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ABSTRACT

Austenitic stainless steels are widely used in industry, from heavy industry and power generation to precision me-
chanics and electronics, accounting for about 2/3 of the stainless steels produced. The stability of austenite influ-
ences the properties and behaviour of these steels during deformation and annealing. This paper presents the results
of research into austenitic metastable phase X5CrNil1810 steel, which was subjected to cold rolling (in the range of
5 to 80%) and then annealing (at temperatures of 500-900 °C). The research focused mainly on changes in crystal-
lographic texture parameters occurring during the analysed processes. It was found that the observed development
of the deformation texture is complex due to the fact that several processes take place simultaneously. Namely, the
deformation of austenite, the transformation of austenite into martensite, and the deformation of the resulting mar-
tensite. The texture of the deformed austenite was similar to the texture of the alloy type {112}<110>. After 80%
deformation, the Goss-type {110}<001> texture component showed the highest intensity. The lack of {112}<111>
orientation in the texture was due to the fact that this orientation changes to the {112}<110> martensite orientation
as aresult of the y — o’ phase transition. Annealing of the deformed steel at 500 °C led to an increase in the degree of
texturing (sharpening of the texture), which was related to the improvement of the texture in this temperature range.
Above 600 °C, the degree of texturing decreased, which is directly related to the a’ — y reverse transformation and
the subsequent recrystallization process. Magnetic studies indicate an increasing proportion of the magnetic phase
o’ (martensite) together with an increasing degree of deformation. For deformation of 80%, the amount of magnetic
phase reached a value of more than 33%. After annealing at a temperature of 800 °C, there is no martensite in the
structure, which indicates that, in these heat treatment conditions, the complete reverse transformation of martensite
into austenite has already taken place.
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INTRODUCTION

The group of corrosion-resistant steels in-
cludes austenitic steels. They were patented over
100 years ago, specifically in 1912, by the German
Krupp engineers. However, it should be noted
that these steels were discovered independently in
England and Germany, when it was observed that
the addition of chromium to iron prevents corro-
sion in humid air, and the introduction of nickel
stabilizes the austenite structure to room tempera-
ture [1]. Austenitic steels constitute about 70% of

the stainless steels currently produced [2]. These
steels generally contain 17-25% Cr, 8-39% Ni,
a maximum of 0.1% C, and, depending on the
type, additions of such elements as N, Mo, Mn
and Si [3-5]. In addition to austenite, J-ferrite (up
to 10%) may also be present in the structure, but
they are still classified as austenitic steels [3, 6].
The presence of d-ferrite leads to an increase in
the strength properties of these alloys [3]. Austen-
itic stainless steels are among the engineering ma-
terials with the most universal applications. Due
to their good mechanical properties, corrosion
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resistance at both elevated and lower tempera-
tures, as well as biocompatibility, they are widely
used in the chemical and petrochemical, energy
and nuclear, aviation, transport, pharmaceutical,
food, construction and medical industries [7-9].
Austenitic stainless steels, like other stainless
steels, can be processed by forging, rolling, press-
ing or drawing, both cold and hot (recommended
processing temperature of 955-1140 °C) [1]. Due
to the fact that they have a single-phase structure,
they cannot be strengthened by heat treatment but
only by cold plastic deformation [10, 11]. Anneal-
ing of these steels after deformation may lead to
the formation of carbides and intermetallic phases
[12]. An important structural effect occurring in
steels with an austenitic structure Cr-Ni [13-15]
and high-manganese steels [16—18] is the oc-
currence of a phase transformation during cold
plastic deformation, called the TRIP (TRansfor-
mation Induced Plasticity) effect and mechanical
twinning (called the TWIP effect) [19]. The de-
formation-induced martensitic transformation is
influenced by many factors, such as: temperature,
the degree and method of deformation, as well
as the chemical composition, size and crystallo-
graphic orientation of the austenite grain [20, 21].
The instability of austenite depends on the stack-
ing fault energy (SFE), which is influenced by the
chemical composition and temperature [22-24].
If the steel was deformed below the tempera-
ture M, ., then a phase transformation induced
by deformation took place in the steel. M, IS
the temperature at which, after 30% deforma-
tion, 50% martensite forms in the structure. This
is higher than the temperature M, (M.~ tempera-
ture at which austenite begins its transformation
into martensite during cooling) [12, 25, 26]. Two
types of martensite can be formed in metastable
austenitic steels: paramagnetic e-martensite with
a hexagonal closed packed structure and ferro-
magnetic o’-martensite with a body-centered cu-
bic (BCC) structure [12, 25]. Padilha et al. [25]
observed that e-martensite was formed in AISI
304 austenitic steel at low degrees of deformation
up to 5% and then transformed into o’ -martensite.
As a result of plastic deformation in austenite,
the density of dislocations increases, which also
resulted in an increase in the volume fraction of
stacking faults (SF). For a regular face-centered
cubic structure (FCC), SF have a hexagonal sym-
metry, like e-martensite. Therefore, e-martensite
nucleates on SF. In general, the course of defor-
mation-induced transformations can be written
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as y — SF — nSF — ¢ — o’ [26]. As the tem-
perature decreases, so does the SFE, which favors
the transformation of y-austenite into martensite
and leads to the formation of more martensite [6].
This has also been confirmed in high-manganese
austenitic steels [18, 27, 28]. Literature data in-
dicate that if the y-austenite stacking fault ener-
gy ySFE>45 mJ/m? then cross slip is active, and
during deformation a dislocation substructure is
formed, which ultimately leads to the formation
of o’-martensite [29]. If ySSFE<45 mJ/m? the dom-
inant deformation mechanism is twinning and de-
formation bands are formed, leading to the forma-
tion of e-martensite, which, if yYSFE<18 mJ/m?, is
transformed into o’-martensite [30]. To sum up,
the transformation of austenite into martensite may
occur by the transformation y — €, y - ¢—> o’ or
directly by y — o’ [31-33].

The recrystallization process of austenitic
steel in which a phase transformation occurred
during deformation is more complex. During an-
nealing, the € — y and o’— y reverse transfor-
mation of martensite (¢ and o) into austenite (y)
occurs [34-36]. The reverse transformation there-
fore precedes the subsequent stages of recrystal-
lization. Padilha et al. [25], Martins et al. [37] and
Tavares et al. [38] report that the reverse trans-
formation of deformation-induced martensite into
austenite exhibits two components: an athermal
shear mechanism and an isothermal diffusion
mechanism. Takaki et al. [39] showed that if steel
with strongly defective martensite is annealed, as
a result of the reverse transformation, austenite
nuclei will be formed in random places of the re-
covered martensitic matrix, and after transforma-
tion, a fine austenite grain with a size smaller than
1 pm can be obtained.

As a result of deformation and annealing, a
crystallographic texture is created in metals and
alloys with a regular face-centered cubic structure
(FCC), which is influenced by SFE. In metals and
alloys with a regular FCC, there are two types of
rolling texture, namely alloy and pure metal. Ad-
ditionally, a transitional texture is also observed.
If SFE is lower than 40 mJ/m? then the typical
deformation texture is an alloy type {110}<112>
texture [40]. If the SFE of the metal or alloy is
large, i.e., EBU>70 mJ/m?, then, as a result of
deformation, a pure metal-type {112}<I11> tex-
ture (Cu-type) is created. In most cases, in the tex-
ture of cold-rolled metals and alloys with the FCC
structure and in austenitic steels after large degrees
of deformation, the dominant orientation was
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{110}<112> (brass-type) and the weaker orienta-
tions were {110}<001> and {112}<111>, which
depended primarily on the SFE value [41-43].
The texture changes that occur during annealing
depend on the texture of the material after defor-
mation and the annealing conditions (temperature
and time). During recovery, no significant changes
in the material texture are observed. Annealing at
higher temperatures leads to the development of
typical recrystallization textures, and the texture
components of the deformed material are pre-
served in only a few cases. Donadille et al. [42]
justified this effect by the chemical composition of
steel (mainly due to the influence of molybdenum)
and the resulting recrystallization process. The
obtained results were interpreted as the result of
oriented nucleation in shear bands of {110}<100>
oriented grains, which grow into {111}<uvw> ar-
eas, and the deceleration of further oriented growth
through the strong influence of molybdenum.

The aim of this work is a comprehensive
analysis of the global crystallographic texture of
the austenitic matrix and the texture of martensite
induced by plastic deformation in metastable aus-
tenitic steel, which was created as a result by cold
rolling and then during annealing.

MATERIALS AND METHODS

The subject of the research was chrome-nick-
el AISI 304 austenitic stainless steel. The chemi-
cal composition of the steel was determined using
a Foundry-Master optical emission spectrometer
(Table 1). The steel came from industrial smelting.

After hot rolling, the steel was cut. Then,
samples with dimensions of 9.95x20x150 mm
were cold rolled in laboratory conditions to a de-
formation range of approximately 5-80%. After
80% deformation, the material was then annealed
at the temperatures of 500 °C, 600 °C, 700 °C,
800 °C and 900 °C for 1 hour and cooled in wa-
ter. Based on formula 1 [44], the engineering

deformation (g) was calculated for the tested steel
and the results are presented in Table 2.

e=.100% (1)
ho

where: Ah =h —h & — engineering deformation
[%], h, — output band thickness [mm], h
— band thickness after a certain degree of
deformation [mm].

Using appropriate empirical formulas 2 and
3 proposed by Padilha et al. [25] the stacking
fault energy (SFE) for steel and the deformation-
induced martensitic transformation temperature
M,,, s, Were calculated and equaled 17.13 mJ/m?

and 41,42 °C, respectively
SFE (mJ/m?)=-53 + 6.2(%Ni) +
0.7(%Cr) + 3.2(%Mn) + 9.3(%Mo) 2)

M, ., (°C) = 413 - [462(%C + %N) +
9.2(%Si) + 8.1(%Mn) + 13.7(%Cr) +
9.5(%Ni) + 18.5(%Mo)] 3)

X-ray qualitative phase analysis was per-
formed on a Siemens D500 diffractometer using
monochromatic radiation from a tube with a cop-
peranode of A, = 0.154 nm, with the step counting
method in the range 26 = 35-110° and steps A20
= 0.02°, counted in the range = 5 seconds/step.
The crystallographic texture was measured on a
Bruker D8 Advance diffractometer using radia-
tion from a tube with a cobalt anode of 4, = 0.179
nm. Incomplete pole figures of the planes {111}y,
{200}y, {220}y and {311}y for austenite as well
as {110}a, {200}a and {211} for a’-martensite
were recorded. Then, on their basis, the orienta-
tion distribution function (ODF) and orientation
fibers were calculated. The volume fractions of
individual components present in the austenite

Table 2. Band thickness and calculated engineering
deformation for cold rolled austenitic stainless steel

Thickness | g 95 | 945 | 7.85 | 6.02 | 4 | 2.05
[mm]
€ [%] 0 5 | 20 | 40 | 60 | 80

Table 1. Chemical composition of austenitic stainless steel (in weight %)

Examined chemical composition
Cr Ni C Mn Si P S Fe
19.75 8.21 0.016 1.69 0.21 0.027 0.006 Balance
Chemical composition AISI 304 steel (1.4301)
Max Max Max Max
17.5/19.5 8/10.5 0.07 2 0.75 0.0045 0.03 Balance
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and martensite texture were calculated using the
LaboTex3 computer program. The program loads
pole figures from files saved in the .epf format.
The orientation distribution function (ODF) is
then computed from the pole figures. Knowledge
of this function enables the calculation of the per-
centages of selected crystallographic orientation
components.

Samples for diffraction tests (size 20x15 mm)
were prepared by grinding on water-based abra-
sive papers with grades from 300 to 2000, and
polishing with diamond pastes (9, 6 and 3 pm).
The samples were then electropolished to remove
the deformed layer. The electrolyte composition
was as follows: perchloric acid 80 cm?®, ethanol
700 cm?, distilled water 120 cm?® and butoxy-
ethanol 100 cm?®. The surface layer of the sheets
was tested. Effective penetration depth for Bragg-
Brentano geometry in the angular range 26 = 35
— 110° was from 2.18 to 5.87 um.

Metallographic observations were performed
using a Leica DM4000M light microscope. Lon-
gitudinal sections of the sheets were analyzed
(length 15 mm). Metallographic sections were
made by grinding on water-based abrasive papers
(grade from 300 to 4000) and polishing with dia-
mond pastes (9, 6, 3 and 1um). The microstruc-
ture was revealed by electroetching in a 40% nitric
acid solution (etching time was from 5 to 15 sec-
onds). The amount of ferrite was measured using
an MPD-100A ferritometer from R&J Measure-
ment. The device’s measuring range was from 0 to
100% of the magnetic phase in the volume of the
material. The measurement was performed using
a contact head, with the device’s measurement

<1(200)

intensity (a.u.)
S
C o

40 50 60 70 80 90 100 110
26 []

accuracy being 0.1%. Measurement standards for
austenitic steel with a magnetic phase share of
up to 60% were applied. Ten measurements were
made for each sample. Table 3 and 4 shows the
mean value and measurement error.

RESULTS

The results of diffraction tests (Figure la)
show that steel in its initial state (0%) presents an
almost single-phase austenitic structure.

In the diffractogram, apart from the lines
coming from y - austenite of (111)y, (200)y, (220)
y, (311)y, and (222)y, it is possible to observe a
very weak (110)0 diffraction line coming from
o-ferrite. The volume fraction of ferrite (V) cal-
culated based on the (111) diffraction line for
y-austenite and (110)0 for o-ferrite equaled ap-
prox. 2% of volume (formula 4) [45].

Iy

Ve=1-Vao=1-—la (4)

1+1.4Q
Ia

where: V, — volume fraction of austenite, /y — to-
tal intensity of (111) diffraction line for
austenite, /o — total intensity of (110) dif-
fraction lines for ferrite.

The amount of ferrite measured with a ferri-
tometer gave the result of 0.4% (Table 3). After
5% deformation, no significant changes in the
diffraction pattern are observed. Starting from
20% deformation, there is a visible strengthen-
ing of the diffraction lines coming from the J/a’
magnetic phase (the lines from ¢ - ferrite and
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= =) 8 L -
[ & S v s N
& Ve § v 5§
€ 900°C / 1h JI 5 g
v A v
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Figure 1. The X-Ray diffraction patterns of the steel: (a) in the initial state (0%)
and after cold rolling 5-80% of deformation, (b) in the initial state (0%), after 80%
of deformation and annealing at temperature 500-900 °C for 1 hour
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Table 3. Volume fraction of magnetic phase d/a’ (o-ferrite and a’-martensite) for steel in the initial state and after

5-80% deformation

& [%] 0 5 20

40 60 80

Va' [%] 0.4+0.1 0.5:0.1 6.140.2

18.1+0.1 28.6+0.2 38.4+0.4

o’-martensite have the same angular position 20,
hence the marking in the diffractogram of d/a’),
while additional lines of (200)d/a’, (211)d/a’ and
a faint line of (220)d/a” appear. This proves that y
— o’ martensitic transformation occurs in steel as
aresult of deformation. The SFE of austenite esti-
mated on the basis of its chemical composition is
low (17.13 mJ/m?), thus, three deformation mech-
anisms are possible: partial dislocation slip, twin-
ning and deformation-induced phase transforma-
tion. The calculated temperature of M, for the
tested steel is approx. 41 °C, and the steel was
deformed at a lower temperature (room tempera-
ture), which also favors the occurrence of phase
transformation during deformation. The results of
diffraction tests indicate that the transformation
takes place by direct transformation of austenite
into martensite with the regular structure y — o’
and there is no martensite with a hexagonal struc-
ture as an intermediate phase y — & — o’.

Research conducted by Li et al. [46] on 316L
steel shows that lowering the deformation tem-
perature causes a decrease in austenite stabil-
ity and, during deformation by stretching steel
at low temperatures, lines originating from the
€ phase are observed in the diffractograms as a
transition phase in the transformation of austen-
ite into o’-martensite. However, Padilha et al.
[25], testing AISI 304 austenitic steel after defor-
mation by cold rolling, showed that £’-martensite
formed in steel but at low degrees of deformation
up to 5% and then, with an increase in the de-
gree of deformation, it was transformed into o’-
martensite. e-martensite as an intermediate phase
is also observed in high-manganese austenitic
steels [16, 17, 47]. For the tested steel, there are
no diffraction lines from the € phase in the entire
range of deformations of 5-80%, which confirms
that the phase transformation in this steel occurs
along the y — o’ path. Magnetic tests indicate an
increase in the volume fraction of the magnetic
phase with an increase in the degree of deforma-
tion. After 80% deformation, the volume fraction
was about 38% (Table 3).

In the diffractogram of steel annealed at
500 °C for 1 hour, no significant changes in the
diffraction pattern are observed. There are only

differences in intensity for individual lines.
Starting from the annealing temperature of 600
°C, clear changes are visible in the diffracto-
grams. The diffraction lines from the phase J/a’
are weakened, which is the result of the reverse
transformation of a’-martensite into y-austenite.
In the diffractogram of the sample after annealing
at 900 °C for 1 hour, the lines originating from the
magnetic phase d/a’ practically disappear (Figure
1b). The tests carried out on the volume fraction
of the magnetic phase measured using a ferritom-
eter indicate that, already after annealing at the
temperature of 800 °C, a complete reverse trans-
formation o> — y took place (Table 4).
Differences of 0.1% for the initial state com-
pared to the state after annealing at 800 and 900
°C may result from a measurement error of this
method. The analysis of the full width at half
maximum (FWHM) for individual lines originat-
ing from austenite is presented in Figure 2. As the
annealing temperature increases, the full width at
half maximum decreases, which proves that the
reverse transformation takes place by diffusion.
The reverse transformation was studied, for
example, by Tomimura et al. [36] for two austen-
itic steels, 15.6Cr-9.8Ni and 17.6Cr-8.8Ni. They
demonstrated that annealing steel at the tempera-
ture of 400 °C did not lead to the reverse trans-
formation o’— y. Only heating to 650 °C led to a
reverse transformation, with a different transfor-
mation path depending on the chemical composi-
tion: by shearing (15.6Cr-9.8Ni steel) or by dif-
fusion (17.6Cr-8.8Ni steel). If the transformation
took place by shearing, the austenite formed after
the transformation has a high dislocation den-
sity [36]. If the defect density increases, it leads
to a broadening of the diffraction lines. A de-
crease in FWHM was recorded in the tested steel,

Table 4. Volume fraction of magnetic phase J/a’
(o-ferrite and @ ’-martensite) for steel after 80%
deformation and annealing at temperature at 500—
900 °C for 1 hour

Annealing | g4 00 | gogoc | 700°C | 800°C | 900 °C
temperature
Vo' [%] | 33.2+0.3 | 7.5¢0.2 | 0.7+0.1 | 0.5+0.1 | 0.3+0.2
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Figure 2. Changes in full width at half maximum (FWHM) for samples after 80% deformation
and annealing at 500-900 °C for planes originating from austenite (y-phase)

confirming the diffusive nature of the reverse
transformation (Figure 2). Table 4 shows changes
in the volume fraction of the magnetic phase de-
pending on the heat treatment temperature. It can
be seen that the most intense transformation took
place in the temperature range of 500—600 °C.
Figure 3 shows the ideal orientations and
orientation fibers that occur in metals and alloys
with a regular structure (BCC and FCC) to facili-
tate the analysis of the crystallographic texture of

the tested steel samples after deformation and an-
nealing (Figures 4-9).

Austenite texture in the initial state (Figures
3, 4, 6 and 9a) had a poor, almost random orien-
tation. The maximum value of ODF = 1.8 cor-
responded to the {100} <001> orientation. After
5% deformation, the austenite still had a random
orientation. The maximum ODF value shifted to
the {001}<510> orientation. Starting from 20%
deformation, austenite begins to show a fibrous
character. The texture shows a weak fiber a =
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Figure 3. The ideal orientations and orientation fibers which occur in the texture of metals and alloys with
BCC (a,=<110>IRD, y=<111>IND and £=<001>IND) and FCC (a=<110>IND, #=<001>IRD, 7=<110>ITD
and p) structures presented in the Euler space and on the cross sections ¢, = 0°, ¢, = 0° and ¢, = 45°
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Figure 4. Orientation distribution function (ODFs) for austenite in
the initial state (0%) and after deformation 5-80%
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Figure 7. Orientation distribution function (ODFs) for austenite after 80%
deformation and annealing at temperature 500-900 °C for 1 hour

<110>IND with a maximum for the {110}<112>
orientation (B-brass type). As the degree of de-
formation increased, so did the degree of textur-
ing. The o fiber orientation was strengthened with
a maximum corresponding to the {110}<112>,

150

{110}<113> and {110}<115> orientations, re-
spectively, for the deformation of 40, 60 and
80%. The Goss-type {110} <001> orientation is
strong throughout the entire range of deforma-
tions. In the texture of deformed austenite there
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are also weak orientations, such as {113}<332>,
{123}<364> (S-type) and {112} <111> (Cu-type).
As the degree of deformation increases, an in-
crease in the CuT {552}<115> component is ob-
served (Figures 3, 4, 6, and 9a). This is caused by
mechanical twinning occurring in austenite. This
is evidenced by a decrease in the volume fraction
of the Cu-type component and an increase in the
volume fraction of the CuT {552}<115> compo-
nent (Figure 6). This is confirmed by literature
data [23, 40] according to which Cu-type orienta-
tion, which appears during smaller degrees of de-
formation, undergoes a transformation as a result
of twinning into the CuT orientation, and then as
a result of slippage into the Goss {110}<001>
orientation, which rotates in the direction of the
{110}<112> orientation.

The volume fraction of & phase (ferrite) and
o’ phase (martensite) for the material in its initial
state and after deformation of 5% is approximate-
ly 0.5%, which made it impossible to measure
the crystallographic texture. After 20% deforma-
tion, the volume fraction of the magnetic phase
increases (Table 3), leading to an attempt being
made to measure the martensite texture.

80% s 500°C / 1h

For this degree of deformation, it is almost ran-
dom and it can be observed that the a’-martensite
texture has a partially fibrous character only af-
ter 40% deformation. The texture is dominated
by orientations belonging to the a,=<110>IRD,
e=<001>IND fiber and the maximum ODF val-
ue corresponds to the {010}<403> orientation.
As the deformation increases to 80%, the degree
of martensite texturing increases (max. value of
ODF=6.3). The orientation fibers become stron-
ger. The ODF value for the {332}<113> orienta-
tion increases and for 80% deformation equals 5.6.
However, the maximum ODF value corresponds
to the {112}<110> orientation and belongs to the
a, orientation fiber (Figures 3, 5 and 9b).

After annealing at 500 °C, no significant
changes in the crystallographic texture of either
austenite or martensite were observed (Figures
7-9). The maximum ODF value in fiber a shifted
to the {110}<113> orientation. As the annealing
temperature increased, o fiber became spread.
The degree of austenite texturing also decreases.
After annealing at 800 °C, the maximum ODF
value shifted to the Goss {110} <001> orienta-
tion (Figures 7 and 9a).

600°C / 1h
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Figure 8. Orientation distribution function (ODFs) for o’-martensite after 80%
deformation and annealing at temperature 500—700 °C for 1 hour
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Figure 9. Value of the orientation distribution functions f(g) along the orientation fibers o =<110>IND, #
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(a) and o, = <110>IRD, y = <111>IND and & = <001>IND for the a’-martensite phase (b). Samples for
the initial state (0%), after selection rolling reductions (40%, 80%) and after annealing at 500900 °C

After annealing at 500 °C, the intensity of ori-
entations lying in the orientation fibers a,, € and y
for o’-martensite increases slightly. This is related
to the ongoing recovery processes. The maximum
ODF value shifted to the {001} <110> orientation.
The value of the {111} <112> texture component
also increased. After annealing at 600 °C, the fiber
a, became spread. The orientations belonging to
this fiber also weakened. After annealing at 700
°C, the volume fraction of martensite in steel de-
creases significantly, which is reflected in a sig-
nificant decrease in the degree of martensite tex-
turing and a weakening of the main orientations
(Figures 8 and 9b). After annealing at higher tem-
peratures of 800 and 900 °C, it was not possible to
measure the texture due to the small volume frac-
tion of this phase (phase d/a’— Table 4). Equiaxed
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austenite grains of various sizes are observed in
the microstructure of the steel in its initial state
(Figure 10a). Dark bands indicate some share in
the structure of &-ferrite. This is confirmed by
previous X-ray and magnetic studies (Figure 1,
Table 3). As the degree of deformation increases
to 20%, darker etched areas in the austenite grains
can be observed in the structure-deformation
bands, which are privileged places for deforma-
tion-induced martensite nucleation (Figure 10b).
As the deformation increases, so does the band-
ing of the structure and characteristic ripples can
be observed (Figures 10c and 10d). In the micro-
structure of steel after annealing at 500 °C, no sig-
nificant changes are observed and the band char-
acter is preserved (Figure 11a). After annealing at
600 °C for 1 hour, the band microstructure is still
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Figure 10. Microstructure of the steel in the initial state (a) and after
selected rolling reduction: 20% (b), 60% (c) and 80% (d)

preserved, but the beginnings of the recrystalliza-
tion process are observed (Figure 11b). Increas-
ing the annealing temperature to 700 °C leads to
an already recrystallized structure being obtained
(Figure 1lc), and austenite grains already grow
when annealing steel at 900 °C (Figure 11d). This
is reflected in a significant decrease in the degree
of austenite texturization.

DISCUSSION

The performed X-ray tests indicate that the
texture development of the tested austenitic steel
is complex, which is related to several different
processes occurring simultaneously in steel, both
during deformation and annealing. As a result of
cold processing, austenite is texturized and trans-
formed into martensite (y — «’), maintaining
specific crystallographic relationships between
phases and the development of martensite texture
previously formed as a result of deformation. The

texture of the tested steel is therefore described
by the components of two phases, y-austenite and
a’-martensite. The deformed austenite texture is
dominated by orientations belonging to the a =
<110>IND fiber with strong Goss {110}<001>
and alloy {110}<112> orientations. {111}<uvw>
components were also observed in the deformed
austenite texture, proving the influence of me-
chanical twinning on the obtained texture of de-
formed austenite. Figure 12 shows the transfor-
mation of the experimental martensite orientation
distribution function after 80% deformation ac-
cording to the Kurdjumov-Sachs (a — y, ) and
Nishiyama-Wassermann (a — y, ,,) relationships.
Comparison of the ODF of austenite after 80%
deformation and the ODF obtained after trans-
formations (& — 7, and a — 7y, ) indicates
that these relationships suitably describe those
between y-austenite and o’-martensite. It should
be noted that these transformations were made
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Figure 11. Microstructure of the steel after 80% deformation and annealing
at 500 °C (a), 600 °C (b), 700 °C (c) and 900 °C (d) for 1 hour

without taking into account the variant selection,
hence the ODF values are smaller.

The differences between the austenite texture
after 80% deformation and that obtained after
martensite transformation are also caused by the
fact that we transformed the ODF of martensite
obtained at a given stage of deformation, which
consists of the martensite texture resulting from
the y — o’ transformation as well as the texture
of martensite previously deformed (at an earlier
stage of rolling). In the deformed austenite tex-
ture, a strong component is the {110}<112> alloy
orientation. The volume fraction of this texture
component increased together with the degree
of deformation, with a simultaneous increase
in the volume fraction of the {111}<112> mar-
tensite component. However, as one work [48]
states, the {110}<112> orientation of austenite
transforms into the {111}<112> martensite com-
ponent and the {211}<111> orientation of aus-
tenite transforms into the {211}<011> martensite
orientation during deformation. Meanwhile, Ravi
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Kumar et al. [24] found that the {112}<110>
component of martensite was formed from the
{110}<001> orientation of austenite, and the for-
mation of the {332} <113> martensite component
was linked with the {110}<112> orientation oc-
curring in austenite. In the tested steel, both the
Goss {110}<001> orientation and the alloy type
{110}<112> show a high ODF value. The lack of
the {112}<111> component in the austenite tex-
ture for the highest degrees of deformation can
also be explained by the fact that, according to the
K-S relationship, it changes to the {112}<110>
martensite orientation [24, 25, 43].

Literature data indicate two mechanisms for
the reverse transformation of martensite into
austenite in steels. One occurs by shearing, the
other by diffusion, and they depend on the chemi-
cal composition [34]. After annealing at 500 °C,
no major changes in the intensity of martensite
texture are observed. This can be explained by
the improvement of the structure in this tempera-
ture range, and martensite is a stable phase at this
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o —> Yy

O —> Vnw

Figure 12. Experimental ODF values after 80% deformation for austenite (y) and o’-martensite
(o) and simulated transformations of martensite texture (a " — y) according to the Kurdjumov-
Sachs (a — y, ;) and Nishiyama-Wassermann (& — 7, ) orientation relationships

annealing temperature. An increase in the anneal-
ing temperature led to a decrease in the volume
fraction of the magnetic phase in the structure.
The lack of an increase in full width at half maxi-
mum (FWHM) for lines originating from austen-
ite for the tested steel indicates that the transfor-
mation takes place by diffusion. This is a different
reverse transformation mechanism than that ob-
served in [34] for 16Cr-10Ni steel. An increase in
the annealing temperature led to a decrease in the
percentage of a’-martensite in the steel structure
and then to a complete reverse transformation a.” —
y (temperatures of 600 and 700 °C). The austenite
annealing texture is a component of the annealing
texture of the austenite that remained in the struc-
ture after the transformation and the texture of the
austenite resulting from the transformation o’ — 7.
After annealing, an increase in the {112}<111>

component of austenite and a decrease in inten-
sity for the {113}<110> martensite component
are observed. According to the K-S relation, this
orientation transforms into the {112}<111> and
{123}<111> orientations of austenite. Higher an-
nealing temperatures result in a decrease in the
degree of austenite texturing caused by the on-
going recrystallization processes, which is visible
in the microstructure image. After annealing, the
fibrous nature of the austenite texture is retained.
To sum up, it can be stated that the recovery
process took place first during the annealing process
(annealing temperature of 500 °C) for both phases,
and then the phase transition o> — y and recrystalli-
zation of the deformed austenite. The last stage was
the growth of austenite grains, both obtained after
transformation and after recrystallization.
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CONCLUSIONS

The results of diffraction and magnetic tests
allow us to conclude that in the tested AISI 304
stainless steel, as a result of cold rolling, a de-
formation-induced transformation of austenite
into martensite with a body-centered cube struc-
ture took place. During deformation, the austen-
ite became texturized, and the y — o’ martensitic
transformation occurred while maintaining spe-
cific crystallographic relationships between the
phases, best described by the Kurdjumov-Sachs
and Nishiyama-Wassermann relationships.

The reverse transformation of martensite into
austenite in the tested steel occurred above a tem-
perature of 500 °C. Decreasing of the full width at
half maximum (FWHM) of diffraction lines coming
from austenite for steel after annealing at tempera-
tures above 500 °C confirms the diffusive nature of
the reverse transformation. The sequence of pro-
cesses occurring during annealing of the deformed
AISI 304 steel was as follows: o’ — y reverse trans-
formation, recrystallization of the deformed austen-
ite, and grain growth of both austenites (obtained
after both transformation and recrystallization).
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