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Design of hydrogen resistant zirconium alloys

Alloying strategy
Reduce the solubility of Increase the chemical Accelerate the release of
hydrogen in ZrO2 (minimizing ~ potential of electrons H, on the surface of ZrO,
thermodynamic potentials) (Fermi energy), K,

. The predominance of the less
What 3d transition

et A mobile form of defect complexes
metals to use: containing hydrogen

l

Hydrogen absorption
reduction

* M. Youssef et al. Physical Review Applied 5, 014008 (2016)
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POTENTIAL ALLOYING ELEMENTS
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Design of hydrogen resistant zirconium alloys

(statistical thermodynamics and density functional theory *)

i — p-type alloying
Enhances solubility of hydrogen in ZrO, in the form of interstitial atom of hydrogen(H;').

(iii)
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hydrogenation — zone (i) o
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Youssef,
Ying &
Yildiz
(2016)

Recommendation: reducing of hydrogen solubility in ZrO2 by alloying with elements that reduce the
solubility of hydrogen. :




Design of hydrogen resistant zirconium alloys

ii — alloying to reduce the solubility of hydrogen

Cr is the optimal alloying element for light water reactors(LWR).

Disadvantage :

Hydrogen absorption decrease of zirconium oxide is difficult due
to the low p, (p-type alloying region) — penetration of a small
amount of hydrogen into the zircaloy.

(iii)
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Design of hydrogen resistant zirconium alloys

iii — alloying to increase p,

* The dissolution of hydrogen in m-ZrO, mainly in the form of complexes H;, with limited

mobility.

Nb, Ta, Mo, P and W increase u, when dissolved in
m-ZrO,.

_ol (D)
Alloying increasing . does not lead to increased corrosion
processes in the zircaloy.

H;- Complex between
single hydrogen and
zirconium vacancy with
charge state 3-

log, , H solubility (per ZrO,)
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Chemical potential of electrons p, as a factor *, which can control the
absorption of hydrogen in ZrO,.

* M. Youssef et al. Physical Review Applied 5, 014008 (2016)



Magnetoplasma compressor with compact geometry

Experimental plant Discharge device

Compression plasma flow
length —10-12cm
diameter —1 -2 cm

[A]l ,, | OSC

Plasma parameters:

Discharge time — 140 ps
Maximum current — 50+ 120 kA
Plasma speed — 30+ 70 km/s
Electron density — 101¢+10'® cm?3

Plasma temperature — 2 -4 eV




PLASMA ALLOYING SCHEME

| stage : |l stage : Result:
Coating deposition CPF treatment Near surface layer
~5-7
Coating 2770 um

Substrate

Substrate Alloying layer depth, um
Fe 5-20
Al 20-70
Ti 5-15

Alloying of materials by CPF allows to modify the mechanical properties, corrosion resistance,
magnetic properties.
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CHARACTERISATION

1. SEM - surface morphology - areas of interest
2. FIB-SEM - extraction of TEM samples

3. TEM - microstructural analysis
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EXPERIMENTAL

CPF treatment

Modified layer

A ™~

Modified layer

y Cr i CPF O v

N
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O Oxide layer formation

e Coating thickness(1,0-1,5 i Plasma parameters:
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pm) :

* residual atmosphere: nitrogen N,
:1 e pressure: 400 Pa :
i e pulse duration : 100 um

: Deposition
: parameters:
: e arc current

| e Number of pulses: 3

: Oxidation
: 100—180 A parameters:
: e Bias voltage- e 24 hours

120V * temperature 360 °C

0
-------------------------------------------------------------------------------------------------------------------------------------------------------------



ZIRLO/Cr ->CPF

Plasma parameters:
* residual atmosphere: nitrogen N,
e pressure: 400 Pa
e pulse duration : 100 ps
e Number of pulses: 3

(Com 2,3 at. %)

* Ridges on the surface

* Formation of Zr columnar features

» Successful near surface modification
with ~ 1 um

BF-TEM cross - sectional
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ZIRLO/Cr - CPF

BF-TEM image of a
modified sample

000 . . . Zr
[304]
e — ZrKal * Cr at the grains boundaries

* As an alloying element Cr tends to
occupy grain boundaries

13




ZIRLO/Cr = CPF = Oxidised

Annealing in oxygen
atmosphere for 24 hours at
360°C

* Cr at the grains boundaries
» Formation of nodular oxide layer
* Cr is present in zirconium oxide.

1 pm

TEM EDS cross section
Cr

500 nm
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ZIRLO/Cr - CPF - Oxidised - H+

SRIM calculations

Zr0,+Cr (2 at.%) =» H* (12.5, 50 and 97.5 keV, 2-10%" cm?)

100 rim
PR

BF TEM cross sectional images
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12.5 keV
100 nm

50 keV
0.35 um

97.5 keV
0.60 pm
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HYDROGEN DESORPTION

SRIM calculations Hydrogen pick up investigation was

carried out on a special Gas Reaction
o —r— Controller complex

10.35 pm ¥ gl
[ .

Hydrogen saturation parameters:
e Temperature: 360 °C
e Hydrogen pressure: 2 atm
e Time: 2 hours

Hydrogen desorption

Hydrogen desorption
rate, 10* mass%/min

ZIRLO 24
CPF:ZIRLO 23.5
CPF:Cr/ZIRLO 8.4
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EXPERIMENTAL

2 Stage
Cathodic arc deposition
jpommmmmmmmmmmsmmmmsmeoee- il
1 H Oxide layer
1 " A
1 :
:1 I
i -> 5 —>
1 ZIRLO ZIRLO | 1ii ZIRLO ZIRLO
EI HE
1 N " Cr
0 Oxide layer formation :
T2 L Coating thickness(1,0-1,5
i um)
: | Deposition
: | parameters:
Oxidation i »arccurrent
parameters: 100-180 A
e 24 hours : 1 & Bias voltage-

e temperature 360 °C 120V

* . o .
----------------------------------------------------------------------------------
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@ 3 Stage
CPF treatment

Oxide layer Modified layer
4
>
ZIRLO ZIRLO
PF
Cr

Plasma parameters:

e residual atmosphere: nitrogen N,
: i e pressure: 400 Pa
: i e pulse duration : 100 um

E e Number of pulses: 3




ZIRLO - Oxidised

Formation of uniform oxide layer
Oxide thickness of ~ 1 um

SEM surface morphology

SEM image of the cross section

1pm 1pum

SEM EDS results
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ZIRLO - Oxidised = Cr > CPF

SEM surface morphology

4 o C: o %o !
® N d:l (] OD Q 0“" . b
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° o o 029 p
P2,/c P4,/nmc Fm3Mm
monoclinic ~1170 °C tetragonal ~1170°C cubic
— —_—
h
~850 °C ~1000 °C

TEM image of the cross-section

 Crack formation on the surface
» Depth of the modified layer is ~ 2 um
» Uniform distribution of Cr on oxide layer
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ZIRLO - Oxidised - Cr - CPF - H+

TEM image of the cross section

Irradiation energies
ZrO,+Cr (2 at.%) - H* (12.5, 50 and 97.5 keV, 2-10'" cm?)

Hydrogen saturation parameters:
e Temperature: 360 °C
e Hydrogen pressure: 2 atm
e Time: 2 hours

Hydrogen desorption

TEM EDS results

Hydrogen desorption rate, 10
“ Hydrogen desorption 4 mass%/min
rate, 10* mass%/min -
s/ Pre-oxidised ZIRLO 2

ZIRLO 24 -
CPF: pre-oxidised ZIRLO 1.8 55%
CPF:ZIRLO 23.5r 65% -
CPF: Cr/pre-oxidised 0.9
CPF:Cr/ZIRLO 8.4 ZIRLO
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CONCLUSION & FUTURE WORK

1. Surface modification with CPF was successful with ~ 2 um of
oxide layer with chromium

2. The downside was crack formation on the surface of the
material

3. Hydrogen desorption was reduced by ~ 2 times to the normal
ZIRLO with an oxide layer.

4. The next step is to find a way to prevent the crack formation
on the surface of the ZIRLO.
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