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Abstract Effect of reversion of strain induced a0 mar-

tensite on mechanical properties of an austenitic stainless

steel has been examined. The a0 martensite formed by

cold rolling (40%) at 0 �C has been reverted to austenite

by carrying out annealing in the temperature range of

300–800 �C for 1 h. Microstructural investigation has

demonstrated the enhanced reversion with increasing

annealing temperature without any perceptible grain

growth up to 800 �C. X-ray diffraction (XRD) analysis

has revealed that 40% cold rolling has resulted in the

formation of 32% martensite. The residual martensite

content has been found to be about 8% after reversion at

800 �C. Different stages of reversion behavior has been

examined by differential scanning calorimetric measure-

ment. The variation of dr/de with e is examined to

identify different stages of work hardening of the inves-

tigated steel. Both tensile strength and percent elongation

values increase with increasing annealing temperature up

to 500 �C. Beyond that annealing treatment results in the

drop of tensile strength value with the consequent

increase in percent elongation. Attractive strength–duc-

tility combination (22.80 GPa%) has been achieved after

annealing of the 40% cold deformed specimen at 800 �C

for 1 h. The fractographic observation corroborates the

tensile results.

Introduction

Austenite in steel exhibits deformation induced transfor-

mation into martensite within the temperature range

marked by MS and Md30 as the lower and upper limits,

respectively, following the sequence of c(FCC) ? e
(HCP) ? a0(BCC) transformation [1, 2]. The amount of a0

martensite depends on the deformation methods, amount of

plastic strain, strain rate, and temperature [3–5]. Stacking

fault energy (SFE) of austenite which is a function of

temperature and composition governs the dominant defor-

mation mechanism. For higher SFE ([20 mJ/m2) the

deformation mode is shifted from e martensite formation to

deformation twining and then slip [6]. Plastic deformation

of the austenite creates the proper defect structure which

acts as the embryo for the transformation product. In

austenitic stainless steels, embryos are formed at the

intersections of shear bands, e.g., stacking faults, twins, etc.

[4, 7, 8]. Usually e martensite is formed at the low defor-

mation level (i.e., 5–10%) and at the higher strain levels,

the a0 martensite increases at the expense of e martensite

[9]. The morphology of the transformation product is typ-

ically lath-like [1, 4]. In respect of the effect of composi-

tion, at considerably lower temperatures, d-ferrite forming

elements like, Cr, Si, Mo act as strong austenite stabilizer

in the same way as Ni, Mn, C, N, etc. The upper limit of the

transformation temperature is obtained as [3]:

Md30ð�CÞ ¼ 413� 462 Cþ Nð Þ � 9:2 Sið Þ � 8:1 Mnð Þ
� 13:7 Crð Þ � 9:5 Nið Þ � 18:5 Moð Þ ð1Þ

where elements are in wt%.

Reversion of strain induced martensite to austenite (e.g.,

a0 ? c) improves mechanical properties by grain refine-

ment [10, 11] which is known to improve the both strength

and toughness of structural steels. Grain refinement
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processes are greatly influenced by the reversion mecha-

nism [12]. There are two types of mechanism for the

reversion from martensite to austenite: one is diffusional

reversion and the other is martensitic shear reversion

without diffusional process. The steels which undergo

martensitic shear reversion, reversion completes during

heating and reverse austenite contains a high density of

dislocations just after reversion. It has been found that,

increase in Ni/Cr ratio lowers the martensitic shear rever-

sion temperature by increasing the Gibbs free energy

change between FCC and BCC structure [12]. Steels with

high Ni/Cr ratio (0.625) easily undergo the martensitic

reversion in a low temperature range. During successive

annealing, grain refinement proceeds through the process

of recrystallization of reverse austenite. Defects such as

dislocations and slip bands were inherited to reversed

austenite resulting to grain refinement. On the other hand,

diffusional reversion proceeds by the growth of austenite

nucleated in the martensite lath boundary which contains

high dislocation density.

Austenitic steels do not undergo phase transformation at

typical annealing temperatures and the only way to refine

the grain is recrystallization after cold rolling. However,

the strengthening by grain refinement is limited due to the

high recrystallization temperature ([900 �C) of this stain-

less steel grade. In austenitic stainless steels, plastic

deformation of austenite creates the proper defect struc-

tures which act as embryo for martensite transformation

which reverts to recrystallized austenite during annealing

in the temperature range of 450–800 �C [13–15]. There-

fore, it is of interest to consider the effectiveness of

reversion as a means of strengthening steels. The

strengthening effect in the austenite depends in a complex

manner on many factors relating to alloy constitution,

structure, and heat treatment conditions. The increase in

strength of austenite achieved by reversion is associated

with the high dislocation density of the reversed austenite

regions and the presence of stacking faults and twins.

In view of the above, the present work aims to examine

the effect of reverse transformation of strain induced

martensite on microstructure evolution as well as

mechanical properties after annealing over the temperature

range of 300–800 �C for 1 h duration. The process of

reversion including recovery and precipitation has been

examined by calorimetric measurements.

Experimental

The austenitic stainless steel has been considered for this

study. Result of the spectroscopic analysis conducted by

using an Optical Emission Spectrometer (ARL 4460) is

shown in Table 1. The as received hot rolled steel plates

(*20 mm thick) were cold rolled (40%) at 0 �C. Since it

has earlier been reported that substantial amount of mar-

tensite is achieved beyond 20% deformation [12], it was

considered appropriate to carry out the study with one

particular reduction, i.e., 40% to asses the role of reversion

process. The deformed samples were subjected to inter-

pass cooling in ice-water mixture to avoid the effect of

adiabatic heating during rolling.

Samples with the dimensions of 15 9 10 9 6 mm3

were cut from the cold deformed plate for annealing

treatments. The annealing treatments were conducted in a

Muffle furnace at different temperatures ranging from 300

to 800 �C with the intervals of 100 �C for 1 h duration.

Samples prepared by following standard metallographic

technique were etched using aqua regia solution (75% HCl

and 25% HNO3 mixture). Properly etched samples were

examined at appropriate magnifications using a scanning

electron microscope (SEM) (Model: JEOL, JSM-5510)

operated at a 15–20 kV. Energy dispersive X-ray spectro-

scopic analysis (EDS) was conducted to determine the

chemical composition of precipitate phases. The tensile

fracture surfaces as well as sub-surfaces close to the frac-

ture surfaces were also studied under SEM.

Small rectangular specimen (15 9 12 9 3 mm3) was

mechanically polished followed by chemically polishing,

using a mixture of hydrochloric acid, nitric acid and dis-

tilled water in 1:1:1 proportion, to remove the residual

stress in the surface. The X-ray diffraction (XRD) study of

the samples was conducted by using a Philips diffractom-

eter (PW 1710) with Cu Ka radiation with 40 kV operating

voltage, 30 mA current and 0.003� 2h s-1 scan rate.

Quantitative estimation of the phases (austenite and mar-

tensite) was performed by Rietveld analysis [16] of the

X-ray data using commercial software, X’Pert High Score

Plus.

Differential scanning calorimetry (DSC) studies of some

selected deformed samples (*15 mg) were carried out

using METTLER TA 4000 system using high purity argon

atmosphere. Heating runs were carried out at heating rates

(/) of 5, 10, and 20 �C/min up to a temperature of 700 �C

which was identified as almost the saturation temperature

for the reversion transformation.

A Brinell-cum-Vickers hardness tester (Model: BV-250

(SPL)) was used to measure the Vickers hardness values of

the cold deformed samples as well as to asses the reversion

effect under 30 kg load. At least six indentations were

Table 1 Chemical composition of the investigated stainless steel

(wt%)

C Mn Si S P Cr Ni Fe

0.08 1.51 0.76 0.017 0.030 18.94 8.56 Bal.
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taken on each sample (on rolling plane) and the average

hardness value was reported.

Room temperature tensile testing was carried out using a

computer controlled Instron-4204 testing machine with a

crosshead velocity of 0.5 mm/min. The test specimen was

prepared as per ASTM Standard (ASTM: Vol. 03.01, E8M-

96). The yield strength (YS), ultimate tensile strength

(UTS), and percent total elongation (%TEL) was deter-

mined from the machine output.

Results and discussion

Microstructure

Figure 1a and b shows the SEM micrographs obtained

from the as received sample and after subjecting the same

to 40% cold deformation. The as received specimen

(Fig. 1a) reveals fully austenitic structure (*23 lm) and

presence of annealing twins therein.

Generally the microstructure of the cold rolled steel is

characterized by the dispersion of hard martensite in a

deformed austenite matrix. In this context, the SFE for the

present steel has been estimated as 18 mJ/m2 using the

following equation [17]

SFE mJ=m2
� �

¼ �53þ 6:2 Nið Þ þ 0:7 Crð Þ
þ 3:2 Mnð Þ þ 9:3 Moð Þ wt%ð Þ ð2Þ

Such SFE value is favorable for the formation of

microtwins and hence the formation of a0 becomes easier. In

this study, deformation with 40% reduction results into the

austenite grains elongated along the rolling direction and the

formation of strain induced a0 (Fig. 1b) at the intersections of

microtwins during deformation. Earlier, small amount of a0

has been achieved for as low as 16% cold [18] deformation.

The diffused nature [19] of austenite grains is apparently the

manifestation of severe deformation. The deformation induced

martensite (DIM) morphology is narrower and more elongated

than the thermally induced martensite [20]. The dislocation

substructures are created within the martensite due to

accommodation of plastic deformation associated with the

transformation. Formation of the high density of dislocation

and the dislocation–precipitate interaction in a0 martensite in

the similar austenitic steel after deformation has been

elegantly demonstrated in the earlier studies [18, 19]. The

micrograph (Fig. 1b) further reveals the intergranular

microcracking at some locations. This is attributed to the

accommodation strain during 40% cold reduction.

Figure 2a reveals that after annealing treatment at

500 �C for 1 h, the DIM undergoes reversion (i.e., a0 ? c)

along the martensite/austenite interface as a result of

thermal decomposition of strain induced martensite. The

reverted austenite grows at the expense of strain induced a0

martensite. It is apparent that individual a0 martensite phase

breaks up during reversion, while the other areas of the

specimen appear to be unaffected by the heating. It is

important to mention that the intergranular microcracking

has been significantly reduced after annealing due to the

release of the residual stress of 40% cold deformed sample.

Figure 2b demonstrates that the reversion rate increases

with the progress of annealing. The mechanism initiates

with reversion of strain induced martensite to austenite

through diffusion or shear mechanism. Then the newly

formed austenite undergoes recovery and recrystallization.

This leads to the formation of finer (10–15 lm) strain free

equiaxed austenite grain. The micrograph also reveals the

formation of fine precipitates of brighter contrast along the

austenite grain boundary and twin boundaries. The average

chemical composition of the brighter precipitate particles

obtained from EDS microanalysis is 68.63Fe–22.50Cr–

7.41Ni–0.52Si–0.94Mn (wt%) which indicates the forma-

tion of (Cr, Fe)23C6 phase [21].

XRD

Figure 3 shows the XRD profiles of the cold deformed

samples after annealing at different temperatures in the
Fig. 1 SEM micrograph of investigated stainless steel in a as

received condition and b cold deformed (40%) condition
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range of 300–800 �C for 1 h duration. The XRD plot of the

‘as-received’ specimen (0% deformation) has also been

appended to reveal the peaks related to the single phase

austenite. In the case of the deformed sample, the (110),

(200), and (211) peaks of the BCC a0 martensite phase are

clearly revealed along with the (111), (200), (220), (311),

and (222) peaks characterizing the FCC austenite phase.

However, the XRD pattern does not reveal any peak related

to e martensite. In this context, it is known that crystal

structure of e martensite is heavily faulted [22, 23] due to

overlapping stacking faults resulting in low intensity and

increased width of the concerned XRD peaks.

In this study, quantitative estimation of phases from the

XRD pattern of the cold deformed sample has yielded 32%

strain induced a0 martensite. It has earlier been reported

that the quantification of a0 martensite by XRD is not

reliable below 15% reduction [19]. It is also noteworthy

that Md30 temperature of the present steel has been found to

be around 16� from the empirical equation proposed by

Angel [3]. Hence, 40% cold rolling at 0 �C was considered

to be conducive for the formation of stain induced

martensite.

The annealing treatment in the temperature range of

300–800 �C for 1 h duration resulted into the reversion of

strain induced martensite. An increase in the annealing

temperature from 300 to 800 �C evidences more prominent

a0 ? c transformation. It is also apparent that the peaks

related to the a0 martensite become weaker or disappear

after the annealing treatments. Earlier, Rathbun et al. [24]

have reported that volume fraction of a0 martensite does

not change significantly during low temperature ageing

(300 �C) and phase transformation occurs when the tem-

perature exceeds 450 �C. This is in agreement to the

aforesaid results. The measured residual volume percent of

strain induced a0 martensite after annealing at 800 �C for

1 h is 8%.

In this study, the peak related to Cr-carbide has not

appeared in the XRD patterns. It implies that the volume

percent of Cr-carbide is inadequate for estimation by the

XRD.

DSC study

In this study, kinetics of different processes associated with

annealing of the cold rolled stainless steel has been studied

by DSC technique. Figure 4 shows the DSC thermograms

obtained from the 40% deformed sample at the heating rate

of 5, 10, and 20 �C/min, respectively. For all the heating

rates, the plots reveal one endothermic peak in the tem-

perature range of 300–400 �C and two exothermic peaks in

the temperature range of 400–550 �C and 600–700 �C. For

the heating rates of 5 and 10 �C/min, additional exothermic

peaks appear at 270 and 318 �C which concern segregation

and clustering of carbon atoms [25]. At higher heating rate

(20 �C/min), the heat release associated with these exo-

thermic peak overlaps with the heat absorption associated

with the subsequent transformation and do not appear

distinctly in the thermogram.

Earlier, it has been identified that the endothermic peak

between 300 and 400 �C is due to the dissolution of

Fig. 2 SEM micrograph of 40% cold deformed stainless steel

specimen subjected to annealing for 1 h at a 500 �C and b 800 �C

Fig. 3 XRD patterns depicting the formation of strain induced

martensite (a0) by cold deformation and its reversion into austenite

(a0 ? c) after annealing (300–800 �C, 1 h)
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martensite and crystal defect occurring at the initial stage

of the reverse transformation of DIM in small regions

along the austenite/martensite interface [26]. Simultaneous

diffusion of Fe and Ni across the austenite/martensite

interface seems to stabilize the rest of martensite by

interrupting the reverse transformation in the temperature

range of 400–450 �C. The exothermic peak in the tem-

perature range of 400 and 550 �C might be related to one or

more microstructural evolutions such as recovery of a0

martensite, the precipitation of carbides or the additional

formation of a0 martensite [18]. The prominent exothermic

peak between 600 and 700 �C indicate the precipitation of

chromium carbide. Although, the temperature of *600 �C

is apparently low for the precipitation of (Cr, Fe)23C6 [21],

the prior cold deformation supports the same in the present

case.

Work hardening behavior

The variation of dr/de (h) with e is widely used to interpret

tensile work hardening behavior [27, 28]; thereby attemp-

ted to examine the different stages of work hardening of the

investigated steel. The plots of h versus e at a strain rate of

3.3 9 10-4 s-1 are presented in Fig. 5a–d for cold

deformed (40%) specimen along with those annealed at

low (300 �C), intermediate (500 �C), and high (800 �C)

temperatures, respectively. All the plots exhibit an initial

transient stage (TS) of rapid decrease in h (stage I) fol-

lowed by a region of plateau or gradual decrease (stage II).

However, Fig. 5d shows the three-stage behavior, whereas

h decreases with e due to onset of dynamic recovery in

stage III. It can be mentioned that while the stage II is more

pronounced at intermediate temperature, stage III is evi-

dent at higher annealing temperature (800 �C). It is note-

worthy that these observations are in accordance with the

results of similar steels reported earlier [29, 30].

In the TS (stage I), dislocation velocity, and mobile

dislocation density increases which lead to rapid increase

in plastic strain rate immediate after elastic limit [31]. This

stage is attributed to the stabilization of the plastic strain

Fig. 4 DSC plots obtained at 5, 10, and 20 �C/min for the samples

subjected to 40% cold deformation

Fig. 5 Variation in strain

hardening rate (dr/de) as a

function of true strain (e) at

a 40% cold deformed sample,

b 300 �C, c 500 �C, and

d 800 �C
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rate with the dislocation source density. In this study, the

low value of SFE (i.e., 18 mJ/m2) prevents the cross-slip of

dislocations at low strain which results the occurrence of

stage I. While the transition from stage I to stage II at

300 �C occurs at the 3.3% strain, the same is found to be as

lower values (1.7%) for 500 �C. The higher value of

transition strain (9.8 and 15% for stage II and stage III)

obtained after annealing at 800 �C can be attributed to the

coarse grain size of steel. The rapid increase in dislocation

density in stage II with plastic strain signifies the charac-

teristic feature (i.e., storage of dislocation) [29] of stage II

hardening.

In Fig. 5d, the dominant recovery in stage III is

noticeable as a decrease in h with respect to e with

increasing temperature. The increased rate of dynamic

recovery is attributed to early cross-slip and climb of dis-

locations. The rapid increase of the sub-grain size above

0.5Tm due to dynamic recovery [32, 33] leads to the

observed decrease in h.

Mechanical properties

Figure 6 shows the effect of annealing temperature on

hardness, yield strength, ultimate tensile strength, and

percent elongation of the cold rolled (40%) specimens

annealed for 1 h. The hardness value of the as received

sample is 215 VHN, which reaches to 392 VHN after 40%

cold reduction. The high level of hardness value is attrib-

uted to the transformation of austenite to a0 martensite. The

hardness, yield, and tensile strength of cold deformed

specimen increase continuously with annealing tempera-

ture up to 400 �C and then decrease rapidly. The increment

of hardness, yield and tensile strength values are 13 HV,

46 MPa, and 75 MPa, respectively, at the peak temperature

as compared with those of the cold rolled steel. In this

context, it may be mentioned that the XRD result reveals

the presence of 32% strain induced a0 martensite in cold

deformed sample. XRD result (Fig. 3) further indicates

higher amount of ([32%) a0 martensite for an annealed

sample at 400 �C which is in agreement to the earlier

results [18]. The increment of hardness and strength is

closely related to the variation of the amount of dislocation

density and strain induced a0 martensite with annealing

temperature.

Generally, a cold rolled stainless steel is characterized

by the increase of strength with consequent lowering of

percent elongation. The yield strength has been signifi-

cantly increased to 1250 MPa, which is more than 4.5

times higher than that of the as received sample (271 MPa).

40% cold reduction also increases the tensile strength in

two times of magnitude, i.e., from 710 MPa (as received)

to 1444 MPa with the drastic reduction of percent elon-

gation from 57% (as received) to 2%. The improvement of

strength and drop in elongation by cold deformation is

attributed to the strain induced a0 martensite in addition to

the strain hardening of high alloyed austenite [34]. It is

important to note that during the course of annealing both

tensile strength and percent elongation increase. Usually an

increment of tensile strength results in the decrease of

percent elongation. Earlier, it has been reported that

increase in tensile strength and percent elongation in sim-

ilar steel corresponds with the reduction in void nucleation

site during the tensile test [35, 36]. In this study, annealing

in the temperature range of 300–400 �C reduces the void

nucleation site during tensile test; both the tensile strength

and percent elongation might increase. The strength value

drops down to 1046 MPa with the 13% increase of percent

elongation after annealing at 800 �C. The hardness value of

222 VHN is obtained which is approximately equal to the

hardness value of the as received specimen. This combi-

nation of mechanical property is attributed to the annihi-

lation of dislocation density, formation of finer (10–15 lm)

strain free reverted austenite grain along with the fine

precipitates of (Cr, Fe)23C6 phase as depicted in Fig. 2b.

Fracture surface and sub-surface

To understand the micromechanism of fracture, tensile

fracture surfaces as well as sub-surfaces just underneath the

fracture surfaces have been studied using SEM. The tensile

fracture surface of as received specimen (Fig. 7a) reveals

predominantly ductile fracture with varying dimple size

and depths. The size of the dimple is extremely fine which

indicates higher ductility (57%). Sub-surface micrograph

(Fig. 7b) reveals the frequent nucleation of micro-voids at

the austenite/martensite interface as well as nucleation and

propagation of microcracks within the martensite (denoted

by white arrow). Formation of microcracks by fracturing
Fig. 6 Variation of hardness, yield strength, ultimate tensile strength,

and percent elongation with the annealing temperature (time = 1 h)
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martensite phase (marked by black arrow in Fig. 7b) is also

evident.

The fractograph of deformed and annealed (300 �C,

1 h) specimen as shown in Fig. 7c shows the typical

quasi-brittle nature. The fractographic features of the

sample are in conformance with the corresponding per-

cent elongation values. The sub-surface micrograph

(Fig. 7d) clearly indicates that the microvoids are essen-

tially nucleated along the austenite/martensite and/or

martensite/martensite interface which results the rapid

void coalescence and tensile fracture becomes predomi-

nantly intergranular in nature. The microvoids are elon-

gated toward the tensile loading direction for as received

specimen, while the same appears to be nearly spherical

(denoted by white arrow) for cold rolled and annealed

(300 �C) specimen (Fig. 7b vis-à-vis Fig. 7d) indicating

less ductility in the latter one.

The fractograph of deformed and annealed (800 �C, 1 h)

specimen as shown in Fig. 7e shows the quasi-brittle nat-

ure. The sub-surface micrograph (Fig. 7f) demonstrates

that the voids are nucleated from the austenite/martensite

interface as well as from the precipitate particle/austenite

phase interface (denoted by white arrow). The quasi-brittle

fracture behavior may be attributed to the presence of

chromium rich carbide phase in austenite which offers

some resistance to the motion of advancing crack. The fine

recrystallized reverted austenite grains (Fig. 2b) are

favorable for increased plasticity. As a consequence, the

sample reveals higher percent elongation as compared to

that of the former one (Fig. 7c).

Conclusions

1. Microstructural examination has demonstrated that the

reversion transformation has enhanced with increasing

annealing temperature but no grain growth is observed

up to 800 �C. Cr-carbide precipitation at austenite

grain boundaries is prominent at higher annealing

temperature (800 �C).

Fig. 7 SEM photographs of

a tensile fracture surface of as

received specimen;

b microstructure of sub-surface

close to the fracture surface;

c fracture surface of deformed

and annealed (300 �C, 1 h)

specimen; d microstructure of

sub-surface; e fracture surface

of deformed and annealed

(800 �C, 1 h) specimen; and

f microstructure of sub-surface.

Arrows in b, d, and f indicate

the sites of cracks and/or void

nucleation
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2. XRD analysis has revealed that the 40% cold defor-

mation at 0 �C results in the formation of 32% strain

induced a0 martensite as well as its reversion into

austenite after annealing (300–800 �C, 1 h). The

measured residual volume percent of a0 martensite

after annealing at 800 �C for 1 h is 8%.

3. Temperatures concerning the different stages of the

reversion process including the Cr-carbide precipita-

tion have been identified by differential calorimetric

measurement.

4. The variation of dr/de with e is used to examine the

different stages of work hardening of the investigated

steel. Both tensile strength and percent elongation

values increase with increasing annealing temperature

up to 450 �C beyond that annealing result in drop of

tensile strength value with the consequent rise in

percent elongation. 40% cold deformation and anneal-

ing at 800 �C for 1 h has resulted into attractive

strength–ductility combination (22.80 GPa%).

5. The fractographic observation corroborates the results

obtained from the tensile testing. The sub-surface

micrographs provide the potential sites for the initia-

tion of microvoids and/or microcracks.
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