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Development of Innovated Laser Methods in DEN/DANS/DPC/SEARS

CEA Saclay

Surface Decontamination:
0 paint on concrete;
0 metals;
o laser detritiation for ITER (heating and ablation);

Surface Improvement and Micro Processing:
o material durability by rapid laser heating (corrosion resistance);
o laser projection of powder;

O micro gravure (microsystems); -

Analytical Methods :
o0 LIBS (elemental macro and p-analysis):
v"in nuclear environment (portable LIBS)

v in situ purity control of liquid sodium;

v'on line analysis of liquid glasses (wastes); | Mf:afggjg:;s

v' elemental p-cartography;

A

o0 ChemCam for the Mars exploration; : ,_
o0 Active laser pyrometry (layer thickness, resistance, conductivity,....);
0 Lock-in Thermography for characterization of nuclear materials;
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LOCK-IN THERMOGRAPHY METHOD
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INSTALLATION EXPERIMENTAL DU LISL
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DE LA RECHERCHE A LINDUSTRIE

Cea SCHEMA OPTIQUE DE MESURE PONCTUELLE




3D+1 MODEL OF HEATING

Heated surface comprises a micrometric
(1 — 1000 um) layer of one substance on a
substrate with different thermo-physical and
optical properties. Deposit adhesion.

Complex surfaces:

- friable deposited graphite layer on technical graphite
substrate in the thermo-nuclear tokamak installations;

* oxide layer on metal
* deposit on mirror or window
. paint on a concrete, etc.

Laser beam:
CW, single pulse or multi-pulses;
I((r), Gaussian or top-hat;

Fixed or moving.

I(r) = Ig exp(—r2/a?)

T(X,Y.z,t)

P C, k’ @, Rm
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CQ_Q Rapid method of phase shift calculations

AT.(2=0 rZO):“I(l‘RI)'nTN D)
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With E =&, ®(E)=0.5 exp(-E2/4) for the Gaussian laser beam and

=& /12 —2xinv, pC, /K, Ky = E2 /12 =27inv, p,C, /K,
D= (1+e‘2’fln )—kSKZ” +(1—e‘2’fln )(1+ ks Kznj
K x,, h

The Fourier contribution AT, corresponding to n = 1 (laser repetition rate
frequency).

A" = 0 — ) =Reliln(AT,(z=0,r =0)/T, )}
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ced Rapid method of phase shift calculations
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¢ i, and f . application

SS 304L plate (400 um thickness)

1 10 100 1000 10000

Phase shift (°)

-90

Laser frequency (Hz)
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Simplified rapid measurements of sample

thickness L and diffusivity D

L [um] = (3/2) x r, [um] x In (90°/,y;,)

D[um?/s] = 2 x r, [um]x L[pm]x [Hz]

fmin

2 <fo <90
L

Laser

A

Do i

Plate i

Two patents of the methods
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Application for titanium plate
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I'0 (pmin L measured I-ref Deviation fmin D measured Dref Deviation
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+30 +0.5 7 +2.5 - 5% +1.9 + 0.009 +0.008 -12%

1 90
Lipes = a Toln (m) Dipes = E fmin To Lmes

L, = 1217 pm : measured plate thickness

D, : Y. S. Touloukian, R. W. Powell, C. Y. Ho, and M. C. Nicolaou, Thermal Diffusivity (IFI/Plenum, New York, 1973).
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Comparison of the measured thermal diffusivities

Cea with the referenced values
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Application to Zy4 cladding

Photo of Zy4 claddings. Some Zy4
claddings were artificially oxidized.

heated zone
(¢ 3.5 mm)

tested zone
(¢ 1.6 mm)

N~

Schematic comparison of the Zy4
cladding diameter and those of
the heated zone (in red) and of the
tested zone on it (in blue).
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PERSPECTIVES

Zircaloy 4 cladding
-30 -
40 -
~ _5< e so 8 s EER Important influence of oxyde
& “fa layer
|
@ 60  ——Théorie, Zy4 avec couche ZrO2 5um ol - ‘
% ——=Théorie, Zy4 avec couche ZrO240um "
s 70 | Théorie, Zy4 avec couche ZrO2 15um u Determination of thermal
o A Vierge, 70°C ey g ti d thick f th
o Vierge 330°C N propeties and thickness of the
-80 - e Avec 5um de couche d'oxyde ZrO2, 100°C oxyde layer
X Avec 10um de couche d'oxyde ZrO2, 100°C
90 _m Avec .1.5.”.rT‘ de couche cli'olxyqtlaIZIrOZ, 100°C - R .
1 10 100 1000 10000 ;
Frequency (Hz) Theoretical model?
Semi-transparente or
Low dependence of the oxyde layer transparente layer
Determination of thickness and thermal
diffusivity of the cladding
g Zy4 with 5um | Zy4 with 10pm | Zy4 with 15pm
oxyde oxyde oxyde cm?/s
100°C 100°c 100°C
Thickness Lyos =2 In 20 594 pm 598 pm 564 pm 570 pm e el
mes ((p |AQmin] a +24pm
Thermal D= 1 Foi LT 0.068 cm?/s 0.069 cm?/s 0.071 cm?/s 0.073cm?/s  de -0.002 cm?/s
diffusivity g™ 0 +0.006 cm?s  +0.006 cm?s  +0.006 cm?s  +0.003cm?s a-0.005cm?s

| PAGE 14/33



Cea Diagram of the experimental setup of high-frequency photothermal
— —  radiometry system 1

AO Parabolic

modulator mirrors
Lens 2

Lens 1

Iris

Software

Function Generator

J  MCT detector

Lock-in amplifier PR pre_amplifier B
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DE LA RECHERCHE A LINDUSTRIE

Zr/Cr Samples
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Cea A quadrupole method is used for the fitting of the experimental data.

1D model for T . ( ) calculation:
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SR Nlere s amplitude and phase of both sample using quadrupole

theoretical model blue curves : L = 6.2 ym; red curves : L = 2.8 ym
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Using the photothermal signal emitted from the samples it is then possible to find
with good uncertainties (L / Va)z, and e g,

L is the thickness the film, a and e the thermal diffusivity and effusivity of the film
respectively.

R,, ~1078m? K W ' - the thermal boundary resistance (TBR) between the two

materials (Kapitza resistance).
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N Results

From these results it is possible to fit out the (L/Na)m and es by minimizing the model
to fit well the experimental points.

\L/ u-"E:fﬁ,m € i | ©fim literature i Litﬂrame Llgm
Ism. [JK_lm_Es_l’E [JK_l -2 —11] mes ! Hn
Sample 1 | 6.7107°+3.9% | 1.5910°+9.8% 3.5+12%
p 1.6710* 27.410°°
Sample 2 | 1.28107°+5.3%| 1.6310°+9.9% 6.7+22%

Taking into consideration their respective errors, these values are close to the given
ones, 2.8 yum for sample 1 and 6.2 um for sample 2.

Conclusion: by using the PTR measurements it was possible to find the thickness of a
coating of Cr over Zr using the only assumption that heat capacity of the Cr film is

equal to the one of the bulk from literature.

Possible improvement: high Cr reflectivity on 532 nm — A or carbon nm layer,

Perspective: R, the thermal boundary resistance (TBR) measurement between the
two materials;
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CAMERAS FLIR & TELOPS: RESULTATS
PROMETTEURS
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Conclusions

Results:
New laser methods for materials characterization (h, L and D) with
advantages:
o contactless

o remote
o fully-optical
o nhon-destructive

Methods validation with a set of samples (metal plates and Zy4 cladding);

Perspectives:
Experimental setup and method simplification (PC code, portable device);

Method application extension for thin layer (<1pm) and multilayer
surfaces (oxides on metals);

Method validation on nuclear sites;

In situ control of nuclear construction elements for safety improvement of
nuclear installations.
| PAGE 22/33



Lock-in thermography
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i S . R
<€)\Oé@c,’\ radiation . -0.2
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< o r,=1000 um
thickness, thermal resistance, conductivity and capacity o
. A~
Lock-in thermography advantages: ‘?9/ 4 % )
1L
] o &, It
Fully-optical, contactless method S, . o3 QQn\

* non-destructive remote measurements;
» no effect of surface reflectivity;

* independence on laser power instability; GLOBAL 2015, September 21-25, Paris | PAGE 23/13
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C2A ABSTRACT

In the search for new materials for nuclear industry and reliable nuclear safe technologies, much attention
is given to methods for non-destructive remote testing and control of materials in severe environment of
nuclear installations. Photothermal radiometry, as one of these possible methods, is under development in
the CEA (French Atomic Energy Commission). In our studies, it was used with repetition rate laser heating
of a sample by either a pulsed (100 ns-1 ms, 1-10000 Hz) [1, 2] or a sinusoidal modulated laser power (1
Hz - 1 MHz) [2,3] followed by measurements of the thermal radiation emitted by the sample under study.
Thermal radiation time-dependence or phase shifts between the laser power and the thermal radiation
measured at different modulated frequencies (lock-in radiometry) were then compared with those obtained
with a model of laser heating to characterize some sample properties (thermal diffusivity, thickness, layer
adhesion, under-surface defects and their changes in time).

Samples from European TOKAMAKS (graphite or carbon fibre composite protective tiles with 1 - 100 ym
deposits) and nuclear installations (metal pieces, Zircaloy cladding, micrometric oxide layers or PVD thin
films, 3D-printed metal objects) were tested and characterized with the home-made experimental setups
and the developed analytical (3D+t) models of laser heating [4-6]. The numerical simulation of laser
heating was used to fit the calculated thermal radiation or phase shifts with the experimental ones by
adjusting the material properties. This method of characterization was validated with a set of etalon
samples. The applied methods will be presented along with the obtained results. The possible ways to
improve the method to widen the scope of its application in the nuclear industry will be discussed as well.

ICPPP20, July 7th - 12th, 2019, Moscow, Russia | PAGE 26



INTRODUCTION

Problems:

« deposited layers with tritium;
 plasma dust source;

Laser methods:

without direct contact;
transport by optical fiber;
commercially available lasers;
rapid scanners;

Optical
fiber

| PAGE 27



Places of the
plasma wall
interactions
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VOLUME HEATING OF CONCRETE
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Simplified rapid measurements of sample

thickness L and diffusivity D

L [pm] = (3/2) x r,[um] x In (90°/@_,;,) Laser
i
D[pm?/s] = 2 x r, [pm]x L{pm]x f;, [HZ] }
2<% <20 1
L i
|
L [pm] = (r, [um] /G, ) x In (90°/@ ;n) |
i
i
D[pmz/s] = (I/Cf)x ro [Mm] X L[Mm] X fmin [HZ] : L
|
1,56 0,58 :
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Phase shift (°)
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CQa Zircaloy-4 claddings with oxide layers

Oxide thickness Mm 5 10 15
Laser mean power W 2.7

Temperature °C 1005

D, reference cm?/s 0.073 £0.003

L,.; reference um 57025

r, measured pm 1740+30

®min Measured ° -53.3 0.5 -563.1+0.5 -54.7+0.5
f nin measured Hz 3.1£0.3 3.1+0.3 3.4+0.3
L, measured um 594115 598115 564115
D,y measured with L, cm?/s 0.068%0.006 0.069%0.006 0.071%0.006
D,,, measured with L, cm?/s 0.066 £ 0.006 0.066 £ 0.006 0.071 £.006
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CZA TESTAVEC 2 SOCIETES: FLIR & TELOPS

B —

A 4

ACQUISITION
&
I
«°
A
Ag
PHASE

Spécifications FLIR X6900sc TELOPS M2k
Gamme spectrale 1,5a5,0 um 1,5a5,5um
Résolution 640 x 512 320x 256
Pas du détecteur 25 um 30 um
Sensibilité thermique/NETD <20 mK 25 mK
Fréquence d'acquisition (max) 1004 Hz 1910 Hz

Ouverture de I’objectif (f) F/2.50u F/4.1 F/2.5
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