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Introduction
Stainless austenitic steels are commonly 

used for their possible unique mechanical 
and plastic properties combined with cor-
rosion resistance. From a structural point of 
view these steels can be divided into steels 
with a stable austenite structure, steels with 
an unstable austenite structure and steels 
with an austenitic-ferritic structure [1-4].

Steels 18-8, i.e. those with metastable aus-
tenite, may undergo transformations induced 
both by plastic strain and by quenching. De-
pending on the steel’s chemical composition, 
stacking fault energy, the size and shape of 
grains as well as plastic working conditions 
(degree, rate and temperature of strain), 
phase change in such steels may proceed as 
follows: γ → ε, γ → ε → α’ or γ → α’ [5-6]. 
The obtained volume fraction of individual 
phases affects the mechanical properties and 
corrosion resistance of these steels [7]. Dur-
ing plastic strain, metastable austenitic steels 
undergo the development of an austenite tex-
ture as well as the development of a martens-
ite texture, formed as a result of the trans-
formation [8]. The texture plays a significant 
role in the process of product formation and 
in finished products. The texture obtained in 
the post-transformation material is closely 
connected with the texture of the material at 
the initial state. Metals and their alloys with 
a face-centred cubic lattice (A1) after plas-
tic strain may have one of the two types of 
texture deformation, namely, a copper-type 
texture (high value of stacking fault energy) 
or an alloy-type texture (low value of stack-

ing fault energy). The crystallographic de-
pendences between the austenite texture (γ) 
and the martensite texture (α’) are described 
by a range of relationships such as the Bain 
relationship, the Kurdjumov-Sachs (K-S) re-
lationship and the Nishiyama-Wassermann 
(N-W) relationship [9]. The purpose of this 
research work was to determine the impact 
of cold plastic strain during rolling, on shap-
ing the texture, structure and mechanical 
properties of steel AISI 304. 

Materials used and research method-
ology

The research involved austenitic steel 
AISI 304 with the chemical composition pre-
sented in Table 1. The starting material in the 
form of a sheet (2 mm × 40 mm × 700 mm) 
underwent hyperquenching at 1100°C for 
1 hour and cold rolling until it reached 70% 
strain. The rolling was carried out at room 
temperature, maintaining the same direction 
and side of  the band being rolled.

Based on empirical formulas [10] the fol-
lowing parameters were calculated for the 
austenitic steel tested – stacking fault ener-
gy (SFE), the temperature at the beginning 
of a martensite transformation (Ms) and 
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Table 1: The chemical composition of steel AISI 304 
[% by weight]

C Cr Ni Mn Si

0,033 18,08 9,03 1,32 0,41

Mo P S N Fe

0,23 0,026 0,002 0,026 70,84
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the temperature of a martensite transfor-
mation induced by a plastic strain (Md30), 
which were SFE = 32.1 mJ/m2, Ms = -63.11°C 
and Md30 = 22.7°C respectively.

Metallographic tests were carried out on 
mechanically ground and polished longitu-
dinal metallographic specimens. In order to 
reveal their structure, the specimens were 
etched in the so-called “aqua regia” heated 
up to approximately 40°C. The observations 
of the steel were carried out with a light mi-
croscope GX71 produced by OLYMPUS, us-
ing magnification from 100 to 1000x.

X-ray tests included the phase analysis 
of the surface and of the middle layer of the 
bands as well as the measurements of mate-
rial textures at the initial state well as after 
hyperquenching and plastic strain. The x-ray 
phase analysis was conducted with a diffrac-
tometer D500, using a lamp with a copper 
anode CuKα (λKα = 0.154 nm). Diffraction 
lines were registered in the range of angle 
2Θ from 40° to 92°, by means of a stepping 
method, with a step of angle 2Θ equalling 
0.02° and a pulse-counting time of 5 seconds 
in one measurement position.

The tests of the textures were carried out 
using a diffractometer D8 Advance manufac-
tured by the Bruker company and equipped 
with the Euler’s wheel. The source of radi-
ation was a lamp with a cobalt anode CoKα 
(λKα = 0.179 nm). On the basis of three incom-
plete polar figures of planes {111}, {200}, 
{220} for austenite and {110}, {200}, {211} 

for martensite, the orientation distribution 
function (ODF) and orientation fibres were 
calculated. The calculations of the quantita-
tive fraction of martensite α’ in the structure 
of the steel involved the use of the magnetic 
method.

The tests of mechanical properties were 
carried out with a universal testing machine 
ZWICK 100N5A, using a static tensile test ac-
cording to standard PN-EN ISO 6892-1:2010 
[11]. The samples for tests were cut out 
of a sheet in parallel to the direction of rolling. 

The hardness measurements of steel 
AISI 304 were carried out by means of the 
Vickers hardness tests, on metallographic 
specimens under a load of 50g, using a hard-
ness testing machine PMT-3. 

Test results 
Based on the metallographic tests, it was 

possible to establish that steel AISI 304 at 
the initial state is characterised by a struc-
ture composed of equiaxial austenite grains 
with an average diameter of approximate-
ly 22 μm, containing annealing twins and 
few spot non-metallic inclusions (Fig. 1a). 

The steel was characterized by a similar 
structure after hyperquenching.

After cold plastic strain within a 10% ÷ 
20% strain range, the steel revealed a struc-
ture composed of elongated grains γ with slip 
bands, deformed twins and non-metallic in-
clusions. The elongated character of austenite 
grains corresponds to the crushed condition of 

Fig. 1. Structure of steel AISI 304 at the initial state (a) and after 30% (b) and 70% (c) plastic strain, respectively; 
etchant – aqua regia
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the steel, where austenite grains undergo elon-
gation in the direction of rolling. The structure 
of the steel after over 30% strain also revealed, 
in addition to elongated austenite grains with 
deformed twins and non-metallic inclusions, 
few areas of parallel lamellas characteristic of 
martensite α’ (Fig. 1b). 

During cold rolling of steel AISI 304, 
an increase in strain is accompanied by the 
formation of new phase α’ dividing elon-
gated austenite grains, which results in the 
so-called “refinement” of the steel structure 
and hardening of the steel (Fig.1c). The met-
allographic observations revealed that the 
amount of the phase α’ in the structure of 
the steel tested increases along with the steel 
strain degree.

The results of the diffraction phase quali-
tative analysis of steel AISI 304 at the initial 
state (SD), hyperquenched (PP), and plas-
tic-strained within a 10% ÷ 70% range are 
presented in Figure 2. 

The diffraction phase analysis of steel AISI 
304 at the as-delivered state revealed diffrac-
tion lines originating both from the phase γ 
and α’ (Fig. 2a, b). The diffraction patterns 
prepared for the surface of the steel at the in-
itial state contain four diffraction lines origi-
nating from the phase γ, corresponding to the 
planes {111}γ, {200}γ, 
{220}γ and {311}γ. There 
is also one peak (110)α’ 
originating from the mar-
tensite phase (Fig. 2a). 
Identical diffraction lines 
can be observed in the 
diffraction patterns pre-
pared for the middle layer 
(Fig. 2b). In addition, the 
middle layer of steel AISI 
304 at the initial state re-
vealed weak peaks (200)
α’ and (211)α’, originating 
from the martensite phase 
(Fig. 2b).

The diffraction patterns prepared for the 
surface and middle layers of the steel at the 
hyperquenched state did not reveal any sig-
nificant changes as to the intensity of the in-
dividual diffraction lines originating from 
the phase γ when compared with the diffrac-
tion patterns of the steel at the initial state 
(Fig. 2a,b). The phase α’ at the hyperquenched 
state was not revealed.

The presence of the diffraction lines orig-
inating from the martensite phase on the 
diffraction patterns of steel AISI 304 at the 
initial state reveals the process of the phase 
change γ → α’, where the martensite re-
vealed in the steel at the initial state might 
have been formed during the initial treatment 
of the material.

The diffraction image of the surface of 
steel AISI 304 after cold plastic strain with-
in a 10% ÷ 40% range contains peaks (111)
γ, (200)γ, (220)γ and (311)γ originating from 
austenite (γ) as well as peaks (110)α’, (200)
α’ and (211)α’ originating from martensite α’ 
(Fig. 2a). After further straining of the steel 
(over 50%), in the diffraction pattern one 
can observe the disappearance of diffraction 
lines (200)γ and (311)γ originating from aus-
tenite and the intensification of diffraction 
lines (200)α’ and (211)α’ originating from 

Fig. 2. Diffraction patterns of steel AISI 304 at the initial state (SD), hyperquen-
ched (PP), and plastic-strained within 10% ÷ 70% range: a) surface, b) middle
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martensite. In the whole range of strains, the 
strongest peak originating from austenite was 
(220)γ. In turn, the intensity of  peak (111)
γ underwent changes. After the maximum, 
i.e. 70% degree of strain, the strongest peak 
originating from martensite was  peak (211)
α’. It was also possible to observe a widen-
ing of the diffraction lines originating both 
from  phases γ and α’, which was associated 
with an increase in structural defects formed 
during the plastic strain (Fig. 2a). In the dif-
fraction patterns prepared for the middle lay-
ers of steel AISI 304, no significant changes 
in the intensity of individual diffraction lines 
were observed (Fig. 2b).

The conducted diffraction tests revealed 
that  diffraction lines (111)γ, (110)α’; (200)α’, 
(220)γ, (211)α’ of (311)γ of the tested phases 
of steel AISI 304 after cold rolling with 40% 
strain reveal distinct steel texturing (Fig. 2a, 
b). The diffraction phase analysis of the steel 
deformed within a 10% ÷ 70% range did not 
reveal diffraction lines originating from the 
phase ε, which is consistent with informa-
tion found in reference publications [1-10]. 
A phase change proceeds directly according 
to the sequence γ → α’.

The texture of the austenite of steel AISI 
304 both at the initial and hyperquenched 
state was relatively weak (Fig. 3a, b). Yet, it 
should be mentioned that the austenite of the 
tested steel is a metastable phase and that the 
development of the steel texture is complex. 
During the plastic strain of austenite the 
following processes take place at the same 
time: austenite texturing, phase change γ → 
α’ and the change in orientation of the mar-
tensite formed during the strain. The texture 
of the steel strain is therefore described by 
the texture constituents as both of austenite 
and martensite (Fig. 4 and 5).

The main constituent of the austenite 
texture of the steel at the initial and hy-
perquenched state was a confined fibre α 
(<110>║ND (ND – normal direction), in 

which the strongest orientation was close 
to the orientation {110}<112> of the alloy 
type. The maximum value of the orientation 
distribution function for this orientation was 
ODF = 3.9 for the initial state and ODF = 3.3 
for the hyperquenched austenite respectively 
(Fig. 3a, b).

In the texture of the austenite after the 
strain within a 10% ÷ 70% draft, it was pos-
sible to observe orientations described by 
the fibre α =<110>║ND, τ =<110>║TD (TD 
– transverse direction), β ={110}<112> by 
{123}<634> to {112}<111>. The strongest 
constituent of the austenite texture of steel 
AISI 304 was the orientation {110}<113> of 
the fibre α =<110>║ND, which is close to the 
constituent of the alloy type {110}<112>. It 
is also possible to observe the Goss orienta-
tion {110}<001> of the fibre α =<110>║ND 
(Fig. 4a and 5a). The increase in the strain 
was accompanied by the reinforcement of the 
austenite texture. During the conducted tests 
it was possible to observe that an increase in 
the strain degree is accompanied first by the 

Fig. 3. Austenite texture at the initial state (a), 
at the hyperquenched state (b) on ODF cross sections 

φ2=0°, φ2 =45°

a)

b)
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elongation, and next by the contraction of the 
austenite fibre. The texture of the austenite 
deformation is typical of  materials with low 
and medium value of SFE (Stacking Fault 
Energy).

During the plas-
tic strain martensite is 
formed in the structure 
of the steel tested. The 
presence of the martens-
ite and an increase in its 
content is the result of 
the phase change γ → 
α’ induced by the strain. 
An increase in the strain 
is accompanied by a 
change in the martens-
ite texture, caused by the 
texturing of the initial 
phase of the austenite, 
from which the phase α’ 
is formed. The texture 
of martensite after the 
strain within a 10% ÷ 
70% range is described 
by the fibres of the ori-
entation α1 =<110>║RD 
(RD – rolling direction), 
γ ={111}║ND and ε 
=<001>║ND. The dom-
inant orientation of the 
martensite texture of 
steel AISI 304 was the 
orientation {111}<112> 
of the fibre γ ={111}║ND 
(Fig. 4b and 5b). After 
30% strain, in the mar-
tensite texture, one can 
observe a rotated cubic 
orientation {001}<110> 
(Fig. 4b). In turn, after 
70% strain, the texture 
of strained martensite 
is dominated by the ori-
entation {112}<110> 

composing the confined fibre α1 and the ori-
entation {111}<112> being the main constit-
uent of the homogenous fibre γ. Rolling the 
steel with a 70% deformation degree caus-
es that in the martensite texture the fibre 

a) Austenite b) Martensite

Fig. 4. Orientation distribution function for steel AISI 304 after various degre-
es of restraint presented in cross sections φ2 =0°, φ2 =45° for austenite (a) and 

φ1 =0°, φ2=45° for martensite (b)
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γ ={111}║ND is stronger than the fibre 
α1 =<110>║RD (Fig. 4b and 5b). The mar-
tensite texture remained weak within the 
whole range of restraint.

The crystallographic relationships between 
the texture of austenite and of martensite 
formed during the strain are best described 
by the Kurdjumow-Sachs (K-S) and Nishi-
yama-Wassermann (N-W) relationships.

The conducted tests of mechanical prop-
erties revealed that the values of hardness 
HV0.05, tensile strength Rm and conven-
tional yield point Rp0.2 of steel AISI 304 
increase along with an increase in the strain 
degree, whereas the value of elongation A 
decreases (Fig. 6).

At the initial state, the conventional yield 
point for steel AISI 304 is approximately 
330 MPa, tensile strength approximately 647 
MPa, hardness approximately 162 HV0.05, 
and elongation approximately 52%. An in-
crease in the strain degree within a 10% ÷ 

50% range in the steel is accompanied by a 
change in its tensile strength from approx-
imately 784 MPa to approximately 1257 
MPa, conventional yield point from approxi-
mately 586 MPa to approximately 960 MPa, 
and elongation from approximately 32% to 
approximately 2%. The maximum, i.e. 70% 
strain of the steel, causes a significant in-
crease in its values of Rm, Rp0.2 and HV0.05. 
Tensile strength increases to approximate-
ly 1496 MPa, yield point to approximately 
1161 MPa, and hardness to approximately 
400 HV0.05. It is also possible to observe a 
significant decrease of elongation i.e. to ap-
proximately 1% (Fig. 6).

The tests of mechanical properties con-
firmed the analytical dependence of the yield 
point of austenitic steel AISI 304 on the strain 
degree in the process of rolling.

Based on the analysis of the magnetic tests, 
it was established that the amount of martens-
ite phase in the structure of steel AISI 304 
increases along with the strain degree in the 
process of rolling. After 70% strain, the steel 
contains approximately 28% of martensite α’. 

Conclusions 
The analysis of the test results for auste-

nitic steel AISI 304 leads to the following 
conclusions:

1. The plastic strain induces the martensite 
transformation γ → α’ in the whole range of 
applied strains.

Fig. 5. Values of orientation distribution function f(g) 
along fibres α, τ, β for austenite (a) and fibres α1, γ, ε for 

martensite (b) of steel AISI 304 after 70% strain

Fig. 6. Changes in mechanical properties of steel AISI 
304 in the function of plastic strain
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2. At the initial state, the steel structure 
is composed of equiaxial grains γ with an 
average  diameter of approximately 22 µm 
with annealing twins and non-metallic inclu-
sions, whereas after the plastic strain of the 
steel with a draft of approximately 30% - the 
structure of elongated austenite grains with 
areas of parallel lamellas characteristic of the 
martensite α’.

3. The texture of the strained austen-
ite is described by orientation fibres α 
=<110>║ND, τ =<110>║TD, β ({110}<112> 
by {123}<634> to {112}<111>); this texture 
is typical of materials with a low value of 
SFE. 

4. An increase in the strain degree is ac-
companied by the development of the mar-
tensite texture; its main constituents are the 
orientations of the fibre α1 =<110>║RD, γ 
={111}║ND and ε =<001>║ND. 

5. The fraction of the martensite phase α’ 
in the steel structure increases along with an 
increase in the steel strain degree. After the 
maximum, i.e. 70% strain, the steel contains 
approximately 28% of the phase α’.

6. The changes in the volume fractions of 
the phases γ and α’ during the cold strain of 
steel AISI 304 and the texture development 
in these phases, affect the mechanical prop-
erties.

The research was conducted within 
the confines of research project 

no. 2632/B/T02/2011/40 funded by 
the National Science Centre 
(Narodowe Centrum Nauki).
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