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A B S T R A C T

The acceleration in oxidation kinetics beyond a stress corrosion crack of alloy 690 in simulated PWR primary
water was clarified by comparing the oxide depths at two identical carbide/matrix interfaces along a single grain
boundary. Compact chromia layer formed along these two interfaces at vastly different rates. Stress con-
centration ahead of the crack tip only slightly increased the oxidation rate as the crack is still very shallow.
Deformation localization near the crack plays a dominant role in accelerating oxidation kinetics as the associated
high vacancy concentration can promote the diffusivity of oxygen by over an order of magnitude.

1. Introduction

Stress corrosion cracking (SCC) is an important mode of environ-
ment assisted degradation of structure material in light water nuclear
power plant. For example, the SCC of stainless steels (used in piping and
core internal components) and nickel base alloys (used as heat ex-
changer tube in the steam generator of pressurized water reactor
(PWR)) has been baffling the nuclear industry for decades [1–3] and
attracted extensive research attention. Now abundant experiment re-
sults indicate that preferential intergranular oxidation is an inevitable
precursor for SCC to initiate and propagate in Fe-Cr-Ni alloys like alloy
600. Selective internal oxidation (SIO) has long been proposed to ex-
plain the intergranular SCC (IGSCC) initiation of alloy 600 in PWR
primary water [4–8]. According to this model, the grain boundary is
embrittled by intergranular oxidation and crack initiates when the
grain boundary strength falls below the external applied stress, as
evidenced by some miniature mechanical tests on grain boundaries
extracted from the pre-oxidized sample [9–12]. Compared to alloy 600,
alloy 690 has higher SCC resistance due to its ability to form a Cr-rich
protective oxide layer over the random high angle boundary which
prevents the ingress of oxygen [13–15]. Nevertheless, this alloy is still
susceptible to intergranular oxidation and then SCC initiation after the
surface oxide layer is breached during dynamic straining [16,17]. In-
tergranular oxidation has also been unanimously observed ahead of
SCC crack tips in a wide range of Fe-Cr-Ni alloys tested in high tem-
perature water, such as austenitic stainless steel [18–21], alloy 600

[22–26] and alloy 690 [17,27,28] as well. Thus, intergranular oxidation
is a vital precursor in the SCC process of the Fe-Cr-Ni alloys in light
water nuclear power plant.

Although the mechanistic understanding of SCC of Fe-Cr-Ni alloys in
high temperature water has been greatly improved thanks to the
availability of modern analytical instruments, modeling the SCC pro-
cess is still challenging partly due to the unclarified synergetic effects of
the sub processes. Given that intergranular oxidation is an inevitable
precursor in SCC, the growth rate of SCC should be directly related to
the kinetics of intergranular oxide formation ahead of the crack tip.
However, a critical issue in this theory is that the diffusivity of oxygen
extrapolated from the classical high temperature diffusion data seems
too low to explain the measured SCC propagation rate [4,29]. The
diffusion rate of oxygen or other reactants near the crack tip should be
accelerated significantly, and several mechanistic hypotheses have been
proposed. Simonen et al. [30] predicted that nonequilibrium vacancy
injection during corrosion could highly promote the solid-state diffu-
sion of both substitutional solute and interstitial oxygen. Lozano-Perez
et al. [26,31] proposed that the diffusion near the crack tip could be
enhanced by the deformation-induced defects (like dislocation and
deformation band) and stress concentration. Sennour et al. [23] and
Guerre et al. [32] suggested that the SCC crack propagation of alloy 600
is controlled by the diffusion of Cr from the bulk material to the crack
tip which is promoted by the high density of defect ahead of the crack
tip. Thus, either concentrated defects or stress or both should be re-
sponsible for the enhanced diffusion near the crack tip. However, those
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qualitative theories are still elusive and haven’t been experimentally
substantiated due to the difficulty in experiment design.

Intergranular oxidation ahead of crack tip has also been widely
reported in the creep and fatigue of Ni base superalloys in oxidizing
gaseous environment at higher temperatures (above 550 °C) [33–37]. In
these cases, the acceleration in the growth rate of intergranular oxide
was normally thought due to the stress and termed as stress accelerated
grain boundary oxidation (SAGBO) [38]. Such a concept may apply to
the SCC of Fe-Cr-Ni alloys in high temperature water since similar
process occurs at the crack tip, as noticed by Lu et al. [20]. Evans and
his colleagues [39,40] developed a quantitative SAGBO model based on
the principle that the stress gradient along the oxide intrusion can in-
crease the anion vacancy flux to the crack tip and thus promote the
growth rate of oxide intrusion. Shoji et al. [41] incorporated such
consideration into a formulation for predicting the SCC growth rate of
Ni base alloys. However, in the model developed by Evans et al.
[39,40], only the effect of stress on the concentration of oxygen va-
cancy was considered while the possible effect on oxygen diffusivity
was not addressed. In addition, the accuracy of this model has not been
directly verified by experiments.

In conclusion, the acceleration mechanism in the oxidation kinetics
ahead of crack tip should be further clarified in order to improve the
mechanistic understanding of SCC of Fe-Cr-Ni alloys in high tempera-
ture water and reliably predict the SCC growth rate. In this work, in
order to single out and study the effects of stress concentration/loca-
lized deformation near a crack tip on oxidation kinetics, a special in-
tergranular SCC crack from alloy 690 was carefully analyzed after
constant extension rate tensile (CERT) test in simulated PWR primary
water. This grain boundary contains two identical carbide/matrix in-
terfaces and only one interface cracked while the other one was intact,
so the possible effects of interface structure or macroscopic mechanical
condition on the oxidation kinetics can be canceled when comparing
between these two interfaces. This peculiar sample provides a highly
desirable opportunity to clarify the acceleration mechanism in oxida-
tion kinetics ahead of the crack tip.

2. Experimental

2.1. Material

The alloy 690 block (57.6 wt.% Ni, 32.7% Cr, 8.64% Fe, 0.25% Mn,
0.315% Al, 0.08% Si and 0.02% C) was hot rolled to 8 mm-thick sheet
at around 1100 °C, then solution annealed at 1100 °C for 1 h, and at last
thermally treated (TT) for 17 h at 700 °C. As in our previous work
[42–44], the block was machined into round tensile bars measuring
20mm in gauge length and 2mm in diameter. The gauge surface was
mechanically abraded up to 4000 grit and electropolished for 30 s at
30 V in a solution of 10% (volume fraction) perchloric acid in methanol
at −30 °C. The sample was cleaned three times alternately with me-
thanol and acetone immediately after electropolishing. The sample was
examined in scanning electron microscope (SEM) and no preferential
corrosion was observed along the carbide/matrix interfaces or the grain
boundaries which are free of precipitates.

2.2. Apparatus and methodology

CERT test was conducted in 360 °C high purity water in a refreshed
water loop system. The dissolved hydrogen concentration was con-
trolled at 18 cm3 (STP) H2/kg H2O. The same procedure used in a
previous work [28] was applied: the sample was quickly loaded to just
below the yield point at a rate of 1.24×10-5/s after the environment
condition stabilized and then the strain rate was lowered to 5×10-8/s.
Fig. 1 shows the stress-strain curve during the CERT test. Lots of ser-
rations appear on the curve due to dynamic strain aging [43]. The
tensile sample was uniformly strained to 7% plastic strain after a total
test time of 502 h.

The sampled grain boundary was first examined using scanning
electron microscope (SEM) after the loading axis was aligned with the
horizontal direction. Cross-section of the grain boundary was made
using a focused ion beam (FIB) milling on an FEI Helios Nanolab ac-
cording to the procedure described in a previous work [15]. The FIB
sample was analyzed on a JEOL JEM-F200(HR) scanning transmission
electron microscope (STEM) which is equipped with two 100mm2 en-
ergy dispersive spectroscopy (EDS) X-ray detectors and high angle an-
nular dark-field (HAADF) detector. High resolution TEM images were
taken using a JEOL 3100R05 and analyzed by Fast Fourier Transfor-
mation (FFT). Transmission Kikuchi diffraction (TKD) was performed
on the FIB sample with an electron back-scattered diffraction (EBSD)
detector attached to the Helios system at a working distance of 4.1mm.
The step size was set to 10 nm. The acceleration voltage was 30 kV and
the beam current was 6.4 nA.

3. Results

Fig. 2a shows a SEM image of the sampled intergranular crack after
the loading axis was aligned with the horizontal direction. A HAADF
image of the cross section of grain boundary is presented in Fig. 2b. A
continuous carbide layer was observed along the entire grain boundary.
Thus, the grain boundary is composed of two carbide/matrix interfaces.
Interestingly, one of the interfaces cracked while the other one didn’t.
Penetrative internal oxide formed into the matrix from the sample
surface (Fig. 2b), as reported in our previous work [45]. An enlarged
image from the framed area in Fig. 2b is shown in Fig. 2c. There is a
segment of compact oxide layer formed along both interfaces from the
exposed end (Fig. 2c). The depths of oxide segments and the crack are
denoted in Fig. 2c. The oxide was further analyzed through high re-
solution TEM imaging. Fig. 2d shows the high resolution TEM image of
the oxide between carbide and matrix. FFT of the oxide/matrix inter-
face indicates that the oxide has a hematite structure which probably
corresponds to chromia. The oxide has specific orientation relationship
with matrix: oxide<100> // matrix< 112 > , oxide {006} // ma-
trix {111} (Fig. 2e). The preferential formation of chromia along the
carbide/matrix interface has also been reported in alloy 600 and alloy
690 in previous work [46,47].

The structure of un-attacked interface was further characterized.
Figs. 3a and 3b show the high resolution TEM image of the phase
boundary between the left grain and carbide and the corresponding
FFT. The FFT clearly indicates that the carbide is M23C6 type and has a
cube-on-cube orientation relationship with the grain (Fig. 3b) which
has also been reported before [48,49]. The<112> zone axes are

Fig. 1. Stress-strain curve of TT alloy 690 during constant extension rate tensile
(CERT) test at 5× 10-8/s in 360 °C high purity water containing 18 cm3 (STP)
H2/kg H2O.
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perpendicular to the sample surface and the interface is aligned with
the {111} plane. Interestingly, without changing orientation of the
sample with respect to electron beam, the high resolution TEM image
taken from the other phase boundary also shows cube-on-cube or-
ientation relationship between the carbide and right grain (Figs. 3c and

3d). The<112> zone axes are also perpendicular to the sample sur-
face and the interface is aligned with the {111} plane. Fig. 3e shows
that there is a boundary within the carbide. Thus, there are two layers
of carbides along the {111} plane of matrix and the<112> zone axes
of these two carbide layers coincide.

Fig. 2. (a) SEM image of the sampled intergranular crack, (b) HAADF image of the cross section of the grain boundary, (c) enlarged HAADF image of the framed area
in (b), (d) high resolution TEM image of the interphase oxide and (e) FFT of the oxide.
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Figs. 4 b-e show the EDS profiles along the corresponding lines in
Fig. 4a. For the uncracked interface, line profile b indicates that the
oxide is basically composed of Cr and O (Fig. 4b), confirming that the
hematite structure is chromia. It should be noted that the carbide still
contains some Ni (less than 10%). There is a transition layer in the

carbide which is enriched in Ni and depleted in Cr near the carbide/
chromia interface, consistent with previous works on both alloy 690
[47] and alloy 600 [23,46,50]. The depletion of Cr in carbide can be
easily blurred by the signal from chromia. Nevertheless, the depletion
of Cr relative to the bulk carbide is still evident from the point where O

Fig. 3. (a), (c) High resolution TEM images of the carbide/matrix interfaces and (b), (d) the corresponding FFTs; (e) high resolution TEM image of the boundary
between carbides.
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decreases to the background level (denoted by the black dashed line in
Fig. 4b). Meanwhile, no obvious Ni enrichment or Cr depletion is ob-
served in the alloy near the chromia/matrix interface. It seems that Cr
in chromia is mainly from the carbide. Beyond the chromia segment,
the matrix shows a little Ni enrichment and Cr depletion near the
carbide/matrix interface (Fig. 4c). For the cracked interface, the
chromia segment beyond the crack is thinner than that formed along
the uncracked interface. The boundaries of chromia were denoted with
black broken lines at half of the maximum oxygen concentration in line
profile d (Fig. 4d). It also shows Cr depletion and Ni enrichment on the
carbide side near the chromia/carbide interface and insignificant
composition change on the matrix side. Beyond the chromia, there is no

Cr depletion on the matrix side near the phase boundary (Fig. 4e), as
opposed to line profile c.

The HADDF image of the FIB sample and the corresponding or-
ientation deviation map are presented in Fig. 5 to evaluate the dis-
tribution of residual strain near the crack. Grain average orientation
was used as the reference for each individual grain. The magnitude of
orientation deviation from the reference reflects the level of residual
strain. As only the residual strain in matrix is concerned here, the ex-
periment condition for TKD measurement was optimized to improve the
quality of diffraction patterns from the grain matrix while the patterns
from carbide and oxide were poor and not indexable. The unindexable
points are shown as black dots in Fig. 5b. The peak in orientation

Fig. 4. (a) HAADF image of the cross section of sampled grain boundary and (b-e) EDS line profiles along the corresponding lines in (a).
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deviation lies in the matrix adjacent to the cracked matrix/carbide in-
terface and the deviation magnitude diminishes gradually as it moves
away from the crack (Fig. 5b), indicating that plastic deformation
concentrates around the crack. In contrast, the orientation deviation
near the uncracked matrix/carbide interface is insignificant compared
to the matrix background level, suggesting that there is no concentrated
residual strain along the interface. Fig. 5c shows the inverse pole figure
and Fig. 5d shows the misorientation profiles along the red arrow in
Fig. 5c. The point to origin misorientation profile clearly indicates that
the misorientation angle between these two grains is around 60 de-
grees.

4. Discussion

This work studied a peculiar grain boundary which contains two
matrix/carbide interfaces. The microstructures of crack and oxide
formed along the matrix/carbide interface will first be analyzed. The
oxidation kinetics will then be compared between the cracked and
uncracked interfaces and the acceleration effects of stress concentration
and deformation localization on oxidation will be discussed.

4.1. Oxidation along the matrix/carbide interface

The sampled grain boundary shows a peculiar structure as a con-
tinuous intergranular carbide layer formed (Fig. 2a). The<112> zone
axes of these two grains coincide (Figs. 3b and 3d) and the mis-
orientation between them is around 60 degrees (Fig. 5d), suggesting
that the original grain boundary was a twin boundary. The carbide

layer is composed of two sub layers which are epitaxial with the
neighboring grain matrixes and the interfaces are aligned with the
{111} planes (Fig. 3). Thus, the boundary between these two sub car-
bide layers should inherit the original twin boundary structure and
these two matrix/carbide interfaces have identical structure and should
not cause any difference in oxidation kinetics. The crack initiation
along one of the carbide/matrix interfaces is probably related to the
blocking of dislocation transfer across the continuous carbide layer. The
difference in susceptibility to crack initiation between these two in-
terfaces probably results from the slight difference in Taylor factor
between the grain matrixes. From the TKD measurement, the Taylor
factor of the left grain (3.40) in Fig. 2b is lower than that of the right
grain (3.52). So plastic deformation in the left grain is easier and leads
to higher dislocation density, thus promoting the cracking process. Both
interfaces are subject to penetrative oxidation. The formed chromia
maintains specific orientation relationship with matrix (chromia<
100> // matrix< 112 > , chromia {006} // matrix {111}).
Equivalent orientation relationship has also been found between
chromia filaments and alloy 690 matrix [28,45]. It has also been re-
ported that the chromia filaments form preferentially along the widely-
spaced lattice planes of the matrix as the relatively wider lattice spacing
allows easier diffusion of oxygen [45]. Thus, the preferential oxidation
along the carbide/matrix interfaces should be partly due to the fact that
the interface plane is {111} (Fig. 2). The higher oxide density into the
matrix near the cracked carbide/matrix interface compared to that near
the other uncracked interface (Fig. 5a) is probably related to the higher
local dislocation density which is revealed in the orientation deviation
map (Fig. 5b). The chromia layer along the uncracked matrix/carbide

Fig. 5. (a) HADDF image of the cross section of sampled grain boundary, (b) the corresponding orientation deviation (with reference to the grain average orientation)
map and (c) inverse pole figure, and (d) misorientation profiles along the red arrow in (c).
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interface is deeper than those internal oxide filaments formed in the
matrix (Fig. 2b), suggesting that the carbide can promote the formation
of chromia. Another supporting evidence is that the outer layer of
carbide adjacent to the oxide is depleted in Cr and enriched in Ni
(Figs. 4b and d). Thus, the carbide provides Cr for the chromia for-
mation along the matrix/carbide interface, as suggested in some pre-
vious works [23,46]. In contrast, there is no significant Cr depletion in
the matrix near the chromia layer (Figs. 4b and d), indicating that the
lattice diffusion of Cr from the matrix is very limited, even in the highly
deformed area near the crack (Fig. 5b). Consistent result has also been
reported in a previous work [28]. It is worth mention that the local
thermodynamic condition near the crack tip in hydrogenated water
should not be significantly changed compared to the bulk solution as
dissolved hydrogen diffuses fast enough [51]. The negligible variation
in thermodynamic condition is also revealed from the fact that chromia
oxide formed both beyond the crack and along the uncracked interface.

Beyond the oxide segment, there is a Cr-depleted zone in the matrix
near the uncracked matrix/carbide interface (Fig. 4c) while no apparent
Cr depletion was observed for the cracked one (Fig. 4e). The Cr de-
pletion along the uncracked matrix/carbide interface could not be
caused by carbide precipitation as both carbides formed under the same
thermal treatment condition. Moreover, the EDS map of Cr (not pro-
vided here) shows that the Cr-depleted zone only extends several tens of
nm beyond the oxide, confirming the Cr depletion only occurred during
the oxidation stage. It should result from the formation of chromia
along the interface which consumes the available Cr source nearby and
results in the outward diffusion of Cr. Such Cr depletion didn’t occur
along the cracked matrix/carbide interface probably because the in-
gress of oxygen is much faster and oxygen can react with Cr from the
adjacent carbide before extra Cr can timely diffuse to the oxidation
front from the intact interface. Therefore, in this case, the controlling
process for crack propagation should be oxygen diffusion, not Cr dif-
fusion as suggested by Sennour et al. [23] and Guerre et al. [32].

4.2. Acceleration in oxidation kinetics

The oxidation kinetics along both interfaces should be similar before
crack initiation as they have the same structure, as indicated in Fig. 6a.
It is reasonable to use parabolic law to describe the kinetics of oxidation
along the interface since it is mainly controlled by oxygen diffusion:

L = kp· t1/2(1)
Here, L is the oxidation depth (in nm), t is the oxidation time (in h)

and kp is the rate constant. The crack initiates along one interface once
the oxidation reaches a critical depth (Fig. 6b). Given that SCC crack
grows smoothly on this alloy [52], it is assumed here that the crack
propagates in a continuous mode and at the same rate as the oxide
develops ahead of the crack, while oxidation proceeds following the
same parabolic law for the uncracked interface. Thus, the depth of re-
maining oxide along the cracked interface is constant during crack
propagation. From the measured oxidation depth along the uncracked
interface (203.4 nm) and the total oxidation time (502 h), kp is calcu-
lated to be 9.08 nm·h-1/2. From the remaining oxidation depth ahead of
crack (175.1 nm) and kp, crack initiation is calculated to occur at 372 h.
Then the average crack growth rate, which equals oxidation rate ahead
of the growing crack, is estimated to be 2.935 nm/h (i.e. 8.15×10-10

mm/s). This is a reasonable crack growth rate (CGR) for alloy 690 when
compared with the data from CGR test on non-cold worked samples in
simulated PWR primary water [52]. Meanwhile, the oxidation depth
along the uncracked interface increased from 175.1 to 203.4 nm after
crack initiation (as denoted by the red segment in Fig. 6c).

Fig. 7 shows the evolution of oxidation depth versus time. The black
curve is the oxidation depth along the uncracked interface following
parabolic law. At 372 h, crack initiates and the red solid line denotes
the evolution of crack depth. The total crack depth Lσ equals the in-
crement in oxidation depth after crack initiation given that the crack is
converted from oxide. L0 is the virtual increment in crack depth if the

oxidation kinetic was not affected by crack formation. The instant
oxidation rate prior to crack initiation is the slope of the parabolic curve
at 372 h, i.e. 0.235 nm/h. ΔL is the increment in oxidation depth along
the uncracked interface which is close to L0. It should be mentioned that
the stress state at the uncracked interface should alleviate a little after
crack initiated at the other interface and affect the oxidation kinetics.
However, it only occurs for the last 130 h when the oxidation rate is
already quite low (Fig. 7) and would not change the overall parabolic
law constant significantly. Thus, it is reasonable to assume that oxida-
tion along the uncracked interface follows a single parabolic law. The
ratio between Lσ and L0 (i.e. 12.5) reflects a significant acceleration in
oxidation kinetics due to cracking.

4.3. Acceleration mechanism in oxidation kinetics

The acceleration factor (ratio between Lσ and L0) is calculated from
measured oxidation depths along two interfaces with identical struc-
ture. The major difference between these two interfaces is the existence
of stress concentration and deformation localization near the cracked
interface. Therefore, the acquired factor should reliably capture the
acceleration effect of stress concentration or deformation localization or
both on oxidation kinetics. The deformation localization near the
cracked interface (Fig. 5b) should induce high dislocation density and
accelerate the diffusivity in matrix [53,54] as the dislocation core is a
fast diffusion path [55]. However, the high density of dislocation ahead
of the crack probably has limited effect on the diffusion along the in-
terface as the dislocation lines are unlikely to be aligned with the in-
terface. The acceleration in oxidation kinetic should be related to other
factors.

The oxidation kinetics is directly related to the flux of oxygen to the
reaction front which depends on the concentration gradient of oxygen
vacancy and diffusivity of oxygen. In the SAGBO model proposed by
Evans et al. [39] and Ramsay et al. [40], the local stress σ affects the
concentration of oxygen vacancy Cv according to:

Cv = C0·exp (σ·ΩA/(kT)) (2)
where C0 is the equilibrium vacancy concentration in the absence of

stress, ΩA is the volume change resulting from oxidation, k is
Boltzmann’s constant and T is temperature in kelvin. Assuming the
oxygen diffusivity is constant, the SAGBO parameter Sr, i.e. the ratio of
oxide growth rate between stressed and unstressed condition, is for-
mulated as [39,40]:

Sr = exp (σap·ΩA/(kT)) (3)
where σap is the applied stress at the tip of oxide intrusion. In this

work, the depth of oxide intrusion ahead of crack tip and the crack
growth rate are assumed constant, so the ratio of oxide growth rate
equals that of virtual increment in oxide depth. It should be noted that
the local stress at the oxide tip changes as the crack propagates. To
estimate the upper limit of the SAGBO parameter, the final applied
stress (∼300MPa) and crack size (length: ∼10 μm, depth: 381.5 nm)
are used to estimate the local tensile stress at oxide tip. Assuming the
surface crack is elliptical as measured on alloy 600 [56], the stress in-
tensity factor is estimated according to the finite element analysis from
Shin and Cai [57] which shows that the geometry correction factor is
not very sensitive to the size of very shallow crack. The local applied
stress at the oxide tip (175.1 nm from the crack tip) is calculated to be
around 330MPa. As we are comparing the oxidation kinetics at dif-
ferent applied stress states here, the difference in stress (i.e. 30MPa)
instead of σap should be used in equation (3). ΩA (ΩCr2O3-2/23ΩCr23C6)
is calculated to be 2.24×10-29 m3 for the formation of chromia from
Cr23C6. Thus, an upper limit of SAGBO parameter, i.e. 1.08, is acquired
from equation (3), which is much smaller than the ratio between Lσ and
L0 mentioned above (i.e. 12.5). Apparently, the stress concentration
induced by such a tiny crack is too small to cause much effect on the
oxidation kinetics. The SAGBO model proposed by Evans and Ramsay
could not explain the acceleration in oxidation kinetics ahead of crack
tip.
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It should be noted that the diffusivity of oxygen was held constant in
the model proposed by Evans et al. [39] and Ramsay et al. [40].
However, increasing evidences suggest that high vacancy concentration
induced by plastic deformation can greatly accelerate the diffusivities
of atoms and even promote phase transformation or precipitation
[58–60]. The diffusivity of oxygen should also be enhanced by high
vacancy concentration near the crack which results from the localiza-
tion of plastic deformation (as revealed in Fig. 5). Arioka et al. [61]
recently reported that excess vacancies could migrate to the highly

stressed region near a notch center and notably promote the diffusivity
of Ni in 20% cold-worked 316 stainless steel. Their measurement shows
that the diffusion coefficient of Ni at a tensile stress of 553MPa is 6.5
times higher than that at the low-stress zone at 450 °C [61]. In this
work, carbide can serve as a convenient Cr source for the formation of
chromia as Cr depletion is mainly on the carbide side (Figs. 4b and 4d).
Thus, oxygen diffusion is the controlling process in the penetrative
oxidation along the carbide/matrix interface. If the change in diffu-
sivity of oxygen vacancy was considered, equation (3) can be revised as:

Sr = Lσ/L0 = (Dσ/D0)·exp (σap·ΩA/(kT))(4)
where Dσ and D0 are the diffusion coefficients of oxygen vacancy

under stressed and unstressed situations. Dσ/D0 should be 11.57 to
achieve a Sr of 12.5. So the diffusion coefficient of oxygen vacancy
ahead of the growing crack is over an order of magnitude faster than
that when there is no crack. Compared with stress concentration, de-
formation localization plays a dominant role in accelerating the oxi-
dation kinetics.

The above analysis clearly indicates that deformation localization
ahead of crack tip can greatly accelerate the transportation of oxygen to
the reaction front. Given that intergranular oxidation is an indis-
pensable precursor in the SCC process of the Fe-Cr-Ni alloys in high
temperature water, the CGR should be directly related to the oxidation
kinetics ahead of the growing crack. Accordingly, it is feasible to predict
CGR by formulating the oxidation kinetics with the acceleration in
oxygen transportation being fully addressed. It may be a promising
pathway to model the propagation of SCC.

5. Conclusion

A peculiar grain boundary sampled from alloy 690 was studied after
constant extension rate tensile (CERT) test in simulated PWR primary

Fig. 6. Schematic showing the evolution of cracking and oxidation along the matrix/carbide interfaces ((a) prior to crack initiation, (b) crack initiation and (c) after
crack initiation).

Fig. 7. Evolution of oxidation depth under different situations (ΔL- the incre-
ment in oxidation depth along the uncracked interface, L0-the virtual increment
in oxidation depth when the oxidation kinetic was not affected, Lσ-the incre-
ment in oxidation depth after crack initiation which equals the crack depth).
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water. The grain boundary contains two identical matrix/carbide in-
terfaces, one of which cracked due to lower resistance to deformation in
the adjacent matrix. Oxide formed ahead of the crack with no apparent
diffusion of Cr from the surrounding matrix, suggesting that oxidation,
a precursor for crack propagation, is mainly controlled by oxygen dif-
fusion. Both interfaces formed a segment of compact chromia from the
exposed end but at different rates.

The kinetics study indicates that the oxidation rate ahead of the
growing crack was promoted by over an order of magnitude compared
to that when the interface is intact. Stress concentration ahead of the
crack tip only slightly increased the oxidation rate while the deforma-
tion localization plays a dominant role in accelerating oxidation ki-
netics as the associated high vacancy concentration can promote the
diffusivity of oxygen by over an order of magnitude.
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