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Cycl!c Deformathn-lnduced Martensite, In this investigation, experiments have been carried out at room temperature
Cyclic Stress-Strain Response, Low cycle pr)- 300K and at high temperature (HT): 573K to determine the role of
fatlgL:)e, Austenitic Stainless Steel 304LN - ensite formation in the strain-controlled low cycle fatigue of 304LN
(0.11%). (0.11%) stainless steel. Deformation-induced martensite was significantly
present (0.7 to 2.3%) for RT, however, in trace amounts (0.05 to 0.07%) at
HT. The presence of deformation-induced martensite at RT had detrimental
effect on low cycle fatigue life of 304LN-SS. Significant drop in stress level
was observed at HT (270-407 MPa) compared to value of stress at RT (395-
493 MPa) for cyclic stain amplitude values in the range (0.5 to 1.1%). The
number of reversals to failure decreased with increasing strain amplitude
(0.5 to 1.1%) from 17540.0 to 1046.0 at RT while at HT the number of cycles
to failure decreased (15562 to 700). The maximum number of hardening
cycles was found to increase from 15 to 55 for a temperature rise from 300K
to 573K. The beneficial improvement in cyclic stress-strain response
(hardening cycles) at 573K is attributed to absence of martensite. Effects of
deformation-induced martensite and temperature have been invoked to
account for changes that have been observed in the cyclic stress-strain
behavior.

© 2023 Published by Faculty of Engineering

1. INTRODUCTION hot and cold branches of mixing tees, that may induce

thermal shocks in the pipes. In articles (G.A. Harmain,

The nuclear power industry relies heavily on austenitic
stainless steels such as 304LN-SS, owing to its
corrosion resistance and other desirable mechanical
properties such as ductility and strain hardening. One of
the candidate material for the pipeline of the advanced
deuterium oxide (D,0O) based nuclear power plant is the
austenitic grade 304LN stainless steel (Belyakov et al.,
2000; Rowcliffe et al.,, 1998). In such a system
temperature variations up to 423K occur between the

! Corresponding author: Gulam Ashraful Harmain
Email: gharamain@nitsri.ac.in

2005; Kant & Harmain, 2021a, 2021b, 2021c) several
in-service loadings were discussed in detail.

Strain amplitude fatigue curves are required as per design
standards such as ASM and the French RCC-M code
(Rowcliffe et al., 1998) to assess the in-service integrity of
such structures. Evaluation of material's resistance to low
cycle fatigue (LCF), uses strain-controlled experiments
(also known as plastic strain-controlled testing).
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304LN is a metastable austenitic stainless steel,
undergoes a phase change (austenite to martensite)
during the deformation process, which is a function of
several parameters such as strain amplitude, strain rate,
the elemental composition of the material, and level of
deformation (Kumar & Singhal, 1989). It has been
found that the extent of strain amplitude at room
temperature (RT) influences martensite formation (by
the deformation-induced martensite process)
(Ahmedabadi et al., 2016; Das et al., 2016; Dey et al.,
2016; Gonchar et al., 2018; Krupp et al., 2008; Liu et
al.,, 2017; Paul et al.,, 2018; Pegues et al., 2017).
Martensite development may inhibit plastic deformation
in austenitic stainless steels such as 304L-SS (Ganesh
Sundara Raman & Padmanabhan, 1995), which
influences deformation behavior and hence the cyclic
stress-strain response of components.

Significant research has been reported on the 304L-SS
cyclic deformation behavior (Baudry & Pineau, 1977,
Bayerlein et al., 1989; Belyakov et al., 2000; Dey et al.,
2016; Gonchar et al., 2018; Liu et al., 2017; Paul et al.,
2018; Pegues et al., 2017; Rowcliffe et al., 1998; Juho
Talonen et al., 2005) but there is limited data available
on the cyclic deformation behavior of austenitic
stainless steel 304LN-(0.11%)- SS.

The present investigation is focused to analyze the
effect of formation of martensite on the cyclic stress-
strain response of 304LN-SS at room temperature
(RT=300K) and high temperature (HT= 573K). The
study also provides low cycle fatigue life with
synergetic effect of cyclic deformation and temperature
with wide range of strain amplitudes (0.5 to 1.1%) that
have been used to study martensite formation.

2. MATERIAL AND METHOD

Plates made of 304LN-SS with a thickness of 20
millimeters were utilized in the present investigation.
Microstructure of the material is shown in Figure. 1.
The chemical composition of the material is presented
in Table 1.

ook SRNE A
A -t NS N,

Figure 1. Microstructure of 304LN-SS
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Table 1. Chemical composition of 304LN-SS.

Element C| Si | Ni Cr | Cu N Fe

Weight (%) 0.027 05 | 8.1 | 18.3 | 0.3 | 0.11 | Balance

The geometry of the sample used is shown in Figure.2
(a). Tensile tests on these samples were conducted in
laboratory air at strain rates of 1*10° s™ at 300K (RT)
and 573K (HT) using a servo-hydraulic universal testing
machine of Walter + Bai Ag as shown in Figure. 2(b).
Tensile stress-strain curves were obtained using Tinious
Olsen, universal testing machine.
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Figure 2. (a) Detailed geometry of specimen used in the
present investigation. (b) Experimental setup (Walter
+Bai Ag) used for conducting LCF tests

Low cycle fatigue (LCF) experiments have been
conducted on Walter + Bai Ag fatigue testing machine-
100 kN as shown in Figure. 2(b). Several strain
amplitudes of 0.5%, 0.8%, 1.0%, and 1.1% were used at
room temperature (RT; 300K) and high temperature
(HT; 573K) in the currentinvestigation. Axial
deformation was measured using a 125 mm
extensometer. The strain rate was maintained at 1*10°
s for LCF tests. The experiments were deemed to have
finished when either the specimen broke or the load
dropped by 25%, whichever was earlier.
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3. RESULTS AND DISCUSSIONS

3.1 Effect of temperature on tensile behavior

Tensile tests were conducted to obtain the influence
of temperature on the mechanical properties of the
material at RT and HT. Tensile properties such as
yield strength and ultimate strength dropped
appreciably i.e., by 28 and 32% respectively.
Ductility decreased significantly i.e., by 43% with
respect to room temperature value shown in Figure.
3. The counterintuitive behavior of ductility at
elevated temperature is attributed to significantly
reduced level of deformation-induced martensitic
phase transformations (which will be quantified and
discussed further in subsequent sections). The
experimental results corroborate well with the result
of the reference (Byun et al., 2004).
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Figure 3. Monotonic stress-strain curve, obtained using
Tinius Olsen UTM

3.2 LCF at room temperature (RT) and high
temperature (HT)

The Coffin-Manson relationship was invoked to obtain
fatigue life (N¢), i.e., (2Ny) reversals. The plastic strain
amplitude (A%), and the number of reversals(2Ny), are
related through fatigue ductility coefficient (e) and
fatigue ductility exponent (c) as: A% = &7 (2Nf)°. Low
cycle fatigue (LCF) life variation with plastic strain
amplitude (A%) is shown in Figure. 4, for 304LN
stainless steel based on Coffin—Manson equation

It is observed that the low cycle fatigue life of
304LN-SSwas  consistently  lower at  high
temperature (HT=573K) than at room temperature
(RT=300K), for all the strain amplitudes (0.5 to
1.1%) considered in this study. The slope of low
cycle fatigue life at RT and HT are -0.327 and -0.298
respectively.

0.1

AEp/2 = 0.0968(2Ng) 9327 *RT (300K)
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Figure 4. Plastic strain amplitude versus number of
reversals (2Ny) (at RT (300K) and HT (573 K)

The variation in the slope of plastic strain amplitude with
respect to number of reversals at RT(300K) and HT(573K)
is attributed to microstructural and sub-structural changes
that have occurred in the material during deformation
process (Berling et al., n.d.). Such variations in plastic
strain amplitude have been reported for multi-phase steels
(Mediratta et al., 1986; Radhakrishnan, 1992) and Al-Li
alloys (Mediratta et al., 1986; Radhakrishnan, 1992).
Coffin—-Manson low cycle fatigue has been studied on the
basis of thermal activation energy of dislocation motions
(Kim et al., 2009) in the case of cast austenitic steels.

3.3 Fracture surface examination

LCF fractured samples were examined to observe the
microscopic features using the Scanning Electron
Microscope. In Figure. 5 (a)-(d) and 6(a)-(d), details of
fractographs of samples for strain amplitude (0.5 to
1.1%) for RT (300K) and HT (573K) respectively are
provided. It is observed from Figure. 5(a)-(d) that
prominent features of metal matrix damage are
manifested in the form of striations spacing marked by
the green rectangles. It is conspicuous that striations
have wider spacing as strain amplitude is increased from
(0.5-1.1%). Another feature of the fractured surfaces has
been given by red rectangular boundaries showing
secondary cracks. It is also observed in Fig. 5 (b) to (d)
that martensite transformation is also present. The
martensite phase is identified by smooth facets which
have started to appear in Figure. 5(b) to Fig. 5(d).The
martensite facets are proportionately larger at higher
values of strain amplitude. Thus cyclic deformation
induced martensite transformation (shown by red color
arrows in Figure. 5(b),(c), and (d) are attributed as a
factor for anomalous behavior of increased ductility at
room temperature, compared with ductility at elevated
temperature (573K). The presence of martensite
significantly affects cyclic stress-strain response at room
temperature.
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Figure 5. Low cycle fatigue, fractured samples at RT. (a)
at 0.005 strain amplitude. (b) at 0.008 strain amplitude. (c)
0.01 strain amplitude. (d) 0.011 strain amplitude
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Figure 6. Low cycle fatigue, fractured samples at HT. (a)

at 0.5% strain amplitude. (b) at 0.8% strain amplitude. (c)
1% strain amplitude. (d) 1.1% strain amplitude
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The fractured surfaces of samples at high temperature
(573K) at strain amplitudes of (0.5, 0.8, 1.0and 1.1%)
are shown in Figure. 6(a), (b), (c), and (d) respectively.
In Figure. 6(a) classical striation spacings are succinctly
visible in the entire area (some typical portion has been
shown by the green rectangle) with some damage in the
form of secondary cracks (shown by red rectangles). In
Fig. 6(b) the damage to metal matrix by secondary
cracks is significant (shown by red rectangles), while
the striations are mitigated to some extent in some
locations (as shown by green rectangle).

In Figure. 6(c) the damage to the material is
prominent and the spacings of striations have also
become wider (shown by green rectangle) and
elsewhere the striations are mitigated. In Figure. 6(d)
at the highest value of strain amplitude (0.11%) the
accumulated damage to the metal matrix through de-
cohesion and secondary cracks is demarcated by red
rectangles. The striations have become very wide and
prominent (as shown by green rectangle).

3.4 Effects of Temperature

The stress variation with increasing number of cycles
at strain amplitudes of 0.5%, 0.8%, 1%, and 1.1% has
been shown in Figure. 7(a) and 7(b) at room
temperature (300K) and elevated temperature (573K)
respectively.
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Figure 7. Stress response for several strain amplitudes
(0.5-1.1%). (5a) at RT. (5b) at HT

It is observed in Figure 7(a) that for first 10 to 15
cycles there is cyclic hardening at room temperature
and subsequently cyclic softening for all strain
amplitude. At elevated temperature (573K) hardening
occurs up to 55 cycles which is then followed by
gradual softening till failure. At room temperature,
larger response stress occurs for all the strain
amplitude considered. The initial hardening slopes at
high temperature (573K) were found steeper than for
room temperature conditions for the same strain
amplitude values. Since the softening at elevated
temperature does not exhibit steady-state therefore
subsequent analysis has considered half-life (N¢/2)
cycle instead of steady state. The hardening and
softening of material 304LN SS is directly related to
changes in microstructure and substructure as a result
of cyclic deformation.

In virgin 304LN-SS microstructure was 100% austenite
as depicted in Figure. 1. SEM fractographs of samples
at RT (300K), reveal the presence of deformation-
induced martensite as shown in Figure. 8, at some
locations (shown by symbols X, Y, and Z) however,
martensite is not present at elevated temperature (573K)
samples shown in Figure. 9.

Figure 8. Microstructure of 304LN-SS after sample
failure at RT (300K) and 1.1% strain amplitude

Figure 9. Microstructure of 304LN-SS after sample
failure at HT (573K) and 1.1% strain amplitude
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Transformation of austenite to martensite in microstructure
is a function of strain rate, temperature, and applied strain
(Lee et al., 2022). In particular strain range, the hardening
and softening may be attributed to the influence of
temperature as is evident in Figure. 7(a) and 7(b). Even
though the material shows initial hardening for the first 15
to 20 cycles at RT and 30 to 55 cycles at HT (573K), the
levels of stress that is necessary to deform the material at
573K is substantially lower than at 300K. Plastic damage
(response to strain) is primarily attributed to two factors,
the formation of dislocations and their mobility (Hartmaier
et al., 2005). Barriers such as grain boundary, precipitates,
phase transformations, and dislocations and their
interaction with one another also affects the response
stress.

304LN-SS is metastable austenitic stainless steel at room
temperature (300K), therefore it shows austenite to
martensite phase transformation under the influence of
deformation (tensile, compressive, shear deformation, etc.).
Deformation-induced martensitic transformation (DIMT)
also affects the dislocation motion. In (Bayerlein et al.,
1989), it is reported that the martensitic transformation that
occurs in stainless steel 304LN-SS under cyclic stress at
room temperature effectively reduces plastic deformation.
As a result of limited plastic deformation due to DIMT, it
is expected that higher level of stress will occur at RT for
the same level of applied strain. When 304LN-SS is
deformed (axial cyclic strain) at room temperature, pure
austenitic phase 304LN-SS is transformed into two phases
(austenite + martensite) by DIMT, while at HT (573K )
304LN-SS is stable (573 K >Mys), (where Mys, is the
temperature at which 50% austenite will convert to
martensite by DIMT in metastable steels due to 30%
deformation)(Bayerlein et al,  1989).  Hence
microstructural phase is unaltered by deformation at
elevated temperature (573K) however, pure austenitic
phase is strong enough to sustain cyclic deformation (Byun
et al., 2004; Krupp et al., 2008; Kumar & Singhal, 1989;
Juho Talonen et al., 2005).

This microstructural alteration i.e., DIMT has a substantial
influence on the mechanical response (yield stress, tensile
stress, elongation percentage) of 304LN-SS which is also
evident in Figure. 3 (for monotonic stress-strain response)
where vyield strength, ultimate strength, and elongation
decreased by 28%, 32%, and 43% respectively. Since
temperature plays a major role in the stability of austenite,
the decrease in elongation by 43% beyond 300K is
attributed to formation of martensite at room temperature.
Feritscope was used for identification of martensite at RT
(300K) and HT (573K) as is shown in Figure. 8. DIMT has
a significant impact on the tensile properties such as strain
hardening and ductility of the material (Byun et al., 2004).
The fall in material strength and elongation at elevated
temperature has also been reported for ASS (300 series) by
(Byun et al., 2004). The results of reference (Nagy et al.,
2004) (J. Talonen & Hanninen, 2007) corroborate well
with the result of the present study. The role of martensite
has also been studied for 300 austenitic stainless steel by
(J. Talonen & Héanninen, 2007; Weil et al., 2006) and is in
conformity with the findings of the present investigation.

It has been observed that transformation from the austenite
phase to the martensite, occurred at a RT during cyclic
loading with strain amplitude (0.5%, 0.8%, 1.0%, and
1.1%). Cyclic deformation-induced martensite had higher
strength than the austenitic phase. This is the key factor
responsible for change in properties in the cyclic stress
response that was observed at 300 K and 573 K in Figure.
7a and 7b respectively. In (Krupp et al., 2008),(Nagy et al.,
2004) it was reported that the low cycle fatigue behavior of
austenitic stainless steel at temperatures ranging from -100
to 300 K, the cyclic hardening increased as the temperature
decreased. This was attributed to deformation-induced
martensite transformation (DIMT) that increased as the
temperature decreased.

An in-depth investigation into the microstructural changes
brought by LCF using a feritscope and optical microscope
is presented in Table 2, that presents DIMT at room
temperature and elevated temperature respectively.

Table 2. Strain-induced martensite and failure cycles for various levels of strain amplitudes.

Room temperature 300 K

High temperature 573 K

Strain % N¢(cycles to failure) Martensite % Strain % N¢ (cycles to failure) Martensite%
0.5% 8770 0.7% 0.5% 7781 0.05%
0.8% 1297 1.1% 0.8% 1023 0.04%
1.0% 1083 1.9% 1.0% 1440 0.05%
1.1% 523.00 2.3% 1.1% 350 0.07%

The feritscope readings were obtained for HT samples
which showed quite trace amount of martensite (0.04 to
0.07%). However, the percentage of martensite at room
temperature (300K) is 0.7 to 2.3% that results in higher
response stresses. High temperature leads to the activation
of thermal processes, that makes dislocations to glide
easily that decreases the resistance to material flow that
results in lower response stresses. The stress response of
304LN-SS at 573K is in conformity with (Yamaguchi K,
Kanazawa K. Electron Microscope on Deformati... -
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Google Scholar, n.d.). Low cycle fatigue tests carried out
by (Yamaguchi K, Kanazawa K. Electron Microscope on
Deformati... - Google Scholar, n.d.) on austenitic stainless
steel 316 at elevated temperature demonstrated the
presence of organized dislocation arrays that lead to lower
elastic strain energies in comparison to cellular
arrangements.
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Deformation-induced martensite affects cyclic stress-
strain curve, which is controlled by cyclic changes in
hardness (315 to 210 Hv) and ductility and both were
found to decrease with increasing temperature (300 to
573K). Response stress increased with the increase in
hardness.

The overall strain amplitude for the hysteresis loop may

A A A A A Ae
be expressed as: % = % + ? where % % d=r

are total, elastic, and plastic strains amplitudes
respectively. Strain ratio (SR) = % , in fatigue loading
is an indicator of hardening and softening. In Figure.
10(a) and 10(b) it is observed that the value of SR
decreases until hardening behavior exists (which is the
number of hardening cycles 15 to 20 for RT and 30 to
55 for HT). It is evident in Figures 10(a) and 10(b)
respectively, that the value of SR decreased till-
hardening behavior which validated the hardening
cycles for both RT and HT.
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Figure 10. Strain ratio variation with an accumulation
of fatigue damage. (a) at 300K. (b) at 573K

The material displayed softening and stable behavior
till failure beyond the number of hardening cycles.
The patterns of SR were similar for all strain ranges
at RT and HT, although the magnitude of SR (3.6 to
7.6) at 573K was conspicuously higher than at 300K.
SR values were in the range of (1.8 to 4.7) at 300K,
which manifested as high plastic strain at elevated
temperature than room temperature which was during
the first 10-cycles rate of SR was in the range of
(0.147 to 0.34) for 300K, while for 573K SR values
are in the range of (0.028 to 0.11) at strain
amplitudes (1.1 to 0.5%) as shown in Figures 10 (a)
and 10 (b) respectively.

Figure. 11 gives the cyclic stress-strain response for
304LN-SS for the first cycle at 300K and 573K
respectively. In these hysteresis loops it is observed
that the proportion of plastic strain amplitude was
significantly higher for 573K. The higher value of
plastic strain amplitude which is observed at 573K is
a result of dislocation network formation and ease of
movement of dislocations.

Figure. 11 shows that in the HT hysteresis loop
(compared to the RT hysteresis loop), the proportion
of plastic strain amplitude was significantly larger for
the first cycle. More plastic strain amplitude that is
observed at 573K is the result of both the significant
dislocation formation as well as the ease of
movement of the dislocation.

——HT (573K)

—+RT (300K)

Stress(MPa)

strain

Figure 11. Cyclic stress-strain response of 304LN-SS
for the first cycle

Strain amplitudes from 0.5 to 1.1% show limited
dislocation motion because of higher plastic strains.
Dislocation piles up and entanglements in successive
cycles take place as a direct result of higher plastic
strains. Therefore more hardening cycles occur in
304LN (1.1%)-SS at HT.

3.5 Cyclic stress-strain

The cyclic stress-strain  (CSS) curves have been
generated using the peak stresses and strains of the half-
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life cycles (stabilized loop). The cyclic stress-strain
curve is obtained using equation 1 as:

1
Ae _ Ao | [Ao]d’
2 =T [ZK’] @

where Ag and Ae are the stress amplitude and total
strain amplitude respectively, E is the modulus of
elasticity, K'is the cyclic strength coefficient and 1/n’
is the cyclic strain hardening exponent.

Figure. 12 (a) and (b) show the CSS curves for RT and HT
respectively, at various strain amplitudes (0.5 to 1.1%).The

monotonic stress strain curve have also been shown along
with CSS curves for RT (300K) and HT (573K)
respectively. The cyclic and monotonic hardening
exponent for 304LN-SS is presented in Table. 3.

The material shows cyclic hardening or softening
when the stress-strain cycle are above or below the
monotonic stress-strain curve respectively. Figure. 12
(a) shows that for smaller strain amplitudes, the
monotonic curve is higher than the cyclic stress strain
curves at RT.
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Figure 12. Monotonic and cyclic stress-strain response. (a) At RT. (b) At HT

Table 3. Effect of temperature on cyclic hardening parameters of 304LN-SS.

. Cyclic hardening Numerical Monotonic hardening Numerical
Conditions
parameters value parameter value
K’ 2989.5 K 673.15
RT (300K) 1/n’ 2.4846 1/n 7.7025
K’ 5801 K 691.83
HT (573K) 1/n' 1.7393 1/n 5.98

This shows that the material softens under cyclic
loading. In the transition zone, the CCS curve goes
above the monotonic curve, as the strain amplitude is
increased, and the material has a tendency to
cyclically harden. Figure. 12 (b) shows that at HT,
the CSS curve is always above the monotonic stress-
strain curve.

At room temperature, initially, for 10 to 20 cycles,
the material shows hardening behavior followed by
softening, initial hardening (high peak stress) can be
attributed to DIMT, which increases the hardness that
manifests as high stress and less number of hardening
cycles. In the case of HT, the stable austenite phase
stops the martensitic transformation, causing the
material to become less hard. In comparison to the
first 10 to 20 cycles at RT, hardening persists larger
number of cycles (i.e., 30 to 55 cycles. The
monotonic curve for RT has peak stress of 370MPa
for 1.1% strain amplitude, where two gliding systems
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may operate simultaneously for dislocation motion.
At high temperatures, the monotonic stress-strain
curve barely reaches 233 MPa, indicating that one
gliding system is available for dislocation motion
leading to hardening.

4. CONCLUSIONS

In this study, influence of deformation induced martensite
on cyclic stress strain response was evaluated at room
temperature (RT) and high temperature (HT).

1. The contribution of plastic strain is (1.58596 to
9.579%) more at HT (573 K) than RT (300 K) for
applied strain amplitude (0.5% to 1.1%), while in
unidirectional loading material shows 43% higher
ductility at RT than HT, that is a manifestation of
deformation induced martensite. The proportion of
martensite was 0.07 to 2.3% at RT while at HT the
level of martensite was 0.05 to 0.07% for strain
amplitudes of 0.5 t0 1.1%.
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2. Less hardening cycles (10-15) and high response stress 3. Low cycle fatigue life was found to decrease (24.91 to
at RT was observed while at HT corresponding 30.69 %) with an increase in strain amplitude (0.5 to
hardening cycles were (30-55) for several strain 1.1%) and temperature rise (300 to 573K).
amplitudes (0.5% to 1.1%) is also attributed to
deformation-induced martensite and thermal activation Acknowledgement: We acknowledge director NIT
of material. Srinagar to provide access to Mechanics of Material

laboratory to conduct experiments.
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