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Conteudo:

> Facilidades Laboratoriais no PEMM- COPPE/ UFRJ

> Difusao e Interacao Hidrogénio microestrutura

> Hidrogénio em Ligas de elevada entropia configuracionalHydrogen in high
entropy alloys HEA

> Hidrogénio em acos inoxidaveis supermartensiticos e acos 9 Ni
> Hidrogénio em a¢os inoxidaveis superduplex

> Simulacao Multiscala da intera¢ao Hidrogenio- metal



Estrutura de preparacao de ligas

Preparacao de ligas

Simulacao- ( termodinamica, usando Thermocalc)
Fusao- ( fornos VAR, VIM e Arco)

Processamento- moagem mecanica, laminacao ...



Facilidades Laboratoriais no PEMM- COPPE/
UFRJ




Arc melting furnace
up to 100 g




High- frequency furnace

Temperature up to 28002C

From 50g to 1 kg.




Vacuum Arc-Remelt Furnace (
VAR)

Capacity up to 200 Kg



VAR melting and remelting of alloys
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Fornecimento global de hydrogénio e demanda
(M.ton)

Maior uso do Hidrogénio: na industria do petrdleo e producao de fertilizantes amonia /
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Fig. 4 — The average global hydrogen supply and demand — unit is million metric tons (assembled from multiple sources
(2004—-2013) in the references section) [4,6,15-17,19-22,28-30,32,33,38-57].



* Motivation:

Humber Estuary Killingholme UK — April 16, 2001




*  Motivation:

Texas City, Texas US — March 23, 2005







°Difusao e Interacao Hidrogénio-microestrutura




Gas Hydrogen permeation test apparatus
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Thermal Desorption System (TDS) with mass spectrometer

Hydrogen trapped (bind energy) related with the microstructure




Electrochemical Hydrogen Permeation test apparatus
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High Pressure DSC

High Pressure Differential Scanning Calorimeter
(DSC-HP)



PCT equipment

Hydrides formation
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Isothermal Measurements (PCT Pressure — Composition -Temperature)



background

Hydrogen in metals and alloys
Hydrogen can diffuse through metallic materials

 Solid solution (tetrahedral and octahedral sites )

—  Segregated in defects —. Hydrogen embrittlement

__ As Hydride ——— energy generation



Hydrogen production & storage
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H2 fuel and power station




Technology of Hydrogen cars
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Hydride
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Figure 3. Backscattered radiation micrographs of as-cast TiFe + x wt.% Zr for x =4, 8, 12, and 16. August 2017 ¢ © 2017 I0P Publishing Ltd
Journal of Physics D: Applied Physics, Volume 50, Number 37




Ligas de elevada entropia configuracional
High Entropy Alloys- HEA

(Alunas MSc: Sara Marques e Ligia Yassuda)
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Fig. 4. Ashby map showing fracture toughness as a function of yield strength for high-entropy
alloys in relation to a wide range of material systems. The excellent damage tolerance (toughness
combined with strength) of the CrMnFeCoNi alloy is evident in that the high-entropy alloy exceeds the
toughness of most pure metals and most metallic alloys (9. 49) and has a strength comparable to that
of structural ceramics (49) and close to that of some bulk-metallic glasses (51-55).
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Fragilizacao pelo Hidrogénio




Hidrogénio em 2.25Cr-1Mo-0.25V

T=450°C
t- 20 a 30 anos

ataque pelo hidrogénio




Hydrocracking reactor for Petrochemical

Industry
2 % Cr-1Mo V steel (300 mm thickness)

Shipping

T=450 to 550°C, 200 bar (H2)
Oil + H,



Hydrogen permeation through CrMo(V) steels

25°C
450°C

i g

Tempe: wurs da reveniments (°C)

s bk . % 32 0% 1%
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Stainless steel
Coating ( cladding)
6 to 10 mm thickness

s

300 mm thickness
CrMoV

2 1/4Cr -1Mo (V) steel



2,25Cr-1Mo
Heat treated

e . ]

]
200y Ao, o diom © lco’w:
“»

SEM TEM

a) As-received sample

Table 1. Chemical composition (in wt.%) of the 2*:Cr-1Mo steel.

C Mo Cr Mn P S Si

0.121 0.96 213 059 0005 0001 0232

SEM




X- Ray Diffraction in the of Syncrotron Radiation in the Lab.
LNLS Brazil
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Stress-Strain curves with hydrogen
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Fracture surface of 2 % Cr-1Mo-0.25V

HNED ZTHBMm

COPFE

Effects of inclusion on the fracture in samples hydrogenated




Ni superalloy




Hydrogen diffusion Ni-base superalloys
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Intersticial Diffusion

J. Philibert Ed de Physique
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Diffusion of Interstitial Impurities
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Diffusion of Interstitial Impurities
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Diffusion of Interstitial Impurities
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Interacao H- Defeitos

Discordancias: emaranhadas, livres subgraos, discordancias geometricamnte necessarias...

lacunas, vazios poros

Contornos de graos: aleatérios e coincidentes




Hydrogen induced superabundant
vacancies




Hydrogen induced
dislocations & vacancies

surface

D. S dos Santos; S. Miraglia and Daniel Fruchart
Jalcom 1999

Increasing temperature more vacancies are formed

Deff — (1 or DDV + fgb- Dj

»
»

B

D I . o .
TEM for Pure Pd at 800C, 3.5GPa  Diffusion equal in whole
volume sample

Pure Pd at 600C, 3.5GPa SEM for Pure Pd at 800C, 3.5GPa




High Pressure Hydrogenation
Pure Ni at 800 °C - 3.5GPa

o)
If - <<Dyt<<d,

Diffusion in grain boundaries is
faster

In this case vacancies are generated
in Grain boundaries




Hydrogen permeation through Defective Palladium
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Hydrogen in supermartensitic stainless
steels
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Hydrogen permeation through composite alloy

Pre-existing two phases

~ Matrix

~

> composite

> Interface ' Ferrite-austenite

Ferrite-martensite
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Effect of cathodic charging on the H- Permeation curves
(H,S0, 0.1M)

-6 )
1,8x10° 07-10-2013 1,6x10° -
16x10° 4 F/ 1A 10C )’
1,4x10
6 _| 1
1,4x10 1,2x10° -
-6 i _ 1
?1.2x10 _ Ng 1,0x10° 4
o~ . £ ]
£ 1,0x10° T 5oxi07
T - 5 _
S 8,0x107 - = 1 I=15mA
’ 6,0x10”
E 1 3 ]
© 6,0x10” 1 I=10 mA i .
3 ] 4,0x107
T 4 0x107 - ]
' ] 2,0x107
2,0x107 4 |
| 0,0 4
0,0 T T T T T T T T T T T T T 1
. : . : . : . : . . 0 50000 100000 150000 200000 250000 300000 350000
0 50000 100000 150000 200000 250000 time (s)
time (s)
2,0x10° -
1,5x10° | ]
,5x10 1,8x10° s o
@ 1,6x10° -
N ,6X B
£ ]
T 1,4x10° -
E 1,0x10° - Y 1
= 0 12x10° 1 /
3 £ 5] /
[T T 1,0x107 + /
@ s 1 /
-7
S 500" € soa0’ / I= 50 mA
g 500 I= 20 mA X . / -
> T 6.0x107 ,:
4,0x10” 4 "
2,0x10” ] !
0,0 ,0x10
0,0




Fe-9Ni-C steel

Bainite-Martensite + Retained Austenite Structure
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Electrochemical Hydrogen permeation curve (room
temperature)
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> Hydrogen in duplex stainless steels




Duplex Stainless Steels
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Hydrogen diffusion in multi-phase steels

Super duplex stainless steel

As cast forged Cold rolled HIP

Hot isostatic pressed
D=8 x 10** m?2/s D=6 x 10 m?2/s D=9 x 10 m?/s

25C 25C 25 C D=5 x 1015 m?/s
25C



Tensile Tests under In-Situ Hydrogen Charging

800
Electrochemical cathodic charging
700 . . .
S Hvdrogen transnort bv dislocations in SSDS
600 a ] Tens#le Tasts under In-Situ Hydrogen Charging
T 13000 mA
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« Spacimens with gauge diameter of 3 73.3 84 mm and
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0 5 10 15 20 25 30 EL 40 a5 « 3 5%NaC! solution with cathodic currents between 120

and 3000 mMA — current densities of 0.56-14.9 mA/mm:
Strain (%) (56014300 Alm?} - potentials of -5 up ta -19,6 Ve,




TOF SIMS Test in cryogenic condition ( -100C)
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Figura 105 — Ensaio de tragao em baixa tax
recebido. Em (b), teste realizado sob corrente catodica em célula de hidrogenagao.

Super duplex stainless steel
Hot isostatic pressed
( Hydrogenated)

e
a de deformag3o. Em (a), teste no material como
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Figura 95 - Ensaios de trag3o no AISD HIP SAF 2507 nas condigoes como recebido, apds
hidrogenagio eletrolitica por 12 dias em corrente catodica de 0.03A e apds hidrogenagido
eletrolitica por 7 dias em corrente catédica de 0,03A sob tensio elastica (75% ay).

el 0e8 188

Figura 112 - Superficies de fratura da amostra hidrogenada a 2A. Em (a) regido central. Em (b)
regido periférica (borda) retirada na zona identificada como fragil. Em (c), zona ductil da borda.
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HYDROGEN GAS PERMEATION TEST
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TDS Super duplex HIP
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Figura 134 - Resultados da analise TDS e picos obtidos para AISD HIP SAF 2507 utilzando amaostra
Figura 127 - Resultados da analise TDS e picos obtidos para AISD HIP SAF 2507. Taxa de hidrogenada em alta t tura via p gdo gasosa. Taxa de aquecimento: 10°C/min.
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Figure 5 - Lateral view of welded tensile specimen
rupture: (a) H-free condition; (b) H-charged condition; (c)
H-charged under stress condition

Figure 4 - Lateral view of as-received tensile specimen rupture: (a) H-free condition;
(b) H-charged condition; (c) H-charged under stress condition




Superduplex
tubing welded

superduplex 2507

Detalhe da microestrutura do ago superduplex
ds-soldado (a) metal de base, (b) metal de solda e c) ZTA




Hydrogen Diffusivity x Temperature

Hyperduplex stainless steel
SAF 3207
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Hydrogenation under elastic stress
(75 % vyield strength ) (150h)
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Efeitos do H no aco
2,25Cr-1Mo-0,25V
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Caracterizacao microestrutural e termodinamica da evolu¢ao da precipitagao no

Renata Oliveira aluna DSc
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Hydrogen in superduplex forjed

Tensile Tests under In-Situ Hydrogen Charging
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Electrochemical cathodic charging
Hydrogen transport by dislocations in SSDS

Tens#le Tasts under In-Situ Hydrogen Charging

= All vests ot room lemperature,

» Only 30 min pre-charging without loading

- Slow strain rate of 1078,

« Spacimens with gauge diameter of 3 73.3 84 mm and
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~ 3 5%NaCy salution with cathodic currents between 120
and 3000 mA - current densities of 0.56-14.9 mA/mm?
(560-143900 A'm’}) - potentials of -Sup ta -19,6 Vi,
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Acos Bifasicos — Difusao
influenciada por ambas as fases
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Hydrogenation under elastic stress
Filipe Salvio (75 % vield strength ) (150h)
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Ligas de Zr para aplicacoes nucleares

. e 7ZB2
Leandro Martins — Aluno DSc ComH . Zr-1Nb
. - 500 -
Engenheiro Metalurgico ) *_ Zr-1Nb-18n-0,1Fe
450 -
TragaocomH 100 ]
* Liga Zr-1Nb — maior ductilidade média e | .
resisténcia a tragdo 3504 *# \
* Perda de ductilidade: _and ® .
- 7B-2-36,2% g
*  Zr-1Nb-15n-0,1Fe — 4,7% S 209 ]
® Zr-1Nb — 1,6% lg 200 ¢
150 {
100 "
504
0 . i I i I i I i I i I i I i I 1
0 5 10 15 20 25 30 35 40

Deformacéo (%)

Propriedades Mecanicas com hidrogénio
Or Alongamento

(MPa) (MPa) (%)
328+4 410 +12 2240
4039 479 +2 25+4
405 + 23 479 +17 1940




Mario Castro

Technip/FMC

e HE close related to H diffusion:

— Second Fick’s Law
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5. Role of Phases Anisotropy

* FEA simulation: Aims to investigate preliminarly small anisotropy between two comercial inox materials:

> Mesh:

> 334.232 Elements
> 167.531 Nodes
> Tetrahedral 2D elements






Calculo por Elementos Finitos da difusibilidade
do H em ligas multifasicas
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Simulagdo da intera¢do H- interfaces

025 Transi¢do de H em Pd de sitio octaédrico para sitio tetraédrico adjacente
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Hidrogénio em sitio intersticial préximo a lacuna de eoew = w
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Permecdo do H em acos e ligas de Ni com 6xidos nanometricos
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From chemomechanical
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Tabela 10 — Valores de difusividade, solubilidade e permeabilidade obtidos para cada Tabela 20 - Valores calculados de W.
DDP aplicada no ensaio duplo potenciostatico.

DDP aplicada (mV/ECS) | Au (kJ/imol) | W (kJimol)

Regiao (DDP aplicada | Difusividade |  Solubilidade | Permeabilidade — ET —
em mV/ECS) (m?/s) (molu/m?) (moly/m-s) 1300 2315 229
Regiao A (- 950) - - - -1500 32,80 66,4
Regiao B (- 1100) 47x10° 62,6 29x10 " 1700 3667 | sawracao
a) Como recetwdo b} -850 mV/ECS Regido C (- 1300) 1,1x10"2 88,0 99x10™
Regido D (- 1500) 1,2x1012 776 94x10" .
- « - Energla interfacial
Regido E (- 1700) 1,2x1012 15,7 1.8x10" - = - Alogamento percentual
= # = Raziio entre limite de escoamento e de resisténcia
Regiao F (- 2000) 37x101 644 33x10"
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energia interfacial em funcao do potencial quimico de hidrogénio.
Figura 48 - Fractografias mostrando o grau de empescocamento para cada corpo de prova
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Teoria Mecanoquimica de Fragilizacao pelo Hidrogénio
Material: Aco X60
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Desenvolvimento de ligas de alta entropia a base de Fe-Mn-Ni resistentes a

fragilizacao pelo hidrogénio
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Multi-scale Simulation
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