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ABSTRACT

The fatigue crack growth (FCG) rates of mill annealed Alloy 60 in 0.1M NaCl soluton, 25°C,

were studied by a fracture mechanics test method. They were affected by the applied potential,
load frequency and load ratio. At an applied cathodic potential of -1300mVgcg, the FCG rates
increased with lowering the load frequency and with increasing the load ratio. The enhanced
FCG rate was found in the lower load frequencies (< 0.1Hz) and was more significant with in-
creasing the load ratio. The load ratio effects were successfully accounted for employment of
the Walker model. The secondary cracks and transgranular fracture modes were observed on
the fractured surfaces with applied cathodic potential. The possible hydrogen-assisted cracking
mechanism on enhancing the FCG rates of Alloy 600 cathodically charged in 0.1M NaCl solution,

25°C, was discussed in this paper.

Keywords: Fatigue Crack Growth, Alloy 600, Sodium Chloride, Cathodic Potential, Hydro-

gen- Assisted Cracking.

INTRODUCTION

Alloy 600 is an austenitic Ni-base alloy which
finds extensive industrial applications as a heat
exchanger tube material because of its excellent
corrosion resistance, adequate thermal conductiv-
ity, and good mechanical properties. The fatigue

cracking problems occurred in steam generator
(5.G.) tubes of pressurized water reactors (PWR)
have been observed for several years. The most
likely regions for vibration and possible fatigue
failure of the S.G. tubes occurred just above
the tube sheet and also in the U-bend region where
the flow velocities of the primary coolant were
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the highest and the cross flow from the secondary
coolant side was significant"). NaCl is easy to be
found in the nuclear power plant cooling with
sea water, and exists in the secondary coolant
because the possible leakage of sea water from
the condenser. The Alloy 600 tubes in present-
day steam generators pass through carbon steel
support plates, a galvanic cell may be established
upon contact.

The Alloy 600 tube is cathodic relative to the
carbon steel support plate. At room temperature,
the reduction of protons to form atomic hydrogen
on the tube surface is the likely cathodic reaction.
Adsorbed atomic hydrogen can either recombine
to form molecular hydrogen, or become absorbed
into the metal. The uncombined or atomic hydro-
gen is the possible source of embrittlement.

Fatigue crack growth testing of Alloy 600 in
aqueous solutions at cathodic potentials have
previously received little investigation, especially
in the NaCl solution. Was et al.® performed FCG
tests in 1IN H,SO, solution under the applied
cathodic potential, -700mVgcg, and indicated
that both lowering the load frequency (10Hz—1Hz)
and raising the load ratio (0.05—0.60) would
result in a larger FCG rate. Shalaby et al.® found
the fatigue life of solution annealed Alloy 600 in
4M NaCl solution at room temperature decreased
by increasing the applied potential from -900mVgcg
(cathodic range) to -400mVgcp (passive range)
and to -100mVgcg (above the pitting potential). In
addition to the fatigue testing, it also has been
found that the presence of dissolved hydrogen
in pure water increases the susceptibility to
intergranular stress corrosion cracking (IGSCC)
of Alloy 600 and accelerates the crack growth
rate 3, '

The S.G. tubes experience fatigue from
pressure fluctuations, secondary water flow,
thermal cycling and the startup-shutdown pro-
cess. This leads to load cycles that may vary in
frequency from 102 Hz (flow vibrations) to 107 Hz
(shutdown-startup associated loads)(®. Fatigue
crack growth tests are selected based on the ra-
tionale that with 60 miles of tubing per S.G., flaws
are likely to be present at the start-up, and there-
fore, it is the propagation stage rather than the
initiation stage that is most relevant to the pro-
blem.

The purpose of this study lies in investigating
the fatigue crack growth behavior of mill annealed
Alloy 600 in 0.1M NaCl solution at cathodic
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potential (-1300mVgcg) as a function of load
frequency and load ratio, and to find the possible
hydrogen-assisted cracking mechanism during
fatigue testing. The FCG rate tests at room tem-
perature are for the basic research of fatigue
behavior of Alloy 600 in aqueous solution, in
spite of the actual structure in PWR power plant
are subjected to high temperature.

EXPERIMENTAL PROCEDURES

The chemical composition and the mechanical
properties of the mill annealed Alloy 600 used are
providedin Table 1 and Table 2, respectively. FCG
rate tests were conducted on 12.7 mm thick com-
pact tension (CT) specimens. Details of the speci-
men geometrical configuration are illustrated in
Figure 1 and are in accordance with ASTM speci-
fication E-647-83©). Prior to fatigue tests, all of
the specimens were polished with 600 grit silicon
carbide paper, rinsed with water in ultrasonic os-
cillator, air dried and cleaned with acetone. Fa-
tigue precracking was made to extend the 12.7 mm
(0.5 inch) machined notch a further 3 mm in air.
The tests were conducted with a sinusoidal loading
waveform in the load control made and a load
ratio (R=Pp,;/Ppn,,) of 0.1, using a 100 kN capacity
closed-loop servohydraulic machine. P,,, was
maintained at a constant value of 16 kN during
each FCG rate test.

FCQG rate tests in solution were conducted in a
transparent acrylic cell containing 1500 ml solu-
tion at 25°C, as shown in Figure 2. A water pump
was immersed in the water tank for recirculating
the test solution through the pipe with a 10 I/min
flow velocity. High-purity analytical-grade NaCl
and deionized water (>15MQe+cm) were employed
for preparing the testing solutions, and the test so-
lutions were air saturated. When applied potential
tests were performed, the CT specimens were
coated with a layer of silicone rubber, with only
an area of 30 by 5 mm? ahead of the machined
notch on both sides of the specimen being ex-
posed to the solution. The potential of the speci-
men, -1300mVgcg, was applied with respect to

Table 1. The chemical composition of mill annealed
Alloy 600

Ni Cr Fe C Cu Si Mn S
74.25 16.24 8.71 0.07 0.25 0.24 0.24 0.001
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Table 2. Mechanical properties of mill annealed Alloy 600

0.2% Ultimate Rct. Vickers Grain
YieldStrength  Tensile Strength Hong. RA Hardness Size

(Mpa) (MPa) (%) (%) (HV) (um)

2357 628.2 63 43 161.7 68

an external saturated calomel electrode (SCE). A
pair of platinum wires were used as the counter
electrodes, which were located on both sides of
the test specimen.

Fatigue crack lengths on both sides of the pol-
ished specimen surfaces were measured to an ac-
curacy of 0.01 mm by uvsing a traveling microscope.
The crack length of the specimen was:

d, +d,

=3

a=ao

(1)

ag: initial crack length (=12.7 mm)

dy, dy: crack length on each side of the speci-
men

All of the FCG rate curves were constructed

S N N ; E:W, 61
30 - / 1 l ,,,,,,
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63.5 12.7

all dimensions in mm

Figure 1. The dimensions of compact tension specimen.
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by the seven point incremental polynomial method
to convert crack length, a, as a function of number
of cycles, N, to fatigue crack growth rate, da/dN,
vs. stress intensity range, AK. AK of the CT speci-
mens was calculated as follows(6):

K=-AP (2+a)

13.320%+14.720-5.6 ) 2)
where AP: the applied load range (=P pax-Pmin)

B: specimen thickness

W: specimen width

o: a/lW
Following fatigue testing, the fractured surfaces
of the CT specimen were examined via a scanning

REFERENCE
ELECTRODE —— —— COUNTERELECTRODE
§.8.316 PULLROD

—— WORKING ELECTRODE

TEFLON
CORROSION CELL

INSULATION

o "IJ\ O-RING

§.8.316 PULLROD

PN

TEST SOLUTION TANK

Figure 2. Schematic diagram of fatigue crack growth
rate test.
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electron microscope (SEM).

In addition to the fatigue tests, tension tests
were performed on the rectangular specimen, with
a gauge length of 25mm, in 0.1M NaCl solution
at 25°C, -1300mV g, and strain rates of 103 and
104571,

RESULTS

The FCG rates of Alloy 600, R=0.1, in 0.1M
NaCl solution, 25°C, at -1300mVgcg are shown
in Figure 3. At -1300mVgcg (cathodic potential),
large amounts of hydrogen are liberated from
the specimen. The hydrogen bubbles tend to nu-
cleate preferentially on the crack surfaces as
opposed to the polished specimen outer surface.
Compared with the air environment, the FCG

da/dN (m/cycle)

10 5
1 aaaas Ajr, f=1Hz
| mwmmww 0.C.P.(-123mVge), f=1Hz
4 00000 —1300mVgeg, f=1Hz
] woooo —1300mVgeg, f=0.1Hz
asasss —1300mVgeg, £=0.03Hz
N R=0.1
10 ~°
10 74
] 5
] Y
10 ° T T
10

20 30 40
~K (MPaJm)
Figure 3. The FCG rates of Alloy 600, R=0.1, in air
and 0.1 NaCl solution at open circuit poten-

tial, O.C.P.=-123mV g, f=1Hz, and cathodic
potential, -1300m Vg, f=0.03-1Hz, 25°C.
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rates (R=0.1, f=1Hz) in NaCl solution at open cir-
cuit potential (O.C.P., -123mVgcg) and -1300
mVgcg are about 1.5 to 2 times larger than the FCG
rate inair in the lower AK range (<23 MPa v ).
At AK=22 MPa vm , the crack growth rate was
1.4x10"m/cycle in air and was 2.7x10""m/cycle in
0.1M NaCl solution with and without applied ca-
thodic potential. As the AK increases, the FCG
rates, f=1Hz, in solution environments are almost
similar to the rate in air. In 0.1M NaCl solution,
25°C, the FCG rates, R=0.1, f=1Hz, at O.C.P. and
-1300mVgcg are almost the same in the whole AK
range. Figure 3 also shows that the FCG rates
(R=0.1, V=-1300mVgcg) increase with decrease
in frequency from 1Hz to 0.03Hz, although the
trend is not significant.

The dependence of da/dN on frequency at
AK=24.2 MPavm and AK=28.2 MPavm in NaCl
solution at -1300mVgcg is shown in Figure 4(a).
It depicts that the values of da/dN increase with
decrease in frequency at the above two equivalent
stress intensity factor ranges. The relationship of
crack growth rate with frequency can also be
analyzed in terms of the dependence of da/dt
(time based crack growth rate) on f (frequency).
The relationship between da/dt and frequency
for AK=24.2 MPa/m and AK=28.2 MPaJm are
shown in Figure 4(b). These data show that the
crack growth rates in 0.1M NaCl solution, 25°C, at
-1300mVgcg become increasingly greater than
the corresponding cycle dependent FCG rates
(the slope of the log (da/dt) vs. log (f) curve equals
to 1, represented by the dashed lines) as the fre-
quency decreases.

The FCG rates of Alloy 600 with different load
ratio in air, f=1Hz, and in 0.1M NaCl solution,
25°C, with an applied potential of -1300mVgcg,
f=0.03-1Hz, are depicted in Figure 5. This figure
indicates that the FCG rates increase as R was
raised from 0.2 to 0.5 when extrapolating the
curve of R=0.5 to the higher AK region in air and
0.1M NaCl solution. At the same load ratio,
the FCG rates, f=0.1Hz, in 0.1M NaCl solution at
-1300 mVgcg were significantly larger than the
FCG rates, f=1Hz, in air and 0.1M NaCl solution
at -1300mVgcg, especially in R20.2. At R=0.5
condition, the enhancement of the FCG rates in
0.1M NaCl solution, 25°C, at -1300mVgcg not
only existed in the f=0.1Hz condition, but also
was found in f=1Hz condition. '

Following fatigue testing, the fracture surface
was cleaned and examined by SEM. Figure 6 de-
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Figure 4. Effect of load frequency on (a) the FCG rates, da/dN, and (b) the time based FCG rates, da/dt, of Alloy 600,
R=0.1, in 0.1M NaCl solution, 25°C, with an applied potential of -1300mV scg, at AK=24.2 MPa/ and AK=28.2

MPavm .

picts the typical fractographic features, and the
failure mode is transgranular. The corrosion
products were found on the fracture surface tested
in NaCl solution, O.C.P., at low AK values but
not found in air. Fatigue striations were easily
observed at the high values of AK (toward end of
test), Figures 6(a) and 6(b), but were often indis-
tinct at low AK values (near start of test). In 0.1M
NaCl solution at -1300mVgcg, f=1Hz, the second-
ary cracks and fatigue striations were found on the
fracture surface [Figures 6(c) and 6(d)]; but in
f=0.1Hz condition, fatigue striations were indistin-
guishable and many secondary cracks were still
observed on the fracture [Figures 6(¢) and 6(f)].
The appearance of the secondary crack is the
characterization of brittle fracture, and it should
result from the effect of hydrogen during the
fracture process. As expected, dimple fracture
[Figure 6(g)] was observed during final overload
failure.

In the tension test, strain rates of 10-> and 104
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s'1, the mechanical properties (yield strength,
ultimate tensile strength,...etc.) in 0.1M NaCl
solution at 25°C and -1300mVgcg, shown in
Table 3, were almost the same as the data in air,
dipicted in Table 2, and dimple rupture (the same
observation in air) was found on the fracture sur-
face. The tension test was also conducted on the
precracked CT specimen in the same environment,
at a crosshead speed of 2.5x10"2 mm/sec, and the
fractographs still revealed the ductile fracture.

DISCUSSION

The previous study indicated that the environ-
mental enhancement on the FCG rates of Alloy
600 in NaCl solution at room temperature were
not found at different solution concentration, load
frequency and load ratio”. In this study, the
test results show that the acceleration of the FCG
rates as the load frequency decreases when speci-
mens are cathodically charged at -1300mV gcg dur-
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Figure 5. The FCG rates of Alloy 600 at R=0.2 and 0.5
in air, f=1Hz, and in 0.1M NaCl soution, 25°C,
at -1300mVcg, £=0.1 and 1Hz.

ing testing. It is postulated that at cathodic
potentials, hydrogen-assisted cracking is the pos-
sible cause of FCG rate enhancement.

The enhancement of FCG rates with decreas-
ing load frequency at cathodic charging strongly
suggests a time dependent hydrogen supply effect,
i.e., the longer testing time in the low frequency
condition makes a larger amount hydrogen retained
in the crack. Results show that at a cathodic poten-
tial of -1300mVgcg in 0.1M NaCl, 25°C, R=0.1, a
frequency of 1Hz does not enhance the FCG rate
over the open circuit potential and air cases, while
load frequencies < 0.1Hz do, although the enhance-
ment is not very significant (Figure 3). The effect
of environment on the FCG rate can be easily rec-
ognized by examining either the correlations be-
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tween da/dN and f or the correlations between
the da/dt and f. If the fatigue crack propagates in
a cycle dependent manner, then the FCG rate,
da/dN, at each AK will have the same value for
different load frequencies. Accordingly, the time
based log(da/dt) vs. log(f) correlation will be lin-
ear, with a slope equal to 1. On the other hand, if
an environmental (i.e., time dependent) contribu-
tion is important, the value of da/dN for each AK
will increase with decreasing load frequency, and
at low frequencies, the log(da/dt) vs. log(f) curve
will deviate upward from a straight line [Figure
4(b)]. The more environmental contribution on
the fatigue crack propagation, the more deviation
from the linear straight line.

Hicks et al.® indicated that internal hydrogen
charged Alloy 625 suffered hydrogen embrittle-
ment in room temperature slow strain rate me-
chanical tests. Tien et al.* have developed a
model showing that in fatigue of nickel-base
alloys at room temperature at a frequency of
1Hz, the dislocation aided hydrogen penetra-
tion distance is 7.7 ym. During the hydrogen-
assisted cracking, hydrogen would not fundamen-
tally affect the mechanism of crack growth but
also enhance it!'9. In this study, the spacing of
striations, 1ym measured from Figure 6(c) and
the FCG rates are small enough to allow the trans-

‘port of hydrogen to locations ahead of the grow-

ing crack tip. Yet, enhanced crack growth is only
observed at f<0.1Hz. The fractographs show the
secondary cracks are found in the 1Hz and 0.1Hz
conditions at cathodic charging, and the quantity
of the secondary crack in 0.1Hz case is larger than
the one in 1Hz case. It is probably that smaller
amount of hydrogen existed ahead of the crack
tip in 1Hz case just only change the fracture mode
but not enhance the crack growth; however, in
0.1Hz case, there are a larger amount of hydrogen
not only change the fracture, but also enhance the
crack growth.

The enhancement of FCG rates with decreas-
ing frequency during cathodic charging is also
found at R=0.2 and 0.5, and the trend is more
pronounced as R increases. At high R value, the
specimen is under a high mean load and cyclic
plastic damage involves a high vacancy concentra-
tion which will add to the hydrogen-dislocation
interactions and may enhance the hydrogen
transport®. Besides, the hydrogen produced in
the crack will not be pumped out thoroughly dur-
ing the opening and closing of the crack at high
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Figure 6. The fractographs of Alloy 600 in (a) air,
f=1Hz, R=0.1, AK=30 MPas , (b) 0.1 M NaCl
solution, 25°C, open circuit potential, f=1Hz,
R=0.1, AK=28 MPas , (c¢) 0.1M NaCl solu-
tion, 25°C, at -1300mVgcg, f=1Hz, R=0.1,
AK=28.9 MPasm , (d) enlargement of (c), (&)
0.1M NaCl solution, 25°C, at -1300mV g,
f=0.1Hz, R=0.1, AK=26.5 MPav , (f) enlarge-
ment of (e), and (g) the final fracture. The
arrows indicate the crack growth direction.
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Table 3. Mechanical properties of mill annealed Alloy 600 in 0.1M NaCl
solution, 25°C, at -1300mVcg with strain rates of 103 and 104!

0.2% Ultimate Pct.
YieldStrength ~ Tensile Strength Elong. RA

(MPa) (MPa) (%) (%)

10731 220.0 621.7 65.4 50.0
104! 205.5 622.3 61.4 48.8

R value, therefore there is much more hydrogen
retained in the crack. In the case of R=0.5, the
test period is longer than the cases of R=0.1 and
0.2; therefore the enhancement exists in the f=1Hz
condition, though the frequency is higher than
0.1Hz.

The phenomenon of hydrogen embrittlement
is characterized by a loss of the mechanical prop-
erties of the materials. In this study, the results
of the tension test in 0.1M NaCl solution, 25°C, at
-1300mVgcg do not reveal the phenomenon.
The crosshead speed, 2.5%x10°% mm/sec, is slower
than the roughly estimated speed, 2x10°! mm/sec,
of the load rising process during the initial stage
of the fatigue testing at 0.1Hz. The dislocations
are produced homogeneously on the reduced sec-
tion of the standard specimen under uniaxial
load and the plastic zones also distribute homoge-
neously. Therefore, hydrogen is also distributed
homogeneously on the surface of the specimen,
and the contribution of hydrogen on the mechani-
cal properties is neglected in comparison with
the pure mechanical effect. For the CT specimen,
the dislocations and plastic zones are localized
in the crack tip region, hydrogen can easily pen-
etrate to the crack. However, the effects of hydro-
gen are only found in fatigue testing, but not in
tension test. Since more dislocations were pro-
duced during fatigue testing than uniaxial tensile
testing, therefore more hydrogen could be trans-
ported to the crack tip during fatigue testing.

The FCG rates of Alloy 600 increased with
the load ratio increasing in air and 0.1M NaCl
solution at -1300mVgcg (Figure 5). A higher load
ratio results in a higher mean load [(P o5+ Pmin)/2];
in addition, this condition would simultaneously
cause the FCG rate to increase. It is important
to account for the load ratio factor in using the
data presented here for structural evaluation,
because a typical reactor component will ex-
perience a wide range of loading as well as load
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ratios during its design life. A number of relation-
ships have been proposed to account for the
effect of load ratio, two of the more generally em-
ployed being those by Forman®" and Walker(!?.
The relationship used here is that by Walker, which
involves a portrayal of FCG rate data in terms
of an "effective" stress intensity factor, K¢, which
is defined as

Keff=Kmax(1'R)X
where

Kmax=maximum applied stress intensity factor

R=load ratio (=P ;n/Pmax=Kmin/Kmax)

X=an empirical constant dependent on mate-
rial and environment

3

The fatigue crack growth law then becomes

da/dN=CxK " 4
where C and n are determined from test data. The
Walker's model has the added advantage of reduc-
ing to the classic AK relationship when X=1.0.
The results of application of the Walker model
with the parameter X=0.2 to the results of this
study in 0.1 M. NaCl solution, 25°C, at -1300mVcg
is shown in Figure 7. Note that all the data now
almost fall along a single straight line in the
logarithmic presentation. The conservative upper
bound FCG rate curve, f=0.1Hz, for Alloy 600
in 0.1M NacCl solution, 25°C, at -1300m Vg is

da/dN=1.46x10""6[K ,,,(1-R)*-2]5-51 )
where

da/dN is in m/cycle

Koy is in MPavm

The quantitative models of environmental in-
duced fatigue crack propagation show the interac-
tion of mechanical and environmental fatigue in-
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Figure 7. Application of Walker model to correlate
the FCG rates, f=0.1Hz, vs. effective stress
intensity factor to Alloy 600 in 0.1M NaCl
solution, 25°C, at -1300m Vg, K=K (1-
R)O.Z.

cluding superposition!*? and competition mod-
els*). The superposition model considers the rate
of fatigue crack propagation in an environment
which is produced by concurrent parallel processes.
For two processes, the superposition concept is
then given by the following
(da/dN).=(da/dN),(6)+(da/dN) (D) (6)
where (da/dN), is the total measured crack growth
rate in an aggressive environment; (da/dN),, is
the rate of plasticity-driven fatigue crack pro-
pagation for an inert environment; (da/dN). is
the rate due to environmental contribution; 8 is
the fraction of the crack surface formed by mechani-
cal fatigue; and o is the fraction of the crack sur-

50
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face formed by environmental fatigue. The com-
petition model*, a special case of eq.(6), depicts
the above two parts compete with each other dur-
ing the fatigue process, which one contributes the
most to the FCG rate would control the FCG rate
under aggressive environment. The test results of
this study from the da/dN-AK plots show the envi-
ronmental contribution on the FCG rates of Alloy
600 in NaCl solution at cathodic potential is prob-
ably due to the hydrogen embrittlement. From
the superposition model's point of view, the frac-
tion (®) of the crack surface formed by environ-
mental (hydrogen embrittlement) induced crack is
larger than the one (6) formed by pure mechanical
fatigue in the FCG behavior of Alloy 600 in 0.1M
NaCl solution, 25°C, at cathodic potential. The
value of @ increases with decreasing the load fre-
quency and also increases significantly with the
load ratio being raised. In other words, the hydro-
gen embrittlement controls the FCG behavior of
Alloy 600 in NaCl solution at cathodic potential,
from the competition model's point of view.

CONCLUSIONS

The following conclusions could be made on

the basis of above discussions:
1. The FCG rates of Alloy 600 increased with de-
creasing load frequency in 0.1M NaCl solution,
25°C, at —l300mVSCE.
The FCG rates of Alloy 600 in air and 0.1M
NaCl solution, 25°C, at -1300mVgcg were found
to increase with increasing load ratio at any
given values of stress intensity factor range,
AK, and the phenomenon of the enhanced
FCG rate at f=0.1Hz was more pronounced with
increasing the load ratio.
The fractographs at cathodic potential showed
brittle fracture mode and the enhancement on
the FCG rates of Alloy 600 in 0.1M NaCl solu-
tion, 25°C, at -1300mV g was probable due to
the hydrogen embrittlement.
. A conservative upper bound FCG rate curve,

f=0.1Hz, for Alloy 600 in 0.1 M NaCl solu-

tion, 25°C, at -1300mVgcg is

da/dN=1.46x10"16[K .. (1-R)%-2]6-91
where

da/dN is in m/cycle,
Kax 1s in MPavm .
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