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a b s t r a c t

The present work deals with revealing the fatigue and dwell-fatigue behavior and corre-

lated damage mechanisms of FeeMneAleC lightweight steel. Surprisingly, alteration in

loading mode from monotonic to cyclic induces reversible dislocation movement and fa-

cilitates the occurrence of dynamic strain aging. Additionally, applying dwell time by an

acceleration of strain aging intensified stress asymmetry during dwell fatigue. The

occurrence of strain aging has a bilateral effect on the crack initiation and growth. On one

hand, strain aging stimulates twin formation and retards fatigue crack initiation, however,

on the other hand, reduces hardening capacity, restricts the plastic deformation and fa-

cilitates crack propagation.
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1. Introduction

The FeeMneAleC steels, which have been known as light-

weight steels or low-density steels, were previously developed

as a replacement for FeeCreNi steels. The outstanding com-

bination of strength and ductility along with the high specific

strength (strength to weight ratio) of lightweight steels

candidate these specific groups as a promising choice for in-

dustrial applications [1e4]. Various novel dislocation-based

deformation mechanisms such as micro-band induced plas-

ticity (MBIP) [5], dynamic slip band refinement (DSBR) [6], and

shear band induced plasticity (SIP) [7], have been introduced

as the main mechanism responsible for outstanding perfor-

mance of the lightweight steels. Interestingly, in spite of their

high stacking fault energy (SFE) due to the addition of Al to the

composition of high-Mn austenitic steels, activation of twin-

ning induced plasticity (TWIP) and transformation induced

plasticity (TRIP) effects have been also reported in the course

of room temperature monotonic loading [8e12].

It has been well established that the dislocation maneu-

verability and quality of dislocation movement during cyclic

loading are completely different comparedwith those found in

monotonic loading. The concept of reversible dislocation

movement has been well described previously [13e18], which

may effectively impress activity of the dislocation-based phe-

nomena [19e27]. Anoushe et al. [21] have demonstrated that

reversal dislocation path would facilitate the interaction of

dislocations and therefore promotes substructure develop-

ment even in low SFE materials. Nandy et al. [28] have dis-

cussed that the reversible strain path can provoke dynamic

formation/dynamic dissolution of precipitates through accel-

erating dislocationedislocation and dislocationeprecipitates

interactions. In line to these efforts, it has been illustrated

that the reversible dislocation movement could facilitate

martensitic transformation and its dynamic reversion into the

nano-twinned austenite even at low strain amplitudes [20].

Having all of these researches into the consideration, the pre-

sent authors came to believe that the alteration in loading

mode frommonotonic to cyclicwould effectively influence the

dominant deformation and correlated damage mechanisms.

Despite the valuable efforts on unveiling the overlooked

mechanisms of strain accommodation under uniaxial loading,

to the best of authors' knowledge, there is no comprehensive

and systematic study concerning the fatigue properties of

lightweight steels. Additionally, it was frequently observed

that a significant reduction in fatigue life occurs in many in-

dustrial components (e.g., landing gears and turbine engines)

exposed to constant high stress for a period known as “dwell

time.” Detailed examination of the material's behavior during

dwell fatigue demonstrates that various vital factors affect the

components' lifetime, which is impossible to address during

conventional fatigue [29e31]. Despite this essential challenge,

the response of lightweight steels to the dwell fatigue has not

been studied before.

The present study deals with investigating the room-

temperature fatigue behavior of a lightweight steel. This will

be supported proposing a newly developed method derived

from merging the dwell-fatigue with stress relaxation to

assess the involved deformation mechanism. In fact,
assessment of dislocation response to the cyclic loading and

its contribution to the fatigue performance conventionally

(though in-situ characterization) looks impossible. In this

respect, the stress relaxation technique has been applied

during dwell time in dwell-fatigue loading and considering the

time dependency of dislocation movement, the quantity and

quality of which has been studied. The current work also tries

to unveil the differences between the material responses to

the cyclic and monotonic loading. The correlation of the

activated deformation mechanisms, damage mechanisms

and crack growth behavior has been also addressed.
2. Material and experimental procedures

2.1. Alloy preparation

An austenite-based duplex lightweight steel with a chemical

composition of Fe-17.5Mn-8.3Al-0.74C-0.14Si (wt.%) was

received in as electro-slag remelted condition to minimize the

impurity level. The cast structure was homogenized at 1200 �C
for 2 h to eliminate any possibility of macro-segregation and

then was hot rolled at the temperature range of 1200e1100 �C
followed by the air cooling to break through the cast structure.

Subsequently, the short time annealing was accomplished at

1100 �C for 10 min as a solution treatment to obtain a dilute

solid solution dual phase microstructure. The SFE of the

austenite phase at the room temperature falls into the range

of ~85e90 mJ/m2 which was calculated using the proposed

models by Curtze [32] and Saeed-Akbari [33]. Additionally, the

apparent density of thismaterial is 6.8 g cm�3, which has been

measured using Mettler-Toledo XP205, Mettler-Toledo AG.

2.2. Mechanical testing and sample preparation

2.2.1. Tensile and stress relaxation tests
The room-temperature flow behavior as well as strain rate

sensitivity (SRS) of the material was examined using the uni-

axial tensile tests under the various strain rates of 0.1, 0.01,

0.001 and 0.0001 s�1 at the room temperature. In addition, the

stress relaxation tests were performed to investigate the

dislocation response to monotonic deformation. In this re-

gard, the specimens were strained up to the true strains of 0.1

and 0.4 with a strain rate of 0.0001 s�1, then the tests were

interrupted and held under constant strain for 60 s. Afterward,

the samples were strained to the same stress level as the

beginning of the last holding time; this procedure as one cycle

was repeated five times. Tensile and stress relaxation tests

were carried out with Gotech™AI-7000 LA 30 universal testing

machine equipped with a contact extensometer using ASTM

standard E8 tensile samplewith a gauge length of 25mmand a

sample thickness of 1mm [34]. All the sampleswere subjected

to the surface grinding and subsequent mirror-polishing to

eliminate the effect of surface roughness.

2.2.2. Conventional and dwell fatigue tests
The room-temperature cyclic deformation behavior of the

experimental material has been evaluated using fully reversal

(R ¼ �1) strain-controlled pushepull fatigue test at different

strain amplitudes of 0.01, 0.016, 0.02, 0.03 and 0.04, with the
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Fig. 1 e (a) The schematic sketch of pushepull fatigue specimen at the top and right view; the position of (b) electron back-

scatter diffraction (EBSD) and (c) transmission electron microscopy (TEM) samples on the fractured pushepull fatigue

specimen. The EBSD analysis have been performed on the cross-sectional view of the fatigue sample near the fractured

surface and AeA line represents the cross-section direction of fractured specimen. BeB line shows the closest region to the

fracture surface used for cylindrical TEM thin foil preparation which has been illustrated at the right view; (d) the contour

plot of von-Mises stress for the pushepull specimen under tensile/compressive half-cycle.
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strain rate ( _ε) of 0.1 s�1 and in a triangular waveform. To study

the strain aging behavior, the material was also subjected to

the cyclic loading with the strain amplitude of 0.04 and

different strain rates of 0.07 and 0.02 s�1.

Dwell-fatigue tests were used towell trace the deformation

mechanism of cyclic deformation by employing the stress

relaxation technique. In this regard, 20, 40, and 60 s dwell

times were applied to the maximum and minimum strains of

above-mentioned conventional fatigue test with the strain

amplitude of 0.04 and the strain rate of 0.1 s�1. The geometry

of the pushepull flat fatigue specimen has been demonstrated

in Fig. 1(a) which designed based on ASTM standard E606 [35].

To reduce any possibility of surface roughness and stress

concentration, the surface grinding followed by mirror-

polishing were utilized. All cyclic loading tests were

executed using Santam™ STM-50 universal testing machine

equippedwith a contact extensometer. It is worthmentioning

that in order to increase the reliability of the reported results,

all test conditions were repeated at least 3 times and the av-

erages of the outcomes were reported.

2.3. Fractography and microstructural analysis

The fractography analysis was carried out by the field emis-

sion scanning electron microscopy (Fe-SEM) technique, using

FEI Nova Nano-SEM™ 450 in secondary electron (SE) mode on
the ultrasonically cleaned samples in ethanol for 15 min fol-

lowed by air drying. The electron back-scatter diffraction

(EBSD) analysis with the step size of 200 nm and high-

resolution electron back-scatter diffraction (HR-EBSD) anal-

ysis with the step size of 50 nm were used to investigate the

fatigue crack propagation behavior and to analyze the

microstructural evolution around the crack tip. For this aim,

the fatigued specimens were cut through the AeA line (as

marked in Fig. 1(b)) from near the fracture surface to provide

EBSD samples. The cross-sectional views of these samples

were prepared by grinding and polishing with 1 mm diamond

suspension followed by OP-S suspension for 30 min. EBSD

analysis was performed using the CrystAlign system with an

EBSD (e-FlashHR, Bruker, Germany) mounted on a field

emission gun SEM (S-4300SE, Hitachi, Japan) at a 20 kV ac-

celeration voltage with 4 nA probe current. The data were

processed via TSL-OIM software (version 7). Transmission

electron microscopy (TEM) analysis was performed using a

JEOL JEM-2200FS STEM instrument at 200 kV on the thin film

provided from the nearest region to the fractured surface (as

marked in Fig. 1(c) by BeB line) to be representative for the

maximum applied stress region (Fig. 1(d)). Moreover, in order

to demonstrate phase fraction of the initial microstructure, a

Ferritescope (Fischer MP30) instrument accompanied with the

X-ray diffraction (XRD) analysis were utilized. The XRD anal-

ysis was executed using PHILIPS PW1730 XRD machine
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Fig. 2 e (a) The X-ray diffraction (XRD) pattern; (b) phasemap; (c) inverse pole figure (IPF) map; and (d) boundarymap of initial

microstructure which demonstrates the presence of ~3% ferrite phase within the equiaxed austenite matrix with the

average grain size of ~20 mm and ~57 mm with and without considering the contribution of annealing twins, respectively; (e)

TEM micrograph of initial microstructure; (f) corresponding selected area diffraction (SAD) pattern, showing the low

dislocation density with planer nature of slip in the austenite phase.
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equipped with Cu-Ka radiation (lKa ¼ 1.54056 �A) in the angle

range of 10�e100� with a speed of 2.4�/min.
3. Results and discussion

3.1. Initial microstructure

The XRD results concerning the solution-treated material are

exhibited in Fig. 2(a), which clearly represent that the major

part of the microstructure is occupied by the austenite phase.

Precise examination of the XRD results demonstrates that

there is about 2.43% ferrite phase alongside the austenite
matrix which can also be confirmed by the corresponding

phase map of the initial microstructure (Fig. 2(b)) and the

results of Ferritescope measurements. The negligible volume

fraction of the ferrite phase beside continuity of the austenite

matrix leads to the increment in strain accommodation

through the austenite phase [1]. The inverse pole figure map

(IPF) of the initial microstructure and the corresponding

boundary map have been illustrated in Fig. 2(c) and (d),

respectively. As it can be realized, the randomly texturized

austenite matrix has an average grain size of 57 mm without

considering twin boundaries. However, a significant number

of annealing twins can be detected within the austenite

phase which they have divided the austenite grains into a

https://doi.org/10.1016/j.jmrt.2021.10.135
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Fig. 3 e (a) The true stressestrain curve of the tensile deformation and corresponding work hardening rate at the room

temperature and strain rate of 10¡4 s¡1; (b) the strain rate sensitivity coefficient (m-value) curve as a function of the true

strain, showing a sharp decline during monotonic loading; (c) the results of the cyclic stress relaxation test and the

corresponding stress decayetime curves with the holding time of 60s at the strains of 0.1 and 0.4 which represent the

apparent activation volume of 71 b3 and 32 b3, respectively.
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lower size of 20 mm. In addition, presence of a very small

fraction of low angle boundaries implies on very low energy

level of the solution-treated microstructure. The TEM

micrograph of the initial microstructure and its correspond-

ing selected area diffraction pattern (SAD) are illustrated in

Fig. 2(e) and (f), respectively. As is expected, the initial

austenite phase displays a low density of dislocations

without existence of any SF which can be attributed to the

high SFE of the material.

3.2. Room-temperature monotonic deformation behavior

The flow stress and the corresponding work hardening rate of

the experimental material are plotted as a function of true

strain in Fig. 3(a). As is obvious, a significant increment in the

work hardening rate can be observed. In order to examine the

strain rate dependency of the material, the tensile tests were

executed with different strain rates to evaluate the SRS by m-

value calculation at the constant strain through the following

equation:

m ¼ DlogðsÞ
Dlogð _εÞ (1)

where s is true stress and _ε is strain rate [36]. The calculated

m-value has been depicted as a function of true strain in

Fig. 3(b). At the beginning of plastic deformation, the SRS has a
positive value that is followed by a gradual decline to negative

values. It should be noted that at the strain of 0.1 the m-value

reaches zero and this strain can be the onset point of strain

aging during monotonic loading. It means that the dynamic

strain aging (DSA) phenomenon does not take place at the

beginning of monotonic loading and it may be gradually

activated by proceeding the deformation. It has been

demonstrated by Abedi et al. [37,38] that considering the

outstanding potential of this FeeMneAleC steel for sub-

structure development, the increment in dislocation density

leads to providing high track diffusion paths through well-

developed sub-boundaries which in turn can assist the car-

bon atoms to diffuse and subsequently pin the dislocations,

thereby the probability of strain aging is enhanced. As is

obvious in Fig. 3(a) and (b), the increase in the hardening rate

at the strain of 0.1 coincides with the change in SRS to zero

and then negative values which can indicate that the strain

aging has a considerable contribution in the work hardening

of monotonic deformation.

The stress relaxation test has been employed for more

detailed evaluation of the governed deformation mechanism

as well as to confirm the above-mentioned prediction con-

cerning strain aging occurrence (Fig. 3(c)). In this regard, the

apparent activation volume (Vapp) and time constant (Cr) have

been calculated by fitting the following equation on the stress

decay results of each relaxation cycle:

https://doi.org/10.1016/j.jmrt.2021.10.135
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Fig. 4 e (a) The cyclic stress response curves of the conventional pushepull fatigue tests with the strain rate of 0.1 s¡1 at

different strain amplitudes (the specimen loaded at strain amplitude of 0.01 was not failed); (b) the stress levels of the

material during monotonic loading at the corresponding strain levels in the course of cyclic loading; (c) the cyclic stress

response curves of the conventional pushepull fatigue tests at the strain amplitude of 0.04 with the different strain rates.
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Ds ¼ � M:KB:T
Vapp

ln

�
1þ t

Cr

�
(2)

where M, KB, T and t are Taylor factor (M ¼ 3.06), Boltzmann's
constant (KB ¼ 1.3807 � 10�23 J K�1), temperature and time,

respectively [39]. The calculated Vapp for the interrupted

strains of 0.1 and 0.4 are about 71 b3 and 32 b3, respectively,

where b3 is Burger's vector cube (b ¼ 0.258 nm obtained

through TEM analysis). Several valuable attempts have been

performed on study the deformation-induced thermally acti-

vated processes using the stress relaxation technique, in

which the activation volume ranges of 0e1 b3, 10e100 b3, and

100e1000 b3 are attributed to the grain boundary sliding,

dislocation-point defects interactions, and forest dislocations

interactions, respectively [39e41]. Accordingly, the calculated

apparent activation volume of the interrupted stain of 0.1 is

located at a range that belonged to the dislocation-interstitial

atoms interaction as the well-known micro-mechanism of

DSA. It is noteworthy that by increase in strain the Vapp de-

creases that implies on increasing the probability of pinning

the mobile dislocations through dislocation-interstitial in-

teractions, consequently, more intensification in DSA mani-

festation which is completely in agreement with the obtained
results from m-value analysis. This assertion can be ratio-

nalized through the fact that the lower apparent activation

volume is stemming from the lower involved volume of the

material [22].

3.3. Room-temperature cyclic deformation behavior

The cyclic stress response curves of the different strain am-

plitudes at the strain rate of 0.1 s�1 have been plotted as a

function of the number of cycles in Fig. 4(a). As is realized, at

the strain amplitudes of 0.03 and 0.04, cyclic loading behavior

is characterized by cyclic hardening followed by cyclic soft-

ening to final fracture. Moreover, decreasing the applied strain

amplitude effectively reduces the rate of initial cyclic hard-

ening which leads to the appearance of pseudo-plateau

behavior at the lower strain amplitudes (0.016 and 0.01). As

described in section 3.2, the main reason concerning work

hardening of the material during monotonic loading is room-

temperature strain aging. Besides, it has been frequently

observed that DSA has been recognized as the main cause of

cyclic hardening and lower fatigue lives [42e45]. Accordingly,

to investigate the contingency of occurrence of strain aging,

the fatigue test with highest strain amplitude (0.04) has been

repeated using different strain rates. Fig. 4(b) displays the

https://doi.org/10.1016/j.jmrt.2021.10.135
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Fig. 5 e (a) The applied strain and the corresponding stress of the first five cycles of dwell-fatigue test; (b) the stress decay as

a function of time for the first five tensile and compressive half-cycles; (c) the calculated apparent activation volume

obtained from the stress relaxation test of each applied dwell time in the tensile and compressive half-cycles.
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corresponding cyclic stress response curves for tensile and

compressive half-cycles concerning applied cyclic deforma-

tion at strain amplitude of 0.04 and the strain rates of 0.02,

0.07, and 0.1 s�1. As is obvious, at the first tensile half cycle, the

stress level has been increased by rising the strain rate (pos-

itive strain rate sensitivity). With progressing fatigue loading,

the observed positive SRS gradually turns into negative SRS

behavior. It is also observed that the decrease in the applied

strain rate leads to the acceleration in the cyclic hardening as

well as ~35% reduction in fatigue life which can imply on the

occurrence of strain aging at room-temperature cyclic defor-

mation. The true stressestrain hysteresis loops of the cyclic

deformation at the strain amplitude of 0.04 and the strain rate

of 0.1 and 0.02 s�1 have been plotted in Fig. 4(c) and (d),

respectively. As is obvious, despite negative SRS observation

which is turn can be considered as one of the main evidences

for DSA manifestation, neither cyclic deformation with the

strain rate of 0.1 nor 0.02 s�1 demonstrates serrated flow

behavior. It has been demonstrated by the other authors that

observation of the serration in hysteresis loops cannot be

considered as convincing proof to verify strain aging through

room-temperature cyclic loading [44,46,47]. Additionally,

variation in the fatigue life does not have the chance to be a

solid reason for the occurrence of DSA [15,48]. Therefore,

pieces of compelling evidence seem crucial to be obtained

through more detailed analyses.
3.3.1. Recognition of fatigue behavior through a novel method
based on stress relaxation
The stress relaxation technique is well-known as a facile and

reliable method to recognize the underlying monotonic

deformation micro-mechanism [49]. However, for the first

time, this method was employed in our previous study in the

course of dwell-fatigue loading to make better insight into

dislocation response to cyclic deformation [22]. In the present

study, we have tried to utilize our newly proposed method in

such a way that by adding a 60s dwell time to each maximum

tensile and minimum compressive half-cycles and by using

the stress relaxation concept during the applied dwell time,

make the governed cyclic deformation micro-mechanism

reachable [22]. The responding strain and corresponding

stress for the first five cycles of dwell-fatigue test are plotted

as a function of the time in Fig. 5(a). As is apparent, the applied

strain keeps constant during the dwell periods but the corre-

sponding stress gradually decays which are attributed to the

accommodation of the elastic strain via thermally activated

dislocation glide [41,49]. To well trace the room-temperature

cyclic deformation micro-mechanism, the apparent activa-

tion volume (Vapp) has been calculated for each applied dwell

period at tensile and compressive half-cycles via fitting Eq. (2)

on the plotted stress decay versus time curve (Fig. 5(b)), and

then plotted as a function of the number of cycles in Fig. 5(c).

The Vapp for the tensile half-cycles starts from 69 b3, increases

https://doi.org/10.1016/j.jmrt.2021.10.135
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Fig. 6 e (a) The cyclic stress response curves of peak tensile and compressive half-cycles of pushepull dwell fatigue tests at

the strain amplitude of 0.04 and strain rate of 0.1 s¡1 with different dwell times (All tests started with tensile half-cycle). (b)

The applied strain of the first five cycles and (c) cyclic stress response curves of peak tensile and compressive half-cycles of

the repeated dwell fatigue test starting the cyclic deformation with compressive half-cycle and dwell time of 60s.
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to ~100 b3 at the 6th cycle, and then keeps the upward trend

until the final fracture. But, in the case of compression, with a

similar trend, the onset value of Vapp (~110 b3) is significantly

higher than tensile mode. As mentioned before, locating the

Vapp in the range of 10e100 b3 can be representative of

dislocationseinterstitials interactions. This means that the

strain aging occurs at the first 6 tensile half-cycles of the

room-temperature dwell-fatigue loading. Also, it can be

expressed that the interaction of forest dislocations leads the

Vapp to exceed ~100 b3 [39], which demonstrates that unlike

tensile half-cycles, the occurrence of strain aging has been

suppressed at the compressive half-cycles. This clearly de-

notes the difference between deformation micro-

mechanisms of the tensile and compressive half-cycles of

the dwell-fatigue.

In order to verify the effect of applying dwell time on the

cyclic behavior of material, the dwell fatigue test has been

repeated with dwell times of 20 and 40s. The cyclic stress

response curves of peak tensile and compressive half-cycles

of dwell fatigue tests with dwell times of 20, 40 and 60 s

alongside conventional fatigue have been plotted in Fig. 6(a).

Obviously, the conventional fatigue (dwell time of 0s) mani-

fests a slight asymmetrical behavior in the course of tensile

and compressive half-cycles. However, applying the dwell

time leads to the intensification of this asymmetrical
behavior, so that increasing in the applied dwell time makes

the rate of cyclic hardening substantially increase for tensile

half-cycles and decrease for compressive half-cycles. In

addition, the absolute stress value of the first compressive

half-cycle concerning the dwell-fatigue is remarkably higher

than the conventional fatigue. Additionally, in order to

confirm the influence of dwell time on the intensification of

stress asymmetry, the dwell fatigue test with the strain

amplitude of 0.04, strain rate of 0.1s�1, and dwell time of 60s

has been repeated by applying the first half cycle in

compressionmode instead of tension (the imposed strain as a

function of time has been plotted in Fig. 6(b)). The corre-

sponding cyclic stress response curves for peak tensile and

compressive half-cycles have been plotted in Fig. 6(c). It is

clear from the results that the material cyclically hardens

during first 10 compressive half-cycles while in the case of

tensile half-cycles, it exhibits lower rate of cyclic hardening.

Accordingly, intensification of the asymmetrical behavior

during dwell fatigue is totally relatedwith themode of the first

applied half cycle.

The peak tensile and compressive stresses for the dwell-

fatigue (with applying the first half cycle in tension mode) is

compared with the corresponding curves for the conventional

fatigue at the different strain rates in Fig. 7(a). It was clearly

demonstrated that decreasing the strain rate accompanying

https://doi.org/10.1016/j.jmrt.2021.10.135
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Fig. 7 e (a) Comparison between peak tensile and

compressive stresses as a function of the number of cycles

for dwell-fatigue (D.F) and conventional fatigue (C.F) with

the different strain rates; (b) evolution of the mobile

dislocation density (rm / rm0
) after the relaxation of each

tensile and compressive stresses during the dwell-fatigue

loading.
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with applying dwell time make the rate of cyclic hardening to

increase. It is worth noting that the DSA phenomenon can

effectively make the dislocation glide difficult which in turn

leads to a considerable work hardening rate of monotonic and

cyclic deformations. Hence, an increment in the cyclic hard-

ening rate during conventional fatigue with a decrement in

the strain rate would be a result of the occurrence and/or ac-

celeration of strain aging phenomenon. Similarly, the cyclic

hardening rate of peak tensile stress in dwell-fatigue is

completely in agreement with the obtained results of activa-

tion volume which demonstrate that the DSA is the dominant

deformationmicro-mechanism in primary tensile half-cycles.

On the contrary, pseudo-plateau behavior of peak compres-

sive stress can be stemming from the suppression of DSA

phenomenon.

In order to well trace the dislocation response to the dwell

time and also decipher the asymmetrical behavior of the

dwell-fatigue, the calculation ofmobile dislocation density (rm
/ rm0

) is considered. For this purpose, based on the empirical
relationship between (rm / rm0
) and dislocation velocity (n)

[39,49], and the proposed correlation between dislocation

density and dislocation velocity by Orowan [50], it can be

shown that [49]:

�
rm

rm0

�
¼
�

Cr

tþ Cr

�� b
1þb

�
(3)

where rm is the density of mobile dislocations at the moment

of t, rm0
is the density of mobile dislocations at the first

moment of stress relaxation (t¼ 0), and b is the dimensionless

immobilization parameter [39,49]. The related calculations

concerning effective parameters have been precisely and

comprehensively expressed in our previous study [22]. The

calculated (rm / rm0
) is plotted versus the number of cycles in

Fig. 7(b). As is realized, in the first 10 cycles, there is a notable

difference between the mobile dislocation density of tensile

and compressive half-cycles. The (rm / rm0
) value concerning

tensile mode is started from the 0.24 and increases to higher

values of ~0.7, while in the course of compressive mode, it is

reduced from 0.86 to ~ 0.7. Since (rm / rm0
) represents the ratio

of density of mobile dislocations at the end of dwell period to

initial density ofmobile dislocations, the reduction in (rm / rm0
)

value can be attributed to more dislocation immobilization

during the dwell period. In this respect, unlike compressive

half-cycles, a noticeable fraction of mobile dislocations has

been immobilized during tensile half-cycles. As a result, the

simultaneous occurrence of dislocation immobilization and

cyclic hardening at the primary tensile half-cycles indicates

that the interstitial atoms pin the moving dislocations. The

consequence of this work hardening can also be observed at

the following compressive half-cycle which results in a higher

stress level in compressive half cycles in respect to tensile

mode during the dwell-fatigue loading.

3.4. Fatigue damage

The fracture surface, as an exhibitor of the main and sec-

ondary cracks, has the required potential to unveil the fatigue

properties of the material and also be a representative the

footprints of the microstructural evolutions, therefore, plays

an eminent role in understanding the cyclic deformation

behavior [21,51e59]. Since the fatigue damages and failures

are stemming from the strain localization, and considering

that the DSA has been diagnosed as the main phenomenon

during cyclic loading in the current study, the fracture

behavior investigations seem necessary. For this purpose,

macroscopic overview of the fracture surface of conventional

fatigue samples with different strain rates as well as the

dwell-fatigue sample (at the strain amplitude of 0.04) is

examined and illustrated in Fig. 8. The crack initiation sites

and the final fracture zone of each condition have been

marked by red arrow and yellow dashed line, respectively. As

is obvious, the conventional fatigue with high strain rate has

experienced a multiple crack initiation with 7 initiation sites

which its number effectively is reduced by decreasing the

strain rate, and changes into single initiation site in dwell-

fatigue sample. Also, it is clearly recognizable that the final

fracture region has been expanded by decreasing the strain

rate and applying dwell time.
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Fig. 8 e The macroscopic fracture surface of cyclically loaded specimens at strain amplitude of 0.04: (a) conventional fatigue

with high strain rate; (b) conventional fatigue with low strain rate; (c) dwell-fatigue, showing the decrement in the number

of initiation sites and increment in the final fracture areas through decrease in strain rate and applying dwell time. The

colored rectangles declare the position of high magnification SEM images which have been represented in Figs. 9 and 14.
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The crack propagation region for all conditions is

compared at equal distances from the initiation site in Fig. 9.

In this respect, the average fatigue striation spacing has been

measured at the low and high stress intensity factor range

(DK) levels and noted by yellow in corresponding. Low and

high DK regions are attributed to the early and stable crack

propagation regions which are marked via yellow (Fig. 9 (aec))

and green (Fig. 9 (def)) rectangles, respectively. Each fatigue

striation is attributed to a single fatigue cycle which means

that the variations in striation spacing are directly related to

the crack growth rate [21,60]. As can be seen, at the low DK

level, the fatigue striations are not well-defined in the cycli-

cally loaded sample with high strain rate (Fig. 9(a)) and they

are not large enough to be confidently measured. However,
these striations become well-defined by decrement in the

strain rate (Fig. 9(b)). In addition, it can be clearly observed that

the striation spacing significantly increases by applying the

dwell time (Fig. 9(c)). By comparison between the fatigue

striation spacings of these samples at the high DK level, it can

be seen that it is approximately identical for all samples

(Fig. 9(def)). It can be concluded that the crack growth rate

increases by decreasing the strain rate as well as applying the

dwell time. The deformation localization through DSA effec-

tively restricts the plastic deformation at the fatigue crack tip,

thereby increasing the crack growth rate [42,45,61]. Increasing

the final fracture area is another effect of plastic deformation

restriction which increases by decreasing the strain rate and

applying the dwell time.
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Fig. 9 e High magnification FE-SEM fractographs from the crack propagation region of cyclically deformed samples under

(a,d) conventional fatigue with high strain rate, (b, e) conventional fatigue with low strain amplitude and (c, f) dwell fatigue;

(aec) close to initiation site (low DK); (def) far from initiation site (high DK). The positions of themagnified images of low and

high DK regions are signed in Fig. 8 using the yellow and green rectangles respectively.
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3.4.1. Microstructural origin
To study the microstructural aspects of the cyclically

deformed material with the aim of confirming the above-

mentioned assertions and also developing the involved

micro-mechanism concerning the room-temperature strain

aging during cyclic deformation, the evolution of dislocation

structures has been fully observed. For this purpose, STEM

micrographs of the cyclically deformed sample at the strain

amplitude of 0.04 and strain rate of 0.02 s�1 as well as the

corresponding SAD pattern are illustrated in Fig. 10(a) and (b),

respectively. The indexed SAD pattern clearly demonstrates

that the STEM micrograph has been provided within the

austenite grain at the zone axis of [�110]. As is obvious, two

distinct regions ((c) and (d) regions) with different dislocation

configurations can be distinguished through an annealing

twin boundary. The higher magnification of the signified re-

gions in Fig. 10(c) and (d) clearly reveals the character of slip is

mostly planar and also related planar slip traces can be diag-

nosed which are marked by colored lines and noted by A, B,

and C. The dislocations with the planar character are more

obvious in region (d) compared to region (c) which can be due

to different Schmid factors of these regions. Recently, a

number of researches have demonstrated that the slip char-

acter of dislocations can alter from planar to wavy through

cyclic deformation even in low SFE materials [21,62,63]. In

contrast, it has been proved that the DSA restricts the cross

slip which in turn promotes the strain localization, thereby

inducing the long-range planarity of dislocation in the

microstructure [42,44,64]. In the present work, considering the

high potential of the studied material to incur the extensive

substructure development during straining [37], it is expected

that the wavy slip character should be observed. But, cyclic

deformation-induced reversible dislocation movement leads
to the long-range planarity through expediting the strain

aging and therefore observation of planar slip traces during

cyclic deformation.

It is worthmentioning that the single SFs can be detectable

in Fig. 10(c) which are signified by yellow arrows. Interestingly,

wide SF regions are also visible at the interaction of A and B

slip traceswhich are shown via light green arrows in Fig. 10(d).

In this connection, Fig. 11(a) schematically displays the

pinning of a mobile partial dislocation by the interstitial

atoms. A full dislocation (a/2<110>) dissociates to leading and

trailing partial dislocations (a/6<112>) bounding a stacking

fault (which is narrow in the high SFE materials). The carbon

atoms can diffuse to the dislocation core and reduce the

moving ability of the partial dislocations. Opening up a fast

diffusion channel near the core of trailing partial facilitates its

pining by the interstitials, but absence of this channel near the

leading partial leads to different mobility of leading and

trailing partials and therefore widening of the SF region [65].

Accordingly, the existence of dislocations with wide SF re-

gions (shown by light green arrows in Fig. 11(b) and (c)) beside

the dislocations with narrow SF regions (signified by yellow

arrows in Fig. 11(b) and (c)) are observable which can be due to

the strain aging phenomenon. It should be pointed out that

dislocations with narrow SF regions may be also developed by

subsequent closure of SF regions through reversible move-

ment of Shockley partial dislocations. Also, some of the partial

dislocations remain unpinned during cyclic deformation,

thereby widening the SF regions does not occur.

3.4.2. Mechanism of room-temperature DSA during
conventional and dwell-fatigue
As is comprehensively discussed earlier, strain aging is the

dominant phenomenon during the primary cycles of the
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Fig. 10 e (a) The scanning transmission electron microscopy (STEM) bright-field micrograph related to the microstructure

after fully reversal conventional fatigue loading at the strain amplitude of 0.04 and strain rate of 0.02 s¡1; (b) the

corresponding SAD pattern that illustrates the single austenite phase (zone axis for austenite phase is [¡110]); (c) and (d)

higher magnifications of the STEM image that clearly represent the planar glide of dislocations, single wide stacking fault

(SF) regions (pointed by yellow arrows), and wide SF regions located at the intersections of A and B slip traces (pointed by

light green arrows).
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room-temperature cyclic deformation in the studiedmaterial.

The corresponding micro-mechanism should be developed

and specified for the cyclic deformation. In this regard, Fig. 12

has been schematically drawn to clarify the proposed micro-

mechanism and the main steps of that are described below:

(I) At the initial stage, randomly distributed dislocations

exist in the different slip systems.
(II) At the first tensile half-cycle, a limited number of dis-

locations interact with the carbon atoms. Pinning the

trailing partials by interstitials would lead to the

different moving abilities of the partial dislocations

which directly increases the width of the SFs.

(III) Unloading the tensile stress and then applying the

compressive stresswouldmake the dislocations to glide

in the reverse direction on the same slip system.
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Fig. 11 e (a) The schematic view of pinning the trailing partial dislocation by carbon atoms which leads to widening the SF

region. Close-up STEM image showing the (b) dislocations with narrow (pointed by yellow arrows) and (c) wide (pointed by

light green arrows) SF regions.

Fig. 12 e The schematic view of the dislocation-carbon atom interaction during the cyclic deformation based on reversible

dislocation movement. The detailed micro-mechanism of dynamic strain aging (DSA) occurrence during conventional

fatigue (C.F) with different strain rates and dwell-fatigue (D.F) has been explained. Dislocation pinning by carbon atoms

randomly occurs in the course of first tensile half-cycle and continues during the compressive mode. This behavior

intensifies by decreasing the strain rate. Appling the dwell time at the maximum tensile stress strongly increases the

probability of trailing partials pinning through carbon atoms. This significantly reduces the un-pinned SF regions which in

turn can diminish the possibility of the dislocation pinning during compressive half-cycle.
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Fig. 13 e The IPF map of the secondary crack in the cross-sectional view of the cyclically deformed samples at the strain

amplitude of 0.04 and strain amplitudes of (a) 0.1 and (b) 0.02 s¡1.
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Consequently, most of the opened SFs would be closed

at the zero stress level.

(IV) Reversible dislocation movement would significantly

increase the probability of dislocation-carbon atoms

and dislocationedislocation interactions. This would

effectively reduce the dislocation velocity and intensify

DSA occurrence.

(V) Unloading the compressive stress would again make

the SFs to be closed which leads most of the visible

dislocations to have narrow SF region in the

microstructure.

(VI) During dwell-fatigue, holding the strain during the

dwell period would provide the required time for

diffusion of carbon atoms to extensively pin the existing

dislocations.

(VII) Applying the dwell time at the compressive half-cycle

would cause the dislocations to be pinned not as

much as tensile half-cycle, since during tensile dwell

time, most of the available dislocations have been pin-

ned which in turn reduces the probability of dislocation

pinning at the next half-cycle.

Evidently, the above describedmicro-mechanism steps are

convincingly in compliance with the evolution of mobile
Fig. 14 e The footprints of long-range planar slip within the (a) cra

deformed samples under conventional fatigue with lower strain ra

role of the planarity of slip even at over-load stage. The position of
dislocation density as well as cyclic stress responses. It should

be emphasized that the reduction in strain rate provides the

needed time for the above-mentioned interactions which re-

sults in more dislocation pinning (Fig. 11). Moreover, with

detailed observation of Fig. 7(a), during conventional fatigue,

the stress level of the first tensile half-cycle at the higher

strain rate condition is considerably greater than lower strain

rate (positive SRS), while the compressive stress level is the

same for both conditions. Thus, it can be derived that the DSA

may not effectively manifest during the first tensile half-cycle

and there is no difference between the first half-cycle and

monotonic loading. However, the reversible movement of

dislocation accelerates the occurrence of strain aging during

the next half-cycles, causing to observe negative SRS.

As declared in steps (VI) and (VII) of the proposed micro-

mechanism, a significant potential for the DSA is consumed

during the first holding time at the maximum tensile stress.

Also, the subsequent compression cannot effectively enhance

the population of unpinned dislocations (through the unpin-

ning of the pinned dislocations and/or dislocation generation).

These significantly harden the dislocation glide and conse-

quently, the higher stress level is obtained for the subsequent

compressive half-cycle (Fig. 7(a)). In addition, the lower
ck propagation and (b) final fracture regions of cyclically

te and dwell fatigue, respectively. They show the significant

eachmagnified image is signed by the blue rectangle in Fig. 8.
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Fig. 15 e (a) TEM micrograph and (b) its magnified view (from the zone axis of [¡110]) corresponding to the cyclically

deformedmicrostructure at the strain amplitude of 0.04 and strain rate of 0.02 s¡1 illustrate twinning at the intersection of A

and B slip traces. High-resolution electron back-scatter diffraction (HR-EBSD) analysis of the same microstructure; (c) the IPF

and (d) KAM maps demonstrate parallel deformation bands at the vicinity of the grain boundary; (e) the misorientation

profiles along line 1 verify the twin nature of these bands. The thickness and the intervals of twin bands in the HR-EBSD

results and TEM micrograph are also noted.
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fraction of unpinned dislocations would suppress the occur-

rence of DSA at the compressive half-cycles.

3.4.3. Damage mechanism
In order unveil the overlooked influence of dynamic strain

aging on the fatigue crack behavior the crack path has been

characterized by performing the EBSD analysis on the sec-

ondary crack path of the cyclically deformed samples at the

strain rates of 0.1and 0.02 s�1 and the corresponding IPF maps

have been illustrated in Fig. 13(a) and (b), respectively. As is

obvious from the results, the cyclically deformed material

under the strain rate of 0.1s�1 showed transgranular crack

propagation whereas decreasing in strain rate converted the
crack propagation mode from transgranular to intergranular.

It has been demonstrated by Zhou et al. [66] that occurrence of

the strain aging during cyclic deformation of an austenitic

steel facilitates the formation of planar slip bands and their

interaction with grain boundaries causes stress concentration

at those regions which in turn intensifies the formation of

intergranular micro-cracks. Moreover, it has been described

before that lowering the strain rate stimulates strain aging

phenomena during fatigue loading. Consequently, as the

strain rate decrease, the crack propagation mode gradually

transfers from transgranular to intergranular. Magnified

fractographs in Fig. 14(a) and (b) represent the linear feature

(specified by green dashed lines) within the crack propagation
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region related to the conventional fatigue with lower strain

rate and final fracture region related to the dwell-fatigue,

respectively. By comparison of these features with the STEM

micrograph, it can be realized that the intervals of these lines

in the fracture surface are approximately identical with the

intervals of the slip traces in STEM image. It means that the

above-mentioned characteristic as a footprint of slip traces in

the fracture surface, is stemming from the long-range

planarity of slip. Considering this fact that intersection of

slip traces with boundaries or other slip traces can act as

stress concentration sites, manifestation of the slip trace

marks in the fracture surface of lower strain rate as well as

dwell fatigue demonstrate that acceleration of DSA motivate

the intergranular cracking which is totally in agreement with

the results of EBSD analysis from secondary crack paths.

Prevailing the intergranular cracking along with restriction

the plastic deformation around the crack tip can significantly

accelerate the crack propagation as well as final fracture.

3.4.4. Dynamic strain aging induced deformation twinning
Deformation twin formation is an unexpected phenomenon

in cyclic deformation of the studied material due to (i) low

imposed strain during cyclic deformation and (ii) high SFE of

the material. Fig. 15(a) and (b) display the magnified TEM mi-

crographs from the wide SFs located at the intersection of A

and B slip traces. The nature of the appeared feature at the slip

traces' intersection is diagnosed via SAD pattern analysis

(Fig. 15(a)) which indicates that the deformation twin is the

essence of these wide SFs. As is previously discussed, the

occurrence of DSA can cause the widening of the SF regions

through the pinning of trailing partial dislocations. It has been

demonstrated by Koyama et al. [67] that the occurrence of

strain aging during monotonic loading reduces the required

critical strain for deformation twinning through widening the

SF regions as well as random stacking of extended disloca-

tions. In the case of cyclic deformation, besides intensifying

the occurrence of strain aging, reversible dislocation
Fig. 16 e Schematic diagram demonstrating the probability

of the occurrence of the strain aging against the loading

mode.With the change in loadingmode frommonotonic to

cyclic and then conventional fatigue to dwell-fatigue, the

possibility of DSA manifestation will have been increased.
movement can effectively enhance the probability of over-

lapping of developed SFs, thereby providing the proper con-

dition for twinning.

To prove this assertion concerning the deformation twin-

ning as a result of DSA, the HR-EBSD analysis has been

employed. In this regard, the IPF and KAM maps of the cycli-

cally deformed microstructure under the strain amplitude of

0.04 and strain rate of 0.02s�1 are illustrated in Fig. 15(c) and

(d), respectively. As is obvious, numerous deformation bands-

like have been parallelly formed at the vicinity of the grain

boundary of the left grain. The intervals and the thickness of

these bands are almost equal with the demonstrated twin

bands in TEM micrographs which emphasize that these fea-

tures are representative of an identical phenomenon. More-

over, themisorientation profiles along line 1 have been plotted

in Fig. 15(e). As is realized, the misorientation of these bands

with the matrix is almost in accordance with the S3 bound-

aries (which is about 60� in the FCC crystal structure [40,68])

which can compellingly confirm that the nature of deforma-

tion bands-like is the deformation twin. It should be

mentioned that the formation of twins would not eliminate

the present slip traces, therefore, continuation of cyclic

deformation leads to increasing the dislocation density

around the deformation twin and in turn enhances the

interaction of dislocations with twin boundaries. In addition,

some of the observed bands can be related to the twin em-

bryos, where the overlapping of SFs has not been completely

performed [40]. Thus, the microstructure containing the

mixture of twins and twin embryos as well as distorted twin

boundaries due to subsequent deformation shows some

deviated misorientation from 60� (Fig. 15(e)).
According to the exhibited results, it can be deduced that

providing the proper condition for deformation twinning

through strain aging and slip planarity can influence on crack

initiation behavior. In such a way that the intersection of slip

traces can potentially act as the crack initiation site stemming

from the stress concentration. In this connection, character-

izing the influence of deformation twinning on crack behavior

seems noteworthy and precious. As is obvious in Fig. 15(b), the

KAM value of the twin bands is very high that implies the

accommodation of a significant amount of strain through

deformation twinning. Frequent formation of twins all over

the microstructure at the intersection of slip traces during

cyclic deformation would retard the micro-voiding, thereby

defer the micro-cracking which leads to reduce the number of

crack initiation sites at the conventional fatigue with the

strain rate of 0.02s�1 and the dwell-fatigue (Fig. 8 (b) and (c)).

However, to justify the reduction in fatigue life of these con-

ditions, this point should be considered that, at the low-cycle

fatigue regime, the crack growth stage is dominant.

3.5. Effect of loading mode on the occurrence of DSA

Alteration in the loading mode effectively affects the disloca-

tion movement and through it, impacts the dislocation-based

phenomena. As described before, the SRS is positive at the

beginning of the monotonic deformation. Formation of well-

developed dislocation substructure through straining accel-

erates the stress-assisted diffusion of the carbon atoms [37],

whichmeans that the occurrence of strain aging phenomenon

https://doi.org/10.1016/j.jmrt.2021.10.135
https://doi.org/10.1016/j.jmrt.2021.10.135


j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 1 ; 1 5 : 6 1 3 6e6 1 5 46152
is not probable at the low imposed strains and also it is

intensified by continuing the monotonic deformation. Sur-

prisingly, applying the cyclic deformation even with a lower

imposed strain in respect tomonotonic deformation, provides

the reversible movement of dislocation which encourages the

occurrence of strain aging. It has been well demonstrated that

applying the dwell time to the conventional cyclic loading

would intensify the influence of reversible dislocation move-

ment by providing sufficient time for the diffusion of carbon

atoms. In this context, Fig. 16 schematically demonstrates the

remarkable increment of the probability of the strain aging

occurrence by variation in the loading mode.

In the current study, the onset of DSA has received more

attention, however, according to the mobile dislocation den-

sity analysis in section 3.3.1 as well as the cyclic hardening

and cyclic softening behavior throughout the fatigue defor-

mation, it can be derived that the severity of DSA manifesta-

tion is gradually disappeared in dwell-fatigue by the increase

in the number of cycles. This is completely contrary to the

DSA behavior in the course of monotonic deformation. This

gradual disappearing of strain aging is stemming from the

diminishing of the effectiveness of reversible dislocation

movement due to the various reasons i.e. enhancement in

dislocation density with increasing the number of cycles

[22,69], persistent slip band formation [69,70], etc. inducing the

irreversible dislocation movement. These findings would be

the most prominent created differences by alteration in the

loading mode from monotonic to cyclic.
4. Conclusion

In this paper, it was attempted to figure out fatigue proper-

ties and the response of Fe-17.5Mn-8.3Al-0.74C-0.14Si light-

weight steel to room-temperature cyclic deformation

through the new method based on stress relaxation during

dwell-fatigue as well as the comprehensive microstructural

characterization. The main findings can be summarized as

follows:

1. The occurrence of the room-temperature strain aging

during cyclic deformation seemed to be theoretically

impossible owing to the low imposed strain and low

diffusion rate. This phenomenal occurrence was justified

through the fact that the cyclic deformation-induced

reversible dislocation movement intensifies the interac-

tion of dislocations with interstitial solute atoms.

2. Applying the dwell time at the peak tensile half-cycles

provided the required time for pinning the majority of

the mobile dislocations which led to the significant in-

crease in the absolute stress value and also the lower po-

tential for DSA at the next compressive half-cycles.

3. The occurrence of DSA was accompanying with pinning

the trailing dislocations and widening the SF regions. As a

side effect, this could restrict the cross slip and develop the

long-range planarity which was identified as slip trace

marks in the fracture surface.

4. Stimulating the interaction of the slip traces with the grain

boundaries as well as other slip traces by providing the

proper conditions for dynamic strain aging can facilitate
micro-viding and micro-cracking at grain boundaries

which in turn can change the mode of crack growth from

transgranular into intergranular.

5. Development of wide SFs at the intersection of slip traces

and subsequent overlapping of them led to deformation

twinning, which in turn could result in fatigue crack initi-

ation retardation by accommodating a significant amount

of strain.

6. Change in loading mode from monotonic to cyclic defor-

mation, and conventional fatigue to dwell-fatigue caused

the acceleration in onset of room-temperature strain aging

in a low-density steel.
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