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a b s t r a c t

The effect of a serrated grain boundary on stress corrosion cracking (SCC) of Alloy 600 was investigated in
terms of improvement of SCC resistance. Serrated grain boundaries and straight grain boundaries were
obtained by controlled heat treatment. SCC cracks preferentially initiated and grew at grain boundaries
normal to the tensile loading axis. Resolved tensile stress normal to the grain boundary was lower in
serrated grain boundaries compared to straight grain boundaries. The specimen with serrated grain
boundaries showed higher SCC resistance than that with straight grain boundaries due to a lower
resolved tensile stress normal to the grain boundary.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Stress corrosion cracking (SCC) of Alloy 600 is important issue in
the nuclear power industry. Steam generator tube rupture [1], early
replacement of the steam generator [2], cracks in the nozzle and
penetration [3] due to SCC surprised the nuclear industry and gave
rise to safety concerns regarding nuclear power plants.

SCC of Alloy 600 propagates mostly in intergranular mode, that
is, along the grain boundary [4e8] but rarely in transgranular mode
in a lead contaminated environment [9e11]. Accordingly, a great
deal of research has been performed to understand the features of
grain boundaries [12e16] and grain boundarymodification [17e21]
to mitigate SCC. The most classical approach is thermal treatment
of Alloy 600. Mill annealed Alloy 600 was used in the steam gen-
erators of nuclear power plants in the early 1970s, and it experi-
enced stress corrosion cracking (SCC) in both the primary coolant
system and the secondary coolant system [21]. Thermally treated
Alloy 600 was used in the late 1970s instead of mill annealed Alloy
600 on the basis of its resistance to SCC [22]. At the same time,
impurities such as S and P were carefully controlled to retard
segregation at grain boundaries [23,24]. This approach of thermal
treatment in combination with impurities control has been

partially successful in reducing SCC in nuclear power plants but SCC
of thermally treated Alloy 600 remains an issue in the nuclear
power industry. Another approach is to increase the bulk chromium
content in nickel base alloy from about 15% of Alloy 600 to 30% of
Alloy 690 [25]. Thermally treated Alloy 690 has been used as a
steam tubing material in replaced steam generators and new nu-
clear power plants since 1989. The thermally treated Alloy 690 is
almost immune to SCC in the primary coolant system, but is more
susceptible to SCC in highly caustic solutions with lead contami-
nants compared to Alloy 600 [9,26,27]. Another approach is grain
boundary energy reduction. For this strategy, the concept of “grain
boundary design and control” was introduced with the purpose of
improving various properties of polycrystalline materials by
enhancing the frequency of low-energy boundaries in the grain
boundary character distribution [17e20]. Enhancing the fraction of
low energy fracture resistant boundaries is essential to achieve SCC
resistance by grain boundary design a control. In general, low angle
boundaries and symmetrical boundaries (twins) are particularly
strong, and high angle boundaries are less strong. Grain boundary
modification by the formation of a serrated grain boundary was
proposed to improve creep resistance [28e30]. Nickel base alloys
with a serrated grain boundary showed higher creep resistance,
likely due to inhibition of grain boundary sliding. The serrated grain
boundary can also be applied to improve SCC resistance. Several
mechanistic studies on the formation of a serrated grain boundary
have been conducted [31e33]. But there has been little work on the* Corresponding author.
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effect of the serrated grain boundary resistance to SCC of Alloy 600.
In this work, the effect of a serrated grain boundary on SCC was

studied to determine the viability of improving SCC resistance of
nickel base alloys with a serrated grain boundary.

2. Experimental procedure

The chemical composition of Alloy 600 used in this work is
shown in Table 1. Serrated boundary specimens were solution
treated at 1100 �C for 20min and then slowly cooled to 750 �C at a
cooling rate of 0.3 �C/min and then water quenched to room tem-
perature for the SA1þSERR specimen or additionally heat treated at
710 �C for 15 hrs for the SA1þSERR þ TT specimen. The straight
grain boundary specimens were solution treated at 1100 �C for
30min and thenwater quenched to room temperature in the case of
the SA2 specimen, followed by thermal treatment at 710 �C for
15 hrs for the SA2þTT specimen. By controlling the solution heat
treatment time and the cooling rate, the grain size of a serrated
boundary and a straight boundary was almost the same. However,
the density and size of intergranular carbide showed a slight dif-
ference between the serrated grain boundary specimen
(SA1þSERR þ TT) and the straight grain boundary specimen
(SA2þTT) because of different intergranular carbide growth
kinetics.

The SCC test was performed with a C-ring fabricated according
to ASTM G38-01 at 315 �C in the static 40% NaOH solution at po-
tential of 150mV above the open circuit potential to understand the
effect of the serrated grain boundary on SCC resistance. The 40%
NaOH solutionwas purgedwith high purity nitrogen gas (99.9%) for
1 h to deaerate the solution in a 3.8L Ni autoclave. The reference
electrode and counter electrode were external Ag/AgCl and plat-
inum wire, respectively. Potential was applied with an EG&G 263
potentiostat. Crack length was measured at the cross section of a C-
ring specimen with an optical microscope after the SCC test. The
SCC rate was calculated by dividing the measured maximum crack
length by the immersion time. The SCC test was also carried out in
recirculating primary water at 360 �C with a slow strain rate of
10�7/sec using a tensile specimen of 20% cold work to identify the

relationship between grain boundary orientation with respect to
the loading axis and its SCC resistance. Cold rolling was employed
to produce 20% cold work of Alloy 600. The primary water con-
tained 1200 ppm B, 2 ppm Li and 22 cc H2/kg H2O. The SCC test in
primary water was strained up to 5%, and then the crack distribu-
tion in the tensile specimen surface was examined with a scanning
electron microscope. For all SCC test, 3 specimens were used for
each condition.

3. Results and discussion

3.1. Serrated grain boundary

Fig. 1(a) and (b) show the straight grain boundary and serrated
grain boundary in Alloy 600, respectively. Thewhite particles in the
grain boundary are chromium carbide. Chromium carbides showed
a closely spaced distribution in the straight boundary because heat
treatment was performed at 710 �C for 15 h, whereas relatively
coarse V shaped chromium carbide showed a widely spaced dis-
tribution in the serrated grain boundary because of slow cooling of
0.3 �C/min from the solution annealing temperature. These obser-
vations are consistent with the classical precipitation theory that
nucleation rates are fast and growth rates are sluggish at low
temperature which may result in semi continuous precipitation of
carbides and vice versa. The average serration angle was about 45�

for the specimen in this work, as shown in Fig. 2, where the
serration angle 4 is defined as the angle between the serrated
boundary and a straight line connecting the peak of the serration
boundary. A serrated grain boundary was reported in nickel base
and cobalt base super alloys and in some ceramic materials
[28e30]. A common feature of materials with a serrated grain
boundary is that the precipitate and matrix have the same crystal
structure and the lattice parameter of the precipitate is similar to or
multiple times that of the matrix [28]. Several mechanisms have
been proposed to explain serrated grain boundary formation. Lar-
son [28] suggested that the serrated grain boundary formation is
associated with the heterogeneous nucleation of g0 at the grain
boundaries, and the migration of grain boundary sections between
the primary g0 particles. Koul [34] proposed that the net strain
energy difference between thematrix side and the boundary side of
the particle matrix interface provided a driving force for the
movement of primary g0 particles in the direction of the boundary.
On the other hand, Hong [30] suggested that the serrated grain
boundary formation is related with asymmetric growth of
precipitates.

Table 1
Chemical composition of Alloy 600.

C Cr Ni Fe Si Mn S Cu

0.04 15.4 75.1 8.0 0.1 0.3 <0.001 0.2

Fig. 1. Morphologies of straight grain boundary of SA2þTT (a) and serrated grain boundary of SA1þSERR (b).
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3.2. Tensile stress normal to grain boundary

A SCC test was performed in recirculating primary water at
360 �C with a slow strain rate of 10�7/sec using a tensile specimen

to identify the relationship between grain boundary orientation
with respect to the loading axis and its SCC resistance. Fig. 3 shows
that the SCC of cold worked Alloy 600 preferentially initiated and
propagated at grain boundaries perpendicular to the loading di-
rection in primary water of a pressurized water reactor. The phe-
nomena were also observed in Alloy 690 and proton irradiated
stainless steel [35,36]. In any kind of loading, the grain boundary
area is a region where a series of mechanical constraints occur due
to non-compatible slip. This results in damage at the grain
boundary, such as grain boundary sliding induced by shear stress
on the grain boundary and opening of the grain boundary induced
by tensile stress normal to the grain boundary. Grain boundary
sliding was observed experimentally [37]. In this case, the grain
boundary can be seen as an additional ‘‘slip” plane, defined by the
geometry instead of being defined by crystallography. Maximum
shear stress occurs at 45� to the uniaxial loading direction. It ap-
pears that grain boundary slip is not a major factor influencing SCC
in this work because SCC cracks were not observed at the grain
boundary at 45� relative to the loading axis. Tensile stress normal to
the grain boundary results in crack opening and a triaxial stress
state ahead of a crack. The tensile stress normal to the grain
boundary appears to be a major stress component in SCC because
most small SCC cracks initiated at the grain boundary normal to
tensile stress. The tensile stress may be due to applied load or re-
sidual stress. The residual stress can be induced by heat treatment,
welding, machining, grinding, and cold work.

Resolved tensile stress perpendicular to the straight grain
boundary sn is given by Fsinq/l, as shown in Fig. 4(a), where F is the
load, l is the length and q is the angle between the grain boundary
and the loading axis. Even though stress is given by the load F
divided by the area, in this work stress is defined as the load F
divided by the grain boundary length based on the assumption that
the grain boundary is vertical to the specimen surface. Resolved
tensile stress perpendicular to the serrated grain boundary, sn1 is
given by Fsin (q-4)cos4/l for the front part of the serrated boundary
and sn2 Fsin (qþ4)cos4/l for the rear part of the serrated boundary,
as shown in Fig. 4(b).

Fig. 5 shows the tensile stress factor as a function of q, where the
stress factor is sinq for the straight grain boundary and sin (q-4)
cos4 for the front part of the serrated boundary and sin (qþ4)cos4
for the rear part of the serrated boundary. When q ¼ 0�, the stress
factor on the straight boundary is always lower than that on the
serrated grain boundary for any serration angle 4. When q ¼ 30�,
the stress factor on the straight boundary is higher than that on the
serrated grain boundary for all serration angle 4 at the front part of

Fig. 2. Serration angle in serrated grain boundary of SA1þSERR.

Fig. 3. Preferential stress corrosion cracking at grain boundary normal to tensile
direction.

Fig. 4. Resolved tensile stresses normal to straight grain boundary (a) and serrated grain boundary (b).
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the serrated grain boundary and for a serration angle 4 ranging
from 60� to 90� at the rear part of the serrated grain boundary but
lower for a serration angle 4 ranging from 0� to 60� at the rear part
of the serrated grain boundary. When q ¼ 60�, the stress factor on
the straight boundary is only lower than that on the serrated grain
boundary for a serration angle 4 ranging from 0� to 30� at the rear
part of the serrated grain boundary. When q ¼ 90�, the stress factor
on the straight boundary is higher than that on the serrated grain
boundary for all serration angles 4. This shows that the stress factor
on the serrated grain boundary decreases with an increasing
serration angle, which means that the SCC resistance can be
improved by increasing the serration angle 4 if the other micro-
structural features are the same.

Fig. 6 shows the stress factor for a typical serration angle of 45�

observed in this work. Fig. 6(a) shows the stress factor for a straight
grain boundary (circle), the front part of the serrated grain
boundary (rectangle) and the rear part of the serrated grain
boundary (triangle). Fig. 6(b) is a rearrangement of Fig. 6(a). It can
be clearly deduced that the stress factor in the serrated grain
boundary decreased by 1/√2 (¼cos 45�) for the serration angle
of 45�.

3.3. Effect of serrated grain boundary on SCC in 40% NaOH solution

A SCC test was performed with a C-ring at 315 �C in a 40% NaOH
solution at a potential of 150 mV above the open circuit potential to

Fig. 5. Tensile stress factor versus serration angle (4). Tensile stress factor of a straight grain boundary is sinq (circle) and those of the front part and the rear part of the serrated
grain boundary are sin (q-4)cos4 (rectangle) and sin (qþ4)cos 4 (triangle), respectively.

Fig. 6. Tensile stress factor versus the angle (q) between loading axis and grain boundary for a serration angle of 45� . (a) Shows curves calculated directly from stress factors and (b)
presents curves manipulated where stress factors of sin (q-4)cos4 for q ranging from 0� to 45� moved and attached to 180� and stress factors of sin (qþ4)cos 4 for q ranging from
135� to 180� moved and attached to 0� . Tensile stress factor of straight grain boundary is sinq (circle) and that of the front part and the rear part of the serrated grain boundary is sin
(q-4)cos4 (rectangle) and sin (qþ4)cos 4 (triangle).
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understand the effect of the serrated grain boundary on SCC
resistance. Cross-sectional area of C-ring specimen showing stress
corrosion cracks is shown in Fig. 7. The SCC rate is shown in Fig. 8.
SCC rates of the serrated grain boundary for SA1þSERR and
SA1þSERR þ TT specimens were about 34.7 and 83.3um/sec,
respectively. Those of the straight grain boundary for SA2 and
SA2þTT specimens were about 541.7 and 243.1 um/sec, respec-
tively. SA2 specimens showed very high SCC rates because of the
intergranular carbide-free microstructure [22]. The average inter-
granular carbide length and grain boundary coverage were 2.97 mm
and 61.6% for the serrated grain boundary (SA1þSERR specimen)
and 0.54 mm and 71.8% for the straight grain boundary (SA2þTT
specimen). The intergranular carbide grain boundary coverage is
defined as sum of intergranualr carbide length divided by grain
boundary length. As SA1þSERR specimen is further heat treated at
710 �C for 15 hrs the average intergranular carbide length and grain
boundary coverage is thought to be slightly decreased because of
intergranualr carbide coarsening. It is generally accepted that SCC
resistance of Alloy 600 increases with intergranualr carbide grain
boundary coverage [22]. Even though the serrated grain boundary
has lower intergranualr carbide grain boundary coverage than the
straight boundary, it has higher SCC resistance because of grain
boundary serration. The ratio of the SCC rate of the serrated grain
boundary with SA1þSERR þ TT to that of the straight grain
boundary with SA2þTT is about 1/3. SA1þSERR þ TT shows lower
SCC resistance than SA1þSERR probably due to coarsening of the
intergranualr carbide during thermal treatment. The stress effect
on the SCC rate was reported to be proportional to s4 [38]. If the

serration angle is 45�, the resolved normal tensile stress on the
serrated grain boundary will be lower by a factor of 1=

ffiffiffi
2

p
and then

the SCC rate will be lower by a factor of 1/4 if the other micro-
structural features are the same. Many microstructural features
such as grain size, bulk Cr content, and intergranular carbide den-
sity affect the SCC rate. It is best to identify the effect of the serrated
grain boundary on SCC at the same microstructural features except

Fig. 7. Micrograph of cross-sectional area of C-ring specimen showing stress corrosion cracks. (a) SA þ SERR, (b) SA þ SERR þ TT, (c) SA, (d) SA þ SEN, (e) SA þ TT.

Fig. 8. SCC rate for serrated grain boundaries and straight grain boundaries.
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for the grain boundary configuration. Very similar grain sizes were
obtained in this work for the serrated grain boundary and the
straight grain boundary by changing the solution annealing tem-
perature and time and the cooling rate. However, the morphologies
of intergranular carbide were not the same for the serrated grain
boundary and the straight grain boundary because the nucleation
and growth temperature of intergranular carbide differ between
these boundary types. Nucleation and growth of intergranular
carbide occurs at higher temperature for the serrated grain
boundary, and consequently the length of the intergranular carbide
is longer than that of the straight grain boundaries. Almost
continuous small intergranular carbide was observed in the
straight grain boundaries because of the lower precipitation tem-
perature. These differences in microstructural features in the
serrated grain boundary and the straight grain boundary may lead
to differences in the measured ratio and the calculated ratio of SCC
rates. Because there are similarities for SCC in terms of micro-
structural features in a reducing environment of both primary
water and caustic secondary water [39,40], high SCC resistance of a
serrated grain boundary in a caustic solution could be applied to
primary water.

The SCC fracture surfaces are shown in Fig. 9 for specimens with
a straight grain boundary and a serrated grain boundary. The SCC
fracture surfaces for the specimen with a straight grain boundary
(Fig. 9(b)) shows a smooth fracture surface, which is consistent
with intergranular fracture of the straight grain boundary. The SCC
fracture surface of the specimen with a serrated grain boundary
(Fig. 9(b)) shows a zigzag fracture surface, which is consistent with
intergranular fracture of the serrated grain boundary.

4. Conclusion

The effect of a serrated grain boundary on stress corrosion
cracking (SCC) of Alloy 600 was investigated in terms of improve-
ment of SCC resistance. SCC cracks preferentially initiated and grew
at the grain boundaries normal to the tensile loading axis. Resolved
tensile stress normal to the grain boundaries was lower by a factor
of cos4 in serrated grain boundaries compared to straight grain
boundaries where 4 is the serration angle. The specimen with
serrated grain boundaries showed higher SCC resistance than that
with straight grain boundaries. This appears to be caused by the
serrated grain boundary having lower resolved tensile stress
normal to the grain boundary.
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