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ABSTRACT

The effects of temperature and strain rate on
the low cycle fatigue behaviour were investigated for a
AISI 304 stainless steel under total axial strain control
mode at 823 and 923 K. The fatigue life was strongly
dependent on cyclic deformation rate for this material at
these temperatures, decreasing markedly with decreasing
strain rate. The cyclic stress-strain response recorded in
the form of hysterisis loops exhibited serrations at low
strain rates at 823 and 923 K. Cyclic stress-strain response
at 823 K has shown an increase in saturation stress and
decrease in plastic stram range whereas there is an
increase in plastic strain range without marked variation
in saturation stress level at 923 K with decreasing strain
rate. It has been observed that there are three simultaneous
effects namely environment, creep and cyclic strain ageing
which contribute to the observed degradation in fatigue life
at low strain rates. At 823 K, where the creep damage as
well as environmental damage is relatively small, the fatigue
life is considered mainly to be affected by dynamic strain
ageing effect which depends on strain rate. At 923 K, on
the other hand, the.strain rate dependence of fatigue life
is considered to be determined by the combination of creep
and environmental effects. Deiormation and fracture
studies have also confirmed that the wedge type crack
propagation is accelerated by oxidation effect.

1. INTRODUCTION

In recent years i t has been recognised t h a t
low cycle fa t igue l i f e a t e levated temperatures i s dependent
on many m e t a l l u r g i c a l and t e s t i n g v a r i a b l e s l i k e gra in s i z e ,
p r i o r cold work, deformation mode, wave shape, environment
and frequency of cycl ing e t c . The f u l l understanding of
the inf luence of each one of these v a r i a b l e s and the e f fec t
of their interplay on fatigue life necessitated the
knowledge of the various mechanisms operating in high
temperature fatigue. The pronounced loss of fatigue lives
observed at low frequencies in high temperature fatigue
have been attributed mainly to time dependent processes
like creep Jp-jQ. or to an environmental effect such as
oxidation B-6J . It has also been shown that low cycle
fatigue life of austenitic stainless steels decreases
with decreasing strain rate even at those temperatures
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where the creep damage as well as environmental effects are
supposed to "be very small [7l . Apparently, i t i s an
intr iguing problem to dis t inguish the mechanisms responsible
for the l i f e degradation at low s t r a in r a t e s in low cycle
fa t igue . Studies to determine the re la t ive effects of
cycling frequency and environment and to find out the
extent to which metal lurgical var iables l ike grain size and
pr io r cold work influence the fatigue behaviour are under
progress at our Centre on fas t breeder reactor s t ruc tura l
mater ia l s . In t h i s paper, the preliminary r e s u l t s on the
combined effects of grain size and frequency on low cycle
fatigue l i f e , deformation and fracture behaviour of an
AISI type 304 s t a in l e s s s t e e l are presented.

2. EXPERIMENTAL DETAILS

The nominal chemical composition of the
AISI type 304 s ta in less s t e e l used in t h i s study i s given
in Table 1. 135 mm long, 24 mm dia bars machined from
25 mm thick mil l annealed p la tes were given solut ion t r e a t -
ments in the range 1323-1623 K to obtain the desired
average ( l i nea r intercept) grain s izes (Table 2 ) .

Table 1 Chemical composition of 304 s t a in l e s s s t ee l

Element C Si Mn P S Cr Ni Pe

Weight jo 0.042 0.38 1.65 0.C24 0.003 18.2 9.2 Balance

Table 2 Heat treatments employed and average grain
s izes obtained

Heat treatment Grain alze(am)

1323 K/ i h , WQ 75 }
1'

1573 K/1£h, WQ + 1323 K/£ h, WQ 310
1623 K/4 h, WQ + 1323 K/£ h, WQ 700

Annealing treatments at temperatures higher than 1323 K
were followed by an addit ional anneal for 30 minutes at
1323 K and water quench (WQ). This was done to ensure tha t
a l l the specimens were subjected to the same f inal solut ion
treatment. Cylindrical ridge samples of 50 mm gauge length
and 10 mm diameter were fabricated from these solution
annealed bars.
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'; Low cycle fatigue tests were conducted in
air under fully reversed axial strain control mode in an
Instron 1343 closed loop servo hydraulic testing system
equipped with a split type radiant heating furnace. The
temperature uniformity along the specimen length was
maintained within + 2K. The axial strain control mode of
the machine was achieved "by closed loop control combination

; of a triangular wave input signal from the function generator
> ' and the averaged output signal from LVDT's mounted on ridges

in the gauge portion of the same.

The effects of cycling frequency on the
; low cycle fatigue life were investigated at 300, 823 and

923 K in the frequency range of 10""-* to 1 Hz. Stress-strain
hysterisis loops were recorded continuously in the beginning
t i l l the saturation stress was reached and thereafter
intermittently towards the end of the tests . The number of
cycles corresponding to the 20$ drop in the saturation

; stress in tension was taken as the failure l i fe .

\ A number of fatigued specimens were
examined by optical microscopy, scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). The

i optical microscopic examination was carried out on longi-
: tudinal sections of the fatigued samples. Slices for TEM

studies were taken at a distance of 1 mm away from the
fractured surface. Samples for TEM were obtained by
mechanically thinning these slices to 100 yU m followed by

i electropolishing in a solution containing 20$ perchloric
I acid and 80$ methanol at 10 V and at temperatures below
• 230 K. The thin foils were examined in a Philips EM 400

transmission electron microscope. SEM studies were carried
out using a Philips PSEM 501 scanning electron microscope
fitted with an EDAX system B 711 X-ray analyser.

si
3. RESUI/TS AND DISCUSSION

As frequency (b ) and strain rate (ê ) are
principally the same parameter related by the equation,
£ = 2..Aet.£> f where A^t is the to ta l strain range, they
are treated together and the results are expressed as the
effects of frequency.

Pig.1 shows the influence of frequency on
fatigue l i fe at 300 and 823 K for a 75/Cra average grain
size material. At 390 K no noticeable effect of frequency
on fatigue l i fe is observed whereas the fatigue life is
found to be strongly dependent on the deformation ra te ,
decreasing markedly with decreasing frequency at 823 K.
The relationship between the frequency of cycling and the
fatigue l i fe for three to t a l strain ranges at 923 K for
75/W.m samples is shown in Fig.2. The rates of degradation
in fatigue l i fe at lower frequencies is more pronounced at
lower s t rain ranges. Also a fairly good linear relationship
on log-log coordinates exists between number of cycles to
failure and frequency of cycling.
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Frequency effects on fatigue life for two
grain sizes at 923 K are presented in Figo for a total
strain range of 0.8#. Finer gram size ( 7 5 ^ m) samples
show a better fatigue resistance than the coarser grain
size (3i0yRm) samples at ail frequencies investigated in
spite of the higher rate of degradation in life experienced
"by fine grained samples with decreasing frequency.

Cyclic stress strain hysterisis Ioop3
obtained for 3"10/im grain size samples at 823 K at a total
strain range of 0.8/S and a frequency of 0.1 Hz are shown in
Fig.4. At this temperature, the material undergoes cyclic
hardening and the stress required to enforce the total
strain limit on successive reversals increases rapidly
before reaching a saturation value in a relatively few
cycles, after which i t remained stationary for a shorter
period t i l l microcracks developed. The failure of the
specimen during testing is indicated by a rapid decrease
in the saturation stress (Fig.5).

The hysterisis loops obtained for a 75#.m
grain size sample at 823 K at a frequency of 0.01 Hz arid
total strain range of 0.8$ are shown in Fig.6. Serrations,
characteristic of dynamic strain ageing are observed in
the stress-strain loops; the magnitude of the serrations
which were a combination of types A and B QiJ increased as
the test proceeded on to higher cycles. Serrations were
observed for coarser grain sized-specimens also.

Fig.7 shows the hysterisis loops obtained
on cycling 75/W.m grain size material at a frequency of
0.01 Hz at 923 K. The serrations which are a combination
of A and B types appear from the first cycle itself.

Figs.8 and 9 show the serrations develops
at a frequency of 0.001 Hz for 75 and 700jU.m samples
respectively. The serrations were of type C C&3 indicating
that a dislocation unlocking mechanism is responsible for
the serrations.

The fatigue test results at 823 and 923 K
are summarised in Tables 3 and 4 respectively. A€j,is
the plastic strain range at saturation cycle, AC^L is the
stress amplitude at the end of the first cycle and' A<Tïkfc/
is the stress amplitude at saturation. At 823 K (Table 3)'
for both 75 and 31 OyU.m grain sizes, with decreasing
frequency for the same total strain range of 0.8/6 the
plastic strain range decreases and the saturation stress
amplitude increases, from which it is concluded that the
degradation in life with decrease in frequency is arising
from decrease in ductility at lower strain rates due to
dynamic strain ageing.
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f\ Table 3 Influence of cyclic frequency on low cycle fatigue
properties at 823 K

j
'l t

M

Grain
size

75
75
75

310

310

310

Table 4

Grain
size

(An)

75
75
75
75

75
75
75

310

310

310

310

Temp.

(K)

823

823

823

823

823

823

-z)
(Hz)

1.0

0 . 1

0.01

1.0

0 .1

0.01

Influence of
propert ies at

Temp.

(K)

923
923

923
923

923

923
923

923
923
923

923

u
(HZ)

1.C

0.1

0.01

0.001

1.0

0 . 1

0.01

1.0

0 .1

0.01

0.001

A£r

( # )

0.80
0.80

0.80

0.80
0.80

0.80

cyclic
923 K

(*)

0.80
0.80

0.80

0.80

0.5
0 .5
0 .5

0 . 8

0 . 3

0 . 3

0 . 3

r

( * )

0.569
0.462

0.448

0.567

0.5619

0.555

frequency

A ê p
r

( * )

0.510

0.598

0.523

0.575

0.237

0.329
0.262

0.566

0.548

0.575
0.594

APT
2-

(MPa)

183

152

173

159

147
112

on low

AÖX
2 .

(MPa)

204

148

159
149

134
132

159

195
140

131

115

ACTso
2-

(MPa)

238

238

278

227
262

271

cycle

A_6~:

(MPa)

240

164

223

195

175
165
186

207

189

162

157

T

(Cycles)

1069

705

499

2390

715

429

fatigue

Sodt K 1

(Cycles)

1100

745
608

393

3060

2185

1825

640

390

257

245
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Fig. 10 (a) and (t>) which are SSM fracto-
graphs from 310/Am grain size samples at 823 K (0*01 Hz)
show mixed mode fracture with intergranular decohesion
and striations within the grains; for 75Mm grain sizes
the intergranular crack3 were less numerous, whereas for
the 700Xim grain size, fracture was purely intergranular.
The intergranular cracks for all the grain sizes v/ere 3een
in the interior of the specimens with, no evidence of any-
environmental (oxidation) effect; extent of grain boundary
sliding, if any seems minimal. Fig. 10 (c) and 10 (d) are
TEM micrographs, which indicate greater dislocation
tangling at lower frequencies.

Influence of frequency at 923 K on fatigue
properties for 75 Am and 310 /(m samples are presented in
Table 4. The observations regarding saturation stress and
plastic strain reveal that, plastic strain normally
increases with decreasing frequency with a slight decrease
in saturation stress in case of 310 /<m samples, whereas
no systematic variation in these two properties was
observed in case of 75 JA m samples. The degradation in
fatigue life at lower frequencies therefore seem to arise
from factors other than dynamic stram ageing at 923 K.

The crack initiation mechanisms which
lead to final fracture at 0.001 Hz in 700 /Am grain size
samples are shown in Fig. 11. Wedge type cracks formed at
triple points as a result of grain boundary sliding are
seen (Fig.10 a). No evidences for cavitation have been
obtained on the grain boundaries in this sample. Another
mechanism which has been found responsible for crack
nucleation on surface connected grain boundaries- is the
impingement of a slip band on a grain boundary connected
to the surface in the gauge portion. It appears that
stresses developed by slip band impingement in combination
with the air environment induces grain boundary cracking.
In addition, the slip bands themselves were found to be
oxidised and acted as paths for oxygen diffusion and
initiated oxidation cracking of the grain boundaries in the
interior. Once the crack is initiated at the surface, grain
boundary oxidation ahead of the crack weakens the boundary
and promotes intergranular crack propagation as seen in
Fig.12. Cracking of oxide at the crack tip and subsequent
formation of the oxide on the freshly exposed metal contri-
butes significantly to accelerated intefgranular crack
growth.

Optical metallographic studies on 310/Xm
samples tested at 0.01 Hz have revealed two types of
intergranular damage. W-type wedge cracks are formed at
grain boundary triple points connected to the surface
(Fig.13 a) and R-type cavitation along the grain boundaries
oriented normal to the direction of the applied stress in
the matrix (Fig.13 b). These observations clearly indicate
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that unlike grain boundary cavity formation which is an
interior damage process, environmental damage occurs mostly
at the surface where the specimen is in contact with air at
high temperatures and particularly severe in those situation
where the oxygen can penetrate easily to the crack t ip.

Crack initiation and propagation behaviour
of the crack in 75 yW.ni grain 3ize at a frequency of 0.001 Hz
is shown in Fig.14. At this frequency, the crack gets
initiated at surface connected grain boundaries (Fig.14 a)
and the crack initiation is generally aided by high tempe-
rature oxidation. Further, the initial mode of crack
propagation is intergranular for a few grain diameters
followed by a change to transgranular mode of propagations
Fig.14 b. This implies that transgranular crack propagation
is also environmentally assisted fct very low frequencies.

4 . SUMMARY

The results obtained in this study on a
type 304 stainless steel are summarised as follows.

1. Fatigue lives decreased with decreasing frequency at
823 and 923 K for the strain ranges and the grain
sizes investigated.

2. Fine grain materials exhibited better fatigue endurance
• at 823 and 923 K at the frequencies and strain ranges
investigated.

3. Three simultaneous effects namely environment, creep
and dynamic strain ageing have been found responsible
for the observed degradation in fatigue life at low
strain rates. At 823 K, where the creep damage as well
as environmental damage is relatively small the fatigue
life is considered mainly to be affected by dynamic
strain ageing effect. At 923 K, on the other hand, the
strain rate dependence of fatigue life is dictated by
the dominating effects of creep and environment.

4. Dynamic strain ageing causes premature grain boundary
fractures in coarse grained material at 823 K.
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Fig. 4 Stress strain tiysterisis loop showing
cyclic hardening

(Grain size: 3i0jKm, Temperature: 823 K,
Frequency : 0.1 Hz)



Pig.5 Cyclic stress-strain loop showing
drop in stress after saturation with
continued cycling (Test conditions
same as for Pig.4)



Pig.6 Hysterisis loops showing strain ageing
phenomenon in strain controlled LCP
testing

(Grain size : 75Am, Temperature : 823 K,
Frequency : 0.01 Hz)



Pig.7 Strain ageing phenomenon in
strain controlled low cycle
fatigue testing

(Grain size: 75U m,
Temperature: 923 K,
Frequency : 0.01 Hz
Strain range: w 1.2$)



Fig.8 Strain ageing phenomenon in strain controlled
low cycle fatigue testing

(Grain size : 75/^m, Temperature : 923 X,
Frequency : 0.001 Hz, Strain range : O.87Q



Fig.9 Stress strain hysterisia loops showing strain
ageing phenomenon in strain controlled low
cycle fatigue at 923 K

(Grain size : 700^m, Frequency : 0.001 Hz)



Fig. 10 (a) & (t>) SEM fractographs showing
nixed mode fractures with
intergranular decohesion.

(Grain size: 3io>ttm,
Frequency : 0.01 Hz,
Temperature:823 K
Strain range : 0.8$)



Fig.10 (c) Dislocation tangles in fatigue
tested 75JAM samples
(Frequency: 1.0 Hz, Temperature: 823 K,
Strain range : 0.8$)

(d) Dislocation tangles developed at a
cycling frequency of 0.01 Hz
(Grain size: 75/Am, Temperature: 823 K,
Strain range : 0.8$)
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(b)

Fig.11 (a) Triple point wedge cracks

(b) Environmentally assisted crack
nucleation at surface connected
grain boundaries

(Grain size : 700X1 m,
Frequency : 0.001 Hz,
Temperature: 923 K,
Strain range:0.r "
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Fig.12 Environmentally assisted intergranular
crack propagation

(Grain size : 700><.m,
Frequency : O.OO1 Hz,
Temperature : 923 K,
Strain range : 0.8#)

• . /
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Fig.13 (a) Wedge cracks formed in surface connected
grain boundaries

(b) Cavitatioh cracks on grain boundaries in
the matrix

(Grain size: 31O/4.m, Temperature: 923 K,
Frequency : 0.01 Hz, Strain range: 0.8$)
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( a )

(b)

Fig.H (a) Environmentally assisted intergranular
crack initiation and init ial
propagation

(t>) Environmentally aided transgranular
crack propagation

(Grain size: 15Um, Temperature: 923 K,
Frequency : 0.001 Hz, Strain range: 0.8J&)
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