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Industrial context Scientific context Objectives

SPALLATIONPLASTICITY ENHANCED DIFFUSION OF CHROMIUM IN PURE NICKEL
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UBend 325°C,1200 h [1] 

Stress Corrosion Cracking (SCC)

Steam generator tubes : Nickel Base Alloy A600-> Ni-15Cr-Fe 

SCC crack tip [1] :

Oxidation and/or Cr-

depleted area leads to 

grain boundary 

embrittlement. The crack 

propagates until the end 

of the depleted zone.

Grain 1

Grain 2

GB

Assumptions

 To determine which mechanism explain the
formation of the chromium-depleted area in
the vicinity of grain boundary at low
temperatures (350°C), in order to understand
the propagation mechanism of the SCC crack.

1. Plasticity-enhanced diffusion

2. Diffusion induced grain boundary 
migration (DIGM).

At 350°C

𝐃𝐒𝐂𝐂 ~ 𝟏𝟎𝟔 × 𝐃𝐞𝐱

Volume diffusion is too low  

to explain the Cr-depletion 

at the SCC crack tip. 
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Experimental approach Results Interpretation
Both diffusion and plastic deformation

3

3,5

4

4,5

5

0 4000 8000 1,2x10
4

1,6x10
4

Creep test at 350°C - 100 MPa

C
o
rr

e
c
te

d
 s

tr
a
in

 [
%

]

Shift time [s]

Primary creep Secondary creep


1


2


0

Chromium coating

Nickel specimen

σ σ

Vacuum conditions

P ~ 10-5 mbar

Temperature :

350°C – 500°C

Cr diffusion

Diffusion profiling by SIMS

(CAMECA  IMS 7F – GEMaC laboratory)

Mechanical measurements during creep 
tests (Average strain rate)
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exp 2𝜖 − 1

strain-enhanced diffusion 

(ε ≠ 0 and  𝜀 ≠ 0)

[2-3]

Mechanical state Diffusion
Final strain ε 

[%]

Average strain rate 
[10-7 s-1]

D [cm²/s]
Enhanced diffusion 

 𝐷𝑝 𝐷𝑣

Without plasticity 500°C, 30 hrs - - (3.0 ± 1).10-17 1.0

Below the yield stress 500°C, 30 hrs 2.5 4.7 (4.6 ± 1).10-17 1.5

Plasticity-enhanced 

diffusion

500°C, 29 hrs 5.0 5.2 ± 0.7 (7.6 ± 1).10-17 2.5

500°C, 29 hrs 5.4 5.7 ± 0.1 (8.3 ± 1).10-17 2.8

500°C,  4 hrs 7.5 46 ± 13 (2.2 ± 1).10-15 73

350°C,  4 hrs 1.4 1.9 (1.7 ± 1).10-16 1×106

350°C, 26 hrs 5.9 3.1 ± 2.0 (2.0 ± 1).10-16 2×106

350°C,  5 hrs 4.8 7.0 ± 3.6 (3.9 ± 1).10-16 4×106

 Diffusion is enhanced by plasticity at 350°C and 500°C

 Diffusion depends on the strain rate and temperature.
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 𝐷𝑝 𝐷𝒗 = 1 + B 1/T  𝜀𝑝

Accelerating factor

High strain rate

And/or

Low temperature 

Condition for 

plasticity-enhanced 
diffusion

Mechanism : 

Dislocation-assisted diffusion along moving short-circuiting.

Consistent with the Hart model assuming that the 

dislocations pipes move and facilitate the diffusion. 

DIGM Mechanism

Grain boundary dislocation climb [4] 

Steps of mechanism : 

1. Intergranular diffusion

2. Kirkendall effect (vacancies flow) along 

the GB

3. Lead to the self-sustaining climb of GB 

dislocations

4. Steps of climb cause the GB migration. 

Cr2O3

Alloy 600 : Ni-15Cr-Fe

Dislocation climb

Original grain boundary (GB)

Migrated GB

Cr depleted area

GB dislocations

DIGM characterizations

Heat treatments at 360°C and 500°C on 

A600 (under vacuum).

1 µm

Joint A : LAGB 

(10°)  

Straight GB

1 µm

Joint B : HAGB 

(27°) 

Migrated GBSurface 

oxidation

Effect of grain boundary misorientation on 

DIGM

Original GB
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Migrated GB

Cr
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Cr map

ZA [311]

20 µm
Joint A : LAGB 

(10°)  

Joint B : 
HAGB (27°) 

Oxidized GB

No migration 
for  low-angle 

grain boundary 
< 15°

Migration for 
high-angle 

grain boundary  
> 15°

Results obtained on A600 sample after 30 hrs at 500°C, in 

vacuum (P = 10-6 mbar)

DIGM  : a result of oxidation process

The effect is observed only for high angle grain 

boundaries ;

It is not observed for low-angle grain boundaries 

(less than about 15°) [4]. 

Results obtained on A600 sample after heating 

at 500°C, 30 hrs in vacuum. 

BSE images of the cross-sections obtained using FIB/SEM (Equipex MATMECA) by Fabrice Gaslain (Centre des Matériaux...)

With a chromium 
layer (~20 nm) 

Without a chromium 

layer

Chromium deposition = No GB migration

GB migration is possible only if the 

oxidation contribute to the 

intergranular diffusion mechanism.  
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Chromium diffusion : a key step of the SCC mechanism

PERSPECTIVES

 To perform the same tests (diffusion during creep) on Alloy 600

 To model the mechanism of dislocation-assisted diffusion 

 To highlight the DIGM phenomenon in PWR conditions.  

HTCPM 2016 - 9th International Symposium on High-Temperature Corrosion and Protection of Materials / 15 - 20 May, 2016

At 360°C : 

Cr-depleted area ⟺ [40-100 nm] 

First assumption 
Enhanced diffusion by plastic deformation 

At 350°C : 𝐃𝒑 ~ 𝐃𝑺𝑪𝑪

Calculated Cr-depleted area ⟺ 30 nm 

A dynamic strain rate could accelerate the chromium 

diffusion at the SCC crack tip and could explain the formation 

of the Cr-depleted area.  

Second assumption 
Diffusion induced grain boundary migration

Without any external stresses, GB migration could explain the 

remarkable extent of Cr depletion on A600 at low 

temperatures (PWR primary water)
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Migrated grain boundary leaves in 

its wake a Cr-depleted area. 

At 500°C  :

Measured Cr-depleted area ⟺ 600 nm 

0,1

1

10

100

1000

10
4

10
5

10
6

0 20 40 60 80 100 120 140

Diffusion profiles

After creep test at 350°C - 100 MPa , 4 hrs

52 Cr

58 Ni

In
te

n
s
it
y
 [
c
p
s
/s

]

Depth [nm]

Cr diffusion 

Cr / Ni interface 

Cr deposition 

TEM bright field (BF) 

image

1 µm

Straight GB

Joint C : 28° Joint D : 37°

GB migration

EDX spectrum images of the 

migrated GB.
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