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1. Introduction

Austenitic stainless steels are widely used engineering 

materials exhibiting a good workability and corrosion resis-

tance.1) However, hot worked semi-products of austenitic 

stainless steels with recrystallized microstructures are char-

acterized by a common disadvantage that is relatively low 

yield strength.2) This restricts certain applications, which 

require enhanced strength properties. The yield strength 

of austenitic stainless steels can be significantly increased 
by cold working, i.e., plastic deformation at ambient tem-

perature.3–6) Among various techniques of cold deformation, 

cold rolling is the most efficient method for production of 
the sizable semi-products of stainless steels. The cold rolling 

techniques have been successfully utilized for development 

of stainless steels with high yield strength above 1 500 

MPa.7–9) However, the structural mechanisms responsible 

for such effective strengthening of austenitic stainless steels 

by cold working have not been studied in sufficient details.
Austenitic stainless steels are commonly characterized by 

relatively low stacking fault energy (SFE).10–12) Therefore, 

the deformation twinning frequently operates in these mate-

rials during cold working.12) Another feature of austenitic 

stainless steels subjected to cold working is the strain-

induced martensitic transformation because the austenite in 

these steels is metastable at ambient temperature.13–16) The 
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development of deformation twinning and strain-induced 

martensitic transformation during cold working results in 

rapid refinement of the steel microstructure. Stainless steels 
with grain/subgrain sizes of tens to hundreds nanometers 

have been obtained by using large strain cold deforma-

tions.4,17,18) In previous studies, the strengthening of austen-

itic stainless steels processed by severe plastic deformations 

was commonly attributed to the developed nanocrystalline 

structures.4–9,18–20) It should be noted, that the ultrafine 
grained microstructures that developed in stainless steels 

during cold deformation were characterized by high disloca-

tion densities. The corresponding internal stresses could also 

affect the strength of the processed steels.8) However, the 

effect of internal stresses evolved in severely strained sub-

microcrystalline/nanocrystalline steels on the yield strength 

has not been clarified.
The aim of the present study is to clarify the relation-

ship between the cold worked microstructure and strength 

of an austenitic stainless steel. The work is focused on the 

investigation of structural mechanisms responsible to the 

strengthening of the steel and the evaluation of their contri-

butions to the yield strength.

2. Experimental

The starting material was an S304H-type austenitic stain-

less steel having chemical composition (weight percent) 

of Fe–0.1C–0.12N–0.1Si–0.95Mn–18.4Cr–7.85Ni–2.24Cu–

0.5Nb–0.01P–0.006S. The steel rods with transverse section 
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of 20 ×  20 mm2 were hot rolled at 973 K and then annealed 

at 1 100°C for 10 min with subsequent water quench-

ing. Then, the square bar samples with initial cross area 

of 9.2 ×  9.2 mm2 were square bar rolled to various total 

true strains (ε =  ln S0/Sε, where S0 and Sε are the initial 

cross area and that one after rolling, respectively) up to 4 

at room temperature. The rolled bars were cooled by water 

after each 0.1 strain increment to avoid the temperature 

rise. Structural investigations were performed on sections 

parallel to the rolling axis using a Quanta 600 FEG scan-

ning electron microscope equipped with an electron back-

scattering diffraction (EBSD) analyzer incorporating an 

orientation imaging microscopy (OIM) system. The EBSD 

mappings were obtained with step sizes of 250 nm and 50 

nm for the samples rolled to strains of 0.4 and 1.2–4.0, 

respectively. The OIM images were subjected to clean up 

procedure setting a minimal confidence index of 0.1. The 
volume fraction of α′ – martensite was averaged through 
OIM, X-Ray diffraction and magnetic force microscopy. An 

average grain size was measured perpendicular to the rolling 

direction by a linear intercept method counting all high-

angle boundaries with misorientations of θ ≥  15° revealed 

by OIM micrographs. The dislocation density was evaluated 

by means of kernel average misorientation (θKAM) as ρ = 

1.54 θKAM/(b h), where b and h are the Burgers vector and 

the EBSD step size, respectively.21) The first nearest neigh-

bors (1st neighbor rank) without any predefined threshold 
misorientations were used for the θKAM calculations. The 

mechanical properties of the cold rolled steels were deter-

mined by tensile tests at room temperature using an Instron 

5882 testing machine with a crosshead speed of 2 mm/min. 

Depending on the sample dimensions, the tensile specimens 

with gauge lengths (L) of 5.65 mm to 21 mm (rectangular 

cross section areas (S) of 1 mm2 to 14 mm2, respectively, to 

provide the relationship of L =  5.65√S) were prepared by 
an electric-discharge method. The tensile axis was parallel 

to the rolling direction.

3. Results and Discussion

3.1. Deformation Microstructures and Internal Stresses

The microstructural evolution in an S304H-type austen-

itic stainless steel during cold rolling has been described in 

general elsewhere.7) The present paper is concentrated on 

the detailed quantitative evaluation of deformation micro-

structures including dislocation substructures and corre-

sponding internal distortions that develop at different strain 

levels in order to obtain an adequate structure-strength rela-

tionship. Typical deformation microstructures that develop 

in the present S304H austenitic stainless steel during cold 

bar rolling are shown in Fig. 1. Generally, the cold bar 

rolling is accompanied by the progressive refinement of the 
microstructure, finally leading to the development of lamel-
lar grains with the transverse size of about 200 nm. The 

grain refinement during cold working is assisted by both 
the development of deformation twinning and the strain-

induced martensitic transformation. The former frequently 

operates at relatively small strains, 0 <  ε ≤ 2 (Figs. 1(a) 
and 1(b)), whereas the latter readily develops at sufficiently 
large strains, ε ≥  1 (Figs. 1(b) and 1(c)).

The strain effect on the volume fraction of martensite is 

shown in Fig. 2. The equilibrium ferrite fraction as calcu-

lated by ThermoCalc (TCFE6) for 300 K is also indicated in 

Fig. 2 by dashed line for reference. Cold rolling to relatively 

small strains is not accompanied by remarkable martensitic 

transformation; the martensite fraction does not exceed a 

few percent at strains below 0.5. In contrast, further strain-

ing accelerates the martensitic transformation. The mar-

tensite fraction rapidly increases to about 0.5 during cold 

rolling in the range of total true strains of 1 ≤ ε ≤ 2. Then, 
the rate of strain-induced martensite development gradu-

ally decreases leading the martensite fraction to approach a 

saturation of about 0.8 at large strains. The strain-induced 

martensite appears at locally distorted regions, i.e., micro-

shear bands, deformation twins and, especially, their inter-

sections.7–9) Therefore, the martensite fraction (FM) follows 

sigmoid shape with strain (ε) as predicted by Olson and 

Cohen,22) i.e.,

 F exp B expM
n

= − −1 1– –( ( ( )) )Aε ................ (1)

where B =  2, A =  0.5, n =  2.8, as indicated by solid line 

in Fig. 2.

Figure 3 shows the change in the transverse size of 

austenite and martensite grains during cold rolling. The 

transverse austenite grain size drastically reduces to 400 

nm owing to the development of deformation twinning in 

the strain range of 0 <  ε ≤ 1 followed by further gradual 
reduction to about 200 nm during subsequent rolling to a 

total strain of 4.0. The strain-induced martensite appears 

with an average grain size of about 350 nm at an early 

deformation. Similar to austenite, the transverse martensite 

grain size approaches 200 nm during cold rolling to a strain 

of 4.0. Assuming that the transverse grain size follows the 

change in cross section of rolled sample, the grain size 

can be represented by a liner function in semi-logarithmic 

coordinates (indicated by dashed line in Fig. 3). It is clearly 

seen in Fig. 3 that the transverse size of the grains decreases 

much faster than that of the whole sample in the range of 

relatively small strains below 1. In contrast, the reduction of 

the sample cross section predicts finer grain size in the range 
of rolling strains above 1. This suggests that the number of 

grains through the cross section of sample decreases dur-

ing cold rolling to large total strains. Therefore, the grain 

refinement in the present study can be primarily attributed 
to the deformation twinning, whereas the strain-induced 

martensitic transformation does not contribute to the grain 

refinement remarkably. The change in the grain size in large 
strains follows a common tendency, which is characterized 

by an apparent steady-state behavior, when the grain size 

becomes strain invariant as reported for various metallic 

materials subjected to large strain deformation.23–25)

Generally, various metals and alloys subjected to severe 

plastic deformations are characterized by the development 

of high internal stresses, which are attributed to both the 

high dislocation density in ultrafine grain/subgrain interiors 
and the strain-induced grain/subgrain boundaries being in 

non-equilibrium state.18,20,26–28) Following a rapid increase 

at an early stage of cold working, the interior dislocation 

density was shown to approach a saturation or reportedly 

even decreased at sufficiently large strains.24,27) In contrast, 

the internal stresses were shown to gradually increase with 

straining as a result of increasing the internal distortions 
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including those caused by strain-induced (sub) boundar-

ies.28) Therefore, the internal distortions should be taken into 

account to evaluate the structural/substructural strengthen-

ing by large strain cold working. The kernel average misori-

entation (KAM) seems to be the most appropriate parameter 

for quantitative estimation of the internal distortions,29) 

because KAM represents overall distortions irrespective of 

their dislocation or (sub) boundary origin. The transverse 

subgrain size of about 50 nm in the samples rolled to strains 

of 1.2–4.0 was revealed by previous transmission electron 

microscopy investigation.7) Internal lattice distortions in 

largely strained materials can be mutually screened by 

neighbor dislocation/cell subboundaries, leading to oscil-

lation of local lattice curvatures between two points with 

an increase in the distance between the points.28,30,31) Since 

the neighbor subboundaries may have opposite misorienta-

tions, the step size in KAM maps should not exceed the 

transverse subgrain size, otherwise the local distortions and 

Fig. 1. Deformation microstructures developed in an S304H stainless steel during cold bar rolling to total strains of 1.2 

(a), 2.0 (b) and 4 (c). The austenite (green) and martensite (red) distributions are shown in the left side pictures, 

and the corresponding kernel average misorientation distributions are represented in the right side figures. The 
grain/phase boundaries are indicated by black lines. (Online version in color.)
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corresponding dislocation densities will be underestimated. 

On the other hand, the effect of EBSD processing accuracy 

on the estimation of internal stresses by means of local cur-

vature between two points should drastically increase with 

a decrease in the step size. (In fact, the local stress will go 

to infinity as the distance between the points decreases to 
zero, assuming a constant error in the EBSD processing). 

Therefore, the step size of OIM maps of 50 nm was selected 

in the present study for the samples strained to 1.2–4.0 in 

order to evaluate the internal distortions and corresponding 

dislocation densities.

The OIM images displaying the KAM distributions in the 

cold rolled samples are shown in Fig. 1 (right side pictures). 

It is clearly seen in Fig. 1 that the KAM values increase as 

the cold rolling strain increases. The corresponding disloca-

tion densities in the austenite and strain-induced martensite 

as estimated by means of KAM are shown in Fig. 4. The 

dislocation density measured by TEM7) is also displayed in 

Fig. 4 by dotted line for a reference. The both KAM and 

TEM give almost the same values of dislocation densities 

evolved at relatively small strains. In contrast, the disloca-

tion density estimated by KAM is remarkably higher than 

that evaluated by TEM in the largely strained samples, and 

this difference increases with an increase in the total strain. 

The relatively low dislocation density as obtained by TEM 

is associated with local counting of individual dislocations 

in grain/subgrain interiors only. The KAM method gives 

the dislocation density, which is responsible for the mea-

sured lattice curvature. In this case the obtained dislocation 

density can be considered as a unique source of internal 

stresses. It has been suggested that the change in the dislo-

cation density during cold working can be expressed by an 

exponential function of true strain,32) i.e.,

 ρ ρ β ε= + − −0 1( ( ))exp n ...................... (2)

Where ρ0 is approximately 1012 m −2.9) The best fit of experi-
mental results (solid lines in Fig. 4) is obtained with β = 

20×1015 m − 2, n =  0.25 for austenite and β =  16×1015 m −2, 

n =  0.25 for strain-induced martensite. The dislocation den-

sity in austenite and martensite increases during cold rolling 

in similar manner, although the strain-induced martensite is 

characterized by somewhat lower dislocation density than 

the austenite. This difference in dislocation density can be 

associated with enhanced dislocation mobility and recovery 

in ferritic grains.33) The dislocation density almost linearly 

increases with strain in the range of 0 <  ε ≤ 2, resulting 
in ρ =  8×1015 m − 2 and ρ =  6×1015 m − 2 in austenite and 

martensite, respectively. Then, the rate of dislocation accu-

mulation decreases upon further processing. Finally, the 

dislocation density approaches 13×1015 m −2 in austenite 

and 10×1015 m −2 in martensite after cold rolling to a large 

total strain of 4. Such high dislocation densities and corre-

sponding internal distortions should affect significantly the 
mechanical properties of the cold rolled steel. The trans-

verse grain size and dislocation density evolved in the cold 

rolled samples are listed in Table 1.

Fig. 2. Effect of the cold rolling strain on the martensite fraction 

in an S304H stainless steel.

Fig. 3. Effect of the cold rolling strain on the transverse austenite 

(circles) and martensite (squares) grain size in an S304H 

stainless steel.

Fig. 4. Increase in the dislocation density in austenite and strain-

induced martensite grains during cold rolling of an S304H 

stainless steel.
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3.2. Tensile Behavior

A series of typical stress – strain curves for the samples 

processed by cold bar rolling to various total strains of 0.4 

to 4 is shown in Fig. 5. The stress – strain curve for the 

initial state (hot rolling with subsequent annealing at 1 373 

K) is also depicted in Fig. 5 for reference. In the initial 

state, the steel is characterized by large elongation to rupture 

of approximately 60% and a low value of yield strength 

of about 295 MPa. Such mechanical properties, i.e. low 

strength compromised by enhanced ductility, are inherent in 

recrystallized microstructures that evolved by high tempera-

ture annealing. After cold rolling to a total strain of 0.4, the 

yield strength increases almost threefold to 1 010 MPa. The 

strengthening during cold working can be attributed to the 

evolution of high dislocation density along with the grain 

subdivision by deformation twinning and strain-induced 

martensitic transformation. The yield strength continuously 

increases as the rolling strain increases and reaches above 

2 000 MPa at a total strain of 4. In contrast to the strength, 

the elongation to rupture demonstrates inverse dependence 

on the rolling strain. After cold rolling to a strain of 4, 

the elongation to rupture decreases to approximately 4%. 

It should be noted, however, that the cold rolled samples 

exhibit rather large reductions in area above 25% in spite 

of small total elongation. The mechanical properties that 

obtained by tensile tests are summarized in Table 2.

The significant strengthening at an early stage of cold 
rolling is clearly correlates with an increase in dislocation 

density and a rapid grain refinement. An early deformation 
brings about the evolution of high density of dislocation 

subboundaries and the development of multiple deforma-

tion twinning that results in rapid grain subdivision. On the 

other hand, the average transverse grain size remains almost 

constant in the strain range of 1.0–4.0. Therefore, the pro-

gressive strengthening in large strains can be associated with 

the evolution of large internal distortions resulting in high 

internal stresses. Let us consider the structural strengthening 

mechanisms in more detail.

3.3. Strengthening Mechanisms

The present steel subjected to cold rolling is characterized 

by two-phase structure, i.e., austenite and strain-induced 

martensite. The yield strength of this two-phase steel (σ0.2), 

therefore, can be expressed by a summation of the austenite 

(σ0.2A) and martenite (σ0.2M) strength:

 σ σ σ0 2 0 2 0 2. . .= +F FA A M M  ...................... (3)

Where FA and FM are the austenite and martensite fractions 

(FA +  FM =  1). Severe plastic deformations commonly 

result in the evolution of high dislocation density and 

numerous strain-induced grain boundaries. The grain sub-

division by newly formed boundaries reduces the effective 

grain size. Thus, the strengthening due to reduced grain size 

(D) can be simply expressed by Hall-Petch relationship:34–36)

 σ σ0 2 0
0 5 0 5

.
. .

− = +
− −F K D F K DA A A M M M  ........... (4)

Where σ0 is the strength of the sample with infinite grain 
size, K is a constant, index of A or M indicates austenite or 

martensite, respectively. Alternatively, the strengthening by 

cold working is frequently related to the increased disloca-

tion density (ρ).37–39) The dislocation strengthening in the 

present case can be expressed as follows:

 σ σ α ρ α ρ0 2 0
0 5 0 5

.
. .

− = +F G b F G bA A A A A M M M M M  .... (5)

Where α is a product of a numerical factor and Tailor fac-

tor (α =  α* M), G and b are the shear modulus and Burg-

ers vector, respectively. Also, the strengthening by large 

strain deformations has been considered as a result of both 

mechanisms, i.e., the grain size and dislocation strengthen-

ing, assuming that these mechanisms are independent and 

linearly additive.9,40–42) It should be noted for the last case, 

however, that the reported grain size strengthening coef-

ficients (K) were remarkably smaller than that in classical 
Hall-Petch relationship for metallic materials with recrystal-

lized microstructure.7,19,32,43–46) For instance, K =  0.435 MPa 

Table 2. Tensile properties of an S304H austenitic stainless steel 

subjected to cold bar rolling to various total strains.

Cold 
strain

Yield strength, 
MPa

Ultimate tensile 
strength, MPa

Elongation, 
%

Reduction 
in area, %

ε =  0  295±15   680± 20 61±5 68±12

ε =  0.4 1 010± 25 1 070± 25 12± 3 53±10

ε =  1.2 1 380± 50 1 465±45  8± 2 52±10

ε =  2 1 510±75 1 585±75  6± 2 47±8

ε =  4 2 050±50 2 065±50  5± 2 27±5

Fig. 5. Engineering stress – strain curves of an S304H stainless 

steel processed by cold bar rolling to various total strains (ε).

Table 1. Transverse grain size and dislocation density evolved in 

austenite and martensite of a cold rolled S304H stainless 

steel.

Cold 
strain

Grain size, nm Dislocation density, 1015 m −2

austenite martensite austenite martensite

ε =  0 10 000±1 000 –   0.001 –

ε =  0.4 2 610± 250 350±50  1.9  1.4

ε =  1.2 390±40 220± 25  5.5  3.3

ε =  2 310± 30 210± 20  8.3  6.7

ε =  4 220± 30 180± 20 12.8 10.3
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m0.5 and K =  0.06 MPa m0.5 were reported for grain size 

strengthening of recrystallized austenite46) and concurrent 

grain size and dislocation strengthening of work hardened 

austenite,45) respectively. As a result, the strength contribu-

tion from dislocation strengthening was apparently much 

larger than that from grain size strengthening. This might 

be associated with more complicated relationship between 

different strengthening mechanisms than assumed linearly 

additivity. Nevertheless, the dislocation strengthening was 

considered as a major contributor to the overall strength.

The plots of experimental strengthening in accordance 

with Eqs. (4) and (5) are shown in Figs. 6 and 7, respec-

tively. Here, the same G =  81 000 MPa and b =  2.5×10 − 10 

m were taken for austenite and martensite,47) and σ0 =  200 

MPa as reported in numerous studies on chromium-nickel 

stainless steels.7,9,44,48) It is clearly seen in Fig. 6 that the 

relationship between the strengthening and the austenite/

martensite grain size is characterized by a complex non-

monotonous dependence, which is hard to be extrapolated 

by a simple plane function. The least square method for-

mally predicts the best fit of Eq. (4) with KA =  0.7 MPa 

m0.5 and KM =  0.8 MPa m0.5. Note here that these values of 

grain size strengthening coefficient remarkably exceed those 
reported for Hall-Petch equations, i.e. 0.3–0.5 MPa m0.5 for 

austenite7,19,37,46) and 0.2–0.7 MPa m0.5 for ferrite.49) In the 

latter case, the maximal value of strengthening coefficient 
corresponds to upper saturation limit for steels with large 

interstitial content.49) In contrast to the grain size strength-

ening (Eq. (4) and Fig. 6), the relationship between the 

strengthening and the dislocation densities in austenite and 

martensite through Eq. (5) can be adequately represented 

by a unique plane function as shown in Fig. 7. It should 

be noted that the present rolling did not lead to remarkable 

change in the Tailor factor, which slightly increased from 

3.0 in the original sample to 3.15 in austenite and 3.17 in 

martensite after rolling to a strain of 4 as revealed by OIM 

mapping, irrespective of apparently strong deformation tex-

tures inherent in unidirectional cold rolling. Therefore, the 

Tailor factor of M =  3 was taken in the calculation for a 

sake of simplicity. The best fit of experimental data through 
Eq. (5) is obtained with αA =  0.79 and αM =  0.85. It is 

worth noting that almost the same numerical factors (α) of 

0.7 to 1.0 have been reported in other studies on dislocation 

strengthening.9,32,44,50,51) In the case of concurrent operation 

of the grain size and dislocation strengthening, the following 

coefficients are obtained by the least square method, KA = 

0.2 MPa m0.5, KM =  0.02 MPa m0.5, αA =  0.77, αM =  0.7. 

Here, the reasonable values are obtained for the dislocation 

strengthening factors (α), whereas the grain size strengthen-

ing coefficients, especially KM, are relatively small.

The relationships between the experimental values 

of yield strength and those calculated for the grain size 

strengthening (σ0.2(D)) by Eq. (4), or the dislocation 

strengthening (σ0.2(ρ)) by Eq. (5), or both grain size and 

dislocation strengthening (σ0.2(D+ρ)) are shown in Fig. 8. 

Fig. 6. Relationship between the strengthening and inverse square 

root of the boundary spacing of austenite and martenite for 

an S304H stainless steel subjected to cold rolling. The data 

point of original sample is shown by open symbol.

Fig. 7. Relationship between the strengthening and the square 

root of dislocation density in austenite and martensite for 

an S304H stainless steel subjected to cold rolling. The data 

point of original sample is shown by open symbol.

Fig. 8. Relationship between the experimental yield strength and 

that calculated for dislocation strengthening (σ0.2(ρ)), grain 

size strengthening (σ0.2(D)), or both dislocation and grain 

size strengthening (σ0.2(D+ρ)).
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It is clearly seen in Fig. 8 that the dislocation strengthening 

mechanism is the closest while the grain size strengthening 

mechanism is the worst approach for prediction of yield 

strength of the cold rolled stainless steel. Simultaneous con-

sideration of dislocation and grain boundary strengthening 

also results in good correlation between the experimental 

and calculated values (Fig. 8), although the dislocation 

strengthening dominates over the grain size strengthening 

in this case. Therefore, the strengthening of the present 

stainless steel subjected to large strain cold rolling can be 

considered as dislocation strengthening. Such approach can 

be used to predict the strain hardening during cold working 

as illustrated in Fig. 9 where the experimental flow stresses 
and those corresponding to dislocation strengthening are 

plotted versus total true strain.

Let us consider the change in the strength contribution 

from austenite and martensite in the present stainless steel 

during cold bar rolling in the framework of the dislocation 

strengthening that described above (Fig. 10). Following a 

rapid strengthening at an early cold deformation the austen-

ite strength contribution gradually approaches a maximum 

at a total strain of about 1 and then steadily decreases with 

increasing the total rolling strain. The decrease in the aus-

tenite strength contribution to overall yield stress during 

cold rolling to strains above 1 is evidently associated with 

decrease in the austenite fraction because of strain-induced 

martensitic transformation. Correspondingly, the martensite 

strength contribution upon cold rolling follows the curve of 

martensitic transformation (cf. Figs. 2 and 10). It is interest-

ing to note that the yield stresses of austenite and martensite 

that normalized by their fractions are quite similar to each 

other (shown by dashed lines in Fig. 10) and are almost the 

same with the overall yield strength (Fig. 9) in the studied 

range of rolling strains. Therefore, the austenite and strain-

induced martensite in the stainless steel are identical in the 

dislocation strain hardening during cold rolling and provide 

equal fractional contribution to overall strengthening.

4. Conclusions

The influence of large strain cold rolling on the mechani-
cal properties of an S304H stainless steel was studied. The 

main results are summarized below.

(1) Cold rolling was accompanied by deformation twin-

ning and strain-induced martensitic transformation, which 

resulted in rapid grain subdivision and the development of 

ribbon-type microstructure consisting of a mixture of highly 

elongated austenite and martensite grains with the transverse 

grain size of about 200 nm in the both phases.

(2) The deformation microstructures were characterized 

by high dislocation densities in both austenite and martens-

ite grains. The change in the dislocation density during cold 

rolling that was evaluated by using kernel average misorien-

tation from EBSP mapping can be expressed as

ρ ρ β ε= + − −0 1 0 25( ( )).exp

where β =  20×1015 m −2 for austenite and β =  16×1015 m −2 

for strain-induced martensite.

(3) Cold rolling resulted in significant strengthening. 
The yield strength progressively increased with an increase 

in the total rolling strain, approaching 2 050 MPa after 

rolling to a total strain of 4. The strengthening during cold 

rolling was attributed to the increasing dislocation density. 

The obtained results suggested the following relationship 

between the strengthening (σ0.2 – σ0) and dislocation density 

in austenite (ρA) and martensite (ρM).

σ σ α ρ α ρ0 2 0
0 5 0 5

.
. .

− = +F G b F G bA A A A A M M M M M

where FA, GA, bA and FM, GM, bM are the phase fraction, the 

shear modulus, the Burgers vector in austenite and martens-

ite, respectively, and αA =  0.79, αM =  0.85. This suggests 

that the austenite and strain-induced martensite experienced 

the same strengthening during cold rolling and provided 

equal fractional contribution to overall strength.
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