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The study is focused on the assessment of the best thermal range for plastic deformation of Cr—Mn
austenitic steel, to obtain a correct hardening and mechanical properties at room temperature. This steel
grade is featured by a fully austenitic microstructure deriving from the high concentration of Mn and N,
and is mainly used for the retaining rings bearing of power generation shafts. These components should
not have magnetic permeability and thus, the mechanical strengthening can be performed by strain hard-
ening and activation of twinning systems during rolling and forging at high temperature. Different speci-
mens were tensile tested at different temperatures and different strains without arriving at the fracture
point. Once the strained specimens were cooled, they have been tested by complete tensile tests at room
temperature to determine the final mechanical properties. The best combination of the final mechanical
properties have been obtained for plastic deformation performed between 250°C and 350°C, but the for-
mation of martensite at 250°C narrows the useful thermal range between 300°C and 350°C. The metallo-
graphic observations indicated that the best hardening conditions can be obtained through the exploitation
of the twinning plasticity effect and when the deformation temperature avoids any recovery that can
reduce the dislocation density maintained after the cooling at room temperature. The performed experi-
mental trials have also allowed stating the most favorable thermal range for the strain hardening of Cr—Mn
steels through forging process to maximize the strengthening effect without the detrimental chromium

carbide precipitation.
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1. Introduction

The interesting properties of austenitic Fe-Mn—C steels
were originally discovered and exploited by Sir Robert
Hadfield in the late nineteenth century.” The most used
austenitic stainless steels are featured by low carbon con-
centrations and nickel is used to stabilize the face centered
cubic (fcc) elementary cells, but the same austenite stability
is obtained by replacing nickel with manganese and carbon
which are cheaper than nickel and they allow obtaining the
highest final mechanical performances often required by
the specifications. When the carbon concentration of the
Hadfield steel cannot be used, because such a high carbon
concentration (i.e. 1.2%wt.) implies a very poor weldability,
and high strength of steel is needed, the simultaneous stabi-
lization of the austenite and the high strength are obtained
by addition of manganese and chromium.?* The manganese
concentration has to be set at values higher than 15%wt.
and the nitrogen concentration is usually maintained higher
than 0.5%wt. because such a chemical composition is able
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to avoid an abundant y—o’/¢ (austenite—martensite) trans-
formation during the plastic deformation process. Actually,
the plastic deformation of an austenitic stainless steel can
lead to a phase transformation from a paramagnetic austen-
ite to a ferromagnetic martensite that is not allowed for the
application in which the time-variant electromagnetic fields
are involved, otherwise the heating and/or a Lorentz force
can be developed within the mechanical component and this
can compromise the mechanical stability.>”

This study aims at finding the best hardening temperature
for X10CrMnN18-18 (Table 1) featured by a fully austen-
itic micro-structure (Fig. 1(a)), in order to provide the maxi-
mum increase of the mechanical properties, to avoid the
formation of the martensite (Fig. 1(b)), to make the plastic
deformation possible and to induce the desired hardening.

Such steel is often used to obtain retaining rings (Fig. 2)
for the power generation shaft. These mechanical compo-
nents can be interested by the magnetic flow of the rotating
magnet belonging to the alternator, but at the same time they
have to assure mechanical properties able to provide the safe
working conditions (Table 2).

The strengthening mechanism of the studied steel relies
on the strain hardening and on the substitutional solu-
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Table 1. Chemical composition of the austenitic steel X10CrMnN18-18.

Element C Mn Si P S

Ni Mo Cu \Y Al N

Yowt 009 195 055 0.02 0.002

0.82 0.3 0.08 0.1 0.015 0.56

(a) (b)

Fig. 1. Austenite matrix of X10CrMnN18-18 at room temperature
(a) and structure formed by the deformation at room tem-
perature (b): grains of austenite (brigth) and ¢ martensite
(dark grains).

Initiating flaw Re'Erérl]nlng
at relief groove ing

AN

End disc

Rotor shaft

(a)

Fig. 2. Scheme about the retaining rings use (a) and an example of
a forged retaining ring (b).

tion performed by the presence of chromium. The strain
hardening is achieved by plastic deformation,"® because
the absence of any structural transformation induced by a
thermal treatment excludes the possibility to realize any
strengthening by the application of a heat treatment. The
high chromium concentration is not only imposed to assure
a good resistance against the oxidation and wear, but also to
realize the hardening by the substitutional solution mecha-
nism exploiting the strengthening phenomenon defined as
the “Suzuki” effect.” The latest takes place in J=Fe austen-
itic steels, where the dislocations are dissociated. The stack-
ing sequence in the regions of the stacking fault between
two partial dislocations is a thin region featured by a hex-
agonal compact prism (hcp) elementary cells. The solubility
of the alloying elements may be higher in the stacking fault
than in the bulk lattice and as a consequence the solutes can
segregate to the region interested by the stacking fault, so
they can immobilize the partial dislocations. On the other
hand, the presence of so high chromium concentration could
cause a detrimental precipitation of the chromium carbides
that has to be avoided in order to exclude an undesirable hot
shortness phenomenon, which cannot allow the exploitation
of the desired hardening mechanism.

The aim of the performed study is the definition of the
most favorable temperature for performing the strain hard-
ening process of the studied steels in order to maximize
the strengthening of the steel and to avoid the damages of
such an alloy. It is demonstrated that the high temperature

Table 2. Usual minimal mechanical requirements for the applica-
tion of austenitic steel X10CrMnN18-18 (UTS: ultimate
tensile stress, YS: yield, A%: total elongation, Z% reduc-
tion area).

UTS [MPa] YS [MPa] %A %Z

>1150 >1128 >15 >53

ranges (450°C-500°C) usually imposed by the forgemasters
do not represent the most reliable conditions and that the
lower temperature ranges can represent a more efficient and
safe option.

2. Experimental Procedure

A 5t ingot in X10CrMnN18-18 steel has been degased
and cast by bottom pouring. The steel has been forged
between 1 050°C and 950°C to obtain a 300 mm diameter
bar that has been air cooled down to room temperature. At
7.5 mm from the surface the material has been sampled
to obtain tensile specimens whose axis is parallel to the
forged bar main axis. The round tensile specimens are §
mm in diameter and the parallel gauge length is 100 mm.
The tensile specimens have been strained at 2 mm/min by a
tensile machine equipped by a resistance insulated furnace
controlled by thermo-couple and these specimens have been
strained up to fracture at different temperature: 250°C/300
°C/350°C/400°C/450°C/500°C. Three specimens for each
temperature have been tested. Once the complete stress vs.
strain curves has been obtained for each plastic deforma-
tion temperature, the specimens have undergone a tensile
test at the same temperatures up to 23% deformation and
after such a plastic deformation they have been quenched
in liquid nitrogen to freeze the microstructure condition
formed at high temperature. A deformation limit of 23%
deformation has been stated in order allow examination of
the same deformation level for all the investigated tempera-
ture applied for the tensile strength, because there is a maxi-
mum elongation limit of 24% for the tensile test performed
at 500°C. Then, the quenched specimens have undergone a
tensile test at room temperature up to the fracture in order
to point out the obtained mechanical properties as a function
of the applied hardening temperature. The round specimens
are 7 mm in diameter and 130 mm long. The test were con-
ducted using a 50 mm gauge length extensometer and the
crosshead speed was 10 mm/min.

A metallographic analysis has been carried out on the
quenched specimens before the final tensile tests at room
temperature. The observation of the microstructure before
the final tensile tests aims at relating the microstructure
obtained after the straining at high temperature with the
mechanical properties measured by the tensile tests per-
formed at room temperature. The sections of the tensile
specimens have been observed along the transverse and
longitudinal sections and they have been electrochemically
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etched by oxalic acid (solution 10%, 15 V).

SEM-EBSD investigations have been performed to point
out the difference of the crystallographic orientation after
the deformation realized at different temperatures, because
the data about the crystal orientation can be coupled with the
grain size measurement and they can provide information
about the possible microstructural reorganization phenom-
ena (i.e. recovery, grain growth efc.) undergone by the steel
that can affect the final mechanical properties. Moreover,
the misorientation measurements allow recognizing the frac-
tion of the special CSL (Coincident Site Lattice) boundaries,
because X3 boundaries are associated to the presence of the
twinnings.

High resolution metallographic investigations were per-
formed by means of electron microscopy SU-70 by Hitachi,
equipped with STEM detector and with a field emission
Schottky electron source. The beam can be accelerated up
to 30 kV. Thin foils for STEM observations were prepared
by electro-etching 3 mm diameter large and 80-100 um
thick discs, obtained via mechanical polishing. The final

ritoscope on the specimens plastically strained at different
temperatures, while the volume fraction of the chromium
carbides has been pointed out through the optical micros-
copy observation and the detection of the dark phases on
the grain boundaries has been performed by an automatic
image analyzer.

3. Results

The ferritoscope has pointed out the presence of 23% vol-
ume fraction of martensite only in the specimens plastically
deformed at 250°C, while the specimens deformed at the
other temperatures have not point out any magnetic perme-
ability, so the presence of martensite has to be excluded.
The complete tensile tests at high temperature point out

Table 3. Mechanical properties measured during the high tem-
perature tests.

: > . Temperature [°C] FS [MPa] UTS [MPa] %A  %Z n
perforation was performed by an electrolytic cell equipped 250 - o % 65 038
with a double jet system, using a 59% methanol - 35% ’
butanol - 6% perchloric acid solution, at a temperature of 300 279 667 44 67 04
—30°C, operating at an applied voltage to induce a current 350 274 641 38 69 038
qf 0.1 .A. The dislocation d@nsﬂy has been mea.sured by a 400 268 611 7 67 037
linear intercept method applied on the STEM micrographs.

Th : 450 245 573 32 68  0.36
e presence of martensite has been checked at room
temperature through the measurements performed by a fer- 500 225 513 24 38 026
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Fig. 3. Stress-strain curve at high temperature. (Online version in color.)
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4. Tensile test performed at room temperature after the deformation up to 23% of the overall elongation as a func-

tion of the different applied temperature. (Online version in color.)
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a significant decrease of the ductility as the temperature
increases, which is very sharp at the highest tested tem-
perature (500°C) (Fig. 3). The best ductility properties are
associated to a deformation temperature included between
250°C and 400°C that allows obtaining a percentage elon-
gation peak up to 44% observed at 300°C. The Flow Stress
(FS) measured at different temperature is not interested
by significant difference as a function of the temperature
increase but the difference is concentrated in the values of
the Ultimate Tensile Strength (UTS), Elongation (%A) and
in the Hardening Coefficient (n) (Table 3) according to the
Hollomon relation usually applied to describe the constitu-
tive law of an alloy during the plastic deformation (Eq. (1)):

The different microstructures induced through the applica-
tion of a different plastic deformation temperature cause a
different mechanical behavior at room temperature. Actually,
the specimens hardened by a straining up to 23% point out a
significant variation of the mechanical behavior as a function
of the formerly applied temperature (Fig. 4, Table 4).

A very sharp change of the mechanical behavior at room
temperature is shown for the samples hardened at 450°C
and 500°C that are featured by a lower yield strength than
the specimens strained at a lower temperature, while the
highest ductility is pointed out by the specimen plastically
deformed at 500°C. The strain aging phenomenon disap-
pears completely at room temperature after a plastic strain-
ing at 500°C.

The metallographic observations performed after the frac-
ture at high temperature (Fig. 5) points out that the plastic
deformation has occurred by twinning that is particularly
intense and evident for the specimens plastically deformed
at 250°C, 300°C and 350°C. The specimens deformed at the
lowest temperature (250°C) are the only ones pointing out
the presence of martensite, while all the other specimens
tested at a higher temperature are not interested by the for-
mation of this structural constituent. In the coupons tested
at 300°C and 350°C a significant presence of twinning
has taken place, but as the temperature increases further
(400°C/450°C) the twinning density decreases and at 500°C
the twinning formation decreases to a very low percent-
age fraction and the grains are surrounded by a significant
presence of the precipitates Table 5. The misorientation
measurements confirm the decrease of the twinning density
as the applied deformation temperature increases, actually

Table 4. Mechanical properties at room temperature revealed on
the specimens previously treated at different tempera-
tures.

Treatment Temperature ~ Yield Strength UTS

the fraction of X3 boundaries decreases as the applied plastic
deformation temperature increases (Fig. 6). The SEM-EDS
analysis has allowed identifying such precipitates as chro-

Longitudinal section

Transverse section

250°C

300°C

400°C

Metallographic observations performed on the transverse
and longitudinal section of the tested tensile specimens.
The section aligned with the specimen axis has been

[°C] [MPa] [MPa] YA Nz observed near the developed fracture.
250 1168 1238 17 55 Table 5. Average grain size (equivalent diameter) measured on
300 1199 1258 16 56 the transverse section 9f the specir.nens an(.i detected
percentage volume fraction of chromium carbides.
350 1178 1225 16 55
Temperature [°C] 250 300 350 400 450 500

400 1152 1221 15 54

Average grain size [Um] 105 107 113 127 139 157
450 1053 1127 14 53 Chromi bid

romium carbides
500 610 762 21 29 volume fraction [%] 002 003 003004 006 075
1671 © 2016 ISIJ



ISIJ International, Vol. 56 (2016), No. 9

mium carbides. The observed grain size increases as the
plastic deformation temperature increases, while the volume
fraction of the chromium carbides takes place mainly at
500°C.

The observations performed by STEM point out clearly
that the dislocation density is higher in the steels deformed
at the lowest temperature range (Fig. 7), while the speci-
mens deformed at the highest temperature show a lower
dislocation density and wide portions of the grains are not
featured by the presence of a dislocation forest but they
seem to be interested by the reorganization of the disloca-
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Fig. 7. STEM observation of the dislocation on the specimens
treated at (a) 250°C, (b) 350°C, (c) 450°C, (d) 500°C and

Fig. 6. Percentage fraction of £3 boundaries as a function of the detail near the grain boundary for sample treated at (e)
applied plastic deformation temperature. 350°C and (f) 500°C.
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Fig. 8. Inverse pole figures of the specimens plastically strained at high temperature up top 23% deformation. (Online
version in color.)
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Table 6. Dislocation density (pais1) revealed in the steel coupons
strained at different test temperature up to 23% deforma-

tion.
Temf’fcr?mre 250 300 350 400 450 500
past[m™?] 99710 1.05-10° 1.03-10" 9.7-10" 8.1-10" 2.7-10"

tions along particular directions forming boundaries (Fig.
8). The measured dislocation density varies as a function of
the deformation temperature (Table 6). Thus, the specimens
treated at the highest temperature point out clear traces
of recovery, while the specimens strained in the lowest
thermal range (between 250°C and 350°C) show a typical
strain hardened microstructure featured by a high disloca-
tion density and the dislocations are more homogeneously
distributed.

The texture investigations are presented under the form of
inverse pole figures (Fig. 8), because the studied specimens
have been strained along the tensile direction, so this repre-
sentation is significant to point out the orientation assumed
by the grains after the deformation at temperature higher
than the room temperature. The specimens strained at the
lowest temperatures show the formation of a clear texture
featured by the alignment of the <111> direction of the
crystal lattice along the tensile direction while the textures
appear less intense as the test temperature increases, actually
a very weak texture has been pointed out for the coupons
are strained at 500°C. A clear trend has been pointed out:
the lower the plastic deformation temperature, the stronger
the alignment of the <111> direction of the crystal lattice
along the tensile direction.

4. Discussion

The martensite is formed only at 250°C and this phe-
nomenon excludes the possibility to perform the hardening
process at this temperature or at a lower thermal range,
because this phenomenon causes the presence of a magnetic
permeability that has to be avoided.'®?

The observed flow stresses of the studied steel during the
tensile tests performed above the room temperature are fea-
tured by a decreasing trend as the temperature increases, but
above 350°C also the overall elongation at the fracture point
decreases as temperature increases. The specimens strained
at 500°C is affected by a significant loss of ductility. Such
an observed behavior is due to the abundant precipitation of
the chromium carbides at the grain boundaries. The precipi-
tation phenomena of the chromium carbides become evident
at 500°C and it has to be avoided in order to prevent hot
shortness of the steels and the consequent possible damages.
The carbide precipitation and the consequent removal of the
carbon from the metal lattice implies also a decreasing of
the strain aging phenomenon that is evident in the tensile
test realized at room temperature for the steels deformed at
temperature lower than 500°C and this phenomenon points
out that below 500°C the carbide precipitation decreases as
the applied deformation temperature decreases.'®

The presence of martensite in the samples deformed at
the lowest temperature (250°C) explains why their ductil-
ity is lower than the ductility observed for the samples

deformed at 300°C and 350°C when the deformation is
mainly realized by twinning as can be expected in austenite
steels featured by a fcc elementary cell.”*™'” The metallo-
graphic observations at room temperature performed on the
specimens confirm that the twinning density (Figs. 7, 8) in
the deformed grains decreases as the temperature increases
(400°C—450°C-500°C). This is consistent also with the
dislocation density identified by the STEM observations,
through which the difference in terms of the dislocation
distributions as a function of the deformation temperature is
made evident. The lowest applied thermal range of deforma-
tion (250°C-300°C-350°C) causes the presence of a homo-
geneous dislocation density while the highest applied ther-
mal range (400°C-450°C-500°C) implies a reorganization
of the dislocation and wide portions of the alloy appear not
interested by the presence of dislocations. This qualitative
statement has been confirmed by the measured dislocation
density (Table 6).

The SEM-EBSD measurement confirm this statement,
because the anisotropy of the deformed specimens is weak-
ened as the deformation temperature increases, because the
recovery mechanism, the reorganization of the dislocation
and the generation of sub-grains imply a more homogeneous
distribution for the orientation of the crystal lattices.'®2"

The tensile tests performed at room temperature point
out that the best mechanical properties are obtained for the
specimens plastically deformed at the lowest temperature
range, because the highest twinning and the highest disloca-
tion density are maintained down to the room temperature
and this situation improves the desired hardening effect.
Actually, the strain hardening mechanism is improved by
an increase of the dislocation density according to the Eq.

(2):8,22—24)
o=aG |b| A/ Pldisl +reveerrnerenrriernianiaann. (2)

where « is a constant, G is the shear modulus of the steel,
b is the length of the dislocation Burger vector and pais is
the dislocation density.

Thus, if the specimens have been featured by the forma-
tion of a high dislocation density and the recovery mecha-
nism does not take place, such situation allows exploiting
also the “Suzuki” hardening effect” taking place when the
dislocations are dissociated. The stacking sequence in the
regions of the stacking fault between the two partial disloca-
tions is a thin region featured by hcp (hexagonal compact
prism) crystal structure. The solubility of the alloying ele-
ments may be higher in the stacking fault than in the bulk
lattice; as a result the solutes can segregate to the region
interested by the stacking fault and so they can immobilize
the partial dislocations and they can increase the hardening
effect.

On the basis of the obtained results, the most suitable
thermal range can be stated between 300°C and 350°C,
because for a lower deformation temperature the martens-
ite can form, while for temperature above this range the
activation of a recovery mechanism weakens the hardening
effect at room temperature. Actually, the coupons plastically
deformed above 350°C are featured by a decreased disloca-
tion density due to the occurrence of a recovery mechanism,
while the strain hardening effect is increased in the samples
featured by a high dislocation density maintained (after

© 2016 IS
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the plastic deformation) down to the room temperature. At
500°C the softening due the dislocation recovery mecha-
nism is associated even to a very detrimental precipitation
of the chromium carbides that negatively affects the strength
properties of the steel at room temperature.

5. Conclusions

The carried out experimental activities aim at understand-
ing the best temperature range to perform the plastic defor-
mation of the steel X10CrMnN18-18 in order to achieve a
hardening that allows to obtain the high strength required
for the realization of high strength components, i.e. retain-
ing rings:

e the best combination of the usually required mechani-
cal properties at room temperature (Table 4) can be achieved
after a deformation realized between 250°C and 350°C,
while after a plastic deformation performed at 400°C the
mechanical properties are very near the lowest required
limits;

e a hardening procedure performed at temperature
higher than 450°C causes clear recovery phenomena and
a significant intergranular precipitation of the chromium
carbides that eliminates the strain aging at the yield point,
but the removal of carbon and chromium from the metal
matrix does not allow exploiting the solution strengthening
and the “Suzuki” effect which cover a fundamental role for
achieving the required high strengths;

e the work hardening procedure performed between
250°C and 350°C induces the highest dislocation density at
room temperature, while as the temperature increases over
such a thermal range, the recovery phenomena take place
and this implies a coarsening of the grains, a consequent
decrease of the strengthening properties (YS, UTS) and an
increase of the ductility at room temperature;

e thus, the optimal thermal range for the application of
the plastic deformation has to be set between 300°C and

© 2016 IS
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350°C, in order to harden the steel by the increase of the
dislocation density as well as by the formation of martensite.
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