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Initiation of recrystallized grain structure under
high-temperature low-cycle fatigue in 304
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Initiation of recrystallized grains was observed under high-temperature low-cycle fatigue
conditions in austenitic 18Cr—8Ni stainless steel. The fatigue tests were carried out using
unbalanced fast-tension and slow-compression triangular strain wave-shape at 973 K in air.
Recrystallized grains were initiated and grew along grain boundaries with the number of
fatigue cycles. Accumulated grain-boundary sliding is considered to be the driving force for
the recrystallization. Effects of the recrystallized grain structure on high-temperature fatigue
failure were then examined under the conditions in which intergranular fatigue failure
occurred. The recrystallized grain structure had no detrimental effects on the intergranular
failure. The fatigue life was somewhat increased by the initiation of recrystallized grain

structure.

1. Introduction

In high-temperature low-cycle fatigue conditions, the
extent of accumulated fatigue damage is difficult to
estimate, because two modes of inelastic strains (creep

and plasticity) may exist separately or concurrently. .

The strain-range partitioning approach [1] is a useful
method for estimating accumulated fatigue damage.
The effects of wave shape and testing temperatures
were discussed using this approach. Moreover, recent
measurements of grain-boundary sliding (GBS) indi-
cate the importance of GBS in high-temperature inter-
granular fatigue-failure [2—6]. Namely, the occurrence
of GBS and subsequent crack initiation are important
processes of fatigue-damage accumulation. Kitagawa
[2] measured the amount of GBS under torsional
reversed creep and fatigue loading in lead. McLean
and Pineau [6] explained the effect of hold-time on
fatigue life in terms of damage produced by GBS.
Further, Taira et al. [4] studied the effects of wave
shapes on GBS accumulation. GBS rate was high
under asymmetrical wave-shape cyclings, such as un-
balanced slow—fast or fast-slow triangular wave
shapes [4]. We have investigated previously [5] the
effects of grain size on GBS rate and on wedge-type
crack initiation by GBS. »
Metallurgical behaviour such as recrystallization
and grain-boundary migration during high-temper-
ature deformation is another impeortant process
associated with fatigue-damage accumulation. Grain-
boundary migration was investigated during cycling
using aluminium alloys [7], a-iron [8], copper and
304 stainless steel [9], or during creep [10]. Re-
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crystallization is well accepted during creep or con-
stant strain-rate deformation at high temperature
[10]. This metallurgical behaviour may affect creep-
fatigue interaction, because the metallurgical changes
are diffusion-controlled processes and they become
increasingly important at elevated temperature.
Moreover, these studies are useful in understanding
what microstructural features contribute to superior
high-temperature fatigue resistance. However, the ef-
fects of recrystallization on fatigue properties have not
been sufficiently studied.

In this work, initiation and growth of recrystallized
grain structure under high-temperature low-cycle fa-
tigue were observed in 18Cr—8Ni stainless steel at
973 K in air. The effects of recrystallized grain struc-
ture on fatigue failure were then studied under condi-
tions in which intergranular failure occurred. The
effects of general grain size on recrystallization were
also examined.

2. Experimental procedure

The material used was austenitic 18Cr—8Ni stainless-
steel. The basic chemical compositions were 18.24%
Cr, 8.72% Ni, 0.072% C, 1.19% Mn, 0.34% Si (by
weight), balance iron. The solution heat treatments
performed were water quenching after 0.5 h holding at
1323 K, 0.5h holding at 1423 K and 5h holding at
1573 K. The general grain diameters, D, obtained were
about 40, 130 and 400 pm, respectively. Hourglass-
shaped testpieces with smooth surfaces were machined
from these heat-treated materials. The testpiece dia-
meter of the gauge portion was 6 mm and the gauge
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length was 12 mm. The testpieces had two circular
ridges for mounting of extensometers at either end of
the gauge length. Measurement and control of axial
strain was approached through the ridges.

High-temperature low-cycle fatigue tests were car-
ried out using servo-controlled fatigue-test equipment
at 973 K in air. We investigated creep-fatigue inter-
action, and observed the initiation of recrystallized
grain structure in tests with fast-tension and slow-
compression (fast—slow) unbalanced triangular strain
wave shapes. Recrystaltized grain structure was not
observed in tests with fast—fast, slow-fast and
slow—slow wave shapes. Therefore, the experiments on
recrystallization were carried out using fast-slow
strain wave shape. Fig. 1la shows the fast—slow wave
shape. The nominal strain rate among the gauge
lengths for fast tension, &, was 1.0x 1072 s7 !, and
for slow-compression, &go., was 1.0x107° s™1
The total strain range, Aer, was 1.0%. The tests were
periodically stopped every 100—110 fatigue cycles and
cooled to room temperature to observe microstruc-
ture. Recrystallized grain structure was observed using
an optical microscope of 400—1000 magnification after
electrolytic corrosion. Grain-boundary sliding (GBS)
which accumulated during a given fatigue cycling was
measured using a scanning electron microscope of
3000-10 000 magnification.

In order to study the influence of recrystallized
grain structure on fatigue failure, fatigue life tests were
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carried out using testpieces with recrystallized grain
structure, which was produced by the fast—slow wave-
shape cyclings. The wave shape used in the fatigue-life
tests was slow—fast unbalanced strain wave shape,
under which intergranular fatigue failure occurred.
Fig. 1b shows the slow—fast wave shape. &, was
1.0x1073 571 &, was 1.0x 1072 s7 1, and Ae; was
1.0%. Fatigue cracks and fracture surfaces were ob-
served by using optical and scanning electron micro-

scopy.

3. Results and discussion
3.1. Initiation and growth of recrystallized
grain structure
Fig. 2 shows recrystallized grain structure initiated in
D = 40 um testpieces. N; is the number of fast—slow
fatigue cycles performed to produce recrystailized
grain structure. The recrystallized grains were pro-
duced initially at grain-boundary triple junctions and
grain-boundary ridges, and then grew along grain
boundaries with the number of fatigue cycles. Many
recrystaliized grains were observed after N, = 200
cycles. Fig. 3 shows the microstructure of D = 130 and
400 pm testpieces. The recrystallized grain diameter
was about 3—5 pm, and was much the same in D = 40,
130 and 400 um testpieces. The extent of recrystalliz-
ation was large in the testpicces with small D. The
tendency may be explained by dislocation density,
which is high in testpieces with small D [11].

The stored energy by cyclic plastic deformation is
considered to be the driving force for recrystallization.
Fig. 4 shows a scanning electron micrograph of a
plastic replica that was obtained from the surface of a
D = 130 um testpiece. The loading direction was lon-
gitudinal in the micrograph. The marker lines parailel
to the loading axis were produced on the testpiece
surface by placing sand paper on it and drawing this
over the surface. According to the strain-range parti-
tioning approach [1], there were two types of inelastic

Figure 2 Recrystallized grain structure observed in D = 40 pm testpieces at (a} N; = 100 cycles, (b} N; = 200 cycles and (¢} N; = 308 cycles.
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Figure 3 Recrystallized grain structure observed in (a) D = 130 pm testpieces at Ny = 321 cycles and (b) D = 400 pm testpicces at Ny = 315

cycles.
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Figure 4 Scanning electron micrograph of a plastic replica, showing
grain-boundary sliding which occurred in a D = 130 pm testpiece at
N =196 cycles.

strain ranges in the fast—slow fatigue cyclings, namely
tensile plastic reversed by compressive creep strain
range, Ag,., and tensile plastic reversed by compres-
sive plastic strain range, Ag,,,. Ag,,, was about 0.60% in
this case. It is known that GBS occurs during the creep
portions where strain rate was low [4]. Therefore,
GBS is accumulated in one direction with the
fast—slow fatigue cyclings. Arrows in Fig. 4 indicate
the direction. The maximum amount of accumulated
GBS was about 9 um along the grain boundary shown
in Fig. 4. The value was extremely large compared
with the critical amount of GBS for wedge-type crack
initiation, which was of the order of 0.1 pm under
high-temperature low-cycle fatigue with slow-fast and
slow-slow triangular wave shapes [5]. The large
amount of stored energy was not released by wedge-
type crack initiation.

3.2. Effects of recrystallized grain structure on
fatigue failure

The influences of grain-boundary microstructure are

more important under the fatigue conditions in which

cracks propagate along grain boundaries. Therefore,

the effects of recrystallized grain structure on fatigue

failure were examined in tests with an unbalanced
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Figure 5 Effects of recrystallized grain structure on cyclic stress
range in D = 40 um testpieces; Ae; = 1.0%. Ny: (@) 0 cycle, (O) 100
cycles, (O) 200 cycles, (O) 315cycles.

slow—fast wave shape. It is well known that the fatigue
cracks propagate along grain boundaries in fatigue
tests with slow—fast wave shapes [1].

Fig. 5 shows the stress range, Ao, during the failure
tests. The life of N, was longer in testpieces with
recrystallized grains (N, > 0) than in that with no
recrystallized grains (N; = 0). The maximum stress
range was almost equal to that of the testpieces:
with no recrystallized grain structure, though work
hardening was not observed in the testpicces with
recrystallized grains. The work hardening was already
saturated during the fast—slow wave shape cyclings.
Moreover, inelastic strain ranges, Ag,,, at about half-
life cycle (N,/2) were also almost equal in all the
testpieces. Namely, Ag;, was about 0.75, 0.75, 0.75 and
0.70 in testpieces with N; = 0, 100, 200 and 315 cycles,
respectively. The results indicate that the influence of
the recrystallized grain structure on the cyclic defor-
mation was small. Therefore, the increase of fatigue
life of N, is not reduced to the change of cyclic
deformation.

Fig. 6 shows the relationship between fatigue life
(N,/N¢.,) observed in slow—fast tests and fatigue pre-
cycles (N, /N;,.) that was performed for the production



of recrystallized grains. Ni, is cyclic life for parti-
tioned strain range of Ag , [1]. Ny, is that for Ae,,.
Niep = 100, 85 and 75 cycles, and Ng,, = 850, 820 and
800 cycles for D =40, 130 and 400 um testpieces,
respectively. N,/Ny., was higher in the testpieces with
recrystallized grain structure than in that with no
recrystallized grain structure. N,/N;,, increased with
increasing N,/N;,. up to about N,/N;,. =0.3. The
largest value of N,/N;,, was 2.8. Moreover, N,/Ng,,
was highest in D = 40 pm testpieces where a large
amount of recrystallized grains was produced, as
shown in Fig. 1. N,/N;, then decreased with the
number of fatigue cycles of N, /Ny, after the maximum
values. The decrease was explained by the influence of
fatigue cracks that were initiated during the fast—slow
pre-cycling.
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Figure 6 Relationship between fast—slow fatigue life, N,/N,., and
slow-fast fatigue life, N,/N;,. D: (O) 40 pm, (A) 130 um, (07)
400 pum.

The broken line in Fig. 6 shows the linear damage
summation rule [9], i.e.

Z(Nk/Nfij) = C (1)

where Ny is N; and N,, Ny;; is Ny, and Ny, Fatigue
failure occurs when total damage, C, is equal to unity.
However, it has been found that the linear damage
summation rule is not applicable when different kinds
of damage are accumulated in series [8]. The data in
Fig. 6 also indicates that the constant C is not unity. It
is considered that the initiation of recrystallization is
one reason for this. Moreover, C is larger than unity.
The recrystallized grain structure has a strengthening
effect on intergranular fatigue-crack initiation or
propagation resistance.

3.3. Microstructural observations of failed
testpieces

Fig. 7 shows the fracture surfaces of D = 130 um
testpieces. Small irregularities were observed at the
fracture surfaces. Arrows in Fig. 7 indicate the irregu-
larities. The irregularities were increased with the
number of fast-slow fatigue cycles (Fig. 7b). Fig. 8
shows the microcrack that initiated inside testpieces
with D = 400 pm. The crack propagated along re-
crystallized grain boundaries. The micrograph
indicates that the irregularities corresponded to the
intergranular fracture surface of the recrystallized
grains. Similar fracture surfaces were observed in D
= 40 and 400 um testpieces. '

Fatigue cracks were also initiated at testpiece sur-
faces. Fig. 9 shows the surface cracks that were ob-
served in D = 400 pm testpieces. The fatigue cracks
were initiated in an oxide layer [12] that was pro-
duced along grain boundaries. This kind of crack
initiation was also observed in D = 40 and 130 um
testpieces. The surface-crack initiation-life was 3040
cycles. In the testpieces with no recrystallized grain
structure, wedge-type cracks were initiated by GBS at
the testpiece surface. We have confirmed [5] that the

- wedge-type crack nitiation life was less than S cycles

under the same fatigue conditions. The results show
that the initiation of wedge-type crack was inhibited

20 ym

Figure 7 Fracture surfaces of D = 130 pm testpieces in testpieces with (a) N, = 100 cycles and (b) N, = 200 cycles.

897



Figure 8 Internal fatigue cracks observed in D =400 pm failed
testpiece; N, = 315 cycles and N, = 93 cycles.

Figure 9 Surface fatigue crack observed in D = 130 um failed
testpiece; N; = 321 cycles and N, = 150 cycles.

by the recrystallized grain structure. The strengthen-
ing mechanism may be identical with that of “neck-
lace” microstructure [13-16], which has a very
interesting compromise of good creep resistance of
large general grains and resistance to low-cycle fatigue
by fine recrystallized grains.

4. Conclusions
Recrystallization during fast-slow fatigue cycling at
high temperature was observed in austenitic
18Cr—8Ni stainless steel at 973 K in air. The effects of
recrystallized grains on fatigue failure were then exam-
ined under fatigue where intergranular failure occur-
red. The results obtained can be summarized as fol-
lows.

1. Recrystallized grains were initiated and grew
along grain boundaries in fatigue with fast—slow trian-
gular wave shape. In this wave-shape test, a large
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amount of grain-boundary sliding that took place
during slow-compressive loading was accumulated
along the grain boundaries.

2. Recrystallized grain structure had no detri-
mental effects on intergranular fatigue failure. Fatigue
life was somewhat increased by the existence of re-
crystallized grain structure. The longest life was 2.8
times compared with that in testpieces with no re-
crystallized grain structure.

3. Surface cracks were initiated in oxide layers that
were produced along grain boundaries. The surface
crack initiation life was increased by the existence of
recrystallized grain structure. Fatigue cracks were also
initiated inside testpieces, and propagated along re-
crystallized grain boundaries.
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