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Abstract

The low-cycle fatigue (LCF) behavior of SAF 2205 duplex stainless steel at the strain amplitudes of 0.9% and 1.5%, combined with
strain ratiosR=—1.0 and—0.2, exhibits a mixed mode of cyclic hardening and cyclic softening as the cycle life increases until failure. The
microstructure of the as-received metal is composed of fewit@ld austenitey) phases with 5&/49y, vol.%. The evolution of thed/y
phase in the samples treated by all LCF tests has been revealed under the high-resolution transmission electron microscope. Dislocation cel
structures and persistent slip bands (PSB) can be observedimptiase in the samples of all LCF tests. The tangled dislocations accumulated
at the stacking faults in the phase can be seen in the sample of strain amplitude of 0.9%Rwith1. At the same strain amplitude of 0.9%
but with R=—-0.2, the microstructure of the phase transforms to the distincimartensite intersected mutually, which is promoted by a
higher 0.6% tensile mean strain than the previous strain ftio; 1, having 0% mean strain. Further, at a relatively higher strain amplitude
of 1.5% withR=—1, y-austenite has transformed to the strain-induced thin lathelikmartensite sheaths. At the same strain amplitude
with R=—0.2, the thin lath-likex’-martensite sheaths grows into thicker and longer strain-induced martensite bundles as the tensile mean
strain increases from 0% to 1.0%. The strain-induced martensite present at the failure region correlates on intimate terms with the maximum
microhardness distribution at tyeaustenite grains of the failure region at strain amplitude of 1.5%Rvith-0.2. It suggests that the localized
transformation of retained austenite into martensite at a tip of a fatigue crack improves the fatigue resistance by either hindering the crack
propagation or reducing the crack growth rate.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction exhibited an appreciable hardening during the first few cycles,
followed by softening with continued cycling. The LCF prop-
The superior properties of duplex stainless steel (DSS), erties of the duplex stainless steel at high strain amplitudes
such as high strength, good weldability, and relatively good approach the basic fatigue mechanisms of the ferrite phase
resistance to stress corrosion and pitfib@], come primar- with screw dislocation and pencil glide and approach the
ily from the almost equal amounts of austentggnd ferrite cyclic deformation mechanisms of the austenite phase with
(o). The fatigue properties of duplex stainless steel have beenplanar dislocations and planar slip at low strain amplitudes.
studied by several researchg8s-5] in recent years. Hay- The phenomena of hardening and softening in duplex stain-
den and Floreef6] examined the low-cycle fatigue (LCF) less steel has been reported by Magnin df7gl Initial hard-
hardening and softening response of an ultra fine-grainedening is usually attributed to dislocation multiplication and
ferrite—austenite alloy (IN-744). They found that the material interactions. The cyclic softening subsequent to hardening is
attributed to an increase in density of mobile dislocafijn
* Corresponding author. Tel.: +886 2 24622192x3221, The dislocation tangles, plle-L.IpS and. planar arraysiwere the
fax: +886 2 24620836. sub-structural features associated with the hardening stage,
E-mail addressshwang@mail.ntou.edu.tw (S.H. Wang). whereas irregular walls and poorly developed dislocation cell
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structure were correlated with the softening stage. At low Table 1
strain amplitudes the plastic strain is small. Therefore only Chemical composition of the SAF 2205 duplex stainless steel studied (wt.%)

a small amount of plastic strain accumulates in each cycle. Element SAF 2205
Fatigue characteristics of duplex stainless steel at high-cr 218

cycle fatigue are assumed to be associated with the intenseNi 5.7

slip bands in the ferrite matrix. Because the applied stressMo 2.9

exceeds the fatigue limit, localization of strain accumulates gi 8‘22

in ferrite. The crack nucleation sites are difficult to discern 143

among the ferrite, austenite grain boundarwby interfaces N 0.150

[9]. During low-cycle fatigue, some cracks are formed/at P 0023

interfaces, although most of them are located at the ferrite S 0002

boundarie$10]. cu 015
Fatigue response of the material is strongly dependent

on both the microstructure and the test environniédi. 39 & 12.5

Microstructure affects the slip and/or twinning modes and ; | | |

the subsequent crack initiation and propagation behavior. o — I:I

Cyclic plastic deformation may alter the microstructure,lead "1 1~ § ~—____ |

to phase transformation, and influence fatigue performance. *;00 | |

Some groups consider that the austenite can transform into o]

brittle martensite under certain cycle stress, thus accelerat-
ing crack propagation and decreasing fatigue resistgijce
Others claim that martensite transformation induced by the
strain can increase fatigue resistafizes] due to the need to
absorb strain energy.

It is well known that the elements carbon and nitrogen
play essential roles in the plastic behavior and stabilization of

Fig. 1. The dimensions of a fatigue specimen (mm).

of stacking faults and then of hexagomratnartensite phase
during straining. Depending on the stacking fault energy, =
the formation ofx’-martensite occurs directly from austenite  Bwe-
[12,13]or via the hexagonal-martensite phagd4,15] =
The aim of this work is to investigate the effects of mi-
crostructural evolution of the andy phases in duplex stain-
less steel caused by cyclic plastic deformation on the hard-

ening phenomena embedded in cyclic softening. The effectsI le fati introduci lic plastic def
of strain amplitudes and strain ratios of low-cycle fatigue at 'OW"CYCl€ atigue tests, introducing cyclic plastic deforma-

0.25Hz on martensitic transformation will be investigated 10" Of experimental duplex stainless steel, were conducted

and discussed. The purpose of this paper is to focus on inves-in air using a total strain range\) of 1.8% and 3.0% (cor-

tigation of the strain level for induced martensite formation responding to strain amplitudé.e/2, at 0.9% and 1.5%, re-

and the types of induced martensite, both associated with thespectiv'ely) cpntrolled with two §train ratios B —1.and
strain amplitude and the mean strain. —0.2 (listed inTable 2. The loading frequency was fixed at

0.25Hz. The dimension of the fatigue specimen is schemat-
ically presented irrig. 1, with reference to ASTM E606.
Fractographs of fatigue failure were observed using a
2. Experimental procedure HITACHI S-4100 scanning electron microscope (SEM) and
operated at 15 kV. Optical metallography was electrolytically
The chemical composition of the SAF 2205, analyzed by etched in 5N NaOH solution at 9V etching potential for
Glow Discharge Spectrometer (GDS), is listedatble 1 The 30s. The sampling position of thin foils for transmission

Fig. 2. The optical microstructure of DSS 2205 specimen.

Table 2
The fatigue test parameters in the permanent work
Strain ratio,R emin (%0)/emax (%0) Mean straingmean (%) Ag (%) ea=Ael2 (%) Life (no. of cycles)
-1 —0.9/0.9 0 1.8 0.9 988
-1.5/1.5 0 3 15 289
-0.2 —-0.3/1.5 0.6 1.8 0.9 994

—0.5/2.5 1.0 3 15 239
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Fig. 3. The peak tensile stress amplitude versus number of cycles at different
strain amplitudes with strain rati®=—1.

800- Work hardening
Secondary hardening
g 600 Fig. 5. Dislocation structure in-ferrite of as received 2205 DSS. Observa-
= tion under two-beam conditiog,= [0 1 1].
g
£ 400-
= electron microscopy (TEM) examination was taken from the
ﬁ - fatigue failure region. A sliced specimen was ground down
& i to 0.06 mm by abrasion on SiC papers and then punched to
| - a disk. A 3-mm punched disk was electro-polished to a thin
. i foil in a solution composed of 5% perchloric acid, 25% glyc-
TV T T T T T T 0 T T oo erol, and 70% ethanol using a twin-jet at the environmental
Life (cycles) temperature withir-5to —10°C and the etching potential at

45 voltage. The high-resolution microstructures and micro-
Fig. 4. The peak tensile stress amplitude versus number of cycles atdifferentana|yses of the fatigued specimens were investigated using a
strain amplitudes with strain rati&=—0.2. JOEL JEM 2000 EX Il equipped with an energy-dispersive

Fig. 6. Dislocation structure if-austenite of as-received 2205 DSS. Observation under two-beam conﬁiﬂoﬁlf].
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Fig. 8. Dislocation structure ip-austenite of the specimen fatigued=at —1, ¢4 = 0.9%. Observation under two-beam conditigr- [Ilf].
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X-ray spectrometer (EDS). The Vickers microhardness was  When the cyclic strain amplitude increases to 1.5% with

measured at the middle of the fatigued specimens from theR=—1, equivalent to 0% mean strain, the microstructure

fractured end toward the grip end acrossdhendy phases of a-ferrite phase exhibits smaller cell sub-structures and

(Fig. 2 under a constant load of 300 g. more persistent slip bands as compared with those in 0.9%
strain amplitude. The smallest dislocation cell size and the
most dense persistent slip bands exists indthphase at the

3. Results and discussion strain amplitude of 1.5% witR=—0.2 having 1.0% tensile
mean strain. In contrast, at the relatively higher strain am-

The variation in peak tensile stress amplitude with the plitude of 1.5% withR=—1 and—0.2, strain-induced lath-
number of cycles during the fatigue process at strain ampli- like o’-martensite, i.e. mechanical bring-out martensite, is
tudes of 0.9% and 1.5% with strain rati®=—1 is shown found in the majory phasesKigs. 11 and 1P It seems that
in Fig. 3, and that with strain ratioR=—0.2 is shown in the strain-induced martensite nucleates and grows from the
Fig. 4. They reveal a mixed softening and hardening mode boundary Figs. 11 and 12 Comparingrig. 11with Fig. 12
(Figs. 3 and at different strain amplitudes and strain ratios. reveals that the amount of martensite increases with increas-
In other words, the peak stress evolves an increase, cyclicing strain ratios fromR=—1 to —0.2, and the thickness and
hardening, at several beginning cycles of the test, followed length of the lath in martensite sheaths become thicker and
by a decreasing peak stress, cyclic softening with continuedlonger withR=—0.2 than those witlR=—1. The secondary
cycling. To achieve cyclic softening requires a high density hardening exhibited at 1.5% strain amplitude at higher cy-
of mobile dislocationg8,16] by demanding a higher plas- cles before fracture in the plots of peak stress versus life
tic strain. The higher the cyclic strain range, the larger the curve igs. 3 and % for both R ratios should be corre-
plastic strain component is, and this leads to a high density lated with this cyclic plastic deformation-induced martensite
of mobile dislocations. A secondary hardening appears at(Figs. 11 and 1Pbecause of the large accumulated plastic
strain amplitude of 1.5% only for both strain ratios (shown in strain and stored energy at higher strain amplitudes. However,
Figs. 3 and % In contrast, the cyclic softening phenomenon there was no martensite found in thehase atthe lower strain
disappears until fracture at strain amplitude of 0.9% for both amplitude of 0.9% with two strain ratios, besides tangled dis-
strain ratiodR=—1 and—0.2. The early distinct cyclic hard-  locations and dislocations accumulated at the stacking faults
ening, especially, at 1.5% strain amplitude, is attributed to dis- (Fig. 8). The microstructure without martensite present ex-
location multiplication and their mutual interactions. The sec- plains why the peak stress declined until fracture without a
ondary hardening at 1.5% amplitude showrkigs. 3 and 4 secondary hardening at 0.9% strain amplitude for the two
is associated with the formation of strain-induced martensite strain ratios Figs. 3 and %

[17—-20] which will be discussed later.

LCF behavior of a duplex alloy can be attributed to
the deformation mechanisms and the fatigue properties of
the austenitic and ferritic phases. The evolution of high-
resolution microstructures of cyclic plastic deformation was
observed at the and+y phases at strain amplitudes of 0.9%
and 1.5% combined witR=—1 and—0.2, respectively. As-
received DSS reveals few planar dislocation arrays and pile-
ups in both BCGx grains Fig. 5) and FCCy grains Fig. 6)
under two-beam condition. The initial well-defined cell struc-
ture of dislocations due to cross slipping in screw disloca-
tion is developed inx grains at strain amplitude of 0.9%
with strain ratio,R=—1, as shown inFig. 7. In contrast,
the tangled planar dislocation and some stacking faults ap-
pear in the FCCy grains, at the same fatigue condition of
strain amplitude of 0.9% with strain rati®&=—1.0, shown
in Fig. 8 The much smaller size of cell sub-structure and
persistent slip bands (PSB) emerge in dhterrite phase for
the specimen fatigued at a strain amplitude of 0.9% with
R=-0.2 inFig. 9. Many intersected bands efmartensites
are formed iny-austenite phase at strain amplitude of 0.9%
with R=—-0.2, shown inFig. 10 Although the strain am-
plitude is the same fdrigs. 7—10 a distinct microstructure
results from a higher tensile mean straifday) of 0.6% at

R=-0.2 (Figs. 9 and 1prather than the mean strain of 0%  Fig. 9. Dislocation sub-structure ia-ferrite of the specimen fatigued at
atR=-1 (Figs. 7 and 8 R=—0.2,64=0.9%. Observation under two-beam conditigr; [011].
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Fig. 10. TEM showing strain-inducegmartensite from thg-austenite observed in the fracture zone of the specimen fatigid-a0.2,s,=0.9%: (a) BF
image; (b) diffraction pattern zon€ [ 1]; (c) interpretation of the diffraction pattern (b); (d) DF image pimartensite; (e) DF image ep-martensite.

As mentioned above, there is more and thicker martensite0% atR=—1 to 1.0% atR=—0.2, which corresponds to a
at a strain ratio oR=—0.2 (Fig. 12 than at a strain ratio of  large amount of cyclic tensile strain applied at strain ratio,

=—1 (Fig. 1)) at the same strain amplitude of 1.5%. These R=-0.2. Therefore, the mean strain shifts toward a posi-
results correlate with the curve of peak stress versus life in tive tensile strain direction é=—0.2, indicating that the
Fig. 4, in which a sharp corner of the secondary hardening material bears more strain energy in tension than in com-
appears aR=—0.2 with 1.5% strain amplitude. As seen in pression to assist active dislocation multiplication and cross
Table 2 the mean straifimean(émax* emin)/2) increases from  slip.
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Fig. 11. TEM showing martensite formation from austenite in the specimen fatigiRsd-all, ¢5 = 1.5%: (a) BF image; (b) diffraction pattern austenite zone
[301]; martensite zone3[1 1]; (c) DF image; (d) interpretation of the diffraction pattern (b).

Bauadry[21] reported that when the temperature was site[15], whichis also called mechanical bring-out martensite
lower than deformed martensite transformation temperature,[6].

Mg = 373K and the cyclic plastic strain amplitudad,/2) Fig. 13 illustrates the microhardness measured aeross
was larger than a critical value erg/Z), v— o/, marten- andy grains atthe middle of fatigue-ruptured specimens from
sitic transformation occurred under strain-controlled condi- the fracture end. The values of microhardness imtfzand
tions in Fe—18Cr—6.5Ni—0.19C stainless sfed]. At low- a phases versus distance are plottedrig. 13 and c, re-

cycle fatigue, a great amount of energy is induced by a rela- spectively. As can be seen, the hardness decays exponen-
tively high cyclic plastic strain amplitude and more positive tially from the rupture end toward the grip end. The maxi-
tensile mean strain. The high cyclic tensile-deformation fa- mum value of microhardness distribution happens at 1.5%,
cilitates increases in operative microscopic shear band (de-the highest strain amplitude witR=—0.2, equivalent to a
formation twins, stacking-fault bundles ardmartensite) tensile mean strain of 1.0%, for bottgrains Fig. 13) and
intersection. The intersection is regarded as an effective a grains Fig. 1X). This corresponds to the thicker and longer
site for strain-induced martensite nucleatjd8]. Therefore, strain-induced lath martensite bundles existing inthgeains

the fact of the foregoing induces martensite nucleation and (shown inFig. 12 and the smallest dislocation cell size com-
growth, and prompts the austenite to transform into marten- bined with the most dense persistent slip bands grains.
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Fig. 12. TEM showing martensite formation from austenite in the specimen fatigitsd-a0.2,£5 = 1.5%: (a) BF image; (b) DF image; (c) diffraction pattern
austenite zone3[2 1]; martensite zone2[1 1]; (d) interpretation of the diffraction pattern.

The next maximum value of microhardness distribution oc- tude of 0.9% wittR=—1is equivalent to a tensile mean strain
curs at 1.5%, the highest strain amplitude, but viRth —1 of 0%, for bothy grains fig. 1) anda grains Fig. 1X).
having a mean strain of 0% for botfgrains €ig. 13) anda This trend tallies with the facts that the tangled planar dis-
grains Fig. 1%). The results match the thin lath-like strain- locations are mixed with some stacking faultsyirgrains
induceda’-martensite sheaths yngrains (shown irFig. 11) (shown inFig. 8) and that initial well-defined cell structure
and the smaller dislocation cell size combined with more of dislocations has developeddngrains (shown irFig. 9).
dense persistent slip bandsiimgrains. The hardness ranking As-received DSS has the minimum value of microhardness
in third place is the condition of strain amplitude of 0.9% in two phases corresponding to few planar dislocation ar-
with R=-0.2, equivalent to a tensile mean strain of 0.6%, rays and pile-ups present in both B@&@rains fig. 5 and

for both+y grains fig. 13) anda grains Fig. 1X). This cor- FCC+ grains Fig. 6). The results oFig. 13indicate that the
responds with the intersecteemartensite formed i grains magnitudes of mean strain, strain ratio and strain amplitude
(shown inFig. 10 and the larger dislocation cell size com- play very important roles in low-cycle fatigue. The amount
bined with a few persistent slip bandsargrains (shown in of aforementioned mechanical bring-out martensite (strain-
Fig. 9. The lower hardness profile present at a strain ampli- induced martensite) in thephase, and the size of dislocation
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Fig. 13. Summary of microhardness profiles at various fatigue conditions: (a) schematic illustration of microhardness measurement direcditbonaind lo
(b) v phase and (o} phase.

cells coupled with the number of persistent slip bands in the and overload zone, respectively. The resufig (14 indi-
a phase, should affect and contribute to the low-cycle fatigue cate that the origin is more ductile at a low strain amplitude
properties of duplex stainless steel. In short, higher plastic of 0.9% than at a high strain amplitude of 1.5%. Under the
strain amplitude, joined with a higher tensile mean strain same strain amplitude of 0.9%, the fracture feature of the
would enhance the strain-induced martensite formation re- origin with a strain ratio oR=—1 having 0% mean strain
sulting in higher hardness. It suggests that the localized trans-(Table 2 is characterized by dense debris-like ductile ridges
formation of retained austenite into martensite at the tip of a (Fig. 14a), rather than by the coarse ductile ridgeig)( 14b),
fatigue crack improves the fatigue resistance by either hinder-with a strain ratio oR=—0.2 having a tensile mean strain
ing the crack propagation or reducing crack growth rate. Fur- of 0.6% (Table 3. On the other hand, at a large strain am-
thermore, the secondary hardening results in arelatively shortplitude of 1.5%, the fracture feature with both strain ratios
life in Figs. 3 and 4t 1.5% high strain amplitude, compared R=-1 and—0.2 demonstrates the quasi-cleavage contain-
with 0.9% strain amplitude. This is because the martensite ing some inter-granular cracksi¢). 14 and d). The frac-
boundary is the low energy path for fatigue crack propagation tographs of the middle zone for all specimens reveal a shal-
[23]. low ductile feature. The characteristic of final rupture at 1.5%
The fracture surfaces of LCF specimens at different test strain amplitude exhibits a lot of holes, shownHig. 14,
parameters were examined at the origin zone, middle zone,with strain ratio,R=—0.2 having a tensile mean strain of
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Origin Middle Final-Rupture

(d) R=-02 5= 1.5%

Fig. 14. Fractographs of SAF 2205 as-received metal after fatigue at strain amplita8e9% for: (a)R=—1; (b) R=—0.2 and strain amplitude, = 1.5%;
(c)R=-1; (d)R=-0.2.

1.0% (Table 2 rather than with strain ratidR=—1 having formed after low-cycle fatigue. The lack of holes found for
zero mean strainT@ble 2. It suggests that the number of the lower strain amplitude of 0.9% with two strain ratios
holes depends on the amount of cyclic plastic deformation- (Fig. 14 should be due to the absence of induced marten-
induced martensite. More martensite results in more holessite.
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