as the back-
ground counts. Relative area of the elements resulting from PIXE
analyses are shown in the plots of Fig. 7, these relative areas were
evaluated by the ratio of each element and the sum of all identified
elements, which Fe corresponds of more than 95%. In these plots
we can see the distribution of the identified elements along the
Damascus blade for the two measured spots in each region for
the elements Cr, Mn, Fe, Ni, Cu, Zn, and As. The PIXE analysis of Jap-
anese blade indicated just the presence of Fe with no trace ele-
ments in the matrix.

The results indicate distinctly differences in the steel used for
manufacturing these two blades. In fact, the composition of the
steel reflects directly the origin of iron ore but the manufacturing
process is also important, as shown by [12]. In their work, using
destructive measurements to characterize several Indian ancient
swords, C, P, S, Si, Ti, V, Cr, Mn, Ni and Cu were identified as part
of steel matrix. In our work, in a non-destructive way, we identified
most of these elements. Moreover, in order to quantify the identi-
fied elements and allow the comparison with other sources, we
performed PIXE measurements in a steel standard sample for eval-
uating the self-absorption. For this purpose, we also measured a
CRM 298 (EURONORM-CRM duplex stainless steel) to evaluate
the Mn, Cr, Ni Cu contents.

It was verified that the relative area for the Cr, Mn and As, are
systematically higher for the cut edge region. For Ni, Cu and Zn
the higher relative areas were found in the thick area. The relative
concentrations tend to decrease towards the hilt to the tip of the
blade (except for Mn), suggesting that the forge process, heating
and hammering the steel from a unique ingot, as expected for
Damascene blades, can cause a redistribution of the elements along
blade.

For the elements Cr, Mn, Ni and Cu we evaluated the absolute
concentration, using the standard CRM 298, and results are given
as percentage in mass in the Table 1. In this calculation we
assumed that the sum of the elements Fe, Mn, Ni and Cu was
100% of the steel, where the contribution of Fe in this sum is of
order of 95%. The sum of the same elements in the standard is of
order of 96%, wherein the Fe contribution is 63%. The sample was
considered homogeneous in a range of approximately 24 pm that
corresponds to the analyzed depth, which in this case is completely
defined by the proton range in a sample with an iron matrix.
Assuming that, in this depth the concentration is uniform, and
the swords and standard are compatible, thus the self-absorption
was taken in account by comparing the sample with a standard
in order to get elemental concentration. Depending on the content
of these elements in the steel, they can improve mechanical prop-
erties like hardness, resistance to corrosion or heat resistance as
we can see in the Table 1.

The Lp (detection limit of Curie [14]) for PIXE procedure was
obtained using the counts of background of the standard spectrum.
Considering the Ly for each element in the Table 1, we can suggest
that Mn can contribute to the hardness in both analyzed areas,
although the higher values presented were in the thick area and
not in the cut edge as we would expected due to their cut charac-
teristics. The content of Cu may contribute to the corrosion resis-
tance also to the both analyzed areas. The Ni is out of the
detection of quantification.

4.2. Carbon content evaluation

EBS analysis was used specifically to investigate the presence of
carbon on the surface of the blades. In order to improve the sensi-
tivity in the carbon identification we decided to subtract the iron
contribution on each EBS spectrum. For this purpose, we irradiated
a sample of pure iron in the same experimental conditions used in
the irradiation of the swords. In the Fig. 9 we compare normalized
EBS spectra of Japanese and Damascene blades after subtraction of
the pure iron spectrum that is shown in Fig. 8.

It can be noted a clear difference in the EBS spectra of the
swords. To show the presence of carbon contribution in these
two spectra we add to the same plot the EBS spectrum obtained
irradiating a UDAC sample in the same experimental conditions,
and a simulated curve for oxygen (using SIMNRA). A qualitative
analysis indicates that the carbon content in the surface of Japa-
nese seems higher than Damascus blade, since the resonance of
the reaction '2C(p,po)'C with a 2.0 MeV proton beam could be
used to adjust in an appropriate way the EBS spectrum just to Jap-
anese sword, as shown in Fig. 9.

It is also possible to see a negative contribution on both spec-
trum of Japanese and Damascus blade for higher channel values.
This negative contribution is due to the difference of oxygen on
the surface for the swords when compared with the pure iron, sug-
gesting that the cleaning process was not complete and that an oxi-
dized layer still remain.

4.3. Nitrogen content evaluation

One important step in the determination of the content of nitro-
gen in the blades surfaces is to evaluate the counts of nitrogen
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Fig. 7. Behavior of identified elements along the Damascus blade. The irradiated spots are identified on the top (Damascus blade picture).

Table 1
Contents of some elements measured in the two analyzed areas of the Damascus blade.

Element Cut edge content (%) Thick area content (%) Recommended® content (%)

Property performed on steel

Lp” content (%)

Cr 0.037-0.076 0.049-0.17 11.0
Mn 0.008-0.2 0.26-0.53 0.23-0.9
Cu 0.011-0.11 0.01-0.023 min. 0.01

Corrosion resistance
Hardness, desulfurize
Corrosion resistance

0.036
0.015
0.015

4 Recommended values [13].
b Detection Limit of Curie converted in concentration [14].

from the air in the energy spectrum. The procedure applied to sub-
tract this contribution was to measure a pure iron sample, since
the sample is almost composed by iron as we saw in PIXE results.
Finally, to quantify the nitrogen content we also measured a stan-
dard steel sample (CRM 298) that contains a nominal value of
0.263(4)% in mass of nitrogen.

After subtracting the background of the CRM 298 gamma
energy spectra, the nitrogen content calculated was lower than
0.3% with a high uncertainty, indicating the limitation of our setup
to measure this reaction. Efforts to reduce this uncertainty by
increasing the time of acquisition were no efficient. Thus we con-
clude that the detection limit of our setup is around 0.263%. In
the plot of Fig. 10 the comparison of CRM 298 and pure iron spec-
trum are shown, the interest area is shown in the detail. It is evi-
dent that the whole spectra match with pure iron spectra except
for the region from 3.5 MeV to 5.0 MeV, where the gamma from
the decay of carbon from '>N(p, oy)'?C reaction should be, as

Counts x 10°

Energy(MeV)
02 04 06 08 10

1

12

1

14

pure iron

50 100 150 200 250 300 350 400 450 500

Channel

Fig. 8. Typical RBS spectrum of 2.0 MeV protons scattered of pure iron.
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spectrum was also plotted in order to show the carbon resonance of the reaction
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Fig. 11. Gamma energy spectra of kapton, the typical structure of y-ray from the
first excited state of '2C appear in 4.4 MeV with its escapes (DE and SE).

shown in Fig. 11 for measure performed in a 12 pm thick kapton
foil (chemical composition of kapton: H;gC2N; - 5.13% in atoms
of nitrogen).

In Fig. 12 are shown the gamma energy spectrum for the Japa-
nese blade, Damascus blade and the pure iron, with no evidence of
the y-ray from the decay of '2C, in order to this pick the kapton
spectra also was plotted in the interest range (from 3.5 to
5.0 MeV). As one possibility typical nitriding process to hardening
surfaces can introduce nitrogen in 5-15 pm range. To explain the
lack of nitrogen on Damascus blade is the polishing procedure to
remove the oxidized layer. Anyway, if there is any nitrogen content
in the surface, certainly this amount is less than 0.3% in mass.
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Fig. 12. Comparison of gamma energy spectra for Japanese blade, Damascus blade
and pure iron, kapton and CRM 298 in the interest area ranging.

5. Conclusion

It was shown in this work the first results for the new external
RBS setup installed at Lamfi, that can be largely applied for cultural
heritage when the non-destructive analysis is mandatory, whence
this new setup allows measurements of large object whose dimen-
sions, brittleness and cultural values prevents them from being
placed in a vacuum environment. Our results for carbon analysis
suggest that carbon is the only element that can be related to the
hardness in the Japanese sword. In the other hand, carbon contri-
bution for damascene sword, contrary to expectations, is not com-
patible with other results in the literature. Finally, PIXE results
have shown different elemental composition for the both swords,
similar to other published values. One important point in our study
is that all analysis can be made simultaneously, thus complement-
ing the investigation to a better understanding of the artwork
under study.
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