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wootz alloy blade

Iron pillar, 4t
® carbon impacts iron alloy mechanical properties Dehli, India Agricola, 1556
C% name Manufacture process furnace T° BH Mpa properties
<0.08 wroughtiron reduction of iron ore w/out melting bloomery 1200-1300 120 malleable
0.5-1.5 steel (e.g. wootz) carburization of wrought iron closed furnace  1300-1400 120-230 hard, flexible
2-4 castiron melting iron ore blast furnace 1400-1500 230 hard, brittle

" Cin Fe,C carbide crystals (cementite) and in solid solution with Fe (ferrite, pearlite, austenite...)

" heterogeneously distributed in the iron alloy, macroscopically and microscopically
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Garbon mic—rophases normal steel content (0.45% C)

cementite (Fe3C, 6.6% C) Carbon steel, Fe-C phase diagram
pearlite (0.8% C) Ik 05 i LT e LR T e
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] i transformation
400 Pearlite + Pearlite + |
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2.0 Oor cement
7 J dTEEL | okt iron
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0 em'-ggtco)-ida 1 1I eu:'eltg%i::la é C (mass %)
Pearlite(eutectoide)
. C 0.8% f FesC 12.0%
Acicular ¢ e T TR e
ferrite Pearlite 0 - 101 20 30 Fe;C (mass %)
Ferrite Pearlite
(<0.02 wt %C) (0.8 wt %C) a mix of cementite (Fe,C) and ferrite
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NUCLEARIREAGTIONJANALYSISI(NRA)
PIGE : y-ray detection

Ey = f(isotope)

e light elements 1<Z<11
e complementary to PIXE
e high sensitivity

NRA : particle detection

E, = f(isotope, depth)

Examples:

e C,N,0 composition of bronze patina

! &
14N(2H, ary)*2C nuclear reaction
.
L Be B C I\l F
N Mg Al Si P Cl
K Ca S Ti v C M Fi Co N C Z Ga Ge As Br
Rb s Y Z Mb Mo Tc Ru Rh Pd Ag Cd In sn Sh I
Cs B Li Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Np
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DIGE : y-ray detection

SOEAMENE]L

Incident beam

1.5 MeV deuterons

* magnetic rigidity of 3-MeV protons ¥

e beam transport & focus in protons

e lower neutron hazard

* best S/N ratio for 3089 keV C peak
(background from Si;N, window)

e narrow probed depth (2-3 um)

20 nA intensity
monitored by PIXE on Si;N, exit foil
50 um beam diameter

HPGe detector (37% Nal)

forward geometry (0°)
30 mm distance

e =few % @ 3089 keV
5 I/min helium flux

hybrid beam scanning
0.5 mm magnetic scan + X/Y stages
scans up to 250 x 250 mm

Eé?‘_ aort =

NRA : particle detection

300 mm? / 300 um annular SSD
25 um Mylar foil

backward geometry (135°)

15 mm distance

(3 = 1 Sr (no collimator)
Plexiglas box helium 3 |/min
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Yield (Hgamma-sr-uC)

Optimizing!S/N[inlDIGE!

carbon and nitrogen thick target yields

12C(d, PT1-o)13C 135.0doy. 194(d, nT1-o)1%0 135.0dog.
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peinyYBIGEspectiimlonlieferencefsteelfstandand

511 keV

10¢ 24\ Iﬁf’ o ,‘ 0“ ‘ Composition

0.45% C / 99.55% Fe
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Conditions

P‘“ ¢ 20 nA

e 120 secs
‘«;IJV6_1)15N 1zc(d’pv1_o)13c e ) 42 uC

2297 keV 3089 keV
w | 12¢(d,py,.,)3C
L* 3089 keV
WM net area : 3180
background : 1740
MM& e Iﬂmlﬂhlﬂmlmm
TH e -

T T T T T T T T
500 1000 1500 2000 2500 3000 3500 4000
Energy

Counts
2
=
=
s =
0 ©

107 -

21
\¢ a@ort = ECAART14 CONFERENCE, SIBIU JULY 19 2022 9/15

e



peint NRA specium en rEierenee sice sEnckre)
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Composotion
0.45% C / 99.55% Fe

Conditions

e 20 nA
e 120 secs
242 nC

13Cp, Peak

2.7 MeV

net area : 107000
background : 9560

50x counts DIGE
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Carloen mepEnG i an ardwelesice] sample - NRA ane DIGE

5mmx 0.5 mm area

® 50 um beam spot
e 100 x 10 points

e 2.8 sec/point

e 20 nA

* 48 min total time

Carbon map NRA - sample 13286

, o 3 i\
‘v »
vl 3

2000 3000 4000

4500 5000 5500

Dataset format

e EDF
e HDF5

Processing

¢ Plot and Roi
e PYMCA
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Carloen enellysis vsihg Leserlnelueee (B1BS)

1.0 —— Steel (C: 0.65%) Fe lines
it Pure iron
Principle N plaskiar 08
=3 | (
g |
> 067 C1193.0 nm
Laser beam |, & g !
(1064 nm) b | by -'g 0.4 - L\/
¥ o ]
h V 0.2 L\f‘l‘/j
00 T T T T I T ! I
& Ar+He 185 190 195 200 205

Optical fiber b R,

e 193 nm CI 3P,—3P,emission line of Carbon
e Nd:YAG at 1064 nm

e Ar+He atmosphere

e time-gated spectrometer

Spectrograph
+ |CCD
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U-LIBS mapping

e 55mmx 1.5 mm area
e 100 um laser spot

e 550 x 15 points

e 200 shots/point

e 20 sec/point

e 4h total time

e 35 um wide craters
¢ 0.65 mJ/shot
e 1 shot =0.15 um deep

NeZ— prt =
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Spectrochimica Acta Part B: Atomic Spectroscopy 194 (2022) 106454

Contents lists available at ScienceDirect
SPECTROCHIM
ACTA

Spectrochimica Acta Part B: Atomic Spectroscopy

FISEVIER journal homepage: www.elsevier.com/locate/sab

Comparative study on quantitative carbon content mapping in M
archaeological ferrous metals with laser-induced plasma spectroscopy

(LIBS) and nuclear reaction analysis (NRA) for 3D representation by LIBS
Xueshi Bai ™", Thomas Calligaro ™", Laurent Pichon ™", Brice Moignard ™ b
Quentin Lemasson ", Manon Gosselin "¢, Sarah Richiero ™, Philippe Dillmann ©,
Florian Téreygeol °, Jessica Auber--Le Saux %! Nicolas Wilkie-Chancellier %,
Vincent Detalle *>¢
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Conclusionsland|perspectives

v' non-destructive carbon mapping in steel using in-air accelerator methods
v' two techniques evaluated for point analysis reference measurements
 DIGE
* NRA

v useful to calibrate p-LIBS method

= towards larger and faster scans, smaller spot size

= mapping C traces at the surface of prehistoric tools (traceology)
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Thank you for your attention !
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