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Abstract The aim of this study is to investigate the
influence of strain ratio, frequency, and waveform on
low cycle fatigue (LCF) behavior of AISI 347 stainless
steel in air and NaCl solution. Results showed that at
high strain amplitude region the fatigue lives in both
environments were comparable, implying a lack of
environmental effect due to insufficient amount of
local dissolution. However, at low strain amplitude
region, a corrosive effect did exist and the fatigue lives
in NaCl solution were decreased with an increase in
strain ratio to a greater extent, as compared to those in
air. This might be attributed to a tensile-mean-stress
effect and its interaction with an enhanced, localized
corrosive reaction. The degree of influence of the
aggressive salt water on the LCF life was not increased
as the loading frequency was reduced or a hold time
was added at the tensile peak strain. The LCF life data
in the given environments at various strain ratios could
be well correlated by a modified SWT model as well as
a modified Manson-Halford model.

Introduction

AISI 347 stainless steel (SS) was developed to improve
the resistance of 304 austenitic SS to intergranular stress
corrosion cracking (IGSCC) by adding niobium (Nb) to
form niobium carbides in preference to Cr-rich carbides
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so that the depletion of chromium at grain boundary
regions could be reduced [1]. Most of the previous
studies on AISI 347 SS were focused on microstructure
analysis [2, 3], corrosion properties [4, 5], sensitized
degradation [6, 7], hydrogen embrittlement [8-11], creep
[12-14], and high-temperature brittle fracture [15, 16].
As some applications of this austenitic SS, e.g. in
conventional and nuclear power plants, are often
subjected to cyclic stresses in aggressive environments,
corrosion fatigue (CF) properties are essentially needed
in the safe life design of components made from this
alloy. However, little work has been done on the fatigue
strength [17] and there is still lack of systematic studies
on the CF properties for this alloy. A series of studies on
the CF properties of AISI 347 SS were thus planned and
conducted by the authors so as to better assess and
predict the service life of the components made of this
alloy used in corrosive environments. Investigation of
the environmental effects on the high-cycle fatigue
(HCF) and fatigue crack growth (FCG) for this alloy
has been completed in an earlier work [18].

Many of the engineering components contain
notches or other types of geometric discontinuities.
The stress concentration effects from these geometric
discontinuities would generate localized, extensive
plastic deformation. If such components are subjected
to cyclic loading in corrosive environments, low-cycle
corrosion fatigue (LCCF) will take place at the regions
around the notch roots. As part of a series of studies on
the CF properties of AISI 347 SS [18], the objective of
the present study is to characterize the low-cycle
fatigue (LCF) behavior of such material in air and salt
water. In this study, systematic experiments were
conducted to investigate the influence of strain rate,
mean stress, and tensile hold time on the LCCF
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behavior of 347 SS in salt water with comparison to
that in air.

Experimental procedures

The commercially available AISI 347 SS used in the
current study was supplied by the vendor in the form
of solution-annealed round bars. The chemical com-
position of this alloy (wt%) is 17.28 Cr, 10.23 Ni, 1.67
Mn, 0.63 Nb, 0.59 Si, 0.09 Mo, 0.08 Cu, 0.05 Co, 0.05
C, 0.035 N, 0.025 S, 0.023 P, <0.01 Ta and Fe
(balance). Axial smooth-surface specimens with a
uniform cylindrical gage section of 6 mm in diameter
and 24 mm in length were used for LCF testing. The
specimens were heat-treated at 1050°C for 1 h and
then water quenched to obtain a solution-annealed
condition of which the mechanical properties have an
ultimate tensile strength of 658 MPa, a yield strength
of 310 MPa, an elastic modulus of 190 GPa, an
elongation of 61.4% (in 25 mm), and a hardness
value of 42 HRbD.

In this study, LCF tests were conducted in air and
3.5% NaCl (pH = 5.75) solution. A special acrylic cell
was fabricated for LCF testing in the aqueous envi-
ronment. The cell enclosed the gage section of the
specimen in a fully submerged condition during fatigue
testing as shown in Fig. 1. A circulated loop was made
by pumping the corrosive solution back to an external
reservoir located at higher place and making it flow
through the acrylic cell to another lower tank. The
LCF tests were carried out under total axial strain
control on a commercial closed-loop servo-hydraulic
test machine. To avoid the interference with the acrylic
cell, a modified, extended extensometer with a gage
length of 20 mm was used to perform the strain-control
function. A set of LCF tests with several applied strain
amplitudes ranging from 0.3 to 0.7% were performed
under an 1-Hz triangular waveform at strain ratios of
R =-1,0,0.5, and 0.8 in air and salt water. To explore
the strain rate effects, a second set of LCF tests under a
0.1-Hz triangular waveform were conducted at a strain
ratio of 0.5 with a strain amplitudes of 0.3% in the
aforementioned environments. To investigate the hold-
time effect, a hold period of 10 s added at the tensile
peak strain in a pure 1-Hz triangular waveform
(ramping portion), i.e. to become a trapezoidal wave-
form, was applied to perform the third set of LCCF
tests at a strain ratio of 0.5 with an amplitude of 0.3%
in the salt water. A 50% drop of the peak load was
defined as specimen failure. Characterizations of the
fracture surface morphology were made by scanning
electron microscopy (SEM).
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Fig. 1 Schematic view of the experimental set-up for axial LCCF
test

Results and discussion
Effect of environment on low-cycle fatigue

A comparison of the experimental LCF results at 1 Hz
in air and NaCl solution for each strain ratio is shown in
Fig. 2 by plotting the strain amplitude versus number of
cycles to failure on a log-log scale. In each strain ratio,
all strain amplitudes could be divided into low strain
amplitude region (¢, < 0.4%) and high strain amplitude
region (g, > 0.4%). It could be seen in Fig. 2 that at
high strain amplitude region the differences in LCF life
among the two given environments were smaller than
those at low strain amplitude region for each strain
ratio except R = —1. This implies that the environmen-
tal effects were not so clear at high strain amplitudes.
Such a lack of environmental effect on the LCF might
result from insufficient local dissolution of the given
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Fig. 2 Comparison of strain-life relationship in various environments for AISI 347 stainless steel at 1 Hz and various strain ratios: (a)

R=-1,(b)R=0,(c) R=0.5,and (d) R =0.8

alloy in NaCl solution. Magnin and Coudreuse [19]
indicated that a crack in an aggressive environment
could be initiated by a critical quantity of local
dissolution of metal. In other words, a critical amount
of local dissolution at slip bands should be reached
before purely mechanical crack initiation occurred;
otherwise the influence of corrosive solutions could be
neglected. Therefore, it was suggested that the time
interval during one loading cycle was not sufficient to

complete dissolution of the freshly generated slip steps
such that accelerated crack initiation did not occur in
the salt water. In addition, even at higher strain ratios
such as R =0, 0.5, and 0.8, the mean stresses at high
strain amplitudes were almost completely relaxed to
zero, as shown in Table 1, such that no tensile-mean-
stress enhanced corrosion would be expected in these
conditions. In other words, the failure of specimen at
this high strain amplitude region in the salt water was

Table 1 Mean stress at half life in LCF tests for AISI 347 stainless steel at various testing conditions

Total strain amplitude (%) Mean stress in air (MPa)

Mean stress in NaCl (MPa)

R=-1 R=0 R=05 R =08 R=-1 R=0 R=05 R =08
0.3 6.41 8.21 10.16 16.56 1.78 3.78 11.76 20.01
0.4 -0.72 1.52 5.28 5.90 -2.53 0.86 4.96 9.73
0.5 0.01 1.40 0.25 3.46 -3.87 2.49 1.34 5.60
0.6 0.43 -1.15 0.19 1.03 -2.17 1.63 -0.05 4.30
0.7 -1.09 -0.30 -2.42 - -0.17 —-0.84 -0.72 -
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still dominated by pure mechanical fatigue. Therefore,
the LCCF lives were comparable with the fatigue lives
in air.

At low strain amplitude region, it could be seen that
at R = -1 the fatigue lives in both environments were
comparable. However, at R = 0, 0.5 and 0.8, the fatigue
lives in air were longer than those in NaCl solution. In
other words, an environment-assisted, premature crack
initiation did not occur at R = -1 but occurred at
R =0, 0.5 and 0.8 under a smaller strain amplitude. In
addition, the degree of influence of such an environ-
mental effect was generally increased with an increase
in strain ratio, as shown in Fig. 2. Such dependence of
environmental effect on strain ratio might be related to
the difference in tensile mean stress.

Table 1 shows values of tensile mean stress at half-
life with various strain amplitudes and ratios. It could
be seen that the mean stress at low strain amplitude
region was increased with increasing strain ratio in both
given environments. It is well known that a tensile mean
stress would generate irreversible slip steps, and then
geometrical discontinuities could be formed at the roots
of these slip steps. These geometrical discontinuities
may act as both stress concentrators and regions where
localized, concentrated environments can be formed. In
salt water, hydrolysis of the corrosion product, chloride,
generated an acidic solution that produced an active
corroding anode at these geometrical discontinuities.
Furthermore, in order to keep the electrical neutrality
at these geometrical discontinuities, the chloride ions at
the outer bulk environment would migrate into these
areas leading to an environment of high chloride
concentration. An enhanced corrosive effect would be
expected for such areas with localized, high concentra-
tion of H" and CI” ions which both would enhance
dissolution of metal [20]. The corrosion rate in these
regions would be enhanced to dissolve the fresh slip
steps generated in next loading cycle at these area.
Therefore, crack initiation would be accelerated by
such a localized acidification in NaCl solution such that
the environmental effect would be more pronounced
for a low strain amplitude at a greater strain ratio
accompanied with a larger tensile mean stress.

A typical process of crack initiation under corrosion
fatigue in salt solution involved evolution of a corro-
sion pit to become a crack. As a corrosion pit reached a
critical size, a fissure would be formed at pit base and
then grow to become a crack [21]. Such sharp fissures
were indeed found in the current study for the
specimens tested in salt water, as shown in Fig. 3. It
could be seen in Fig. 3(b) that a sharp fissure was
produced at a pit base leading to initiation of a crack
from this fissure. The sharp fissures formed in NaCl

Fig. 3 SEM micrographs showing pitting morphology in an
axially-sectioned specimen tested at R =0.5 with a strain
amplitude of 0.5% in 3.5% NaCl solution: (a) a pit on surface
and (b) a crack developed from a pit

solution would serve as effective stress concentrators
and result in earlier crack initiation. Therefore, the
LCEF lives at low strain amplitudes in salt solution were
shorter than those in air at higher strain ratios.

Effect of strain ratio on low-cycle corrosion fatigue

Comparisons of the LCF testing results at various
strain ratios for each given environment are shown in
Fig. 4. It could be seen that at low strain amplitude
region the rank of fatigue life in both given
environments generally took the following order:
R=-1>R=0>R=05>R=08. These results
could be attributed to a mean stress effect. In general,
when specimens were subjected to a tensile mean
stress, the crack initiation life would be shortened by
accelerated extension of defects [22]. As indicated in
Table 1, at low strain amplitude region the mean
stress level at half life was increased with an increase
in strain ratio. Therefore, at low strain amplitudes the
reduced fatigue lives at higher strain ratios indeed
resulted from higher tensile mean stresses.
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Fig. 4 Strain-life relationship at various strain ratios for AISI
347 stainless steel in different environments: (a) air and (b) 3.5%
NaCl

In the corrosive environment, however, the reduced
fatigue lives could also be partially attributed to the
interaction between tensile mean stress and corrosive
reaction. As mentioned above, a concentrated envi-
ronment would be formed at the geometrical discon-
tinuities which were generated by the irreversible slip
steps due to a tensile mean stress. The corrosion rate
was enhanced by the concentrated environment to
corrode the fresh surface produced in next loading
cycle. It was inferred that the corrosion rate would be
enhanced when the tensile mean stress was increased.
Therefore, it was suggested that the corrosive effect of
the concentrated environments formed at the geomet-
rical discontinuities might be enhanced with increasing
strain ratio.

As shown in Fig. 4, the fatigue lives at various strain
ratios were of no significant difference at high strain
amplitudes in each given environment. It was sug-
gested that these results might result from a complete
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relaxation of mean stress. As indicated in Table 1, the
mean stress values at half life for high strain amplitudes
were comparable and approximately equal to zero
among the given strain ratios. Therefore, the fatigue
lives at a high strain amplitude for various strain ratios
were comparable in the current study. In addition, no
additional environmental effect from the increase of
strain ratio could be observed at high strain amplitudes
due to the complete relaxation of tensile mean stress.
At corrosive environments, the concentrated environ-
ment would be removed by the reverse slip steps as no
tensile mean stress existed. The mechanism of enhanced
corrosion rate was not available at this condition so the
fatigue life at a large strain amplitude was also
independent of strain ratio at a given aqueous solution.

Effects of frequency and waveform on low-cycle
corrosion fatigue

Table 2 shows the fatigue life ratios in the given
environments at a strain amplitude of 0.3% and strain
ratio of 0.5 under various frequencies and waveforms.
Note the life ratio hereby is defined as the number of
cycles to failure in salt water divided by the corre-
sponding one in air. It can be seen that the fatigue life
ratio at 0.1 Hz in the aqueous solution was greater than
the corresponding one at 1 Hz under a similar trian-
gular loading waveform. The less corrosive effect at
0.1 Hz might be related to a lower corrosion rate
resulting from a low strain rate. Maginin and Coudre-
use [19] indicated that the corrosion rate was depen-
dent on strain rate. At a low strain rate, more time was
available to repair the slowly ruptured passive film and
reduce the amount of unprotected fresh surface leading
to a low corrosion rate. Therefore, a decrease in the
amount of local dissolution during one loading cycle
was expected for a low strain rate. Such a strain-rate
effect might occur in the given alloy-aqueous environ-
ment system such that the fatigue life ratio at 0.1 Hz in
NaCl was greater than that at 1 Hz.

As indicated in Table 2, fatigue life ratio in NaCl
solution with a 10-s hold time at tensile peak strain was
comparable with that at 1 Hz (0.71 vs. 0.68). Note that

Table 2 Fatigue life ratio for AISI 347 stainless steel at R = 0.5
with a strain amplitude of 0.3 % under various frequencies and
waveforms in various environments

Environment Fatigue life ratio (N/N,i;)

1 Hz 0.1 Hz 10-s hold time
Air 1 1 1
NaCl 0.68 0.87 0.71




J Mater Sci (2007) 42:40-49

the 10 s hold time was added at the tensile peak strain
in a 1-Hz triangular loading waveform. In a study by
Pyle et al. [23], a decay of transient current was
observed within a hold period at peak strain under an
applied passive potential for an 18/8 stainless steel in
an acidic solution. A higher transient current indicated
a greater corrosion rate. That result [23] implied that
the ruptured passive film generated by plastic defor-
mation could be partially repaired at this hold period
to form new passive film. Similarly in the current study,
repassivation might take place during the 10-s hold
time to gradually reduce the corrosion rate in the given
salt water. The fatigue life ratio in salt water with a 10-s
hold time was comparable with that at 1 Hz implying
that the amount of local dissolution per loading cycle
for AISI 347 stainless steel in salt water was compa-
rable under both loading conditions. In other words, no
further significant dissolution of AISI 347 stainless
steel took place during the hold period. Therefore, in
salt water an additional hold period of 10 s at tensile
peak strain did not generate more corrosive damages
to accelerate crack initiation compared to the 1-Hz
triangular loading waveform.

Low-cycle fatigue life prediction models

A total strain-life equation based on the plastic strain-
life relation proposed by Coffin and Manson [24,25]
was often used to correlate the fatigue life with
reversed cyclic strain:

Ae  Aee  Agp
2 2 2

= (%hang” + N )

where % = ¢, is the total strain amplitude, % is the

elastic strain amplitude, % is the plastic strain
amplitude, oy is the fatigue strength coefficient, E is
the elastic modulus, N; is the number of cycles to
failure, b is the fatigue strength exponent, & is the
fatigue ductility coefficient, and c is the fatigue ductility
exponent.

The oy, ¢, b, and ¢ are fatigue properties of material
which can be obtained by separating the strain-life
results of reversed cyclic strain tests (R =-1) into
elastic and plastic portions, followed by curve fitting
the elastic and plastic parts, respectively, according to
Eq. (1).

Eq. (1) was then applied to correlate the strain
amplitude with reversals to failure for the given
environments, as shown in Fig. 5. The LCF parameters
(of, &, b, ¢) in Eq. (1) were obtained from the fitted
curves and listed in Table 3 for each environment. It
could be seen in Fig. 5 that the Coffin-Manson relation
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Fig. 5 Strain-life relationship at R = -1 for AISI 347 stainless
steel in different environments: (a) air and (b) 3.5% NaCl

of Eq. (1) is an excellent fit to the two sets of
experimental data. It could also be found that at total
applied strain amplitudes of 0.4% to 0.7% the plastic
portion is significantly greater than the elastic part in
all given environments. This indicated that LCF in this
high strain amplitude region was dominated by plastic
deformation.

In order to estimate a fatigue damage event where
mean stress is involved, the life prediction models are
usually developed to consider mean stress effects on
fatigue behavior. For example, Manson-Halford (MH)
[26] and Smith-Watson-Topper (SWT) [27] proposed

Table 3 Values of parameters related to LCF properties of AISI
347 stainless steel in different environments

Environment Fatigue Fatigue Fatigue Fatigue
strength  strength ductility  ductility
exponent, coefficient, exponent, coefficient,
b af (MPa) c &

Air —-0.088 821 -0.336 0.071

NaCl -0.123 1,169 -0.302 0.051
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some popular models to predict the fatigue behavior
with mean stress. The MH [26] approach is given as
follows:

Ae 6} *\b / *\C

== (DN +4eN) @)
where N* = N¢(1 — %) and oy, is the mean stress. The
SWT [27] model is expressed by the following
equation:

Ae
{o—maxE = (o})?(2Np)* + o} EQNy)" " (3)

where 0,.x 1S the maximum stress.

Here, the MH (Eq. (2)) and SWT (Eq. (3))
approaches were first used to estimate fatigue life for
the given alloy at various strain ratios in different
environments. Note that in the current study o, and
omax Wwere determined from the cyclic stress-strain
curve at half life in each test. The values of constants
af, &', b, and c in Table 3 were applied to generate
the prediction results. For the M-H model, there is a
good agreement between the experimental and pre-
dicted LCF lifetimes for air, while the predictions
seem to slightly overestimate the fatigue lifetimes at
low strain amplitude region for NaCl solution.
However, the SWT model generally overestimated
the fatigue lifetimes for both given environments. In
this regard, neither approach can well predict the
mean stress effects on the LCF life for the given
alloy-environment systems. Therefore, modifications
of these two approaches were proposed in the
current study to seek a better prediction model for
the LCF life of the given 347 stainless steel and
environments.

A modified MH approach was proposed to corre-
late the strain amplitude (&,) with modified number of
cycles to failure (N*) by a simple power law, i.e.,
ea0c(N")™. In a similar way, a modified SWT approach
was proposed to correlate the SWT parameter with
fatigue life by a simple power law, i.e., (6 maxéa)e<(Ng)".
These modified relationships could be obtained by
fitting the experimental data using a simple power law
with linear regression analysis for each given envi-
ronment, as shown in Figs. 6 and 7. The fitted power
law relationships &,0<(N")™ and (6maxéa)o<(Nf)™ for the
given two environments were represented by the solid
lines shown in Figs. 6 and 7, respectively. The
obtained simple power law equation and correlation
coefficient for both modified models in each environ-
ment were shown in Tables 4 and 5. Note the units
for ¢, and o, in Tables 4 and 5 are mm/mm and
MPa, respectively. The very high values of correlation
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coefficient shown in Tables 4 and 5 indicate that both
modified approaches did an excellent job in estimat-
ing the LCF life with mean stress effects for the given
alloy-environment systems. The correlation coefficient
values for modified SWT approach were slightly
greater than those for modified M-H approach.
Furthermore, at low strain amplitude region the
modified SWT approach showed less scattering in
the lifetime data. Therefore, the modified SWT
approach has the best ability among the several
proposed approaches to predict the LCF life with a
mean stress for the given testing conditions.

Fractography analysis

Fatigue fracture surface morphology near the crack
initiation site for specimens tested at 1 Hz with low
strain amplitudes in the given environments was
exemplified in Figs. 8 and 9. The crack initiation sites
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Fig. 6 Modified Manson and Halford relation for the LCF
results of AISI 347 stainless steel in different environments: (a)
air and (b) 3.5% NaCl
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NaCl

Table 4 The fitted simple power law relationship and correlation
coefficient of a modified Manson-Halford approach in various
environments

Environment  Fitted equation Correlation coefficient (r*)
Air £q = 0.047(N") 026 0.97
NaCl eq = 0.054(N") % 0.90

Table 5 The fitted simple power law relationship and correla-
tion coefficient of a modified SWT approach in various envi-
ronments

Environment Fitted equation Correlation
coefficient (%)

Air €a0max = 33.21(Nyp) 03¢ 0.97

NaCl €a0max = 43.26(Nyp) ~0% 0.92

Fig. 8 SEM fractography of AISI 347 stainless steel tested at
R = 0 with a strain amplitude of 0.3% and 1 Hz in air: (a) slow
crack growth region and (b) fracture origin. (i: crack initiation
site)

in these micrographs could be clearly identified for
the given conditions. However, it could be found that
fracture of specimen tested in the aqueous solution at
a low strain amplitude originated from a corrosion-
induced surface defect which was absent in the
specimens tested in air. In salt water, the fresh
surface generated by plastic deformation would be
locally corroded by chloride ions to form pits serving
as a stress concentrator to accelerate crack initiation.
This is evidenced by the corrosion pit shown in
Fig. 9(b). Similar fracture surface morphology can
also be seen for the specimens tested at 0.1 Hz and
10-s hold time at tensile peak strain in NaCl under a
low strain amplitude, as exemplified in Fig. 10. How-
ever, at high strain amplitude region, the crack
initiation sites in the given aqueous solution could
not be clearly identified in association with any
corrosion-induced surface defect. It was inferred that
LCCF fracture in the salt water at high strain
amplitude region was indeed dominated by large
plastic deformation caused by mechanical loading.
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Fig. 9 SEM fractography of AISI 347 stainless steel tested at
R = 0 with a strain amplitude of 0.3% and 1 Hz in 3.5% NaCl:
(a) slow crack growth region and (b) fracture origin. (i: crack
initiation site)

Conclusions

(1) For LCF behavior of AISI 347 stainless steel in
NadCl solution, detrimental, environmental effects
were only observed at low strain amplitude
region. At high strain amplitude region, there
was a lack of tensile-mean-stress enhanced cor-
rosion and insufficient time for local dissolution
such that no premature crack initiation was
found.

(2) The corrosive effects of the given salt water on
the LCF behavior at low strain amplitudes were
enhanced with increasing strain ratio. This might
be explained by an enhanced corrosive effect of a
concentrated environment on the geometrical
discontinuities generated by tensile mean stresses.

(3) A less corrosive effect was found in NaCl solution
when the loading frequency was reduced from 1
to 0.1 Hz, presumably, resulting from a low
localized corrosion rate under a low strain rate.
An additional hold period of 10 s at tensile peak
strain in salt water did not generate more corro-

@ Springer

Fig. 10 SEM fractography of AISI 347 stainless steel tested at
R = 0.5 with a strain amplitude of 0.3% and 0.1 Hz in 3.5%
NaCl: (a) slow crack growth region and (b) fracture origin.
(i: crack initiation site)

sive damages to accelerate crack initiation com-
pared to a 1-Hz triangular loading waveform.

(4) At high strain amplitude region, the fatigue
fracture in NaCl solution was dominated by large
plastic deformation, while at low strain amplitude
region the fatigue fracture originated from cor-
rosion-induced surface defects.

(5) A modified SWT approach and a modified Man-
son-Halford approach were proposed and did an
excellent work in correlating the LCF lifetime
with mean stress for the given testing conditions.
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