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ABSTRACT

The fatigue crack propagation behavior on the surface of
machining notches of Alloy 690TT (thermally treated) was
investigated in room-temperature air environment and in
simulated pressurized water reactor (PWR) environment with
saturated air at 325°C. The results showed that more than
one crack formed on the notch surface and the crack propagation
paths were transgranular with some branching. The grain
size also had some effect on the crack propagation path but had
no significant effects on the crack growth rates (CGRs). The
CGR vs. a curve could be divided into two stages in air envi-
ronment and three stages in simulated PWR environment. The
corrosive environment promotes crack propagation in the mac-
roscopic crack propagation stage. Different load frequencies
express similar crack propagation process, but decreasing fre-
quency can assist the corrosion fatigue crack nucleation and
propagation on the notch surface.

KEY WORDS: Alloy 690TT, crack growth rates, fatigue crack
propagation, pressurizedwater reactorwater, propagation paths

INTRODUCTION

Alloy 690 (UNS N06690(1)) is one of the most widely
used steam generator (SG) tubematerials in pressurized
water reactors (PWR) because of its excellent resis-
tance to general corrosion, pitting, stress corrosion
cracking, and intergranular corrosion.1-10

The corrosion fatigue (CF) properties of Alloy 690
in PWRwater or high purity water were widely studied in
the last 20 y. Some results showed that simulated
PWRwater or high purity water at high temperature had
little effect11-12 on the CF crack growth rates (CGRs),
while other reports showed that the PWR water had
some effect, especially at low CGRs and at high dis-
solved oxygen (DO).13-19 Some fatigue life prediction
models were developed based on the CGRs in air and
in simulated PWR water.20-21 The environment factor
(Fen) was used to show the effect of corrosive envi-
ronment on the CF CGRs and the fatigue life of Alloy 690
in PWR water.22 The CF crack propagation behaviors
under small scaling yielding in simulated PWR water
were also investigated.23-25

Notches caused by machining or scratches are
defects that often appear on the surface of structural
components. Notches induce stress concentration
and result in the reduction of the fatigue life.26-32 In the
PWR SG, the pressure and temperature inside the
tubes are higher than outside of the tubes. The differ-
ences of the pressure and temperature between inside
and outside of the tubes induce thermal andmechanical
stresses. The coolant inside and outside of the tubes
creates a corrosive environment.
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Although the CF behavior of Alloy 600TT (UNS
N06600) in simulated PWR water has been researched
in recent years, most research focused on the crack
growth or fatigue life, and less on the microcrack growth
behavior from a notched surface. This paper reports
the results from this investigation on CF properties,
especially on crack propagation behavior on the notch
surface. Air saturated high purity water dissolved with
1,000 ppm B and 2 ppm Li at 325°C was prepared as
the corrosive environment to simulate a special working
condition in PWR SG.23-25

MATERIALS AND METHODS

The Alloy 690TT used in this experiment was
vacuum melted with electro-slag remelting, and was
then hot rolled from ϕ150 mm to ϕ25 mm at 1,050°C
and quenched in water. Thermal treatment was per-
formed at 750°C for 15 h. The chemical compositions
of Alloy 690TT and the required compositions by
American Society of Mechanical Engineers (ASME)
standard are listed in Table 133 and the mechanical
properties are listed in Table 2.33 The typical micro-
structure of Alloy 690TT is shown in Figure 1. The
average grain size is about 50 μm which was deter-
mined by JIS G0551-1998.34

Compact tensile (CT) samples were used for CF
CGRs studies (Figures 2 and 3), and all samples were
cut from one bar. A pre-cut notch whose tip was a
semicircle (R = 0.1 mm) and the tip area were prepared
according to the ASTM Standard E647 to meet the
requirement of small-scale yielding conditions. To as-
sure the accuracy of the test data, the value of rp/a
must be between 0.02 and 0.3, where rp is the mono-
tonic plastic zone size and a is the crack length. The
size of pre-cut notch tip was controlled strictly and
examined carefully under stereomicroscope to make
sure all samples used in this study had the same notch
tip size.

When the crack tip is under small-scale yielding
conditions, the stress intensity factor K for CT samples
cannot be calculated with the equations given in
ASTM Standard E647. However, under small-scale
yielding conditions, the plastic zone can be incorpo-
rated into the actual crack length and treated as linear
elastic. In the previous research from Fu, et al.,23 and
Xiao, et al.,24-25 a factor λ was used for correcting
the K:

λ= ½ða þ rp=2Þ=a�1=2 (1)

KSSY = λKASTM (2)

rp = ðKmax=σyÞ2=3π (3)

where a is the crack length, rp is the monotonic plastic
zone size, KSSY is the stress intensity factor under
small scaling yielding conditions, KASTM is the stress
intensity factor under linear elastic fracture me-
chanics conditions calculated by ASTM Standard E647,
Kmax is the maximum stress intensity factor, and σy is
the yield stress.

The CF test facility produced by CORTEST is
shown in Figure 4 and the test was conducted in
a test loop with an autoclave. Water was stored in the
glass column and pumped into the autoclave by a high
pressure pump. The crack length was measured by a
direct current potential drop (DCPD) system, which
provided crack length vs. cycle number.

In this test, the simulated PWR coolant water
with 1,000 ppm B and 2 ppm Li was prepared to
simulate primary water in PWRs and DO was air
saturated (about 9 ppmO2). The water was pumped into
the autoclave and then heated to 325°C. The heating
process was controlled over 10 h to make sure the notch
surface was covered with same depth oxidation file.

TABLE 1
Chemical Composition of Alloy 690TT (wt%)(A)

Element Ni Cr Fe Cu Nb Mo

Alloy 690TT 60.03 30.38 9.42 0.13 0.01 0.07
ASME 2001 BPVC section II ≥58.0 27.0∼31.0 7.0∼11.0 ≤0.5 – –

(A) The Alloy 690TT used in this study was produced by Baoyin Special Steel Co. Ltd. The main chemical composition meets the requirement of
ASME 2001 BPVC section II.

TABLE 2
Mechanical Properties of Alloy 690TT

Temperature (°C) Yield Stress (MPa) Tensile Stress (MPa) Elongation (%) Area Reduction (%)

Alloy 690TT 25 270 666 49 72
325 220 570 46 69

ASME 2001 25 >241 >586 >30 –

BPVC section II 360 220 583 – –
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Tests in corrosive environment were also performed at
room temperature (RT) in air for comparison. The test
parameters are shown in Table 3.

According to ASTM Standard E647, the fatigue
CGR per cycle can be expressed by Equation (4):

CGR =da=dN (4)

where da is crack length increment and dN is fatigue
cycle increment.

The acceleration effect of the corrosive environ-
ment on the fatigue CGR can be described by the
environment factor (Fen),

22 which is expressed by
Equation (5):

Fen =CGRen=CGRair (5)

where CGRen is the CGR in the corrosive environment
and CGRair is the CGR in RT air.

The CF crack growth tests were performed based
on ASTM E647. Then the CT samples were polished
by 320 grit to 1000 grit SiC sandpaper and by 0.25 μm
diamond polishing paste, then electrolytically etched
in a 10% oxalic acid solution for 10 s to evaluate
the crack propagation path by OLS4000† laser
microscopy.

RESULTS AND DISCUSSION

Crack Growth Rates and Fen Under 2 Hz
The a-N curves collected by DCPD system are

shown in Figure 5. The process of crack propagation

can be divided into three stages: (1) low rate propa-
gation stage (or induction period); (2) accelerating
transition stage; and (3) higher stabilizing rate
propagation stage. Each stage corresponds to
a certain crack length.

It is worth noting that the transitory stage of the
curves in air was ahead of that in PWR water. That is,
the fatigue crack had a shorter induction period in air
than in PWR water.

10 μm was taken as a unit length and the in-
stantaneous CGRs were calculated at every stage. The
instantaneous CGRs near the notch surface increased
with the crack length increase as shown in Figure 6.

It is worth noting that the CGRs in RT air and in
the corrosive environment had different inflection point
under the same load condition. In RT air environ-
ment, the CGRs stepped up with a nearly constant slope
until the crack propagated more than about 130 μm,
and then a plateau was observed at the end of each
curve. The CGRs inflection points in RT air are
identified by black arrows under each curve. In the
corrosive environment, the CGRs stepped up with
a nearly constant slope in the range of about 100 μm,
and then the CGRs increased sharply. At last, a
plateau formed until the crack length propagated
to about 140 μm. The inflection points were identified
by red arrows under each curve.

Suresh35 points out that cumulative fatigue
damage of materials can be divided into the following
processes: (1) cyclic plastic deformation; (2) micro-
crack nucleation; (3) microcrack propagation; and
(4) macroscopic crack propagation. In the results
shown in Figure 6, the fatigue microcrack within the
length of 140 μm can be regarded as the microcrack
nucleation and microcrack propagation stages, and
above 140 μm as the macroscopic crack propagation
stage in RT air environment. In PWR water, the
microcrack nucleation stage is below 100 μm, fol-
lowed by the microcrack propagation stage (100 μm
to 140 μm), and then the macroscopic crack propa-
gation stage above 140 μm.

Figure 6 also shows that the CGR inflection
points in the RT air environment are almost at the
length of 140 μm, while in corrosive environment, the
crack length of starting acceleration and plateau initi-
ation was much longer with increasing ΔK, as shown
in Figure 7.

The instantaneous CGRs at the same length
increase as ΔK increases, as shown in Figure 8. This
is because the higher the ΔK is, the greater the degree
of cycle damage at the crack tip.36

Comparing the instantaneous CGRs in the RT
air environment and in the corrosive environment
(Figure 6), the CGRs were about the same in both
environments in the microcrack nucleation stage. In the
microcrack propagation stage and macroscopic crack
propagation stage, the CGR in the corrosive environ-
ment is higher than in the air environment. The result

100 μm
100 μm

100 μm

FIGURE 1. Optical micrograph of Alloy 690TT.

† Trade name.
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in the macroscopic crack propagation stage is also
reported in literature.23-25

Fen was calculated using the instantaneous
CGRs in both environments by Equation (5), and the
result is shown in Figure 9. At the microcrack nu-
cleation stage, Fen is lower than 1.00, while in the

microcrack propagation stage and in the macroscopic
crack propagation stage, Fen is greater than 1.00.
The highest Fen is about 1.75.

Crack Propagation Path Under 2 Hz
The crack propagation paths near the notch

surface in air are shown in Figure 10. The cracks
were transgranular and some branching (or second-
ary cracks) was observed. The grain size had an obvious
effect on the crack propagation path (compare
Figures 10[a] and [b]). As the grain size decreased, the
branching decreased and the crack even propagated
in a straight line in thick grains.

The crack propagation paths in simulated PWR
coolant water are shown in Figure 11. It seems that
much more branching and secondary cracks were
observed compared to the path in the RT air. In
Figure 11(b), three cracks propagated simultaneously
near the notch surface.

Figures 10 and 11 show that the cracks propagated
along the direction of shear stress in two or three grains.
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FIGURE 3. Sample cutting layout for fatigue crack propagation test.
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This phenomenon is identical to the theory in fracture
mechanics: fatigue cracks usually initialized at slip bands,
grain boundaries, second-phase particles, etc.37-38

Effects of Load Frequency
Samples S6 and S7 (experiment management is

listed in Table 3) were used for study on the effects of
load frequency on the CF crack propagation on the
notch surface. The crack length vs. cycle curves under
2 Hz and 0.1 Hz is shown in Figure 12. The process of
crack propagation can also be divided into three stages,
the same as that shown in Figure 5. The low rate
propagation stage under 2 Hz and 0.1 Hz was similar.
It is worth noting that the accelerating transition
stage under 0.1 Hz was ahead of 2 Hz, whichmeans that
low frequency can assist the CF crack nucleation and
propagation. This phenomenon can also be observed
from the instantaneous CGRs as shown in Figure 13.
The instantaneous CGRs at the low rate propagation
stage were almost similar. At the accelerating tran-
sition stage, the instantaneous CGRs under 0.1 Hz
increased faster than that of 2 Hz in simulated PWR
water. Similarly, a plateau formed when the crack
length was longer than 100 μm, and the instanta-
neous CGR at the plateau was also higher than that
of 2 Hz.

The Fen value under 2 Hz and 0.1 Hz, which was
calculated by Equation (5), is shown in Figure 14.
Obviously, lower frequency assisted the CF crack
propagation at the macroscopic crack propagation
stage. The maximum Fen under 0.1 Hz was about 2.2,
which was much higher than that of 2 Hz (Fen = 1.3).
The same results were also reported by Fu, et al.,23

and Xiao, et al.24-25

DISCUSSION

All of the cracks studied in this paper weremode-I,
which means that the crack propagation direction and
loading direction need to be perpendicular, as shown
in Figure 15. Generally, a crack that corresponds to
mode-I crack propagation direction is called a princi-
pal crack and has the highest CGR, while other cracks
that deflect to mode-I crack propagation direction and
have lower CGR are called secondary cracks. In general
case, there is only one principal crack, while theremay
be many secondary cracks as shown in Figure 16.

TABLE 3
Experiment Management of the Fatigue Crack Growth on the Notch Surface

Sample Number Kmax (MPa
p
m) rp (mm) R ΔK (MPa

p
m) Frequency (Hz) Environment

S1 38 1.71 0.3 26.6 2 RT air
S2 38 1.71 0.4 22.4 2 RT air
S3 38 1.71 0.5 19 2 RT air
S4 38 1.71 0.3 26.6 2 325°C, 1,000 ppm B, 2 ppm Li, air saturated
S5 38 1.71 0.4 22.4 2 325°C, 1,000 ppm B, 2 ppm Li, air saturated
S6 38 1.71 0.5 19 2 325°C, 1,000 ppm B, 2 ppm Li, air saturated
S7 38 7.71 0.5 19 0.1 325°C, 1,000 ppm B, 2 ppm Li, air saturated
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Kmax and ΔK at the crack tip are the main driving
force during crack propagation. When the crack
propagation direction deflects from perpendicular to
the applied load (Pex), Pex will be divided into two
components. One is perpendicular to the centerline

of the crack (Peff) and another is parallel to the centerline
of the crack (Pcom) as shown in Figure 17.39-40 This
stress state will reduce the effective stress intensity
factor (Keff) at the crack tip, resulting in a decrease in
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CGR, and even inducing crack branching. The ap-
pearance of branched cracks will also reduce Keff and
result in a further decrease of CGR. When the Keff

at the crack tip is lower than threshold stress in-
tensity factor (Kth), this crack will stop propagating.
In Figures 10 and 11, more than one crack was

observed on some samples and all cracks had different
lengths and directions in the same sample. The Peff

will also alter the crack propagation direction back to
the perpendicular direction of Pex.

Time is an important factor affecting CGRs in the
corrosive environment. Although the crack propagation
behavior under different loads is similar, the inflec-
tion points were not same. As reported by Xiao,
et al.,24-25 persistent slip bands (PSBs) and disloca-
tion cells were observed at crack tip by transmission
electronmicroscopy. These PSBs and dislocation cells
have a lower corrosion potential than the base metal
around them and will be corroded preferentially. The
CF crack propagation mechanism of Alloy 690TT in
PWR water can be explained by slip-oxidation model.
As ΔK decreases, the experiment time will increase and
the effect of the corrosive environment weakens, and
the inflection points will appear ahead of schedule. The
corrosive environment causes more cracks initially at
the notch surface and secondary cracks at the crack
tips, which can also be explained by this mechanism.
Low frequency also means the crack tip had enough
time to dissolve. When the crack tip was under low
load frequency, the distribution of dislocations and slip
band was extensive and the dislocation density was
low, which may induce smaller yielding scale and lower
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effective yielding stress. Ghonem and Foerch41

pointed out that the CGRs increased with decreasing
effective yielding stress at the crack tip. This may be
another reason for the CGRs increasing with the
decreased frequency.

Although the crack propagation paths were ob-
viously affected by grain sides as shown in Figure 10,
the variation tendency of CGRs did not show any
changes after the crack length propagated more than
50 μm, as shown in Figure 6. The CGRs were ap-
parently controlled by load primarily but not grain size
in this experiment.

CONCLUSIONS

v In the RT air environment, the CGRs stepped up
with a nearly constant slope until the crack length
propagated longer than about 130 μm, and then a
plateau was observed at the end of each test.
v In the simulated PWR water environment with
saturated air, the CGRs stepped up with a nearly
constant slope to about 100 μm, then the CGRs
increased sharply, and a plateau formed until the crack
propagated to about 140 μm.
v The instantaneous CGRs at the same crack length
increased with ΔK increasing.
v The corrosive environment did not cause signifi-
cant acceleration of the microcrack nucleation stage,
but did accelerate the macroscopic crack propaga-
tion stage.
v The fatigue cracks were transgranular, and more
branching of the principle crack was observed in
simulated PWR water than in RT air. Small grain size
also induced more branching.
v More than one crack might be initiated on the
notch surface and propagated competitively. The cracks
that kept good perpendicularity to the load direction
propagated into principal cracks.
v Decreasing frequency assisted CF crack
nucleation and propagation on the notch surface,
but the propagation process was similar.
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