










first 10 cycles followed by cyclic softening until failure.
The amount of cyclic softening in the early cycles
depended on the strain amplitude with an increase in
softening occurring with a reduction in strain amplitude.
At a higher number of cycles, the higher strain ampli-
tudes appeared to cyclically soften at a faster rate than
the lower strain amplitudes. The existence of a transition
from cyclic softening at lower strain amplitudes to cyclic
hardening at higher strain amplitudes during the first
10 cycles has previously been shown by Roven and
Nes[14] for low carbon ferritic steel. This transition was
attributed to the change from cyclic softening due to the
formation and spreading of dislocation sources at low
strains, to ordinary work hardening obtained by rear-
rangements of the dislocation structure from walls and
cells to subgrains and microbands and their subsequent
refinement at higher plastic strains.

Cyclic softening also occurred for TRIP 780 for the
majority of strain amplitudes tested, as shown in the
peak stress vs number of cycles plot in Figure 6. During
the first 10 cycles, the cyclic stress remained relatively
stabilized for strain amplitudes above 0.0025, with cyclic
softening dominating at higher cycles. At the strain
amplitude of 0.0025, the cyclic stress remained relatively
stabilized until approximately 10,000 cycles before
significant softening occurred. In contrast to DP590,
no cyclic hardening occurred for TRIP 780 at strain
amplitude of 0.006.

The cyclic stabilized strength and first cycle tensile
strength have been plotted against the strain amplitude
in Figure 7 for both materials, with the cyclic stabilized
strength being taken as the cyclic tensile stress at the
half-life. This plot shows for DP 590 that the amount of
cyclic softening depended on the strain amplitude,
tending to decrease with increasing strain amplitude.
The dependency of the amount of cyclic softening for
the TRIP steel was similar to the DP steel at the higher
strain amplitudes. However, at the lowest tested strain
amplitudes there was a noticeable decrease in the
amount of cyclic softening, suggesting a maximum in
the cyclic softening at a low to intermediate strain
amplitude. This maximum is highlighted in Figure 8
with cyclic softening plotted against strain amplitude,
which shows that while both steels had similar softening
levels in the strain amplitude range of 0.004 to 0.006,

there was a divergence in behavior in the lower strain
amplitude range. At strain amplitudes below 0.004, DP
590 softened noticeably more than TRIP 780. Since for a
given strain amplitude there is a difference in reversals-
to-failure for the two steels, the cyclic softening has also
been plotted against number of reversals in Figure 9.
This plot shows a cyclic softening maximum for both
steels, though these peaks occur at a different number of
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Fig. 6—Peak tensile stress vs number of cycles plot for TRIP 780 for
strain amplitudes ranging from 0.0025 to 0.006.
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Fig. 7—Cyclic stabilized strength and first cycle tensile strength vs
strain amplitude for (a) DP 590 and (b) TRIP 780.
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590 and TRIP 780, with cyclic softening determined as the difference
in stress between the initial cycle and the cyclic stabilized stress.
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reversals-to-failure (although the order of magnitude of
approximately 10,000 reversals-to-failure for this peak is
similar for both steels).

D. Microstructural Characterization after Fatigue
Testing at Low-Strain Amplitude (0.0025)

The DP microstructure showed wide dislocation
structure variations in the ferrite from grain to grain
after cyclic deformation at the lower strain amplitude
(Figure 10(a)). In some ferritic grains, only a high
density of homogeneously distributed dislocations was
found (Figure 10(b)). Most of the grains, however,
revealed the formation of a lower energy disloca-
tion configuration cell structure, i.e., the standard
micromechanism of recovery with the formation of a
cell structure through dislocation rearrangement, when
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Fig. 9—Magnitude of cyclic softening vs number of cycles for DP
590 and TRIP 780, with cyclic softening determined as the difference
in stress between the initial cycle and the cyclic stabilized stress.

Fig. 10—TEM micrographs of DP steel microstructure after fatigue testing for 32,440 cycles at a strain amplitude of 0.0025: (a) general view of
cell structure (zone axis is [110]a); (b) grain with an increased dislocation density; (c) cell structure formation; (d) microbands and subgrains
formation (zone axis is [111]a); (e) thin deformation bands, which ended in the middle of the grain; (f) microtwins in austenite (zone axis is
[110],(111),[110]); and (g) stress concentration zone at the end of shear bands.
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tangled cell walls are transformed into more regular
dislocation networks, reducing the number of disloca-
tions in the cell interior (Figure 10(c)).[24] The cells
become clearly defined with relatively sharp cell bound-
aries, low angle of grain boundary misorientations, and
an equiaxed shape with an average size of 0.6 ± 0.2 lm
(Figure 10(c)). The formation of the dislocation cell
structure in the ferrite appeared to be due to the two
possible slip systems that can be active within one ferrite
grain. The dislocations of these two systems can react
and create a low-energy dislocation configuration.[15]

There were three types of deformation bands
observed in the microstructure; parallel microbands,
which did not cross grain boundaries (Figure 10(d)),
thin deformation bands, which ended in the middle
of the grain (Figure 10(e)), and shear band clusters
(Figure 10(f)). The parallel microbands had an average
thickness of 0.6 ± 0.08 lm (Figure 10(d)). The micro-
bands also had sharp boundaries and low boundary
misorientations (2 to 4 deg). It appeared that most of
the microbands were formed along the {110} 111h i slip
system. The presence of these bands do not lead to local
stress zone formation, however, they can act as sites for
crack nucleation.[14] The gradual formation of subgrains
by the development of boundaries across microbands
was observed in several grains, i.e., the microbands
were divided along their length by sub-boundaries
(Figure 10(d)). These subgrains had an elongated shape
and a low to middle level of misorientation (<15 deg).
The thin deformation bands displayed thick dislocation
walls and low-angle boundary misorientations. The
shear band clusters had a similar thickness to the
parallel microbands and were arrested at the grain
boundary (Figure 10(f)). In this case, a strong stress
concentration region with an increased disloca-
tion density formed in the adjacent ferrite grain
(Figure 10(g)). The probability of crack formation is
high in this case due to the higher stress concentration in
a local area.

Some of the retained austenite crystals demon-
strated twinning (Figure 10(g)), although there were
no observable deformation twins in the martensite.

The TEM of the TRIP steel revealed that ferrite
plastically deformed before bainite or austenite, with the
formation of a high dislocation density in the ferrite
grains (Figure 11(a)). However, the formation of a cell
or subgrain structure was not observed after testing as it
was for the DP steel. This lack of cell formation could be
explained by the larger ferrite grain size of the DP steel,
as in larger grains a larger plastic activity could be
developed,[25] or alternatively by the lower plastic strain
component for a given strain amplitude in the TRIP
steel due to a higher yield stress (this mechanism is
discussed further in Section III–F–1). The retained
austenite crystals did not show deformation twins
(Figure 11(b)) and the volume fraction of retained
austenite in the microstructure was similar to that
observed in the as-received conditions. It appeared that
some retained austenite crystals initiated the formation
of dislocation walls (Figure 11(c)), due to the local stress
concentration at the ferrite/austenite interface
(Figure 11(c)). The formation of single subgrains with

a middle level of misorientation (<15 deg) was observed
all over the sample (Figure 11(d)) and some grains
formed thick dislocation walls in two perpendicular
directions (Figure 11(e)).

E. Microstructural Characterization after Fatigue
Testing at High Strain Amplitude (0.006)

At the larger strain amplitude the subgrain structure
became the dominant feature in the DP steel
(Figure 12). Moreover, the subgrain substructure
showed refinement with increasing strain amplitude.
The average subgrain size was 0.3 ± 0.1 lm, approxi-
mately half that of the 0.0025 strain amplitude. The
formation of the refined subgrains as a dominant
structure may have caused the reduction in cyclic
softening compared to the lower strain amplitudes, as
the refined subgrains can contribute as a strengthening
mechanism against mobile dislocation movement.
The TEM showed that the majority of grains in the

TRIP steel at the larger strain amplitude could roughly
be divided into the following types (Figure 13(a)):
(1) grains with an increased dislocation density
(Figure 13(a), grain A), (2) grains containing equiaxed
cells (Figure 13(a), grain B), (3) grains with parallel
microbands (Figure 13(a), grain C), and (4) grains con-
tainingmicrobands and subgrains (Figure 13(a), grainD).
The equiaxed cells had a low to middle level of

boundary misorientations (<15 deg), an average size of
0.8 ± 0.3 lm, and had a similar morphology to those
observed in the DP steel (Figure 13(b)).
The microbands observed in a number of grains

showed a low level of boundary misorientations (2 to
3 deg) and relatively sharp boundaries (Figure 13(c)).
The average microband thickness was 0.6 ± 0.06 lm.
The interiors of the microbands were free of disloca-
tions, while the walls contained dislocation tangles. The
majority of grains also showed the formation of
subgrains by the development of walls across the
microbands (Figure 13(d)). These subgrains revealed a
low to middle level of boundary misorientations
(<15 deg).
While the measurement of retained austenite via

X-ray diffraction could not be undertaken on such a
small area, it appeared via TEM analysis that only
approximately 2 pct of the retained austenite trans-
formed to martensite during cyclic straining at the
higher strain amplitude.

F. Role of Microstructure in Fatigue Behavior

1. Strain life
There are several potential contributing factors to the

enhanced strain life of TRIP 780 compared to DP590:
higher ductility, higher yield and tensile strength, and
the presence of significant levels of retained austenite in
the microstructure. Higher ductility typically improves
the fatigue resistance of steels under high amplitude/
LCF due to an increased capacity to accommodate the
cumulative plastic strains, whereas high tensile strength
typically improves the resistance of low amplitude/
high-cycle fatigue. In the present work, it is anticipated
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Fig. 11—TEM bright-field images of TRIP steel after fatigue testing for 49,582 cycles at a strain amplitude of 0.0025: (a) grain with increased
dislocation density, (b) retained austenite crystal (zone axis is [350]), (c) formation of dislocation walls near the retained austenite crystal, (d)
formation of subgrain, and (e) formation of two sets of perpendicular dislocation walls.
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that both will contribute to the improved performance
of the TRIP steel.

The importance of the increased yield strength is due
to the greater component of elastic strain in each strain
reversal for the TRIP steel compared to the DP steel, as
the total strain amplitude for each reversal (sum of the
elastic and plastic components) remained constant.
Figure 14 shows that the elastic component of the TRIP
steel is higher than that of the DP steel for a given
number of reversals-to-failure. Since damage in a fatigue
test is the result of accumulated plastic strain, the lower
levels of plastic strain for the TRIP steel per reversal will
result in less accumulated damage. Sherman and Davies
examined dual-phase steels with differing martensite
contents, and hence yield strengths under fully reversed
cyclic straining.[12] In that study, the fatigue life

increased with increasing martensite content, hence
strength, until approximately 30 pct martensite before
decreasing with further martensite increase. This high-
lights the importance of ductility in fatigue life, as at the
higher martensite volume fraction the strain life
decreased with increasing yield strength due to a
decrease in material ductility. This result shows that
the effect of the higher elastic strain component is not
necessarily dominant in prolonging fatigue life.
Previous research on the role of austenite in cyclic

loading has also shown that there is an increase in strain
life with higher levels of retained austenite, due to a
delay in crack initiation and the retardation of crack
propagation,[26] both resulting from the strain-induced
transformation of austenite to martensite. The TEM
observations on the TRIP steel in the current study have

Fig. 12—Microstructural features formed in the DP steel after fatigue testing for 2173 cycles at a strain amplitude of 0.006. M is martensite.
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shown that there were not appreciable transformation
levels of retained austenite to martensite in the deformed
region of the fatigued specimens, however, the electron
backscattering diffraction (EBSD) scan in Figure 15
shows that the austenite in the region surrounding the
crack tip appears to have transformed to martensite.
This transformation near to the crack tip suggests that
some portion of the increased strain life for TRIP 780
compared to DP 590 may be due to crack retardation.

2. Cyclic stress response
Both the DP 590 and TRIP 780 cyclically softened at

the range of strain amplitudes examined. This softening
generated cyclic stress levels well below that of the
as-received yield stress. Previous studies on dual-phase

steels[12,13] have predominantly shown cyclic hardening
behavior over similar ranges of strain amplitudes to that
used in this current study. Typical dual-phase steels,
however, have a lower yield point to tensile strength
ratio than the steel used in the currently study, resulting
in significantly higher initial work-hardening rates. In
general, materials such as DP steels with a high
work-hardening rate will cyclically harden in the initial
cycles due to the high numbers of dislocation generated
in the initial strain cycle. Cyclic softening is primarily
due to the generation of additional mobile dislocations,
rearrangement of dislocation tangles developed during
work hardening, and formation of a dislocation cell
structure of lowered internal stress. The TEM revealed
that both steels had a significant dislocation density in

Fig. 13—TEM micrographs of TRIP steel after fatigue testing for 1379 cycles at a strain amplitude of 0.006: (a) general view, (b) formation of
cell structure, (c) formation of microbands (zone axis is [113]a), and (d) formation of subgrains. M is martensite and RA is retained austenite.
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the as-received ferrite grains, attributed to the compres-
sive stresses caused by martensite formation during
processing. The tensile behavior of both steels showed
relatively high yield strength, suggesting there is signif-
icant dislocation pinning by carbon or nitrogen solute
atoms. It is expected that the cyclic softening of both
steels during cyclic deformation to levels well below the
as-received yield stress is due to either the release of
pinned dislocations, or alternatively the formation on
new mobile dislocations in the ferrite. Kruml and
Polak[15] have suggested that ferritic steels can cyclically
soften within the first 10 cycles of low-strain fatigue due
to the presence of dislocations of differing slip systems
reacting to form low-energy configurations. These low-
energy configurations allow cyclic strain to be concen-
trated into bands of easy cyclic slip, resulting in
significant cyclic softening. The TEM observations in
this current study have shown that these dislocations
exist within the DP 590 steel after fatigue.

The TRIP and DP steel used in this study had similar
amounts of ferrite in the as-received condition, with the

main microstructural difference being the substantial
presence of austenite in the TRIP steel. Previous studies
examining austenitic stainless steels subjected to cyclic
straining have shown that this microstructure should
have considerable hardening,[16] resulting from the
austenite to martensite transformation. The cyclic soft-
ening exhibited by the TRIP 780 in this current study
suggests that there was very little transformation during
cyclic straining, meaning that the fatigue behavior was
essentially controlled by the ferrite in the microstruc-
ture. The low extent of austenite to martensite trans-
formation in the bulk of the fatigue specimen was
confirmed by TEM. Thus, for the two steels used in this
study it appears that the similar levels of ferrite
(approximately 70 to 75 pct) and low-strain work
hardening have resulted in the similar cyclic response.
The TEM showed marked differences in the deformed

microstructure between the two steels at the higher
strain amplitude (0.006). The DP 590 had a relatively
uniform well-refined dislocation cell substructure,
whereas the ferrite grains in TRIP 780 contained a
variety of different dislocation structures. The transfor-
mation of a small percentage of the austenite into
martensite in the TRIP steel shows that some of the
strain was accommodated by the austenite despite it
being a harder phase than ferrite. Despite these differ-
ences between the two steels, the resultant amount of
cyclic softening was similar at the higher strain ampli-
tudes.
The main difference in cyclic softening behavior

between the two steels was at low-strain amplitudes,
where TRIP 780 exhibited very little cyclic softening.
The TEM examination at this strain showed the
development of a more defined substructure in DP590,
including the formation of subgrains and parallel
microbands, whereas in TRIP 780 these features were
not present. Instead of showing the defined substructure,
cyclic straining of the TRIP steel resulted in a higher
density of dislocations within the ferrite than the
as-received material. An explanation for this difference
in fatigued microstructure can potentially be due to the
proportionally higher elastic strain component at
the 0.0025 strain amplitude for TRIP 780 (Figure 14).
The low inelastic strain component for the TRIP steel
may make it more difficult for dislocation rearrange-
ment into lower energy configurations.

IV. CONCLUSIONS

The strain life and cyclic stress response of two AHSS
were investigated using fully-reversed strain-controlled
LCF and the subsequent deformed microstructures
characterized using TEM. The results showed that the
following.

1. TRIP 780 showed an improved strain life compared
to DP 590, which may be related to a combination of
higher yield strength, higher ductility, and crack tip
retardation by austenite to martensite transformation.

2. Both steels exhibited cyclic softening at the majority
of strain amplitudes tested, which was due to the
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Fig. 14—Elastic component of strain amplitude vs number of strain
reversals for DP 590 and TRIP 780.

Fig. 15—SEM EBSD image of the crack tip in a TRIP 780 specimen
showing regions of ferrite and martensite in red and retained austen-
ite in green after fatigue testing for 49,582 cycles at a strain ampli-
tude of 0.0025.
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formation of lower energy dislocation substructures
and parallel microbands. The similar levels of soft-
ening are believed to be due to similar ferrite
volume fractions of the two steels, as well as similar
low-strain work-hardening rates.
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