Cyclic Deformation Behavior of a Transformation-Induced
Plasticity—Aided Dual-Phase Steel

KOH-ICHI SUGIMOTO, MITSUYUKI KOBAYASHI, and SHIN-ICHI YASUKI

Cyclic hardening-softening behavior of a TRIP-aided dual-phase (TDP) steel composed of a ferrite
matrix and retained austenite plus bainite second phase was examined at temperatures ranging from
20 °C to 200 °C. An increment of the cyclic hardening was related to (1) a long-range internal stress
due to the second phase and (2) the strain-induced transformation (SIT) behavior of the retained
austenite, as follows. Large cyclic hardening, similar to a conventional ferrite-martensite dual-phase
steel, appeared in the TDP steel deformed at 20 °C, where the SIT of the retained austenite occurred
at an early stage. This was mainly caused by a large increase in strain-induced martensite content
or strain-induced martensite hardening, with a small contribution of the internal stress. In this case,
shear and expansion strains on the SIT considerably decreased the internal stress in the matrix. With
increasing deformation temperature or retained austenite stability, the amount of cyclic hardening
decreased with a significant decrease in plastic strain amplitude. This interesting cyclic behavior was
principally ascribed to the internal stress, which was enhanced by stable and strain-hardened retained

austenite particles.

I. INTRODUCTION

Recently, a new type of 600 to 1000 MPa grade high-
strength dual-phase sheet steel composed of a ferrite matrix
and second phase (bainite plus retained austenite) was de-
veloped for the purpose of weight reduction of various au-
tomotive structural press parts.''”7 The steel, which is
named TRIP-aided dual-phase (TDP) steel, has excellent
press formability associated with the transformation-in-
duced plasticity (TRIP)®! of the retained austenite, since the
martensite-start temperature M, is somewhat lower than
room temperature, i.e., between 0 °C and —100 °C.1>*4 So,
many studies?>® on the formability have been conducted to
apply the TDP steel to automotive underbody parts such as
suspension arms and wheel disks.

The underbody press parts are subjected to severe cyclic
loading below or above yielding stress, so that high fatigue
strength may be required, as well as further improvement
of formability. However, there are a few basic findings™
on TDP fatigue properties.

In general, monotonic deformation of the TDP steel is
controlled by the following two items:

(1) long-range internal stress resulting from a difference of
plastic strain between the ferrite matrix and the second
phase;!'*! and

(2) strain-induced transformation (SIT) of the retained aus-
tenite resulting in both the increases in strain-induced
martensite content and the relaxation of the long-range
internal stress.

These items are influenced by retained austenite stability,
which is controlled by retained austenite parameters (car-
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bon concentration and morphology) and deformation con-
ditions (temperature, strain rate, and state of stress).[2-10:11]

If the retained austenite is stable against straining, then
the retained austenite particle, as a hard phase, effectively
enhances the internal stress during early stages.!'®!'l The
stable retained austenite tends to transform to martensite
over a large strain range, thereby resulting in extremely
large elongations by TRIP effects.>34 On the other hand,
if the retained austenite is unstable, most of the retained
austenite particles transform to martensite at an early stage.
The resultant strain-induced martensite considerably in-
creases the flow stress with relatively low elongations and
relaxed internal stress.['*!!]

The internal stress during early stages is assumed to play
an important role in fatigue properties of the TDP steel, as
well as the increased martensite content. In the present
work, to understand the basic fatigue property of the TDP
steel, cyclic hardening-softening behavior and the internal
stress were examined at temperatures ranging from 20 °C
to 200 °C, where the SIT behavior considerably varies.
And, the cyclic hardening-softening behavior was related
to the SIT behavior and the internal stress.

II. EXPERIMENTAL PROCEDURE

In the present study, the TDP and DP steel bars of com-
position shown in Table I were prepared as a vacuum-
melted 100-kg ingot followed by hot forging and
subsequently hot rolling to 13 mm in diameter. After ma-
chining tensile and cyclic specimens of 10-mm gage length
by 7-mm diameter, the TDP specimens were subjected to
intercritical annealing (or annealing in « + <y region) at
780 °C for 1200 seconds followed by austempering at 400
°C for 1000 seconds. The intercritical annealing tempera-
ture corresponds to where the retained austenite volume
fraction becomes maximum.® The DP specimens were in-
tercritically annealed at 780 °C for 1200 seconds followed
by oil quenching to obtain a ferrite-martensite dual-phase
structure without retained austenite.
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Table I. Chemical Composition of Steels Used
(Mass Percent)

Steel C Si Mn P S Al
TDP 0.20 1.50 1.50 0.015 0.0012 0.041
DP 0.13 1.01 1.01 0.003 0.0010 0.022

Table II. X-ray Measurement Conditions and Material

Constants

Phase [ y
Characteristic X-ray Cr K,
Filter Vanadium
Voltage, current 40 kV — 30 mA
Slit, irradiation mask 0.5 deg, 5 X 8 mm?
Scanning speed 1 deg/min
1 10, 20, 30, 40, 45 deg
Diffraction plane (211) (220)
Young’s modulus 223 GPa 192 GPa
Poisson’s ratio 0.28 0.28

Tensile and cyclic tests were carried out using an Instron
type of tensile testing machine. Tension-compression cyclic
testing was done under constant strain amplitude of Ag =
+1.0 or 2.0 pct at 20 °C, 100 °C, and 200 °C and at a
crosshead speed of 1 mm/min. The hysteresis curves were
recorded during every cycle.

The amount of retained austenite was quantified by X-
ray diffractometry using Mo K, radiation. To minimize the
effect of texture, the volume fraction of retained austenite
was quantified on the basis of the integrated intensity of
(200),, (211),, (200),, (220),, and (311), diffraction peaks,
termed the five-peak method.!'? The retained austenite lat-
tice parameter a., was measured from the (220), diffraction
peak using Cr K, radiation® on the electrochemically pol-
ished surface of as-austempered TDP steel, where there is
negligible internal stress. From the measured a., value
(1071 m) and the following equation,!'s! an initial carbon
concentration of the retained austenite particles C.,, (mass
pct) was calculated.

a,, = 3.5467 + 0.0467C,, [1]

The M, (°C) of retained austenite was estimated by sub-
stituting the C, value into the following equation:

M, = 550 — 360 X C,, — 40 X Mn,, 2]

where the manganese concentration (Mn.,, mass pct) in the
retained austenite was estimated to be 1.5 times the man-
ganese content by Speich er al.l'4

The 26-sin? y method">) was applied to X-ray studies of
internal stress o,. Namely, variations in 26 with sin? ¢y were
measured with respect to (211), and (220), diffraction
peaks using Cr K, radiation. Then, the slope (d2 6/ d sin?
) was substituted in the following equation:

oy = —{ER2(1 + v)} cot 6, (d2 0/d sin® )  [3]

where 6, and 6 represent diffraction angles under free strain
and on straining, respectively. The term i is an angle be-
tween the reflecting-plane normal and surface normal. The
terms £ and v are the Young’s modulus and Poisson’s ratio
of each phase, respectively. The measurement conditions and
material constants in Eq. [3] are shown in Table II. In the
present study, the (211), peak corresponds to that of the
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Fig. 1—Scanning electron micrographs of (@) as-austempered TDP steel
and (b) as-intercritically annealed DP steel, in which @, a;, «,, and vy,
represent ferrite matrix, bainite, martensite, and retained austenite,
respectively.

body-centered cubic phase composed of the ferrite matrix
(a)), the bainite (), and the strain-induced martensite (c,,).

To clarify the deformation-transformation behavior of re-
tained austenite particles, thin foils of the specimens cycli-
cally deformed were observed in a JEOL*-4000EX

*JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.

transmission electron microscope. In addition, the line
breadth at a half-maximum X-ray intensity A 6,, which cor-
responds to plastic strain and dislocation density, was mea-
sured from the (220), diffraction peak using Cr K,
radiation.

III. RESULTS

A. Microstructure and Tensile Properties

Figure 1 shows scanning electron micrographs of (a)
as-austempered TDP steel and (b) as-intercritically an-
nealed DP steel. Metallurgical parameters of the TDP and
the DP steels are shown in Table III. The microstructure of
the TDP steel is composed of the ferrite matrix and 30 vol
pct hard second phase (13 vol pct stable retained austenite
particles plus 17 vol pct bainite islands) along the ferrite
grain boundaries. Most of the retained austenite particles,
whose mean size is less than 2 to 3 wm, are isolated from
or adjacent to the bainite islands. The DP steel used for
comparison has the same second-phase morphology as the
TDP steel. However, the second phase consists of marten-
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Table III. Metallurgical Parameters of Steels Used

f ¥ Ay Ch M,
Steel (Vol Pct) (Vol Pct) (X107'°m) (Mass Pct) (°C)
TDP 0.30 0.13 3.6116 1.390 —40.4
DP 0.28 0.0 — — —

Note: f: volume fraction of the second phase, f,,: initial volume fraction
of the retained austenite, a.,: initial lattice parameter of the retained
austenite, C,,: initial carbon concentration of the retained austenite, and
M,: martensite-start temperature of the retained austenite.

Table IV. Tensile Properties at 20 °C, 100 °C, and 200 °C
in TDP and DP Steels Used

T YS UTS UEI TEl RA

Steel (°C) (MPa) (MPa) (Pct) (Pct) (Pct)
20 470 820 29 52 60
TDP 100 437 724 35 59 65
200 433 694 40 61 62
20 273 717 20 43 57
DP 100 299 681 23 44 57
200 325 696 22 38 55

T: testing temperature, YS: yielding stress, UTS: ultimate
tensile strength, UEL: uniform elongation, TEIl: total elongation,
and RA: reduction of area.
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Fig. 2—Variations in (a) stress amplitude o, and (b) plastic strain

amplitude Ag, with number of cycles for TDPcyecmd DP steels cyclically
deformed at 20 °C, 100 °C and 200 °C (Age = £1 pct).

site islands mixed with a small amount of bainite, differing
from that of the TDP steel. Furthermore, the DP steel has
a larger ferrite grain size than the TDP steel.

Table IV shows the tensile properties of both the steels
at various deformation temperatures. Large increases in
elongation are obtained only in the TDP steel deformed at
100 °C and 200 °C, with a concomitant decrease in tensile
strength. According to a previous study, these tempera-
tures (100 °C and 200 °C) agree with the temperatures at
which the retained austenite becomes the most stable
against the SIT.

B. Cyclic Hardening-Softening Behavior

Figure 2(a) shows the variation in stress amplitude o,
with the number of cycles N under Ae = =1 pct for the
TDP and the DP steels. And, Figure 3 shows the o, —
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Fig. 3—Stress-strain (0-€) curves on monotonic deformation and stress
amplitude at N = N,/2; a half-strain amplitude (o,.-A&/2) curves on cyclic
deformation at various temperatures for TDP and 0.006C-1.50Si-
1.50Mn-0.036Al (mass pct) ferritic steels.

Ag/2 curves at a steady state, i.e., at a half-cycle number
to fracture N = N,/2, in the TDP steel. Large cyclic hard-
ening, which is characterized by the rapid hardening at the
early stage and the subsequent moderate hardening or small
softening at the later stages, appears in TDP steel, similar
to that of the DP steel. Such a cyclic hardening behavior
considerably differs from those of the precipitation-hard-
ening steel and the martensitic steel, which undergo a typ-
ical cyclic softening.'9 If the cyclic hardening increment
Ao, is defined by a difference in o, between at the N =
1 cycle and at the given cycles, as shown in Figure 2, the
Ao, of the TDP steel cyclically deformed to N = N,/2
cycles at 20 °C is nearly equal to that of the DP steel.

The o, of the TDP steel reduces gradually with increas-
ing deformation temperature, accompanied with a decrease
in the Ao,.. Such a significant temperature dependence of
the cyclic hardening behavior hardly appears in the DP
steel.

Figure 4 shows hysteresis curves (a) at N = 1 — 2 cycles
and (b) at N = 10 - 11 cycles for the TDP and the DP
steels. From this figure and Figure 2(b), it is found that the
plastic strain amplitude Ag, of the TDP steel is considerably
reduced at 100 °C and 200 °C. This interesting behavior
results from a decrease in the apparent Young’s modulus
and/or an initial flow stress on reverse deformation. The

reason for this will be discussed in section IV.C.

C. X-ray Internal Stress

Figure 5 shows a typical 26-sin?> ¢ plot obtained from
(220), and (211),, diffraction peaks in as-annealed or cycli-
cally deformed TDP steel. Since the 26-sin? i relation is
linear, these X-ray internal stresses can be accurately cal-
culated by substituting the slope d26/d sin? ¢ into Eq. [3].

Figure 6 shows the X-ray internal stresses in a longitu-
dinal direction of retained austenite particles oy, and body-
centered cubic phase oy, in the present TDP steel, which
is cyclically deformed to N = N,/2 cycles under Ag/2 or
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Fig. 4—Changes in hysteresis curves at (¢) N =1 - 2 and () N = 10
— 11 cycles with deformation temperature for TDP and DP steels.
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Fig. 5—26-sin? i plot measured from (220), and (211), diffraction peaks
of steels cyclically deformed to N = N,/2 cycles at 200 °C and Ag/2 = 1
pct (@) or annealed ().

monotonically deformed to & When compared with mon-
otonic deformation, higher positive or tensile internal stress
is found to occur in untransformed retained austenite
regions and particles during cyclic deformation. The inter-
nal stress considerably increases with increasing testing
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Fig. 6—X-ray internal stresses in retained austenite phase oy, and in (e,
+ o, + a,) phase oy, of TDP steel, which is monotonically deformed to
€ or cyclically deformed to N = N,/2 cycles under a half-strain amplitude
Ag/2 at 20 °C, 100 °C, and 200 °C.
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Fig. 7—Variation in retained austenite content £, with monotonic strain £
or a half-strain amplitude A&/2 for TDP steel. The number of cycles is N
= N/2.

temperature, despite the decreased stress amplitude o,
(Figures 2 through 4).

D. Deformation-Transformation Behavior of Retained
Austenite

Figure 7 shows the variation in retained austenite content
with A&/2 or £ in the TDP steel, which is cyclically deformed
to N = N,/2 cycles or is monotonically deformed. It is found
that the logarlthmlc retained austenite content linearly de-
creases with Ag/2 and € at all the deformation temperatures,
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Beam // [211]7
Beam // [311]a

Fig. 8—Transmission electron micrographs showing strain-induced twinned martensite (e,,), untransformed retained austenite (7;), and untransformed
retained austenite coexisting with martensite (y, + «,) in an original retained austenite particle of TDP steel cyclically deformed to N = N,/2 at 200 °C.
(a) Bright-field image, (b) high magnification of encircled area in (a), (c) selected area diffraction pattern of encircled area in (b), and (d) interpretation

of diffraction pattern.

and the slope of the straight line decreases with increasing
deformation temperature. When compared with monotonic
deformation, cyclic deformation tends to promote the SIT of
the retained austenite, in particular, at 20 °C.

Figure 8 shows a typical structure change in an original
retained austenite particle of the TDP steel cyclically de-
formed to N = N,/2 cycles at 200 °C. In the photographs,
strain-induced twinned martensite films are observed in the
original retained austenite particles, coexisting with the un-
transformed retained austenite. We verified that the strain-
induced martensite occurs preferentially in large retained
austenite particles, and the martensite content gradually in-
creases with decreasing deformation temperature. A similar
transformation behavior is reported in monotonic defor-
mation.[!%!]

Many dislocations were observed in the untransformed
region of the large retained austenite particles or in the
small retained austenite islands during cyclic deformation.
However, no deformation twin was in existence even when
cyclically deformed at 200 °C, which differs from that of
monotonic deformation.?

The increase in dislocation density in the untransformed
retained austenite is also confirmed from Figure 9. Namely,

METALLURGICAL AND MATERIALS TRANSACTIONS A

the ratio of line breadth of a half-maximum X-ray intensity
of strained austenite to that of an unstrained one A6y /A6y,
increases with Ag/2 and with cyclic deformation temperature.
We also observed that the cell structure is formed in the
ferrite matrix of the TDP steel over all the cyclic deformation
temperatures, as shown in Figure 10. The cell size is nearly
equal to that of the DP steel cyclically deformed at 20 °C.

IV. DISCUSSION

In the present study, the TDP steel was found to undergo
significant cyclic hardening. Also, a decrease in plastic
strain amplitude was observed with an increase in defor-
mation temperature. This behavior might be owing to (1) a
long-range internal stress and (2) the SIT behavior of the
retained austenite, since they particularly influence the
strain hardening rate at an early stage.[>!%!!l So, at first, the
contribution of the long-range internal stress to the total
increment of cyclic hardening at 20 °C to 200 °C in the
TDP steel was estimated. Then, the cyclic hardening be-
havior and hysteresis response were related with the defor-
mation-transformation behavior and the internal stress. The
forest-hardening stress (o) and transformation hardening
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Fig. 9—Ratio of line breadth at a half-maximum X-ray intensity in (a)
retained austenite phase A6y, /A6, or (b) a(ey + @, + «,) phase
A6, /A6, of TDP steel, which is monotonically deformed to & or
cyclically deformed to N = N,/2 cycles under a half-strain amplitude A&/2
at 20 °C, 100 °C, and 200 °C.

stress (o) were omitted in the estimation due to the com-
plexities involved.

A. Theory

According to the continuum model"”'8! associated with
Eshelby’s theory,!"”! when a two-phase alloy containing fine
or grainlike second phase is plastically strained to € in uni-
axial tension, a true increment of strain hardening Ao, as
illustrated in Figure 11, is obtained from

A oy(&) = o(e) — a¥(e) [4]

= 0,(8) + 0 (9 (3]

where the o and the o* represent the flow stresses of
two-phase alloy and soft matrix, respectively. The o; and
the o, are the ‘‘mean internal stress’” (or long-range inter-
nal stress) resulting from unrelaxed strain £, or eigen
strain,?'! and forest-hardening stress, proposed by
Ashby,? respectively. And, they are given as follows:

(& = {7 =Sy WSl —wj-f-g [6]

g (&)=L pbfr ez [7]

where w and v are the shear modulus and Poisson’s ratio
of each phase, respectively. The term { is a constant, f is
the volume fraction of the second phase, b is the Burgers
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Fig. 10—Transmission electron micrograph showing the cell structure in
the ferrite matrix of TDP steel cyclically deformed to N = N,/2 at 200
°C.

Ocyc

Ocyc, 0 (MPa)

A€12, € (%)

Fig. 11—Definition of Ao, and Ao, at N = N,/2 cycles.

vector, and r denotes the mean diameter of the second-
phase particles.

When applying the preceding continuum theory to the
monotonic deformation of the TDP steel, we need to con-
sider the ‘‘strain-induced martensite hardening’’, o, result-
ing from an increase in the strain-induced martensite
content. Of course, the shear and expansion strains occur-
ring on the SIT reduce the mean internal stress in the ma-
trix, according to a previous research.l'®!! Thus, Eq. [5] is
modified as the following equation:

Ao, (&) = a(e) — aM(e) (8]
o(&) + 0,(6) + o9

If the mean internal stress of the second phase is assumed
to be equal to that of the retained austenite particles, the
experimental mean internal stress o7 in the matrix is esti-
mated by substituting the X-ray internal stress oy, mea-
sured in retained austenite particles (Figure 6) into the
following equation:['82!]

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 12—Calculated values of (a) Ag;, .. and o, at N = N,/2 cycles and
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(b) Ao, and o at various deformation temperatures in TDP steel.
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Fig. 13—Absolute values of o}/Ao, and of,/Ao,.. at various
deformation temperatures in TDP steel.
(&) = =32 fI(1 = /) - 0,(9) [9]

If the preceding theory is applied to cyclic deformation
in the same way, the total cyclic hardening increment

METALLURGICAL AND MATERIALS TRANSACTIONS A

Ao,,. defined by the sum of Ag;,
given as

o, and Aoy, (Figure 11) is
A o-ll,cyc(Ag/z) = cyc(Ag/z)
= (A&2) + 0., (A&2) + o,

g; cyc

oM(AE/2) [10]
(Ag2)

O cyd

where o,.., 0., and o, are the mean internal stress,
forest-hardening stress, and strain-induced martensite hard-
ening with respect to cyclic deformation.

Experimental mean internal stress o

N = N,/2 cycles is calculated from o

(Ag2) = =32+ fI(1 = f) * 00 (A82)  [11]

in the matrix at

1 cyc

where oy, is the X-ray internal stress of the retained aus-
tenite occurring on cyclic deformation.

B. Contribution of Internal Stress to the Cyclic
Hardening Increment

The Ao, of, and Ao, and o, at N = N,/2 cycles
were calculated by substituting the measured flow stress of
the TDP steel o (Figure 3), the stress amplitude o, of the
TDP steel (Figure 3), the X-ray internal stresses oy, Oxyq.
(Figure 6), and the volume fraction of the second-phase f'
(Table III) into Eqgs. [8] through [11]. In Egs. [8] and [10],
the flow stress of a ferritic steel (0.006C-1.5Si-1.5Mn-
0.036Al, mass pct)®! was modified by means of the Hall-
Petch equation and was substituted into the o™. These cal-
culated values are shown in Figure 12. And, absolute values
of o¥/Ao, and o, /A0, ... at N = N,/2 cycles, which rep-
resent a contribution of the 1nterna1 stress, are shown in
Figure 13.

From Figure 12, it is noted that when cyclically de-
formed at 200 °C, the experimental mean internal stress
o}, nearly agrees with the total cyclic hardening increment
Aoy, Thereby, the o, /Ao, . value seems to be nearly
equal to 1.0. A similar tendency also appears in the case of
monotonic deformation at 200 °C, although the o /Ao,
value is equal to about 0.8. Further, the SIT was consid-
erably suppressed during cyclic deformation at 200 °C (Fig-
ure 7). In addition, the A6y, /A6, value significantly
increased (Figure 9), which means that the untransformed
retained austenite strain hardens during cyclic deformation.
Therefore, the cyclic hardening at 200 °C may be primarily
responsible for the increased compressive mean internal
stress resulting from stable and strain-hardened retained
austenite particles. Figures 12 and 13 also indicate that a
small amount of SIT hardly lowers the mean internal stress.
However, we suppose that the o, . is overestimated and
the oy, and o, slightly contribute to the Ao, ..

On the other hand, when cyclically deformed at 20 °C,
o;"iyc becomes minimum and its contribution to the Agy, .
is considerably decreased to o7, /A0y, .. = 0.2 to 0.4, as in
the case of monotonic deformation at 20 °C. According to
a previous study!'®!'"l on monotonic deformation, a large
amount of SIT of retained austenite to martensite relaxes
the mean internal stresses in the ferrite matrix and in the
untransformed retained austenite phase due to the local ex-
pansion and shear strains. Therefore, the strain-induced
martensite hardening plays an important part in large cyclic
hardening at 20 °C, accompanied with small contributions
of the mean internal stress o, (or o7,.) and the forest-
hardening stress o,

icyc
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Fig. 14—Schematic contributions of mean internal stress o, forest-

hardening stress oy, and strain-induced transformation hardening stress
0, on the total cyclic hardening increment Ag, ., in TDP steel.

From the aforementioned facts, contributions of the o, .,
the o, and the o, ., to the total cyclic hardening incre-
ment Ao, . are schematically summarized in Figure 14. At
present, it is difficult to quantify the contributions of the
0,.. and the o, to the Ao, .. However, we suppose that

the contribution of the oy, is very small and is negligible.

C. Roles of Internal Stress in the Hysteresis Curve

In the general steels, the lower the stress amplitude o,
the larger the plastic strain amplitude A€, becomes under
constant strain amplitude. However, in the present TDP
steel cyclically deformed at 100 °C and 200 °C, a contrary
tendency has appeared, as shown in Figure 4. Namely, the
plastic strain amplitude becomes small with the decrease in
stress amplitude. The reason for this is explained as fol-
lows.

It is well known that the Young’s modulus gradually
decreases with the increase in deformation temperature. In
the plain carbon steels, however, the Young’s modulus low-
ers by only 10 pct, at the most, over a temperature range
of 20 °C to 200 °C.?¥ Thus, it is difficult to explain the
large decrease in the plastic strain amplitude only by the
decrease in Young’s modulus.

During cyclic deformation at 100 °C and 200 °C under
Ag2 = *1 to £2, high o, values of 100 to 200 MPa
can be estimated to occur, as shown in Figure 12. These
values nearly agree with the decreases in the initial flow
stresses on reverse deformation. Therefore, the high nega-
tive or compressive mean internal stress occurring in the
ferrite matrix may effectively lower the initial reverse flow
stress oy, and, as a result, reduce the apparent Young’s mod-
ulus or plastic strain amplitude at 100 °C and 200 °C.

V. CONCLUSIONS

1. The Cyclic deformation behavior of the TDP steel was
characterized by the large initial cyclic hardening and
the successive small hardening or softening, similar to
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the DP steel. With an increasing deformation tempera-
ture and retained austenite stability against the SIT, the
cyclic hardening became smaller, with concomitant de-
creases in cyclic stress amplitude and plastic strain am-
plitude.

Stable retained austenite, as a hard phase, effectively
enhanced a long-range compressive internal stress in the
ferrite matrix. On the other hand, strain-induced marten-
site relaxed the internal stresses in the retained austenite
and the matrix by local expansion and shear strains.
Large cyclic hardening at 20 °C may be primarily con-
trolled by strain-induced martensite hardening, accom-
panied by small contributions of long-range internal
stress and forest-hardening stress. On the other hand,
small cyclic hardening and the decreased plastic strain
amplitude at 100 °C and 200 °C were caused by the high
long-range internal stress resulting from the stable and
strain-hardened retained austenite particles.
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