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Diffusion Processes as Possible
Mechanisms for Cr Depletion at SCC
Crack Tip

Josiane Nguejio, Jérome Crépin, Cécilie Duhamel, Fabrice Gaslain,
Catherine Guerre, Francois Jomard and Marc Maisonneuve

Abstract Two mechanisms are studied to explain the asymmetrical chromium
depletions observed ahead of SCC crack tips in nickel-base alloys:
diffusion-induced grain boundary migration (DIGM) and plasticity-enhanced dif-
fusion. On the one hand, DIGM is evidenced in a model Alloy 600 by focused ion
beam (FIB) coupled with scanning electron microscopy (SEM) cross-section
imaging and analytical transmission electron microscopy (TEM) after annealing at
500 °C under vacuum and at 340 °C after exposure to primary water. The occur-
rence of grain boundary migration depends on the grain boundary character and
misorientation. On the other hand, the effect of plasticity on chromium diffusion in
nickel single-crystals is investigated by performing diffusion tests during creep tests
at 500 and 350 °C. An enhancement of Cr diffusion is observed and a linear
relationship between the diffusion coefficient and strain rate is evidenced. At last, in
an attempt to discriminate the two mechanisms, an analytical modeling of the
Cr-depleted areas observed at propagating SCC crack tips is proposed.
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Introduction

Oxidation is supposed to play a key role in the stress corrosion cracking mechanism
of nickel-base alloys. Indeed, the formation of intergranular oxides at grain
boundaries is supposed to be the preliminary step to crack initiation while crack
propagation occurs by successive cracking of the oxide formed ahead of the crack
tip [1]. In both cases, the formation of a Cr-rich oxide, sometimes identified as
Cr,03, is observed either at intergranular oxide or crack tips, often associated with
the formation of a Cr-depleted area aside and ahead of the tip [2-8]. Detailed
characterizations of crack tips performed using analytical transmission electron
microscopy (ATEM) showed that leading cracks observed in the cross-section are
characterized by the dissymmetric formation of Cr,O3 coupled with a Cr-depleted
area at their tip [5]. The Cr-depleted area extends in one of the grains adjacent to the
grain boundary as well as along the grain boundary itself. In addition, a Cr con-
centration of 10 wt% (compared to the 16 wt% of the nominal Alloy 600) can be
measured [5].

Based on these observations, it was suggested that the rate-controlling step for
SCC crack propagation was the Cr diffusion in the alloy. Laghoutaris et al. [5, 9]
explained the dissymmetry of the Cr-depleted area as the result of a strain and strain
rate heterogeneity between the two grains adjacent to the grain boundary. The grain
with the most favorable orientation with respect to the mechanical loading will
deform sooner and thus contain a higher density of defects (e.g. dislocations,
vacancies ...) that will promote a preferential oxidation and Cr depletion. However,
Cr depletions are also observed in the vicinity of intergranular oxides formed in
non-stressed and non-strained materials and diffusion-induced grain boundary
migration (DIGM) has been reported as possible mechanism [10, 11]. DIGM is a
phenomenon in which the sideways migration of grain boundaries due to diffusion
of solute along them leaves in its wake an area either enriched or depleted in solute
depending on solute diffusion direction [12].

The aim of this study is to evaluate (1) the effect of plastic straining on diffusion
and (i1) DIGM as possible mechanisms to account for the formation of Cr-depleted
areas at SCC crack tips. In a first step, the DIGM was studied in a model Alloy 600.
For this purpose, thermal treatments were performed in secondary vacuum at 500
and 350 °C. Any evidence of grain boundary migration associated with a modifi-
cation of the alloy composition was investigated using scanning electron micro-
scopy (SEM) coupled with focused ion beam (FIB) and transmission electron
microscopy (TEM). The formation of Cr-depleted areas was also investigated after
exposure of the material to primary water. Secondly, the effect of plastic defor-
mation on Cr diffusion in nickel was studied by carrying out diffusion tests during
creep at 500 and 350 °C. At last, the results obtained in both cases were compared
and their validity to explain the formation of Cr-depleted areas at SCC crack tips
will be discussed.
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Experimental

Materials

DIGM is studied on a model Ni—Cr—Fe alloy with a chemical composition close to
that of Alloy 600 (Table 1) provided by Ecole Nationale Supérieure des Mines de
Saint-Etienne (ENSME). The alloy is prepared by casting then forged and recrys-
tallized. To facilitate the investigations, a material with millimeter-sized grains is
used. Samples with a thickness of 1-2 mm are cut from the alloy and polished with
SiC paper up to grade 4000 then with % pm diamond paste. A final polishing is
performed with colloidal silica suspension.

The effect of plasticity on Cr bulk diffusion in nickel single-crystals (purity:
99.98%) is studied using flat tensile specimens. The specimens are machined so that
the surfaces have a {110} orientation and the tensile axis is along a {001) direction
(Fig. 1).

The specimens were polished to a mirror finish using a colloidal alumina sus-
pension. Then, a thin layer of chromium >*Cr was deposited by vacuum evaporation
on one of the surfaces using a Quorum K975X evaporator. Cr evaporation was
performed under a secondary vacuum of 8 x 107> mbar with a current of 40 A up
to a targeted thickness of 20 nm. The thickness of the Cr thin film was checked by
atomic-force microscopy (AFM) and TEM. As Cr is very sensitive to oxidation,
X-ray photoelectron spectroscopy (XPS) was carried out after Cr deposition. The
2ps» peaks characteristic of Cr¥ (binding energy: 573.8 eV) and Cr’* (binding
energy: 576.9 eV) are observed at the surface of the thin film revealing that it is

Table 1 Chemical composition of Alloy 600 (in wt%)

Ni Cr Fe C S O N
Bal. 16.10 10.26 0.0062 <0.0005 <0.0010 <0.0005
\
(a) b) o ¢
/f— T |
‘r"’ / \ O -
| \_‘ v i 1 1
— 1, T 001> L 10
1‘ r, —
l‘ ; = '
<101> X 22

<101=>

Fig. 1 a Scheme of the tensile specimen machining in the single crystal nickel bar, b geometry of
the flat tensile specimens. The dimensions are given in mm
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oxidized. However, after sputtering the Cr coating for 20 s and 40 s, the intensity of
the Cr’* 2ps, peak strongly decreases, showing that the remaining oxidation is
superficial.

DIGM: Thermal Treatments and Microstructural
Characterizations

Before the thermal treatments, the surfaces of the Ni—-Cr—Fe samples are charac-
terized by electron backscattered diffraction (EBSD) in order to map the mor-
phology of the grains and to measure the grain boundary misorientations. The
thermal treatments are performed under vacuum (P ~ 10”7 mbar) at 360 °C for
1000 h, to approach temperature and time conditions representative of ‘standard’
oxidation tests in primary water, and at 500 °C for 30 h. As DIGM is
thermally-activated, the phenomenon is expected to be enhanced at the latter
temperature. Additionally, an oxidation test was carried out in primary water (high
purity water containing 1000 ppm boron as H3;BO;5 and 2 ppm lithium as LiOH) in
a stainless steel autoclave at 340 °C for 1000 h with 30 mL(STP) kg_l(HzO) of
dissolved hydrogen to check the formation of a Cr-depleted area associated to
intergranular oxidation in the studied material.

After the tests, the specimens are characterized by coupling FIB cross sectioning
and SEM imaging using a FEI Helios NanoLab 660 FIB/SEM. FIB/SEM allows
site-specific characterization of the migration of grain boundaries selected from the
EBSD maps (Table 2). When grain boundary migration is suspected from
FIB/SEM observations, TEM thin foils are lifted out and characterized using a
FEI TECNAI F20-ST field emission gun microscope equipped with an Energy
Dispersive X-ray (EDX) device, a Scanning TEM (STEM) system and High-Angle
Annular Dark Field (HAADF) detector as well as a Gatan Imaging Filter (GIF).
Chemical elemental maps are acquired by EFTEM (Energy Filter Transmission
Electron Microscopy).

Diffusion During Creep

Diffusion experiments are performed simultaneously to creep tests in vacuum
(P ~ 107 mbar) on single-crystal nickel tensile specimens coated with a Cr thin
film. Part of the experiments is conducted at 500 °C. At this temperature, the bulk
diffusion coefficient of Cr in non-stressed and non-strained Ni is expected to be high
enough to be experimentally measured and to constitute a reference value. A series
of tests are also performed at 350 °C as it is a characteristic temperature of SCC
tests in primary water during which the Cr-depleted areas are formed.
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Table 2 Investigated low-angle and high-angle grain boundaries for the DIGM study (Yes:
DIGM and No: no DIGM)

Grain Misorientation 500 °C—30 h 360 °C— 340 °C—

boundary ) Secondary 1000 h 1000 h
vacuum Secondary Primary water

vacuum

1 10 No - -

2 28 Yes - -

3? 37 Yes No -

4 37 Yes - -

5 28 - No -

6 25 - No Yes

7 43 - No Yes

8 8 - - No

9 25 - - Yes

10? 35 - - Yes

11° 51-60 - - No

*These grain boundaries were also observed before any thermal treatment and are used as
references

For each temperature, various loads are applied. The specimen is first heated up
to the test temperature. Once the temperature is stabilized, the load is applied up to
the targeted value and then maintained. The load values are chosen in order to apply
a stress higher than the yield stress estimated at 48 + 2 MPa and 55 £+ 5 MPa at
500 and 350 °C, respectively. Each specimen has thus undergone plastic defor-
mation before the load maintain. The stress values applied during the creep test as
well as the amount of plastic strain created during load up are reported in Table 3.
According to the stress-temperature Ashby map for coarse-grained nickel [13], the
power-law creep regime, characteristic of a dislocation—creep mechanism, should
be reached with the chosen creep conditions. A paint speckle is deposited on the
surface which is not coated with Cr to allow strain measurement by digital image
correlation (DIC) during the creep tests. In order to separate the contribution of the
dislocation density from that of the dislocation motion, as far as possible, all the
tests were stopped at a similar final strain value close to 5-7%. The final strain
corresponds to the plastic strain cumulated both during the load up and the creep
stages.

After the creep tests, the diffusion profiles were acquired by secondary 1on mass
spectrometry (SIMS) using a CAMECA IMS-7f system. Due to its very good
in-depth resolution of a few nm, SIMS allows accurate depth profiling over short
diffusion distances with a low detection limit in the ppm to ppb range. SIMS
analyses were performed using an O, primary ion beam with a primary ion energy
of 5 keV, delivering a 20 nA current and under an O, pressure close to 2.10°°
mbar. The checkerboard technique [14] was used to deal with the surface roughness
generated by the emergence of deformation bands as it allows sputtering artefacts
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Table 3 Temperature (T), stress (o) and time (t) conditions used for the creep tests. The strain
after load up (g)) final strain (&), the strain rate during primary creep (¢,) and secondary creep (&)
as well as the measured effective diffusion coefficient D.g are also given

Sample TC |o t & & & (1077 | & (1077 | Deg (107"
name C) MPa) [(h) | (%) | (@)* |sH sh cm?/s)

A0 500 |0 146 |0 0 0 0 4.0+ 0.6
Al 55 29 0.4 5.0 55 3.8 59+ 1.4
A2 60 29 0.6 5.3 6.0 5.6 77403
A3 65 5 1.4 3.8 45 16 32+ 10
A4 70 3 1.3 2.6 55 19 200 & 57
AS 74 4 3.1 7.5 64 33 420 + 250
BO 350 |0 0 0 0 0 ~1.107°°
Bl 74 31 1.1 1.6 1.3 0.3 57418
B2 84 4 1.2 1.4 4.7 1.2 13 £ 4.7
B3 97 26 3.2 5.9 5.3 1.8 8.6 £ 6.0
B4 100 5 3.6 4.8 11 3.3 22+ 12

dCorrected from the thermal strain due to thermal expansion
PExtrapolated from the Arrhenius law for Cr bulk diffusion in nickel

leading to non-sputtered zones in the crater to be avoided. In the checkerboard
technique, ionic images are produced by raster scanning, where a primary ion beam,
finely focused, scans the sample in a raster pattern. The secondary ion intensities are
then saved as a function of the beam position. After the analyses, by coupling SEM
images of the crater and the SIMS ionic images, it is thus possible to select areas
with a uniform depth over which the concentration profiles will be extracted. It was
checked that, for a uniform crater depth, the extracted diffusion profile was inde-
pendent of the size of the selected area. However, for most of the analyses, a
35%35 um? area was selected. The as-obtained intensity vs. sputtering time data are
converted to intensity vs. depth profiles. The depth scale was calibrated by mea-
suring at least three depth profiles per crater using a Dektak8 contact profilometer
and assuming a constant sputtering rate. At least three SIMS craters were made for
each diffusion conditions.

Results

Diffusion-Induced Grain Boundary Migration

As-Received State

In order to control the morphology of the grain boundaries before any thermal
treatment or oxidation test, FIB/SEM imaging in backscattered electron
(BSE) mode is performed on three random high-angle grain boundaries (HAGBs)
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GB3 : Straight

i

GB3 : straight

\"™\_ GB3: -
\\ b ik GB1 : straight

\
b}

Fig. 2 SEM/FIB images in backscattered electron mode of grain boundaries (GB) observed in
cross-section before and after thermal treatments in secondary vacuum; a GB3 before thermal
treatment; b GB3 after 1000 h at 360 °C; ¢ GB3 after 30 h at 500 °C; d GB1 after 30 h at 500 °C

(misorientation angles given in Table 2). All of them are perfectly straight as
illustrated for GB3 in Fig. 2a.

After Annealing Under Vacuum

Four HAGBs are characterized by FIB/SEM cross-sectioning and imaging after
annealing at 360 °C for 1000 h (Table 2). For all of them, no grain boundary
motion is observed as illustrated in Fig. 2b for GB3. The grain boundaries remain
perfectly straight and look very similar to those characterized in the as-received
state. Additional TEM analyses (not shown here) performed on GB6 confirm that
no evolution of the chemical composition is detected in the vicinity of the grain
boundary.

After annealing at 500 °C for 30 h, a sideway motion from the straight position
is observed close to the surface for the three analyzed HAGBs, suggesting that
DIGM occurred in these cases. Figure 2c exemplifies this migration for GB3 where
the sideway motion is indicated by a yellow dashed line. On the contrary, the
characterized low-angle grain boundary (LAGB) remains perfectly straight
(Fig. 2d). In addition, compared to the LAGB, significant preferential oxidation is
observed at the surface of the HAGBs, above the area affected by the grain
boundary migration as evidenced by the dark contrast shown in Fig. 3.

In order to check that the grain boundary motion is associated with a change in
the chemical composition, TEM analyses are performed on the three HAGBs as
illustrated for GB3 in Fig. 4. Similar results are found for the two other grain
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Fig. 3 SEM top view (backscattered electron mode) of a LAGB (GB1) and a HAGB (GB4) after
annealing at 500 °C for 30 h. The darker contrast reveals the formation of a thicker oxide layer at
the top of the HAGB

8

80 }.....M

E oM+ 76% Ni:85%
£ !
m
2 40

20I.',‘r: 14% Cr:3%

100 200 300 400 500
Length (nm)

O

Fig. 4 TEM analyses performed on GB3 after thermal treatment at 500 °C for 30 h in secondary
vacuum: a TEM bright field (BF) image with one of the two grains in zone axis, b EDX profiles
acquired in STEM mode in the area affected by grain boundary migration. The position of the
profile AB is indicated in the BF image, ¢ EFTEM maps of Cr, Ni and O
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boundaries. The grain boundary sideway motion from the straight position is
confirmed by the bright-field TEM images in Fig. 4a. The images are acquired in
conditions for which one of the two adjacent grains is out of contrast (zone axis
(311) and {001), respectively). This evidences that the migrated area changes its
crystalline orientation and adopts that of the ‘growing’ grain. The migrated area is
measured to be 2.5 pm deep and 400 nm wide at the surface.

The evolution of the alloy composition in the migrated area is evidenced by the
energy-filtered elementary maps of Cr and Ni (Fig. 4c). In these images, a brighter
contrast indicates a higher amount of the analyzed element. They thus reveal that
the migrated area is depleted in chromium and enriched in nickel compared to the
neighboring grains. The preferential oxidation of the migrated area is also con-
firmed by the oxygen map that reveals the formation of a thicker oxide layer at the
surface of this zone. The Cr-depleted and Ni-enriched area perfectly fits in between
the actual position of the grain boundary and what is supposed to be its former
position, i.e. in alignment with the grain boundary trace in the bulk. The Cr
depletion is confirmed by EDX profiles acquired in STEM mode (Fig. 4b). At a
given depth, the Cr content is almost constant in the width of the Cr-depleted area
with steep transitions between the non-affected and affected zones (Fig. 4b). In
addition, the Cr content in the depleted area increases from the surface towards the
bulk as shown in Fig. 5 for GB2 and GB3. It can be seen from Fig. 5 that the
depletion profiles are very similar and superimpose quite well for both grain

Fig. 5 In-depth Cr profiles

for GB 2 and GB 3 ® Cr depletion along GB3
established by STEM-EDX e Cr depletion along GB2
analyses after annealing at — Fit — thin-film solution
500 °C for 30 h

®

52 &

< 15

=

L2

©

5

Q 10

3 At 500°C,

E =3.10™ em#

= migrated GB (Cr) . s

E s

2

=

O

D 1 1 |
0 5000 1x10* 1,5x10° 2x10°

Distance from the surface (nm)
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boundaries. In addition, Cr depletion is observed ahead of the migrated area as the
Cr content in the grain boundary reaches its nominal value at a depth of nearly
6 um for both, i.e. at least twice the migration depth.

In a first approximation, the concentration constant solution of the second Fick’s
law (Eq. 1) is applied to estimate a diffusion coefficient of Cr in the Ni-Cr-Fe alloy
at 500 °C associated with DIGM from the experimental in-depth depletion profiles
obtained from the STEM-EDX analyses.

C(X7 t) — Csurface . X
= erf(——
Calloy — Csurface 2v/Dt

) (1)

With x the distance from the surface, t the annealing time, C(x, t) the Cr con-
centration in the alloy after a time t and at a distance X, Cgface the Cr concentration
at the surface (Cgyrpace 18 taken equal to O here), C,y0, the nominal Cr concentration
in the alloy and D the diffusion coefficient of Cr in the alloy.

The as-obtained diffusion coefficient is found equal to 3 x 10~"? cm? s '. This
value is in agreement with the grain boundary diffusion coefficient D, obtained by
Pruthi on a commercial Alloy 600 with a C content of 0.04 wt%
(Dgp = 3 X 107" cm? s [15]. It is also in agreement with the grain boundary
diffusion coefficient extrapolated from Chen (Dgp, = 4 X 1071 em? s_l) [16] for a
model Ni—16 wt%Cr—7 wt%Fe alloy with a C content of 0.004 wt%, i.e. similar to
that of our alloy (C = 0.0062 wt%).

After Oxidation in Primary Water

Six grain boundaries are characterized by FIB/SEM after oxidation in primary water
including GB6 and GB7 that didn’t experience DIGM after annealing at 360 °C
under vacuum for 1000 h (Table 2). Intergranular oxidation is evidenced along all
the selected grain boundaries (Fig. 6). For the LAGB (GB8) and for the HAGB
with the highest misorientation angle (GB11), the intergranular oxidation is sharp
and no deviation from what is supposed to be the initial position of the grain
boundary can be detected (Fig. 6a, b). On the contrary, the other oxidized HAGBs
(misorientation angle ranging between 25° and 43°) are wavy and appear to have
migrated from their original position included GB6 (Fig. 6¢) and GB7.

TEM analyses are performed on one grain boundary (GB6) for which no DIGM
was evidenced after annealing at 360 °C under vacuum (Fig. 6). DIGM is con-
firmed by the EFTEM elementary maps (Fig. 6d), which clearly evidence the
former position of the grain boundary as suggested by the straight interface between
the Cr-depleted area and the grain on the left with the nominal composition. The
migrated area is also enriched in Ni and depleted in Fe as suggested by the darker
contrast observed in this region in the Fe map. The intergranular oxide, rich in Cr,
seems to be formed in the wake of the moving grain boundary suggesting that
oxidation occurred after grain boundary migration, in the area swept by the grain
boundary motion. However, the whole area affected by the grain boundary
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(a)

/ o~ GB 11

GBS (HAGB : 51-60°)

e

0,5 um

Fig. 6 FIB/SEM images in cross-section of the intergranular oxide formed after exposure to
simulated primary water at 340 °C for 1000 h: a GB8 (LAGB), b GB11 (HAGB), ¢ GB6
(HAGB), d EFTEM elemental maps of GB6 showing the intergranular oxide and the formation of
a Cr-depleted area aside and ahead of the oxide

migration didn’t oxidize as a Cr-depleted and Ni-enriched area is observed over a
depth of 1.5 um, ahead of the intergranular oxidation tip. The straight interface
observed in Fig. 6d between the Cr-depleted area and the grain with the nominal
composition suggests that DIGM occurs before intergranular oxidation as also
suggested other authors [2, 10].

To summarize, DIGM is evidenced at HAGBs after annealing at 500 °C in
secondary vacuum as well as after exposure to primary water at 340 °C. In both
cases, it is associated with a preferential oxidation of chromium either at the surface
of the alloy or along the grain boundary. On the contrary, neither DIGM nor
oxidation is observed after annealing at 360 °C in secondary vacuum. The occur-
rence of DIGM seems thus directly linked to the outward grain boundary diffusion
of chromium in the alloy to get oxidized as suggested also by the estimation of the
diffusion coefficient made from the in-depth depletion profile at 500 °C.

Diffusion-Plasticity Coupling

In addition to the DIGM phenomenon, the effect of ongoing plastic deformation is
also investigated to account for the formation of Cr-depleted areas at crack tips. For
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this purpose, diffusion tests are performed during creep. The temperature and load
conditions applied during the creep tests are given in Table 3.

Creep Tests Results

An example of the stress and strain evolution with time during the creep tests is
shown in Fig. 7. First, the specimen is heated up to the targeted temperature. The
heating rate is monitored to avoid any temperature overshoot and the targeted
temperature is reached within 20 mn. A strain increase due to thermal expansion is
observed (part (1) in Fig. 7a). Once the temperature is stabilized, the load is applied
up to the targeted value (part (2) in Fig. 7a) at a strain rate ranging between
1 x 107> and 2 x 10™* s~'. This stage lasts less than 10 min. Then, the load is
maintained at a constant value (part (3) in Fig. 7a) during 3 to 31 h depending on
the test conditions (Table 3). As far as possible, the creep tests are stopped at a
similar total strain value ranging between 5—7% in order to separate the effect of the
dislocation density (strain effect) from that of dislocation motion (strain rate effect).
However, in a few cases, the test had to be stopped earlier because tertiary creep,
that leads to failure, was close to be reached.

The evolution of strain, corrected from the thermal strain due to thermal
expansion, with time during the “true” creep stage is detailed in Fig. 7b where g is
the strain at which the creep regime starts, €, is the final strain and ¢; is the
boundary strain between primary and secondary creep. During primary creep, the
strain rate continuously diminishes with time down to a constant value that typifies
secondary creep (or steady-state creep). During secondary creep, the strain varies
linearly with time and the strain (or steady-state creep) rate is at its lowest value,
resulting from a balance between dislocation creation and annihilation. For all the

5
a |l : I: T L T 1 b -
( } i 1 Creep test at 350°C - 100 MPa | ( )i _________________________________________
B k1 c
£:3 2 |
i3 =
& s 45}
e — =
N w |
F i - E |
s g E i [
. s g af .
3 ' 1 = | -
- ! E ’
S : - o | -
w E _-._. = EU | 4 i =]
¥ - ]
| % 31 pi s
| {1 hewtiog E rimary creep| Secondary creep | o
) {2): loading : i
{3): creep stage = 3 .L
4 S . + e )
] 2x10" 4x10® Gx10' Bxi0® a0’ w 0 4000 8000 1.2¢10°  1.6x10°
Time [s] Time [s]

Fig. 7 a Example of strain-time and stress curves (vacuum, temperature: 350 °C, ¢ = 100 MPa),
b zoom on the ‘true’ creep regime showing primary and secondary creep. The strain is corrected
from the thermal expansion
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tests, the mean strain rate during primary creep &, is estimated using Eq. 2 and
reported in Table 3:

. €1 — &
= 2
8P Atp ( )

with At, the duration of primary creep.

The strain rate during secondary creep & is calculated from the slope of the
strain-time curve (Table 3). As expected, the mean primary creep rate is always
higher than the steady-state creep rate although within the same range of order. In
addition, the values for & are slightly lower at 350 °C (3 x 10833 x 1077 s7h
than at 500 °C (3.8 x 10733 x 10°° s_l) and, at a given temperature, increase
with stress.

Effect of Ongoing Plasticity on the Diffusion Coefficients

The diffusion profiles of Cr in the Ni specimens are acquired by SIMS analyses
using the checkerboard technique described previously. In addition to the creep
specimens, a diffusion profile is also acquired on a non-stressed Ni single-crystal for
which a diffusion treatment was performed at 500 °C for 146 h (Fig. 8a). An
example of the diffusion profiles obtained after the creep tests is given in Fig. 8c.

The thin-film solution of the second Fick’s law is used to fit the experimental
profile [17]:

2
e ) ®)

with C(x, t) the Cr concentration, Q the number of diffusing particles per unit area,
D the diffusion coefficient.

The diffusion coefficient is given by the slope of the InC-x* curve as given by
Eq. 4.

C(x,t) =

(9lnC_ 1

o2 T D @)

The linear dependency of InC with x* evidenced in Fig. 8b for the non-stressed
specimen and illustrated in Fig. 8d for the stressed specimens confirming the
validity of the thin-film solution for the diffusion conditions used in this study. For
the stressed specimens, the diffusion coefficient is calculated considering a diffusion
time equal to the total duration of the creep test, i.e. from specimen loading [start of
stage (2)] to unloading [end of stage (3)]. In addition, using Eq. 4, an effective
diffusion coefficient, that gathers the contributions of both the dislocation-free
crystal and from the dislocations, is obtained in these cases.
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Fig. 8 a Chromium diffusion profile obtained on non-stressed Ni at 500 °C in vacuum and
b linear dependency of InC with x, ¢ chromium diffusion profile obtained after a creep test in
vacuum at 360 °C (o = 100 MPa) and d linear dependency of InC with x

The as-measured diffusion coefficients are reported in Table 3 for all the tested
specimens. At 500 °C, without any applied stress, the bulk diffusion coefficient Dy,
of Cr in Ni is found equal to (4.0 & 0.6) x 10™"7 cm? s™'. For the stressed
specimens, the effective diffusion coefficient is systematically higher than for the
non-stressed sample and increases with the applied load and thus with the
steady-state creep rate. A one-fold increase of the creep rate induces a two-fold
increase of the diffusion coefficient. A similar strain rate dependency is observed at
350 °C even though, at this temperature, a one-fold strain-rate increase generates
‘only’ a one-fold increase of the diffusion coefficient. Interestingly, the diffusion
coefficients measured for specimens Al and B4, for which the steady-state creep
rate is close, stand within the same range of order, suggesting that the strain rate
effect is higher than thermal activation.

In an attempt to quantify this enhancement, the effective diffusion coefficient D
measured on the stressed specimens is normalized by the bulk diffusion coefficient



Diffusion Processes as Possible Mechanisms for Cr ... 351

D, obtained on non-stressed nickel. As shown previously, D, was measured at
500 °C while Cr bulk diffusion is too slow at 350 °C to be experimentally mea-
sured. Therefore, the Dy, value was extrapolated from literature data obtained at high
temperatures, between 950 and 1300 °C [18, 19]. A value close to 10722 em? st is
found at 350 °C. However, this value might be under-estimated as the same
extrapolation made at 500 °C gives a Dy, value close to 107" cm? s7', i.e. two
orders of magnitude lower than the one measured in this work.

The strain-rate dependency of D /Dy, is reported in Fig. 9 for both temperatures.
First, a linear relationship is evidenced between D.g/Dy, and the strain-rate during
secondary creep for both temperatures but with a temperature-dependent slope.
More interestingly, the enhancement due to plastic straining is much higher at 350 °
C than at 500 °C. With the bulk diffusion coefficient used as reference, at least a
5-fold increase is found at 350 °C while only a 2-fold increase is obtained at 500 °
C. The trends obtained in this work are in good agreement with results on plasticity
enhancement reported in the literature many years ago for other systems [20, 21]
and with the model developed by Cohen and al. [20] given by Egs. 5 and 6:

Dif — 1+B(T): (5)
B(T) = 0 (b _Svd) ()

With Dy the diffusion coefficient along dislocations, S the total section of dif-
fusion short-circuits, b the Burger vector and V4 the dislocation velocity.

Fig. 9 Evolution of DDy,
with the secondary creep
strain rate at 360 and 500 °C
(creep tests performed in
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B(T) is a function of the temperature through the D4/Dy, ratio and the dislocation
velocity and is constant at a given temperature. In their model, Cohen et al. assume
that the dislocation velocity is constant at a given temperature. According to the
Orowan relation [22], this suggests that diffusion is directly linked to the density of
mobile dislocations. The higher it is, the faster diffusion is.

Modeling the Cr Depletion

The aim of this work is to identify a mechanism that could account for the
Cr-depleted areas observed at the tip of SCC cracks formed during exposure to
primary water at temperatures close to 350 °C. Indeed, former investigations [5]
have shown that propagating cracks exhibit a specific configuration at their tips with
a dissymmetric oxide Cr,O; associated with a Cr-depleted area which is
20 nm-thick in the grain and 200 nm long in the grain boundary, ahead of the crack
tip (Fig. 10a). In these investigations, a Cr content of 8 wt% is reported at the
oxide/alloy interface. A discontinuous propagation mechanism was proposed with a
propagation step equal to 200 nm. The oxide is formed in between two propagation

~ 200 nm
DIGM Plasticity-enhanced diffusion
(b) Cr depletion along the GB (c) Cr depletion in the grain
0,16
; / ;
0.14E 60 nm 015 |
0.2} Dpie = 5x10°7 cmi.s!
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& 0,1 D,... = 2x10"*cm? s
T !
GB migration e :
et o |
™ 0,05 d |
60 nm i . :
S 40 im |
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Fig. 10 a Schematic representation of a propagating crack tip from [5], Cr depletion profile
modelled at 360 °C for an oxidation time of 6300 s, assuming b a DIGM mechanism, ¢ a
plasticity-enhanced diffusion mechanism
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steps. Based on the measured initiation time, a crack growth rate of 1 mm/y is
considered, leading to an oxidation time of 6300 s.

In the following, an attempt is made to model the Cr-depleted area observed at
propagating SCC crack tip using the results previously exposed for the two
mechanisms studied in this paper: DIGM and plasticity-enhanced diffusion. For this
purpose, and in a first approximation, the analytical model developed by Wagner
[23] to describe the depletion profile observed in the case the selective oxidation of
a binary alloy at high temperature was used.

Description of the Wagner’s Model and Used Hypothesis

The Wagner’s analytical model was developed in the framework of the high
temperature oxidation of binary alloys in which one chemical element is selectively
oxidized. The oxidation kinetic is supposed to follow a parabolic law characterized
by a parabolic kinetic constant k,. The Wagner’s model gives the complete
depletion profile of the oxidized element in the alloy (Eq. 7). In this study, this
model is applied to describe the selective oxidation of Cr at the tip of a Ni-Cr—Fe
alloy.

C (x,t) = Ci + (Cp — C;) x erf(z %Xt) _ erf< 21(6) (7)
erfc( %)

with C; the Cr concentration at the oxide/alloy interface, Cy the Cr concentration in
the bulk, D the interdiffusion coefficient, k. the corrosion constant.
The concentration at the oxide/alloy interface is given by Eq. 8:

. F(u) — C()
G = F—1 (8)
with
F(u) = Vru? - (1 — erfu) - exp(u?) 9)
And
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The corrosion constant k. is related to the kinetic constant k;, through the Pilling
and Bedworth ratio (PBR) considering Eq. 11:

kp

. 1

C
For the Cr,03/Alloy 600 couple, PBR is equal to 2.2. The kinetic constant k;, is
estimated by fitting the kinetics data reported by Lefaix-Jeuland et al. [24] for an
Alloy 600 exposed to primary water at 325 °C. It is assumed that the evolution of
the k, value between 325 and 350 °C is negligible. It is thus taken equal to
2 x 107" em? s, giving a k. value of 4 x 107" cm? s™".
At last, in a first approximation, the interdiffusion coefficient D is supposed equal

to a diffusion coefficient of Cr in Ni.

Application to the DIGM Mechanism

In order to estimate how the Cr-depleted area would extend at the crack tip in case
of a DIGM mechanism, the Wagner’s model is applied at 350 °C for an oxidation
time of 6300 s. To account for the fact that DIGM affects only the grain boundary
regions, the grain boundary diffusion coefficient Dgg of Cr in Ni is used in the
model. The Dgg value is estimated at 350 °C from the Dgg value found at 500 °C
using an activation energy of 200 kJ mol '. This value is an average between the
activation energy reported by Pruthi [15] and Chen [16], respectively, for the grain
boundary diffusion of Cr in Alloy 600. The as-obtained Dgg value at 350 °C is
3 x 107"® cm? s™'. The Cr concentration profile along the grain boundary obtained
using the Wagner model is shown in Fig. 10b. A Cr depletion over 60 nm along the
grain boundary is obtained. The 10 nm extend of the Cr depletion in the grain is
estimated using simple geometry by considering that the migrated area has a tri-
angular shape homothetic to that observed at 500 °C (Fig. 4). At last, the DIGM
mechanism allows to account for the dissymmetry of the Cr depletion at crack tip as
the evolution of the chemical composition occurs in the wake of the grain boundary
migration.

Application to the Plasticity-Enhanced Diffusion Mechanism

The results from Section “Diffusion-Plasticity Coupling” have shown that plasticity
strongly enhances the bulk Cr diffusion in Ni. The diffusion coefficients measured at
350 °C were obtained for strain rates ranging between 3 x 10 ®and 3 x 1077 s~ ..
To check the validity of such measurement for SCC applications, the strain rate at
the crack tip is estimated from the supposed crack growth rate using the correlation
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established by Le Hong et al. [25]. For a CGR of 1 mm/yr, a strain rate of 10~/ s~
1s found.

The Wagner’s model is then applied using the minimum and maximum effective
diffusion coefficients measured at 350 °C (Fig. 10c). The as-obtained depletion
profiles show that the depleted area extends over 25—40 nm which is in agreement
with the experimental observations. The dissymmetry can be explained by the
dissymmetry of the plastic zone at the crack tip. If the propensity of the two
adjacent grains for plastic deformation is different, the plastic zone may be dis-
symmetric and thus explain the dissymmetry of the Cr-depleted area. This area
should be formed in the grain exhibiting the higher plastic deformation and thus the
higher strain rate. However, the model doesn’t account for the Cr depletion along
the grain boundary ahead of the crack tip. As for the DIGM mechanism, the extent
of the depletion can be estimated from the grain boundary diffusion coefficient and
thus should be observed over 60 nm.

Conclusions

The aim of this work was to evaluate either DIGM or plasticity-enhanced diffusion
as possible mechanisms for the formation of Cr-depleted areas at leading crack tips.

DIGM was evidenced in a model Alloy 600 for HAGBs after annealing under
secondary vacuum at 500 °C and exposure to primary water at 360 °C. The
occurrence of DIGM correlates with either surface or intergranular selective oxi-
dation of chromium that acts as a driving force for intergranular chromium diffu-
sion. The outward diffusion of Cr leads to the grain boundary migration that leaves
in its wake a Cr-depleted and Ni-enriched area.

Acceleration of Cr diffusion in Ni single-crystals experiencing plastic defor-
mation during creep test was shown. A linear dependency is found between the
measured effective diffusion coefficients and the strain rate during secondary
creep. Diffusion is all the more enhanced by plasticity than temperature is low,
suggesting a predominant effect of plastic deformation over thermal activation.

Both DIGM and plasticity-enhanced diffusion mechanisms allow the dissym-
metry of the Cr-depleted area to be described. In addition, modeling of the
Cr-depleted areas observed at crack tips were performed for both mechanisms using
the analytical Wagner’s model and using the results obtained in this work as input
data. In both cases, the modeled extent of the Cr-depleted area is in agreement with
the experimental observations allowing none of the two mechanisms to be excluded
at this stage. As both mechanisms may occur, further work would be necessary to
evaluate the effect of plasticity on the DIGM.
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