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Cumulative isochronal annealing of stainless steel 1.4307 samples deformed by compression was investigated
using the Doppler broadening of the annihilation line measurements. Higher level of plastic deformation is accom-
panied not only by higher concentration of defects but also by higher amount of o’ martensite. The annealing
studies revealed creation of defects in the temperature range between 450 °C and 650 °C pointing out the reverse
transition of o’ martensite to austenite. This is confirmed by magnetic susceptibility and microhardness measure-

ments.
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1. Introduction

Austenitic stainless steels (SSs) are widely used in en-
gineering applications due to their mechanical properties,
weldability and excellent corrosion resistance. Therefore
controlling their microstructure evolution, and physical
and mechanical properties is very important. Austenitic
SSs are paramagnetic in the annealed, fully austenitic
condition. Plastic deformation of austenitic SS, apart
from introducing crystal defects, can induce also trans-
formation from austenite to martensite [1] depending on
the steel composition. Two types of deformation-induced
martensite can form: o (bec) which is ferromagnetic and
¢ (hep) which is paramagnetic. Then changes in magnetic
properties due to the formation of o/ martensite are fre-
quently used for its detection [2]. There was found that
for low deformation levels the amount of e-martensite
is predominant in proportion to o’-martensite [3]. When
deformation level increases, the quantity of o/-martensite
grows. The transformation sequence has been proposed
to be v — ¢ — o' [1]. The formation of deformation-
-induced o martensite significantly affects the mechani-
cal behavior of austenitic SS by enhancing work harden-
ing. Deformation induced martensitic transformation is
extensively studied because of its practical applications.
It is also important to understand the mechanism by
which this phase transformation occurs. Reverse trans-
formation of deformation induced martensite o’ — ~ in
the austenitic SS is less studied than its formation [4] and
its mechanism has not yet been clarified. The o/ — ~
was reported as resulting in formation of austenite with
high dislocation density [5] or in micro-twins and stack-
ing faults [6]. There was demonstrated the formation of
ultra-fine austenite grains [7] in metastable austenitic SS
which can be used for grain refinement [8, 9]. It opens
up the possibility of using high strength austenitic SS in
structural applications.
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The positron annihilation techniques are well-known
experimental methods used for studies of defects in crys-
talline matter. Positrons implanted into a metallic sys-
tem localize in regions where electron density is lower
than in a perfect crystal lattice, i.e. open volume de-
fects, and then annihilate with electrons. The annihila-
tion radiation delivers information on the local electron
density and the electron momentum distribution in the
sites where the annihilation takes place. Crystal lattice
defects generated during plastic deformation, i.e. open-
-volume defects such as vacancies and their agglomerates
and to some extent dislocations can be identified and in-
vestigated using positron annihilation techniques. They
have been used for example for detection of the subsur-
face zone in the stainless steel created by sliding or dif-
ferent methods of cutting [10, 11]. The defects can be
created also during phase transitions and those can be
also detected by positron annihilation methods.

The aim of the presented investigations is to study an-
nealing behavior of deformed SS 1.4307 (EN) in terms
of annealing of defects detected by positron annihilation
methods paying close attention to the influence of reverse
transformation of deformation induced martensite on the
obtained dependences. The studies are complemented
by microhardness and magnetic susceptibility measure-
ments.

2. Experimental details

The material under investigation was a commercial SS
1.4307 (EN) equivalent to AISI 304L. Table shows the
chemical composition of the samples determined using
an atomic emission spectrometer with spark excitation.
Samples in shape of discs, 4 mm high and 10 mm in diam-
eter, were annealed for 1 h in the flow of Ny gas at a tem-
perature of 700 °C, and then slowly cooled to room tem-
perature to remove any deformation effects due to cutting
and surface polishing. After annealing, the surface layer
was removed by etching in hydrofluoric acid and 25% so-
lution of nitric acid in distilled water. The samples were
plastically deformed using hydraulic press getting thick-
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ness reduction equal to 16%. Then the isochronal cumu-
lative annealing for 1 h in the temperature range from
room temperature to 725°C was performed. The X-ray
diffraction measurements were carried out in a Philips
X-Pert diffractometer using Cu K, radiation. After each
annealing, the positron measurement was performed us-
ing a Doppler broadening (DB) spectrometer with a coax-
ial HPGe (high purity germanium) detector with inter-
polated energy resolution of 1.4 keV full width at half
maximum (FWHM) at 511 keV. For DB measurements
the 58Ge/%®Ga positron source was used.

TABLE

The chemical composition of the studied samples (wt%).

Steel C Si | Mn P S Cr Ni | Mo | Cu| V
1.4307|0.012(0.29 | 1.13 {0.028|0.026 | 18.37 | 8.12|0.36 | 0.35 | 0.09

There were performed also the measurements of mag-
netic properties of the deformed sample using the sus-
ceptometer described in Ref. [12]. Tt allowed us to de-
termine relative changes of the susceptibility. The max-
imum of magnetic induction used in the measurement
was equal to 20 mT. The measurements of Vickers micro-
hardness were carried out using Zeiss (Neophot 30) mi-
croscope at the load of 100 g. There were performed ad-
ditional positron lifetime measurements for the initially
annealed sample, the deformed sample and the sample
after annealing in temperature range of martensite rever-
sion. The positron lifetime spectra of more than 1.5 x 106
counts were measured using a fast—fast spectrometer with
BaF, scintillators and 22Na isotope source enveloped in
a 7 pm thick kapton foil. The time resolution of the sys-
tem was 280 ps (FWHM). All the obtained spectra were
analyzed using the LT code [13].

3. Results and discussion

The positron lifetime measured for the initially an-
nealed reference sample was equal to (109 & 1) ps, which
may be attributed to annihilation of positrons in the per-
fect lattice. The mean positron lifetime for the sample
after plastic deformation was equal to 166+1 ps, which is
lower than the lifetime of positron trapped in the vacancy
in the perfect lattice of iron, i.e. 175 ps [14]. This may
suggest that the vacancies in which trapped positrons
are localized in the vicinity of dislocation lines, where
atomic surrounding is distorted. This gives lower values
of positron lifetime [15, 16].

Figure 1 presents the results of DB measurements for
isochronal annealing of the steel sample deformed to
thickness reduction 16%. For comparison, there are also
shown the results obtained for the sample deformed to
thickness reduction 6% [17]. In Fig. la there is depicted
the dependence of the S-parameter, which is defined as
the ratio of the area under the fixed central part of the
annihilation line to the area under the whole annihilation
line, on annealing temperature. The S-parameter is sen-
sitive to the annihilation of positrons with low momen-
tum electrons which are present in open volume defects.

For the sample with higher thickness reduction the initial
value of the S-parameter is higher, which indicates higher
defect concentration. For the sample with lower thickness
reduction, i.e. 6%, an increase of the S-parameter for an-
nealing temperatures between 100°C and 200°C can be
noticed. This increase in S-parameter may be caused by
additional defects created by e-martensite reversion [18].
Although e-phase was not revealed in diffractions pat-
terns presented in Fig. 2, our later measurement for the
sample with similar thickness reduction performed specif-
ically in order to search for e-martensite in the deformed
sample confirmed its presence.
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Fig. 1. (a) The S-parameter as a function of annealing
temperature for 1 h isochronal annealing of 1.4307 (EN)
stainless steel deformed to thickness reduction 16%.
For comparison there is shown also the dependence
for the sample deformed to thickness reduction 6%.
The hatched area shows the value of the S-parameter
for the initial sample before deformation. In (b), the
S-parameter as a function of the W, -parameter. The
solid straight line was fitted to the experimental points
for temperature range from room temperature to 400 °C.
The hatched oval area indicates the scattered data
points for higher temperatures.
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Fig. 2. X-ray diffraction patterns for the initial an-
nealed sample before deformation and the samples de-
formed to thickness reduction 6% and 16%.

Decrease of the S-parameter with temperature for
temperatures above 200°C indicates annealing of de-
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fects induced by plastic deformation which may be de-
scribed for example by vacancy migration model [19],
in which annealing of the deformed sample causes dif-
fusion of vacancies detected by positrons to grain bound-
aries or other sinks where they annihilate. In our previ-
ous paper, there was shown that the vacancy migration
model does not describe well the dependence obtained
for the sample deformed to thickness reduction 6% [17],
although this model was successfully applied for other
steels [20, 21]. This may be caused by the fact that the
obtained S-parameter temperature dependence is influ-
enced by two processes, i.e. the migration of vacancies to
grain boundaries and sinking there and the o’ marten-
site reversion to austenite which can generate additional
defects.

1.20

0.520 T T T

T
|
|
|

=3
=}

relative magnetic susceptibility x/x,

0.510 4

0500 —— ——+———

S parameter
2
3

0480 | —2— S parameter | ‘ J
—— ‘relatlve‘magne—{lc SUSC%I)thIhty‘

0470 ‘ ‘ 0.00

0 100 200 300 400 500 600 700
temperature [°C]

Fig. 3. (a) The annealing temperature dependence of
the relative magnetic susceptibility x/xo, (right axis)
and the S-parameter as a function of annealing temper-
ature, (left axis) for the sample deformed to thickness
reduction 16%. The horizontal solid line indicates the
X/xo value for the annealed sample. In (b) Vickers mi-
crohardness as a function of annihilation temperature.
The hatched area shows the value of the microhardness
for the initial sample before deformation.

Higher level of plastic deformation, i.e. the higher
thickness reduction, is accompanied not only by higher
concentration of defects but also by higher amount of o/
martensite. For the sample deformed to higher thickness
reduction, i.e. 16%, the values of the S-parameter for
the temperature range between 450°C and 675°C con-
stitute a hump in comparison to the dependence for the

sample with lower thickness reduction, i.e. 6%. Reverse
transformation of deformation induced o’ martensite to
austenite in this temperature range is confirmed by the
starting at 450°C decrease of the relative magnetic sus-
ceptibility x/xo, where xo is the magnetic susceptibility
of the deformed sample before the annealing procedure
(Fig. 3a). The microhardness measured for this sample
as a function of annealing temperature decreases in whole
measurement temperature range up to 625°C (Fig. 3b).
However, this decrease becomes steeper above 450 °C,
which coincidences with the start of the susceptibility
decrease. For temperature above 600°C it reaches the
value measured for the annealed sample.

The creation of new defects in the region of reversed
transition of o/ martensite can be noticed also in the
W,—S dependence which is shown in Fig. 1b. The W,
parameter is defined as the ratio of the area under the
fixed wing region of the annihilation line to the area un-
der the whole annihilation line. This parameter reflects
the annihilation of positrons with high momentum elec-
trons. The straight line fitted to the W,—S dependence
suggests that the type of positron trapping defects does
not change but their concentration changes. The straight
line was fitted to the data obtained for both samples in
the temperature range between room temperature and
400°C. For higher annealing temperatures the slope of
the dependence changes, but the experimental points are
scattered. The change of the slope may be interpreted as
a change of the main type of defects localizing positrons.
The mean positron lifetime for the sample after anneal-
ing at 450°C was equal to (129 £ 1) ps and it is higher
than the positron lifetime at edge dislocations in « iron
equal to 117 ps [16].

4. Conclusions

The plastic deformation of the SS sample induces crys-
tal lattice defects but also the transformation to the
o' martensite. The isochronal annealing of the plas-
tic deformed SS samples was investigated by the mea-
surements of the annihilation line shape parameter, i.e.,
S-parameter. The dependence shows the gradual anneal-
ing of the defects induced by deformation, but in the
temperature range between 450 and 650 °C the process of
new defect generation is noticed. It can be attributed to
o’ martensite reversion. This process was confirmed by
magnetic susceptibility and Vickers microhardness mea-
surements. Both quantities gradually decrease in this
temperature range.
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