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Deformed at Elevated Temperature
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Highly alloyed austenitic stainless steels are promising candidates to replace more expensive
nickel-based alloys within the energy-producing industry. The present study investigates the
deformation mechanisms by microstructural characterization, mechanical properties and
stress—strain response of three commercial austenitic stainless steels and two commercial
nickel-based alloys using uniaxial tensile tests at elevated temperatures from 673 K (400 °C) up
to 973 K (700 °C). The materials showed different ductility at elevated temperatures which
increased with increasing nickel content. The dominating deformation mechanism was planar
dislocation-driven deformation at elevated temperature. Deformation twinning was also a
noticeable active deformation mechanism in the heat-resistant austenitic alloys during tensile
deformation at elevated temperatures up to 973 K (700 °C).
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I. INTRODUCTION

FoR sustainable energy production, renewable
energy resources with high efficiency are needed.'
One way to achieve a hlgher efficiency in sustainable
energy product1on is to increase the temperature and
pressure in the boiler sectlon 4 of, for instance,
biomass-fuelled power plants.!!

Higher temperature and pressure will increase the
demand for improved high-temperature properties of
the materials that operate in high-efficiency power
plants. For the components in the boiler section,
resistance to fireside corrosion and steamside oxidation,
creep—rupture strength and fabricability are the most
important material requirements.!"**°" Austenitic stain-
less steels are commonly used for components within the
energy-producing industry!"** due to their high corro-
sion resistance, good creep resistance and excellent
ductility, formability and toughness.®® Advanced
austenitic stainless steels are designed to withstand tem-
peratures up to 923 K (650 °C) or even 973 K (700 °C).
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At higher temperatures, the recovery phenomena of
dynamic recrystallization (DRX) occurs. DRX is asso-
ciated with recrystallized grains in the microstructure."’
At higher temperatures, 973 K (700 °C) and above,
nickel-based superalloys are often used.

It has been reported that mechanical properties, like
strength, may be mgmﬁcantly changed due to dyndmlc
strain aging (DSA). I'DSA can lead to an increase in
flow stress and strain hardening rate.'>'! Austenitic
stainless steels show DSA ina tem 4perature range from 473
K to 1073 K (200 °C to 800 °C),!'* %! which includes both
the operating temperatures of today’s power plants and
the elevated operating temperatures for future power
plants.’) DSA originates from interaction between solute
atoms and dislocations during plastic deformation.
Under plastic flow, dislocations are gliding until they
come across an obstacle where they are stationary until
the obstacles are surmounted. When the dislocations are
stationary, solute atoms can diffuse towards the disloca-
tions which results in an increase in the activation energy
for further slip and, consequently, also an increase in the
stress needed for overcoming the obstacle.!'>!" 2% At
temperatures below 623 K (350 °C), carbon is proposed
to be responsible for DSA while nitrogen and/or substi-
tutional chromium atoms are proposed to be resPonsible
at higher temperatures above 673 K (400 °C).[1%211DSA is
characterized by serrated yielding in the stress—strain
curve, denoted as Portevin-Le Chatelier (PLC) effect or
Jerky flow. The PLC effect is caused by the pinning and
unpinning of dislocations.!'3'%?223! There are different
types of PLC effects, designated A to D.['3:16:23] Type Ais
considered as locking serrations which abruptly rise and
then drop to a stress level below the general level. Type Bis
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characterized by small oscillations around the general
level of the curve. Type C leads to unlocking serration
which is when the curve abruptly drops below the general
stress level. Type D is characterized by plateaus on the
curve.”®! Serrated yielding may also come from other
mechanisms, e.g. deformation-induced twinning.*¥
Austenitic stainless steels are more cost-effective than
nickel-based alloys due to a lower amount of expensive
alloying elements. Recently, advanced, highly alloyed,
heat-resistant austenitic stainless steels have been devel-
oped, such as Sandvik Sanicro™ 25 (Sanicro 25).*
These alloys have improved high-temperature proper-
ties, for instance, creep strength, compared to other
austenitic stainless steels used for high-temperature
applications. However, the influence of temperature on
deformation mechanisms and mechanical properties is
not yet fully understood for these relatively new
high-temperature-resistant austenitic stainless steels.
This study focuses on the deformation mechanisms at
elevated temperatures for three commercial austenitic
stainless steels and two commercial nickel-based alloys.
The alloys were characterized in terms of microstruc-
ture, mechanical properties and stress—strain response.
The alloys cover a range from relatively low alloyed
austenitic stainless steel (e.g. AISI 316L) to nickel-based
alloys (e.g. Alloy 617) and the interesting area between
austenitic stainless steels and nickel-based alloys con-
sisting of the advanced, highly alloyed, heat-resistant
austenitic stainless steel Sanicro 25. The different
austenitic alloys were tested by uniaxial tensile testing
at different elevated temperatures from 673 K (400 °C)
up to 973 K (700 °C). Their stress—strain response was
analyzed and the deformation mechanisms were char-
acterized by scanning electron microscopy (SEM).

II. MATERIALS AND EXPERIMENTAL
PROCEDURES

A. Materials

Three commercial austenitic stainless steels, Sanicro

617 and Sanicro 25 in as-received condition; the
nickel-based alloy had larger grains than the stainless
steel and both microstructures contained annealing
twins formed during the manufacturing process.

B. Mechanical Test Procedure

Uniaxial tensile tests were performed to obtain the
stress—strain response. Ductility, yield and tensile
strength values were taken from engineering stress—
strain curves. Strain hardening rate values and plastic
strain were obtained from true stress—strain curves that
were calculated from the engineering stress and strain
values. For the tensile testing, a Roell-Korthaus tensile
test machine equipped with a MTS 653 furnace and a
Magtec PMA-12/2/VV7-1 extensometer was used. All
the tensile tests were performed according to the
standard EN 10 002-1. Round bar specimens, 5 mm in
diameter and 50-mm gauge length, were used. The
tensile tests were carried out using a strain rate of
2 x 1073s7!. Six temperatures were tested: 296 K (23
°C), i.e. room temperature (RT), as a reference, and 673
K, 773 K, 873 K, 923 K and 973 K (400 °C, 500 °C, 600
°C, 650 °C and 700 °C).

C. Microstructural Analysis by Scanning Electron
Microscopy

The SEM techniques electron channelling contrast
imaging (ECCI) and electron backscatter diffraction
(EBSD) were used to characterize the deformed
microstructure. All microstructural analyses were con-
ducted after failure or in as-received condition. Before
the investigation, the cross-sections parallel to the
deformation axis of the specimens were cut, using an

Table II. Solution Heat Treatment of the Austenitic
Materials

25, AISI 310 and AISI 316L, and two commercial Alloy Temperature/K (°C) Time/min
mckel;bas;d alloys, Alloy 61‘7 and Alloy _800HT, were Sanicro 25 1523 (1250) 10
used in this study. Table I lists the chemical composi- AISI 310 1323 (1050) 10
tion. All five materials were supplied by AB Sandvik AISI 316L 1323 (1050) 10
Materials Technology. The alloys were solution heat- Alloy 800HT 1473 (1200) 15
treated, according to Table II, before the specimens Alloy 617 1448 (1175) 20
were cut. Figure 1 displays the microstructures of Alloy
Table I. Nominal Composition of the Austenitic Materials in Weight Percent

Alloy C Si Mn Cr Ni Mo Cu w Co Nb N Fe
Sanicro 25 0.067 0.25 0.47 22.33 24.91 0.24 2.95 3.37 1.44 0.52 0.236 *
AISI 310 0.046 0.55 0.84 25.43 19.21 0.11 0.08 — — — 0.04 *
AISI 316L 0.04 0.4 1.7 17.0 12.0 2.6 — — — — — *
Alloy 800HT 0.063 0.71 0.5 20.32 30.06 Al/0.5 Ti/0.5 — — — — *
Alloy 617 0.061 — — 22.53 53.8 9.0 Al/0.9 — 12.0 — — 1.1

*Balance.
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Fig. 1—As-received microstructure of Alloy 617 () and Sanicro 25 (b).

electric discharge wire to minimise the effects of surface
hardening. The specimens were then carefully mechan-
ically ground and polished according to the procedure in
Reference 26. Three areas in the microstructure were
used to characterize the deformation using ECCI. The
locations were approximately 0.6, 6.0 and 12.0 mm from
the fracture surface and equal in width to the specimen’s
diameter.

ECCI is a powerful SEM technique to image defor-
mation, damage and even dislocation and twin structures
in highly deformed alloys by using backscattered elec-
trons. ECCI uses the interaction between backscattered
electrons and the crystal planes to generate contrast,
resulting in an image where local misorientation, defects
and strain fields are shown as contrast variations.?’**!
For the ECCI observations, a Zeiss Crossbeam instru-
ment (XB 1540, Carl Zeiss SMT AG, Germany) was
used, consisting of a Gemini type field emission gun
(FEQG) electron column. ECCI was performed at 10-kV
acceleration voltages and a working distance of 5 mm,
using a solid-state four-quadrant BSD detector.

The EBSD technique was used to analyse the twin
structure. EBSD was performed in a HITACHI SU-70
FEG-SEM equipped with an OXFORD EBSD detector.
EBSD maps were measured at 15-kV acceleration
voltage and a working distance of 25 mm and the
EBSD maps were produced using a step size of 0.1 um.
The HKL software CHANNEL 5 was used for the
microstructure evaluation.

III. RESULTS

A. Mechanical Response

The engineering stress—strain curves at all tested
temperatures are shown in Figures 2 and 3, and sum-
marise some of the derived material parameters as a
function of temperature. As seen in Figure 3, all
materials exhibited decreasing yield strength (0.2 pct
proof stress), as well as tensile strength, with increasing
temperature.

The temperature dependence of ductility (strain to
rapture), however, was different for the studied materi-
als. Three different ductility responses could be
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distinguished, as seen in Figure 3(c). AISI 316L and
AISI 310 showed decreasing ductility with increasing
temperature compared with RT. Sanicro 25 and Alloy
800HT had ductilities that initially increased until
reaching 973 K and 923 K (700 °C and 650 °C),
respectively, where they dropped compared to RT.
Alloy 617 showed a ductility at elevated temperatures
that was higher compared with RT.

Figure 3(d) displays the strain hardening rates for all
alloys (taken as the mean strain hardening rate in the 5-
to 15-pct plastic strain interval). Some differences in
hardening behavior between the materials were
observed. The lower-alloyed stainless steels, AISI 316L
and AISI 310, showed a rapid decrease in the strain
hardening rate as the temperature exceeded 873 K (600
°C). The more highly alloyed stainless steel, Sanicro 25,
and the nickel-based alloys showed a relatively linearly
decreasing strain hardening rate with increasing tem-
perature. At 973 K (700 °C), Sanicro 25 showed a
sudden increase in strain hardening rate.

Additionally, serrated yielding was observed in all
materials at all or some of the elevated temperatures, as
seen in Figure 2. A certain dependence on chemical
composition was observed. The comparably low-alloyed
stainless steels, AISI 316L and AISI 310, showed
serrated yielding from 873 K to 973 K (600 °C to 700
°C), shown for AISI 316L in Figures 4(a) through (c).
The more highly alloyed stainless steel, Sanicro 25,
showed mild serrated yielding at 773 K and 873 K (500
°C and 600 °C) and more pronounced serrated yielding
at 923 K and 973 K (650 °C and 700 °C), shown in
Figures 4(d) through (f). The nickel-based alloys
showed serrated yielding at all tested elevated temper-
atures, as seen for Alloy 617 in Figures 4(g) through (i).
The serrated yielding can be described by the different
PLC types related to DSA. AISI 316L showed PLC type
A, A and B+ C and AISI 310 showed PLC type A, A
and A + B for 873 K, 923 K, and 973 K (600 °C, 650 °C,
and 700 °C), respectively. Sanicro 25 showed PLC type
C, C, A and C for 773 K, 873 K, 923 K, and 973 K (500
°C, 600 °C, 650 °C, and 700 °C), respectively. Alloy 617
showed PLC type B, B, B, B and B+ C and Alloy
800HT showed PLC type A+B, A+B, B, Band B+C
for 673 K (400 °C), 773 K, 873 K, 923 K, and 973 K (500
°C, 600 °C, 650 °C, and 700 °C), respectively.
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Fig. 2—Engineering stress—strain curves for all materials at all tested temperatures of AISI 316L (a), AISI 310 (), Sanicro 25 (c¢), Alloy 800HT
(d) and Alloy 617 (e). Same legend as in (a) for all curves.
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Fig. 3—Mechanical properties for all materials at elevated temperatures: yield strength (0.2 pct proof stress; @), tensile strength (b), ductility (c)
and strain hardening rate, 5 to 15 pct plastic strain, (d). Same legend as in (a) for all curves.

B. Deformation Mechanisms in Austenitic Stainless
Steels and Nickel-Based Alloys

At room temperature, deformation mechanisms such
as planar slip, slip bands and deformation twins were
active and could be observed in the microstructure, as
shown in Figure 5. The deformation behavior was
similar for all materials. Close to the fracture surface,
all materials showed severe plastic deformation involv-
ing multi-directional slipping as well as twinning. All
materials exhibited a ductile fracture surface, as shown
for Sanicro 25 in Figure 6(a). The ductile character of
the fracture also persisted at elevated temperatures, as
seen in Figure 6(b) for Sanicro 25 at 873 K (600 °C).

At elevated temperatures, although the main defor-
mation mechanisms were the same as at room temper-
ature, certain differences could be observed between the
different alloys and testing temperatures. Deformation
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twins were found in the studied materials, despite
deformation twinning being unusual in austenitic stain-
less steels at temperatures above 0.2 times the absolute
melting temperature.***”) The investigated materials,
except AISI 316L, however, showed deformation twin-
ning at elevated temperature both in single and multiple
directions; Figures 7 through 10 show deformation
twins in AISI 310, Sanicro 25, Alloy 800HT and Alloy
617. Figure 7 show deformation twins at 923 K (650 °C)
for all alloys where deformation twinning was active at
elevated temperature. By using EBSD, a deformation
twin in Alloy 617 at 923 K (650 °C) was detected in
Figure §; an angular difference of 60 deg indicates twin
boundaries. Figure 9 show deformation twins at RT and
up to 873 K (600 °C) in AISI 310. Figure 10 show
deformation twins at RT and 923 K (650 °C) in Sanicro
25 and Alloy 617.



00
30 32 34 36 38 40 42 44 46 48 50
Engineering strain [%]

(9)

90
30 32 34 36 38 40 42 44 46 48 50
Engineering strain [%]

(h)

330
— 350 = a0l _ 290
g 340 1 AISI316Lat873K g AISI 316L at 923 K & 280 AISI316L at 973 K
2. 330 S 310¢ = 270}
300 f m ,
? 320 A @ 260
g 310 o 290t 3 250
] ® og0 | D o40l
E) 300 g) 270 + 8’ 230 +
5 290 5 %
5] o 260 8 220+
g 280 g 2 B
2 270 5 250 £ 210t
c S 240t S 200 §
ot L B 30— - 190
10 12 14 16 18 20 22 24 26 28 30 10 12 14 16 18 20 22 24 26 28 30 5 10 15 20 25
Engineering strain [%)] Engineering strain [%)] Engineering strain [%)]
(G)) (b) (c)

560 540 430
T b w 530 =
& 550 Sanicro 25 at 873K n“_’ Sanicro 25at 923K S 420 Sanicro 25at 973 K

540 S 520 410
=} = =
» 530+ o 510 «n 400
1] ] %]
© 520t O 500 O 390
% 510} @ 490 B 380 C

()]

2 so0f £ 480 A 2 370
8 4901 § 470 8 360
£ 480y 5, 460 £ 350
S 4r0f g 450 & 340

poL— b 330 4

30 32 34 36 38 40 42 44 46 48 50 30 32 34 36 38 40 42 44 46 48 50 5 10 15 20 25
Engineering strain [%)] Engineering strain [%] Engineering strain [%]
(d) (e) ()

500 490 480
T 4901 1 aarak T 480 617 at923K & 4700 Aoy 617at973K
S 480¢ S 470 S 460
@ 4707 @ 460 @ 450
O 460t o 450 9 440
B 450 B 440 9 430
£ 440) £ 430 £ 420 C
D 430t o 420 B $ 410
c C c
5, 420} g, 410 ‘5, 400
5 410 G 400 5 390

B0, e
30 32 34 36 38 40 42 44 46 48 50
Engineering strain [%]

0

Fig. 4—Serrated yielding and PLC-type in engineering stress—strain curves at elevated temperatures [873 K, 923 K, and 973 K (600 °C, 650 °C,

and 700 °C)] of AISI 316L (a—c), Sanicro 25 (d—f) and Alloy 617 (g—i).

At the higher of the studied temperatures, recovery
mechanisms, such as dynamic recrystallization (DRX),
became more dominant in the lower-alloyed stainless
steel AISI 316L. It showed subgrains as an early stage of
DRX and recrystallized grains at grain boundaries, as
shown in Figure 11. Figures 11(a) and (b) are ECCI
micrographs showing DRX structures at or near grain
boundaries. Figure 11(c) is an overveiw SEM micro-
graph in secondary electron mode showing grain
boundaries with precipitates and the area which was
EBSD-analyzed. Figure 11(d) shows an EBSD map
displaying the Euler angles and the black lines corre-
sponds to grain boundaries larger than 3 deg.
Figure 11(d) shows that recrystallized grains have been
formed at the original grain boundaries, which are
marked in Figure 11(c).

The main mechanisms contributing to material dam-
age from local stress or strain intensity, were large
deformation bands and/or slip bands creating local
damage when intersecting with other deformation/slip
bands or with grain boundaries. The deformation bands
seemed to contain bundles of slip bands or shear bands;
Figure 12(a) shows such deformation in Sanicro 25.
Interactions between grain boundaries and planar slip
have been observed to create severe plastic deformation
zones, as shown in Figure 12(b) for Alloy 617, gener-
ating a local, severely plastically deformed microstruc-
ture. The small deformation twins generated
micro-damage of localised strain offsets where twins
interacted with each other, as shown in Figures 12(c)
and (d), or with grain boundaries, creating a stress or
strain concentration.
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localised bands intersect with the grain boundary (GB) in Alloy 617 (b), small deformation twins in Sanicro 25 (¢) and multi-directional twinning

in AISI 316L (d).

Fig. 6—Ductile fracture surfaces in Sanicro 25 at RT (a) and 873 K (600 °C) (b).

IV. DISCUSSION

A. Mechanical Properties at Elevated Temperature

Austenitic stainless steels and nickel-based alloys are
considered to have satisfactory ductility at elevated
temperatures but with lower stress-carrying abilities.
AISI 316L and AISI 310 showed a drop in ductility
already at intermediate temperatures compared to RT.
The increase in ductility at 973 K (700 °C) for AISI 310
should be treated with care since it represents one
specimen. Sanicro 25 and Alloy 800HT showed increas-
ing ductility with increasing temperature until it
dropped at 923 K and 873 K (650 °C, 600 °C),
respectively, compared to RT. Alloy 617 showed
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increasing ductility with increasing temperature for all
elevated temperatures compared to RT. The damage
mechanisms found did not differ considerably between
the alloys at elevated temperature, except for damage
related to DRX in AISI 316L which is described later,
and cannot explain the differences in ductility. All
materials in the present study have similar crystallo-
graphic structure and are stable at elevated tempera-
tures. Thus, the differences in ductility may depend on
chemical composition. In terms of ductility, the alloys
rank in order of increasing ductility from: AISI 316L/
AISI 310 — Alloy 800HT/Sanicro 25 — Alloy 617. This
correlates reasonably well with the alloys’ corresponding
nickel content. Deformation twinning, which has been
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Fig. 7—Deformation twins at 923 K (650 °C) in AISI 310 (@), in Sanicro 25 (b), multi-directional twinning in Alloy 800HT (c¢) and multi-direc-

tional twinning in Alloy 617 (d). GB means grain boundary.

observed at elevated temperature for all alloys, except
AISI 316L, may increase ductility by twinning-induced
plasticity (TWIP). Low amounts of nickel and the
absence of deformation twins partly explain the low
ductility of AISI 316L at high temperature. However,
AISI 310 showed deformation twinning but the ductility
decreased as compared to AISI 316L. Hence, deforma-
tion twinning cannot alone explain the better ductility of
Sanicro 25, Alloy 800HT and Alloy 617 at elevated
temperature. The amount of nickel seems to be impor-
tant for the high-temperature ductility. The marked
drop in ductility for Sanicro 25 at 973 K (700 °C), as
seen in Figure 3(c), coincides with a sudden increase in
the strain hardening rate, as seen in Figures 3(d) and
13(c). A possible explanation could be a rapid onset of
nano-sized precipitate formation at this temperature
that was found by Chai er al® To be sure of the
existence of nano-sized precipitate that forms rapidly at
973 K (700 °C) in Sanicro 25, other microstructural
analysis techniques are needed; a transmission electron
microscopy (TEM) study is suggested for further
investigation.

High-temperature strength may be achieved through
solid solution hardening and by precipitation at high
temperature. Given the chemical composition of the
studied alloys, the following strengthening mechanisms
may be expected: Precipitates, such as carbonitrides
formed from elements such as carbon, nitrogen, nio-
bium and titanium, increase the high-temperature
strength. Elements such as molybdenum, tungsten,
nitrogen and carbon are responsible for increasing the

high-temperature strength by solid solution hardening.
Chromium and nickel are known to increase the
high-temperature strength,”*!! and the yield strength in
Figure 3(a) and the tensile strength in (b) seem to, to
some extent, follow that; when chromium and nickel
contents are increased, the high-temperature strength
also increases. The yield strengths of Sanicro 25 and
Alloy 617 showed slight inclines, whereas AISI 310
showed a steeper incline with increasing temperature;
this is attributed the higher amount of solid solution
hardening element in Sanicro 25 and Alloy 617 com-
pared to AISI 310. The reason for the higher yield
strength with increasing temperature of AISI 310
compared to Alloy 800HT is believed to be the higher
amount of chromium in AISI 310. Despite this, the
tensile strengths with increasing temperature are rather
the same, which is attributed to the higher amount of
precipitation-hardening elements in Alloy 800HT com-
pared to AISI 310. The microstructural analysis tech-
niques used in this study could not reveal the assumed
nano-scaled precipitates in Alloy 800HT; a TEM
investigation is suggested for further investigation.

To further analyse the stress—strain curves in Figure 2
and the mechanical properties in Figure 3, the strain
hardening rate as a function of true plastic strain is
plotted in Figure 13. Figure 13(a) shows a comparison
of all materials at 873 K (600 °C) and Figures 13(b)
through (d) gives examples of the strain hardening rates
for different alloys. Figure 13(a) shows that AIST 316L
and AISI 310 had high strain hardening rates initially,
but they decreased during plastic deformation, and the
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Fig. 8—EBSD analysis displaying orientation and misorientation
profile, showing deformation twin with angle 60 deg in Alloy 617 at
923 K (650 °C). The black lines correspond to grain boundaries with
a misorientation larger than 3 deg.

other three alloys showed an increasing or nominally flat
strain hardening rate during most of the plastic defor-
mation. AISI 316L displayed a decreasing strain hard-
ening rate with increasing true plastic strain at elevated
temperatures, as seen in Figure 13(b). The strain hard-
ening rate of AISI 316L was expected be low due to low
amounts of solid solution-strenghtening and precipita-
tion-hardening elements. Sanicro 25 first increased in
strain hardening rate with increasing strain until a
certain true plastic strain level was reached where it,
from then on, decreased with further deformation, as
shown in Figure 13(c). Alloy 617, as seen in
Figure 13(d), showed an increase in strain hardening
rate with increasing true plastic strain essentially all the
way until fracture at elevated temperatures. The latter
two alloys were expected to exhibit a high strain
hardening rate due to strengthening mechanisms such
as solid solution and precipitation stenghtening. In
addition, DSA may increase the strain hardening rate in
austenitic stainless steels, but since all alloys showed
signs of DSA, even AISI 316L and AISI 310, it cannot
be the single reason for the differences. Deformation
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twinning may also increase the strain hardening rate.5”

However, AISI 310 showed no increase in strain
hardening rate during plastic deformation even though
it experienced deformation twinning.

In Figure 4, serrated yielding from some of the curves
in Figure 2 are presented. Each curve was characterized
with a PLC type and the serrated yielding was attributed
to DSA. However, serrated yielding from deformation
twinning cannot be precluded in the stress—strain curves,
especially not at higher strain levels. Deformation twins
were often found closer to the fracture surface and are
related to higher stress levels which was experienced at
high strain levels and closer to fracture. The differences
of PLC types seems not to correlate to the differences of
mechanical properties in Figure 3 or the active defor-
mation mechanisms.

B. Deformation Mechanisms at Elevated Temperature

The investigated materials showed planar disloca-
tion-driven deformation at elevated temperatures, as
shown in Figures 12(a) and (b). Along the path indi-
cated by arrow (B) in the EBSD map in Figure 14, a
more continuous change in misorientation indicates
dislocation activity, like planar slip and slip bands.

It is interesting that deformation twins were found at
elevated temperatures. Deformation twinning usually
does not occur in austenitic stainless steels at the tested
temperatures.’*?**?l Deformation twins as shown in
Figures 7 through 10, and the surrounding area, was
further studied by EBSD; Figure 14 shows an EBSD
map of a few twins in a specimen tested at 923 K (650
°C). The crystallographic orientation is displayed
according to the colored stereographic triangle. The
misorientation profiles in Figure 14 show variations in
orientation along the directions marked by arrows (A)
and (B). Arrow (A) shows an angular difference of 60
deg, indicating twin boundaries. To further analyse the
deformation twining at elevated temperature in auste-
nitic stainless steels and nickel-based alloys, a TEM
investigation is suggested.

Deformation in austenitic stainless steel depends on
the stacking fault energy (SFE). SFE is influenced by the
alloying elements®™®! and temperature.** Deformation
twinning is active in the interval 18< SFE< 45
mJ m > Under 18 mJ m™2 , phase transformation
from an austenitic phase to a martensitic phase is
favored, and above 45 mJ m 2, the deformation process
is controlled by dislocation glide.*” The low-alloyed
steels can be assumed to have an SFE of 25+
5mJ m 2% and the nickel-based alloys an SFE of
45+ 5 mJ m PN at RT. Since the SFE increases with
increasing temperature,®¥ dislocation glide should be
the favored deformation mechanism, at least in the
nickel-based alloys. This was also supported by defor-
mation mechanisms characterization using ECCI and
EBSD. However, deformation twinning was active and
often found closer to the fracture surface along with
dislocation-driven deformation.

Deformation twinning is usually restricted in auste-
nitic stainless steels at elevated temperature due to low
stress levels.?*?%3238] Lin Peng er al*”! reported that
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Fig. 10—Formation of deformation twins; at RT in Sanicro 25 («) and Alloy 617 (b), and at 923 K (650 °C) in Sanicro 25 (¢) and Alloy 617 (d).

plastic deformation in austenitic stainless steels occurs plastic strains does twinning become the dominant
by planar slip, followed by formation of stacking faults deformation mechanism as grains that favor slip become
and eventually multi-directional slipping. Only at higher exhausted.®**%! The deformation twins were found close
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Fig. 11-—Dynamic recrystallization (DRX, a—d) in AISI 316L at 923 K (650 °C). (a) and (b) show ECCI micrographs and (c) shows an overview
image using secondary electron mode displaying the area of EBSD analysis in (d) with Euler angles displaying recrystallized grains; the black
lines correspond to grain boundaries (GB) with a misorientation larger than 3°.

Fig. 12—Damage behavior during the tensile testing: at 923 K (650 °C), interaction of deformation bands and grain boundaries in Sanicro 25
(a), interaction of planar slip and grain boundaries in Alloy 617 (b), intersection of two small deformation twins creating a localised strain offset
in Sanicro 25 (¢) and intersection of several small twins creating a local strain offset each at 973 K (700 °C) in Alloy 617 (d). GB means grain

boundary.
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Fig. 13—Strain hardening rate and true plastic strain curves: all the materials at 873 K (600 °C) (a), AISI 316L (b), Sanicro 25 (¢) and Alloy 617

(d) at 873 K (600 °C) to 973 K (700 °C).

to the fracture surface, which could mean that defor-
mation twins were activated close to the fracture in the
deformation process where the stresses were high. The
high stress levels needed to activate deformation twin-
ning at elevated temperatures and close to the fracture
surface could also be supported by DSA, as proposed by
Yapici et al’? However, AISI 316L did not show
deformation twinning even though it experienced DSA
at elevated temperatures; it, instead, showed DRX at
elevated temperature and close to the fracture surface.
The existence of deformation twins at elevated temper-
ature and high SFE is probably due to preserved
high-temperature strength from solid solution and
precipitation strengthening supported by DSA. These
strengthening mechanisms and the higher stresses close
to the fracture in the deformation process, leads to stress
levels high enough to activate deformation twinning, in
all tested alloys except AISI 316L, which instead showed
DRX.

At higher temperatures, when the recovery mechanisms
are active, AISI 316L shows damage at grain boundaries, as
can be seen in Figures 11(a) and (b). The dislocation
density is increasing as the plastic deformation proceeds at
the grain boundaries, as severe plastic deformation in
Figures 11(a) and (b), suppressing further deformation. If
the recovery occurs, ie. formation of subgrains and
recrystallization at the grain boundaries, as shown in
Figures 11(c) and (d), they will soften the grain boundary
regions and dislocations can again multiply in these regions.
If this process is repeated, it will initiate microcracks, as
shown in Figures 11(a) and (b), at the grain boundaries
which may lead to fracture and lower ductility."'!

V. CONCLUSIONS

Tensile testing of five austenitic materials at room
temperature and from 673 K to 973 K (400 ° to 700 °C)
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Fig. 14—EBSD analysis displaying orientation and misorientation profiles showing twins with angle of 60 deg (a) and low-angle deformation (b)

in Sanicro 25 at 923 K (650 °C).

was performed. Subsequent study of the microstructure,
by ECCI and EBSD, led to the following conclusions:
The investigated materials show planar disloca-
tion-driven deformation at elevated temperature, and
deformation twinning is an active deformation mecha-
nism even at elevated temperatures up to 973 K (700 °C)
in austenitic stainless steels. Varying influence of tem-
perature on ductility was observed, where a better
high-temperature ductility is governed by a higher
amount of nickel.
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