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Overview of Products

Steel A Steel B

L e Ferrite + pearlite
: Mean diameter, d; (a grain) = 8.35 pm
Typical UTS ~ 600 MPa

|

Ferrite + segregated carbide

Mean diameter, d; (a grain) = 5.05 pm
| Typlcal UTS 600 MPa

As Received

~100% o' (some retained y)
Mean diameter, d; (o' packet) = 1.56 pm
Typlcal UTS ~ 1700 MPa

~ft)0% a (some retained V)' R
Mean diameter, df (a packet) AR 87 pm
Typ|cal UTS ~ 16;00 MPa '

___-__ Sol. A ___-

0.22 0.165 1.228 0.012 0.002 0.005 0.021 0.288 0.001 0.023 0.0032
0.270 0.290 1.180 0.011 0.002 0.005 0.032 0.046 0.029 0.050 0.0025

All images @ 2500 x magnification
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Why hydrogen diffusion?

Slide 4

Gap or crevice
(de-aerated,

decreasing pH) Cathodic region

Electrolyte (e.g.
H,0 + NaCl)

Zn coating
(anodic)

1) Materials, F. I. f. M. 0. Hydrogen embrittlement in metals - Fraunhofer IWM, <http://www.iwm.fraunhofer.de/en/services/assessment-materials-lifetime-concepts/microstructure-residual-stresses/hydrogen-embrittlement-metals.html> (2017).

o



http://www.iwm.fraunhofer.de/en/services/assessment-materials-lifetime-concepts/microstructure-residual-stresses/hydrogen-embrittlement-metals.html
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Hydrogen Transport - Diffusion

B 2.2
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Electrolyte(es, ¢ 2
e However
Hydrogen Depletion Side

= Usually, there are traps
present

There is strong evidence that where two = Surface effects or

steels have similar strengths, the one with concentration-dependence
the higher hydrogen diffusivity will suffer

more deleterious effects

Hydrogen Charging Side
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Effects on Mechanical Properties

SSRT

= Typical test for assessing
‘hydrogen embrittlement index’

RE

O

N\

Potentiostat

CE

|

= Sample is polarised in electrolyte
o to charge it with hydrogen in situ
during tensile test at very low

strain-rate (¢/s = 9 x 10 in this
case)

= Comparing the elongation in air to

Embrittlement Index (EI%) =

that attained with hydrogen
charging gives an estimate of a
material’s susceptibility to
embrittlement:

(Elongation in air — Elongation whilst charging)

— X 100%
Elongation in air
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Results

Effect of charging potential (concentration)

Potential (Volts. SCE)

-0.3
-0.4
-0.5
-0.6
-0.7
-0.8
-0.9

-1

-1.1
-1.2
-1.3
-1.4
-15

Permeation flux, J (1n01/cm2/s)

x 10!

Tata Steel

—_—
th

]
DDDDD
oo

e = R e

Q
]

« -850 mV

-950 mV
-1050 mV

e}
o0 o0

5000000000000

5 10 15
Time (hours)

20

Steel A HT900
-------- Steel B HT900

1E-08 1E-07

1E-06 1E-05 1E-04
Current density (A/cm?)

1E-03

1E-02
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With increased charging
overpotential comes
Increase in concentration at
charging surface

Correspondingly higher
steady-state flux

Sharper increase in flux
when potential decreased
beyond inflection point of
potentiodynamic curve

Change in dominant cathodic
reactions in favour of
reduction of water ~ -1040
mV SCE

H,O0+ e > H+ OH™
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Results
Effect of charging potential (concentration)

Calculated D from permeation experiments
(Steel AHT900 @ 1.2 mm)

1.0E-06 =  With increased charging
overpotential comes

Increase in concentration at
charging surface

1.0E-07 X O T = Correspondingly higher
steady-state flux

-1050

-850 -950

Calculated D (cm?/s)

= Sharper increase in flux

L OE-08 when potential decreased
o Charging potential (mV, SCE) beyond inflection point of

potentiodynamic curve

= Change in dominant cathodic

But: reactions in favour of
- Little effect upon effective reduction of water ~ -1040
P mV SCE

diffusion coefficient

H,O0+ e > H+ OH™
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Results
Effect of microstructure
107" | | | | 10! |
Z25) a) 725 by
Né Ng W
i 2 i 2
:hl.s- 31.5—
& =
g |3 g 1r
g E
go.s - 5 UHT EO-S ¢ UHT
A~ 0 ® HT9OO ay ¢ HT9OO

<

0 1 2 3 4 5 6 7 3 4 5 6 7
Time (hours) Time (hours)
Permeation curves for a) Steel A, and b) Steel B all heat-treatment conditions, membrane thickness 0.8 mm, -1050 mV (SCE)

Permeation

= Good fit of simulated curve implies
lattice diffusion dominance

Steel A

= Martensitic (heat-treated) lower
steady-state flux and longer time to
reach steady-state for both steels

Steel B
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Results
Effect of microstructure

= Martensite has lower overall diffusivity
in both steels

= Martensite lattice has high residual
strain and dislocation density — these
will act as ‘reversible’ traps

= Sieve-like affect on hydrogen

diffusion
— «JFIFIFIFIS %
OOOO 000808.0 :80
- ’8‘8‘8-. ‘o:"o:‘g'o'g‘oo 0'8‘:’
00000000000000

= Complex orientation relationships
between martensite packets within
‘parent’ austenite grains

= Also has some retained austenite (=
1.5% - 2%), which has much higher
solubility & lower diffusivity than ferrite
or martensite, adding tortuosity to
diffusion path

Calculated D (cm?/s)

5.0E-07 |

5.0E-08

| 1.70E-07 ¢

5.45E-07

o

Qﬁ reduction

2.03E-07

O

42% rem OSteel A UHT
é 9.81E-08 @Steel A HT900

©Steel B UHT

@ Steel B HT900
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Results
Effect on mechanical properties

Steel A

Steel B

2000 2000

1800 1800
& 1600 & 1600
2 1400 2 1400
wn (75]
$ 1200 $ 1200
% 1000 % 1000
(@] (@)]
£ 800 = 800
(«B] [«B]
2 600 2 600
S 400 S 400 -- Un-charged
LLl L

200 200 -- Charged

0 0
0 1 2 3 45 6 7 8 9 10 11 12 13 0 1 2 3 45 6 7 8 9 1011 12 13
Elongation % Elongation %

Embrittlement Index

= Steel B has (very) marginally higher EI% (@ Ay ¢ Ay) with 2-hour pre-charging
= |ndicates susceptibility of microstructure is higher in Steel B

= Requirement to test without pre-charging to truly discern effects of increased
diffusivity from microstructural susceptibility
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Conclusions

For these boron steels, permeation curves simulated according to Fick’s laws fitted experimental data
well, indicating dominance of lattice diffusion (plus ‘reversible’ hydrogen traps in equilibrium) over
effects of ‘irreversible’ trapping

For both steels, heat-treated martensitic microstructure had a >40% lower effective diffusion
coefficient than in the ‘as received’ microstructures

Effect of high dislocation density, complex orientation relationship of martensite packets, and presence of retained
austenite in the martensite providing more convoluted diffusion path

A ‘jump’ in steady-state flux is achieved when charging overpotential increases beyond inflection in
potentiodynamic curve

Caused by change in balance of reactions at charging surface

Has minimal effect on diffusivity

Some indication that for these steels higher diffusivity does lead to higher susceptibility to hydrogen
embrittlement

When microstructure is saturated

Further testing without pre-charging required to fully discern effects of higher diffusivity

Thank you for listening. Any questions?




